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The objective of the research presented herein is to elucidate the effect of traps 

in determining amorphous oxide semiconductor thin-film transistor (AOS TFT) 

performance using modeling and characterization. A novel method is proposed to 

extract the interface state distribution from a TFT transfer curve. Analysis of zinc-

indium oxide (ZIO),  zinc-tin oxide (ZTO), and indium-gallium-zinc oxide (IGZO) 

TFTs reveals an interface state distribution of ~1011- 1012 cm-2 eV-1 and that the 

interface state density is negligible compared to the density of free electrons in the 

accumulation layer beyond a surface potential of ~0.3 V. Technology computer-aided 

design (TCAD) simulation is employed in order to assess IGZO TFT non-ideal 

electrical characteristics involving different types of charge and/or traps. TCAD 

simulation reveals that negative charge placed at the backside (ungated) surface or 

frontside (gated) interface shifts a transfer curve to the right (left) because of depletion 

(accumulation) of the channel. A two-layer model attempts to address ultrathin channel 

layer trends. A new methodology for accomplishing capacitance-voltage (C-V) 

assessment of AOS channel layers is proposed. It is asserted that meaningful C-V 

analysis can only be accomplished using a quasi-static method and an insulating 

substrate. Properly conducted C-V measurements can be used to estimate the flat-band 

voltage, the effective donor density in an AOS channel layer, the channel layer surface 

potential, and the conduction band-tail state density and Urbach energy.  
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MODELING AND CHARACTERIZATION OF AMORPHOUS OXIDE 

SEMICONDUCTOR THIN-FILM TRANSISTOR 

1. INTRODUCTION 

Amorphous oxide semiconductor (AOS) thin-film transistors (TFTs) are a 

special group of electronic devices. AOS research can be traced back to 1996, when 

Hideo Hosono’s group [1, 2] first noted the merits of amorphous transparent conducting 

oxides. In 2004, the same group fabricated AOS TFTs made of indium-gallium-zinc 

oxide (IGZO) on a flexible substrate at room-temperature [3]. Their results showed 

device performance that was an order of magnitude better than that found in 

hydrogenated amorphous silicon TFTs employed in commercial display products. In 

2013 at the time when this dissertation was written, these devices were on the way to 

be commercialized. Many flat-panel display companies announced the use of IGZO 

TFTs in various sizes of display products [4, 5], and “oxide semiconductor” became a 

common term used in the media to denote AOS [6, 7].  

Electrically, AOS TFTs are similar to conventional silicon metal-oxide-

semiconductor field-effect transistors (MOSFETs) [8]. Device operation and electrical 

characteristics are similar for both types of devices. Figure 1.1 illustrates examples of  

      
(a) ID-VD output curve (b) ID-VG transfer curve 

(linear scale) 

(c) ID-VG transfer curve    

(logarithmic scale) 

Figure 1.1 AOS-TFT electrical characteristics. Threshold voltage (VT) and turn-on 

voltage (VON) are indicated in (b) and (c), respectly.  
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the three most common device characteristic curves from an IGZO TFT. Those familiar 

with silicon MOSFETs can readily interpret IGZO TFT electrical data with little 

inconvenience. Aided with proper SPICE parameter sets, IC engineers can design 

IGZO TFT digital test circuits with ease [9].  

Although the operating behavior is similar between a silicon MOSFET and an 

AOS TFT, charge conduction mechanisms and material properties are quite different. 

To create a MOSFET, one controls the carrier concentration through fabrication steps 

such as doping, high-temperature annealing, etc. MOSFET fabrication also requires a 

high-quality crystalline substrate wafer and manufacturing in a cleanroom environment 

[10]. In contrast, AOS TFTs cannot be doped and are typically annealed at relatively 

low temperatures (~150-400 ⁰C). AOS TFTs are fabricated on an amorphous substrate 

which can be rigid or flexible and of very large dimension [11].   

A considerable amount of research and development effort has been devoted to 

developing the chemistry, physics, manufacture, and implementation of AOS TFTs. 

Topics pursued include assessing reliability [12-14], developing complementary p-type 

TFTs [15], and exploring new functionality [6, 16] . In some respects, an AOS TFT is 

similar to a hydrogenated amorphous silicon (a-Si:H) TFT. For example, electron 

conduction in AOS and a-Si:H TFTs depends strongly on charge trapping [11]. 

However, AOS and a-Si:H trap distributions and electrical characteristics are quite 

different. Therefore, the impact of traps on TFT electrical behavior requires further 

study.  

This dissertation focuses on (1) characterizing AOS TFTs to better elucidate 

device physics of operation, (2) modeling AOS TFTs to explore device physical 

mechanisms, and (3) exploring AOS TFTs with ultrathin channel layers. Special 

attention is placed on how traps alter device performance.  

The structure of this dissertation is organized as follows. Chapter 2 reviews the 

published literature in this field in order to establish a useful technical background for 

discussing subsequent issues and results. Chapter 3 illustrates a new technique that 
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extracts the interface trap density from the subthreshold current regime of a TFT. 

Chapter 4 proposes a novel device analytical modelling method to explore the 

electrostatic characteristics inside an AOS thin channel layer. Chapter 5 gives an 

overview of the TCAD design methodology to study AOS TFTs. A similar approach 

has been applied extensively in the commercial integrated-circuit (IC) industry for IC 

circuit design. Via TCAD, various non-ideal TFT electrical characteristics involving 

traps are examined, analyzed, and modeled. Chapter 6 presents a new procedure to 

accomplish capacitance-voltage (C-V) assessment on an AOS TFT and conduct sub-

bandgap density of states (DOS) estimation in a thin AOS channel layer. Finally, 

Chapter 7 presents conclusions and recommends several relevant topics for future 

research. 
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2. LITERATURE REVIEW 

This section provides a device physics overview of what constitutes an 

amorphous oxide semiconductor (AOS) thin-film transistor (TFT). Four topics are 

considered – TFTs, AOS, density of defect states in AOS, and TFT electrical operation.  

2.1 Thin-Film Transistor 

A TFT is a special type of electronic device, made by depositing different types 

of thin films – semiconductors, insulators, and metals – over a large flat substrate. Many 

TFTs employ an amorphous semiconductor. Conduction in a TFT is similar in many 

respects to current flow in a conventional silicon metal-oxide-semiconductor field-

effect transistor (MOSFET) [17]. Figure 2.1 depicts the structural cross-section of a 

typical TFT and a classic MOSFET. As shown, a TFT has a very thin active 

semiconductor layer on the order of 50 nm. In a MOSFET, the active semiconductor 

layer is part of the thick crystalline silicon wafer, e.g., 625 um in the case of 8 inch 

wafer. 

 

(a) TFT structure (b) MOSFET structure 

Figure 2.1 Structure examples of a thin-film transistor and a classical MOSFET. 

 

http://en.wikipedia.org/wiki/Field-effect_transistor
http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Semiconductor
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2.1.1 Thin-Film Transistor Technology and Performance  

There are many kinds of TFTs, grouped by the type of semiconductor material 

that is used as the TFT active channel layer [11]. Most TFTs are used in the display 

backplane of a flat planar TV or a cell phone display to control each pixel element. 

Currently in the consumer market, most TFTs are silicon-based. Among them, the 

hydrogenated amorphous silicon (a-Si:H) TFT [18] is the most common. Other TFT 

technologies based on the use of silicon include low-temperature poly-silicon (LTPS) 

TFTs [11], solid-phase crystallized silicon (SPC) TFTs, and microcrystalline silicon 

(µc-Si) TFTs [19]. In additions, due to new performance requirements for future 

display products, AOS TFTs, specifically indium-gallium-zine oxide (IGZO) TFTs, are 

also on the way to being used in various display products. 

Table 2-1 compares various TFT technologies for display backplane application 

[13, 14, 20]. As shown below, IGZO TFT technology provides many advantages for 

future applications. 

 a-Si:H LTPS SPC IGZO 

Microstructure amorphous ploy poly amorphous 

Temperature ~370 ⁰C ~500 ⁰C 600-700 ⁰C 200-400 ⁰C 

Device type NMOS CMOS CMOS NMOS 

Mobility (cm2/Vs) ~0.5 50-100 ~50 10-30 

VT Uniformity good fair fair good 

Reliability Low High Med. High 

Hysteresis NA 0.15 0.32 ~0.1 

Plate size Gen 10 Gen 5.5 Gen 5.5 Gen 10 

TFT Mask number  4-5 7-10 7-10 4-5 

Process complexity low high high low 

Issue  stability uniformity high temp. sensitivity 

Table 2-1  TFT technology comparison for display backplane applications [13, 14, 20]. 
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2.1.2 Thin-Film Transistor Structure 

There are four possible ways to construct a TFT. As depicted in Figure 2.2, 

these four structures are a) staggered top-gate, b) coplanar top-gate, c) staggered 

bottom-gate, and d) coplanar bottom-gate [11]. This classification depends on the gate 

electrode location as well as the relative position of the source/drain and gate terminals. 

If the gate electrode is on top of the channel layer, the device structure is called a top-

gate type. In contrast, if the gate electrode is below the channel layer, the device 

structure is a bottom-gate type. When the source / drain electrodes and the gate 

electrode are on the opposite side of the channel, the device has a staggered structure. 

Similarly, if both the source / drain electrodes and the gate electrode are on the same 

side of the channel, the device has a coplanar structure. 

 

Figure 2.2 Four possible thin-film transistor structures. 

Among these four TFT structures, there is no single structure that is superior 

for all applications. The selection of a structure depends on the materials employed as 

well as on the fabrication methods used. For example, if the semiconductor is very 

sensitive to the ambient environment, a top-gate structure is a favorable choice because 

the structure seals the semiconductor layer and provides self-passivation.  However, 

since the gate dielectric film is deposited after the semiconductor layer, the fabrication 
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conditions for the gate dielectric, such as the processing temperature or plasma 

condition, become a concern because they can alter semiconductor properties. Another 

example in which either a staggered bottom-gate or a coplanar top-gate structure would 

be preferred if the semiconductor layer is very fragile. In such a situation, source/drain 

electrode formation should not involve use of an etchant. Instead, a liftoff patterning 

procedure is preferred. 

2.2 Amorphous Oxide Semiconductor 

Amorphous oxide semiconductor (AOS) is one of several semiconductor 

channel materials used to make a TFT. Among all AOS materials that have been 

studied, most are n-type semiconductor [6, 21]. Up to now, only one AOS material is 

reported to be p-type [15] but this film contains nanocrystalline-embedded amorphous 

phases. These AOS materials can be deposited on large areas for display application. 

Other semiconductor materials can also be used as TFT channel layers including 

hydrogenated amorphous silicon (a-Si:H), polycrystalline silicon, and organic 

semiconductors. However, compared to a-Si:H TFTs and organic TFTs, AOS TFTs 

provide much higher mobility. 

AOS are ionic materials composed of multi-cation-component metal oxides 

[22]. Cations employed are selected from columns 11 to 15 and rows 4 to 6 of the 

periodic table. Such cations possess an outer shell electronic configuration of (n-

1)d10ns0, where n ≥ 4. Of the 15 metal elements in this group, only a few metal oxide 

combinations have been found to be useful for TFT applications. Some metals form 

oxides with poor conductivity. Certain cations have high toxicity (e.g., As, Cd, Hg, Pb) 

or are expensive (e.g., Ga, Ge, In, Au) [7]. The most common AOS currently under 

investigation include indium-gallium-zinc oxide (IGZO) [3], zinc-tin-oxide (ZTO) 

[23], and zinc-indium oxide (ZIO) [24]. At this time, only IGZO TFTs are moving 

towards commercialization. 
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The AOS material development concept originated from Hosono’s “working 

hypothesis” in 1996 [1, 2] for creating transparent conductive oxides. To achieve both 

high transparency and conductivity, Hosono proposed: (1) A large overlap between 

relevant orbitals is required. (2) Use multiple cations to frustrate film crystallization 

and keep the material amorphous. (3) Multi-component oxides are preferable to single 

oxides with respect to the formation of an amorphous state.  

In ionic oxides, the conduction band minimum (CBM) is formed primarily by 

the metal cation’s vacant ns-orbital. Since an ns orbital is isotropic and has a large ionic 

radii, the electron clouds of atoms are jointed together like a chain. Figure 2.3(a) 

illustrates the conduction paths in an AOS for either a crystalline or an amorphous state. 

Due to direct overlap between neighboring metal ns-orbitals, the conduction path is not  

 

Figure 2.3 Schematic orbital representation of electron conduction paths (a) for 

crystalline and amorphous ionic oxide semiconductor (adapted from [22]) and (b) for 

crystalline and amorphous covalent semiconductor (e.g. silicon) (adapted from [25]).  
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effected by whether the microstructure is crystalline or amorphous. For comparison, in 

a conventional covalent semiconductors (such as silicon), the conduction band minimum 

and valance band maximum are made of highly directional sp3 hybridized orbitals that 

form anti-bonding and bonding states, respectively [25]. For covalent amorphous 

semiconductors, structural distortion significantly degrades bond overlap, as illustrated 

in Figure 2.3 (b). Therefore, the electron mobility is reduced severely. For example, the 

mobility of IGZO TFT is in the range of 10-40 cm2/V-s, while the mobility of a-Si:H 

TFT is only around 1 cm2/V-s or less.  

For most amorphous semiconductors, e.g., a-Si:H and chalcogenides, the Hall 

effect is anomalous [25], because the polarity is opposite to that expected based on the 

majority carrier type.  Thus, electrons (holes) show a positive (negative) Hall voltage 

polarity. Such a “p-n sign reversal” results from the mean free path being comparable 

to or less than the interatomic spacing [26], thereby invalidating Boltzmann transport 

theory assumptions [27]. For an amorphous semiconductor, it is quite common to find 

Hall and Seebeck coefficients with opposite signs. In contrast, this abnormal situation 

does not exist when an AOS is assessed. This suggests that the electron mean free path 

in an AOS is significantly larger than nearest-neighbor spacing.  

2.3 AOS Material Type 

To date, two AOS materials, indium-gallium-zinc-oxide (IGZO) and zinc-tin-

oxide (ZTO), have been most extensively investigated for TFT channel application. 

2.3.1 Indium-Gallium-Zinc-Oxide (IGZO) 

Amorphous IGZO is a ternary metal oxide system which consists of In2O3, Ga2O3 and 

ZnO components. In academic research, the most common IGZO composition is 

InGaZnO4 [28], which is made of In, Ga, and Zn in an atomic ratio of 1:1:1. In other 

words, the mole ratio of the In2O3, Ga2O3, and ZnO components is 1:1:2. However in 

the display industry, a different IGZO composition In2Ga2ZnO7 is often used in 
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manufacturing [12]. This IGZO target is made of In, Ga, and Zn in an atomic ratio of 

2:2:1, corresponding to In2O3, Ga2O3, and ZnO components in a mole ratio of 1:1:1. 

After process optimization, the TFT performance obtained using either of these two 

different IGZO compositions is similar. 

Amorphous IGZO is an ionic oxide. The metal cations employed - indium, gallium and 

zinc - are large ionic radii post-transition elements. Each cation constituent plays a 

distinct role in establishing the material properties of IGZO [22, 28]. In+3 ions with 

large spherically symmetrical, 5s-orbitals are thought to provide the primary electron 

conduction pathway. However without including other elements, In2O3 is too 

conductive and the electron density is too high for it to be used as a high-performance 

TFT channel layer. Zn+2 ions stabilize the atomic network and promote high mobility. 

This is due to ZnO’s small inter-atomic distance which can provide a smaller electron 

effective mass [29]. Also, the use of multiple cations tends to frustrate film 

crystallization, thereby assisting in the realization of an amorphous microstructure. 

Figure 2.4 illustrates how the cation components in IGZO composition impact both the 

film electron density and Hall mobility. As shown, higher electron concentration and 

higher mobility is obtained in In-rich zone film. This is often ascribed to an enhanced 

concentration of oxygen vacancies in In-rich thin-films. However, if a channel layer is 

too conductive, transistor action is not possible and the TFT behaves as a voltage-

controlled resistor or a depletion-mode TFT with a negative turn-on voltage of large 

magnitude. By inserting Ga3+ into the In2O3-ZnO system, carrier generation can be 

suppressed. This is attributed to the Ga cation bonding more strongly to oxygen than Zn 

or In ion [3]. Therefore, it is thought that the addition of Ga helps to suppress the formation 

of oxygen vacancies in the IGZO film. 
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IGZO material properties are sensitive to process conditions. Most IGZO TFT 

channel layers are fabricated by using either RF or DC sputtering deposition. Sputtering 

process variables include chamber pressure, sputtering power, Ar and O2 partial 

pressures, and deposition time. After deposition, the IGZO film receives a post-

deposition furnace anneal in air. The lowest process temperature reported is ~150 ⁰C 

[30]. Figure 2.5 compares the IGZO TFT mobility (µinc) and turn-on voltage (VON) [31] 

versus annealing temperature as a function of O2 partial pressure and sputtering power. 

The anneal temperature has the greatest impact to the IGZO TFT performance. At high 

temperature (>400 ⁰C), the annealing treatment along determines TFT device 

performance. Below 400 ⁰C, the mobility increases and the turn-on voltage decreases 

with increasing annealing temperature. These trends are attributed to modification of 

the semiconductor/insulator interface and/or local atomic rearrangement and improved 

chemical bonding with increasing temperature [31]. Below 400 ⁰C, IGZO TFT 

 

Figure 2.4 Electron transport properties of amorphous thin films in the In2O3-Ga2O3-

ZnO system. The first number in the figure is the Hall mobility in cm2 V-1s-1. The 

second number in parentheses is the carrier density in 1 x 18 cm-3. 
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performance depends on the O2 partial pressure and sputtering power. The TFT 

mobility increases and the turn-on voltage decreases with decreasing O2 partial pressure 

or increasing sputtering power. 

 

2.3.2 Zinc-Tin-Oxide (ZTO) 

Amorphous ZTO [23, 32-34] is a binary metal oxide involving ZnO and SnO2 

components that may be described as (ZnO)x(SnO2)1-x where 0 < x < 1. Various 

amorphous ZTO compositions have been studied. ZTO film properties have been 

reported to be very sensitive to stoichiometry [33, 35, 36]. ZTO films in the range of 

Figure 2.5 TFT mobility (µinc) and turn-on voltage (VON) versus annealing 

temperature as a function of O2 partial pressure and sputtering power [31]. The total 

process pressure is held constant at 5 mTorr. 
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0.50 ≤ x ≤ 0.73 maintain an amorphous microstructure to temperatures above 350 ºC 

[37]. In contrast, ZTO films with x ≤ 0.33 are crystallized at a temperature as low as 

150 ºC. Annealing at 650 ºC results in crystallization for all ZTO compositions [35].  

The two most common ZTO compositions [23, 32, 38] are ZnSnO3 and 

Zn2SnO4, which have ZnO: SnO2 mixture ratios of 1:1 and 2:1, respectively. 

Amorphous ZTO is n-type. The conduction band minimum of ZTO is formed by empty 

Zn 4s and Sn 5s orbitals. For ZnSnO3 [38], the bandgap and work function are ~3.5 eV 

and ~5.3 eV, respectively. For Zn2SnO4 [32, 39, 40] , they are ~3.35 eV and ~5.02 eV, 

respectively. Zn2SnO4 is more thermally stable than ZnSnO3, because ZnSnO3 can 

decompose slowly into Zn2SnO4 and SnO2 at 600 ºC [41]. In general, ZTO TFTs appear 

to require a higher post-deposition annealing temperature of at least ~300 ⁰C [7, 23] 

compared to what has been reported for IGZO TFTs [30]. 

In contrast to IGZO, ZTO is very chemically stable and resists most etchants 

[32], especially for ZTO film with a Sn content higher than 50% [42]. Thus, ZTO etch 

selectivity is usually very high but ZTO patterning is challenging. To date, there 

appears to be only one invention report [43] of wet etching as-deposited ZTO - using a 

hydrochloric acid : nitric acid : water mixture in a ratio of 9:1:3. This disclosure also 

indicated that this ZTO wet etch bath had a narrow process window. Recently, it has 

been reported that wet-etch rates for as-deposited ZTO films with low Sn content are 

substantially different [42, 44, 45]. There are no reports of the wet etching rate of the 

ZTO films after post-deposition annealing. Figure 2.6 shows wet-etch rates in different 

dilute HCl concentrations for as-deposited ZTO films with different ZTO compositions 

ranging from a Zn:Sn ratio of 50:50 to 95:5.  Also a ZTO dry etch using Cl2 as a source 

gas has been reported [46] for ZTO films with composition of ~2:1 to ~4:1.  
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The effect of stoichiometry on ZTO TFT electrical characteristics has been 

studied for ZTO thin-films prepared by cosputtering of ZnO and SnO2 targets or using 

multiple ZTO targets with different Zn and Sn compositions. Hoffman reported [33] 

that stoichiometry as well as processing temperature affects ZTO TFT electronic 

properties, as illustrated in Figure 2.7. The ZTO TFT with the best electrical 

performance was observed to have a Zn:Sn ratio of 1:1. Chiang reported [23]  similar 

TFT performance for ZTO films with Zn:Sn ratios of 1:1 and 2:1. Subsequently, further 

studies conducted by different research groups showed different trends. Some groups 

[36, 37, 47] agree that ZTO TFT electrical properties are quite sensitive to ZTO 

stoichiometry. However, they do not agree as to what constitutes the optimal ZTO 

composition. One group [36] observed that the highest mobility occurred at a Zn:Sn 

ratio of 1:3 and 4:1. Another group [37] reported that a Zn:Sn ratio of 1:2 provided 

minimum resistivity. Several groups [35, 37] found a linear increase (decrease) in 

carrier concentration with increasing Sn (Zn) content. Furthermore, one group [47] 

correlated ZTO stoichiometry to TFT stability. They found that ZTO TFT annealing at 

 

Figure 2.6  ZTO wet etch characteristics in dilute HCl for un-annealed ZTO films. 

(a) ZTO etch rate versus ZTO composition (adapted from [42]). (b) ZTO etch rate 

versus HCl concentration (adapted from [45]). The etch rate is based on time-to-clear 

for ZTO 50 nm thick film.  
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450 ⁰C is more significant to the device stability than compositional differences within 

the range of 33% ≤ Zn/(Zn+Sn) ≤ 65%.  

Hoffman et al. conducted a ZTO stoichiometry study [42] of ZTO TFTs 

fabricated using wafer processing with a back-channel etch structure included. After 

ZTO deposition, wafers were subjected to a thermal anneal in dry air for 60 minutes at 

300 ⁰C. The results showed that TFT performance parameters (turn-on voltage, field-

effect mobility, and subthreshold slope) did not depend on ZTO channel composition 

for Zn:Sn ratios ranging from 60:40 to 85:15. Differences in electrical performance 

were only seen for the most Zn-rich compositions, Zn:Sn 90:10 or higher. In these 

films, X-ray diffraction analysis exhibited evidence of the presence of a crystalline phase. 

ZTO film properties are sensitive to process conditions, as are most AOS 

materials. Post-deposition annealing and oxygen partial pressure during sputter 

deposition appear to be the most important process parameters in determining ZTO 

film quality [23, 33, 35, 37, 42, 44, 47]. Figure 2.7 illustrates the post-deposition 

annealing temperature impact on IGZO TFT mobility (µINC) and turn-on voltage (VON). 

Compared to the 200 ⁰C temperature required for an IGZO TFT [30], the optimal 

 

Figure 2.7 Incremental peak mobility (µINC) and turn-on voltage (VON) versus 

channel anneal temperature for channel stoichiometry corresponding to Zn/(Zn+Sn) 

atomic ratios of 0.0, 0.33, 0.5, 0.67 and 1.0 [33]. 
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annealing temperature for ZTO TFT appears to be higher, i.e. ~500-600 ⁰C. Figure 2.8 

shows that both electrical and optical properties of a ZTO film [44] are changed by the 

sputtering gas oxygen content (from 0 to 1 vol.%) as well as by the substrate 

temperature during deposition (room temperature, 150 ⁰C, and 300 ⁰C). ZTO TFTs 

appear to favor the use of a high oxygen partial pressure during sputtering of ZTO 

channel layer [42, 44]. 

 

Figure 2.8  ZTO Hall mobility (µH) versus carrier concentration (a) and ZTO film 

optical transmittance (T) spectra (b,c) at various oxygen partial pressures and 

deposition temperatures [44]. 

ZTO films may be formed in one of several ways. Typically, ZTO thin-films 

are deposited by either RF or DC sputtering, or using pulsed-laser deposition. 

Alternatively, ZTO thin-films can be prepared by solution deposition processes [48-

52], including spin-coating, sol-gel, chemical bath deposition, etc. Comparing to 

physical vapor deposition, these solution-based approaches might provide a low-cost 

approach.  Recently, several groups reported solution-processed ZTO TFTs with 

motilities in the range of 24-33 cm2/V-s [48-50]. However, different groups attribute 

their high ZTO TFT performance to different root causes, and there appears to be no 

consensus.  
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Recently, ZTO TFTs have been prepared using atomic layer deposition (ALD) 

to the deposit ZTO channel layer [53]. ALD ZTO films can remain amorphous up to 

500 ⁰C. These ZTO TFTs are reported to have a mobility of ~13 cm2/V-s. Channel 

layers grown at 170 ⁰C gave better TFT properties than those grown at 120 ⁰C.  A 

composition study was conducted by varying the ZnO and SnO2 pulse durations within 

an ALD supercycle. ZTO TFTs with a higher Zn:Sn ratio of ~3–4 performed better 

than those with a lower ratio of ~1–3. 

Although IGZO technology is currently being commercialized for a wide range 

of flat-panel products, IGZO TFT fabrication involves several manufacturing 

challenges that could possibly be circumvented if ZTO has employed. (1) Indium and 

gallium are expensive because of low worldwide production [7]. In addition, indium is 

sometimes classified as toxic. For ZTO, both zinc and tin are cheap and readily 

available. (2) For high-volume manufacturing, DC reactive sputtering from a metal 

target is preferred, rather than RF sputtering using a ceramic target. For IGZO by 

considering the eutectic temperature of Ga-In (15.5 °C), Ga-Zn (25 °C) and In-Zn 

(143.5 °C), the maximum operating temperature for an IGZO metal target is estimated 

to be ~61 ⁰C [7]. Thus, it is impossible to DC reactive sputter IGZO using a metal 

target. For a ZTO metal target, the maximum operating temperature estimated is 198.3 

ºC [7]. Therefore, ZTO films are readily DC sputtered using a metal target. (3) IGZO 

films are wet etched easily, e.g. via dilute hydrochloric acid [54]. This means that they 

possess poor wet-etch selectivity, leading to process integration challenge. In contrast, 

the wet-etch selectivity of ZTO can be tuned over a very wide range by adjusting the 

Zn:Sn ratio [42, 44]. For these reasons, ZTO appears to be an attractive candidate for 

future AOS application [7]. 

 

 

 

 



18 

 

2.4 Density of States in AOS 

Density of defect state (DOS) profiles for amorphous semiconductor have 

progressed towards to a latest model applied on intrinsic a-Si:H material. The concepts 

of this model along with analytical techniques are employed to map out state 

distributions for AOS materials. To date, only two AOS materials, IGZO and ZTO, 

have reported DOS profiles. 

2.4.1 Energy band models of amorphous semiconductor 

Energy band models are commonly used to explain the electronic and optical 

properties of semiconductors [8]. For a single atom, quantum theory specifies that the 

energy of the electron is quantized at discrete levels or states. In a crystalline 

semiconductor with atoms arranged in a periodic sequence, Bloch theorem states that 

the individual electronic energy states combine and form continuous bands of allowable 

energy states because of long-range order. These band states make up the density of 

states (DOS), g(E), which defines the number of electron states per unit energy per unit 

volume at an energy E. Electrons occupy these states as specified by Fermi-Dirac 

statistics using a reference energy is known as Fermi energy, EF. In a plot of energy 

versus DOS, the most relevant region for studying device conduction properties is the 

energy range containing two energy bands separated by an energy gap. The lower band 

is essentially filled with electrons and is known as the valence band with the upper band 

edge denoted as EV. The upper band is essentially devoid of electrons, is known as the 

conduction band, and lower band edge is denoted as EC. Figure 2.9(a) illustrates the 

DOS profile for a crystalline semiconductor. The conduction band minimum (CBM) 

and valence band maximum (VBM) DOS profiles can be represented, respectively, as 

[55], 

and 
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where ( )Cg E  and ( )Vg E  are the CBM and VBM, respectively, DOS at an energy E 

related to EC or EV, respectively, and *

em  and *

hm  are the electron and hole DOS 

effective mass, respectively. 

 

Figure 2.9  DOS profiles for crystalline and amorphous semiconductors. (a) DOS 

profile for a crystalline semiconductor [55]. Band edges define the bandgap. (b) DOS 

profile for an amorphous semiconductor with non-overlapping band-tail states (Mott 

model) [56]. Mobility edges define the bandgap. (c) DOS profile for an amorphous 

semiconductor with overlapping band-tail states (CFO model) [57]. (d) DOS profile 

for an amorphous semiconductor including deep bands associated with structural 

defects [58]. 

The development of a DOS profile for an amorphous semiconductor is more 

challenging due to the lack of long-range order. The structure of an amorphous 

semiconductor is often discussed within the context of having short-range order, long- 

range disorder, and coordinate defects [25]. Due to structural disorder, there is a 

distribution of atomic potentials. Anderson pointed out that states in the valence 

electron band would be localized in amorphous materials [59]. The Anderson 
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localization theory was further extended by Mott and others [59, 60] to describe 

amorphous semiconductor amorphous semiconductor bands. Mott indicated that, even 

for smaller degrees of disorder, states in the tails of the band could be localized. 

Several amorphous semiconductor models have been proposed. They all 

involve using the concept of localized states in band tail. The first model was proposed 

by Mott to include localized states [56] as showed in Figure 2.9(b). Mott suggested 

modifying the crystalline DOS profile (with abrupt band edges) by including two 

distributions of localized band tail states (Urbach tails) smeared out in energy below 

EC and above EV, as indicated in Figure 2.9(b). These band tail states are important to 

electronic transport behavior. Electronic transport in band-tail states involves a 

mobility controlled by thermally-activated tunneling between localized states. In 

contrast, electronic transport in extended states involves a mobility determined by the 

effective mass, as is the case for the electronic transport in a conduction band of a 

crystalline semiconductor. Mott postulated that at the transition from extended to 

localized states the mobility could drop by several orders of magnitude. This transition 

in the mobility leads to the concept of a mobility gap in an amorphous semiconductor. 

A mobility gap in an amorphous semiconductor is similar to that of a bandgap in a 

crystalline semiconductor. 

Another amorphous semiconductor DOS model, proposed by Cohen, Fritzsche, 

and Ovshinsky [57] (known as CFO model) is showed in Figure 2.9(c). These authors 

argued that amorphous semiconductors were more disordered than what Mott 

proposed. Their model extends localized tail states deep into mobility gap so that these 

states overlap. This leads to an appreciable density of states in the middle of the gap. 

According to this model, conduction-band states are acceptor-like, and thus neutral 

when unoccupied while valence-band states are donor-like and thus neutral when 

occupied by an electron. Due to band overlapping, an electron in a valence band in 

some region of the material may have a higher energy than an electron in the 

conductance band in another part of the material. Therefore, electron redistribution 

takes place, leading to negatively-charged filled states in the conduction-band tail, and 
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positively-charged unfilled states in the valence-band tail. This model, therefore, 

ensures that self-compensation is accounted for. Charged states above and below EF act 

as efficient trapping centers for electrons and for holes, respectively. This pins EF close 

to the center of the gap. 

Further DOS model enhancements for amorphous semiconductor were 

proposed by considering the structure defects in the random network, such as dangling 

bonds, impurities, vacancies, atoms with different coordination, etc. Thus, additional 

localized states exist within the mobility gap. Davis and Mott suggested a band of 

compensated level near the middle of the gap [61]. This midgap band maybe split into 

donor and acceptor overlapping bands, which can pin the Fermi level. Marshal and 

Owen, based on their transit time measurements [58], proposed a model with two well 

separated donor and accepter bands of mid-gap states around the Fermi level, as 

showed in Figure 2.9(d).  Furthermore, it is clear [60] that the DOS of a “real” 

amorphous semiconductor does not decrease monotonically into the gap but shows 

peaks separated from each other. The position of the Fermi level is largely determined 

by the charge distribution residing in gap states. 

To simulate an amorphous semiconductor device, an analytical method to 

describe DOS is required. Shur and Hack developed an analytic theory [62] to model 

n-type a-Si:H TFTs. Based on photoconductivity and field-effect measurements, they 

proposed to divide the energy distribution of localized acceptor-like states into two 

groups: deep states and tail states with a transition between them, occurring around 

150-200 mV below EC. Later based on further experimental studies, Shaw and Hack 

demonstrated that the distribution of localized states in a-Si:H can be modeled by 

exponential distributions of deep and tail states for both localized acceptor-like and 

donor-like states [18, 63], as showed in  Figure 2.10. For each type of state, two 

exponential terms are included, one for tail states and another one for deep states given 

by 
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where EC (EV) is the conduction (valence) band edge, gA(gD) is the density of the 

acceptor-like (donor-like) states, gtc (gtv) and gdc (gdv) are the density of states at 

conduction (valence) band edge for the tail and deep states, respectively, and Etc (Etv) 

and Edc (Edv) the trap energy characteristics of the tail and deep acceptor-like (donor-

like) states, respectively, which are equal to the associated slope of the exponential 

distribution. Typical values used for the simulation of intrinsic a-Si:H electrical 

properties are shown in  Figure 2.10(b). 
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 Figure 2.10 Density of states modeling of intrinsic a-Si:H. (a) DOS model for 

 simulation. (b) Extracted DOS parameters [18]. 
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2.4.2 Band model of an amorphous oxide semiconductor 

DOS profiles have been reported for only two AOS materials, IGZO and ZTO. 

Within the mobility gap, there are two exponential band tails near the conduction and 

valence band edges, and several Gaussian-shaped shallow and deep states. Many 

analytical techniques have been employed to map out these state distributions, 

including optical spectroscopy, C-V measurements, hard X-ray photoelectron 

spectroscopy (HX-PES), transient photocapacitance, drive-level capacitance profiling, 

and modulated photocurrent spectroscopy. Compared to a-Si:H, state densities found 

in AOS are in general smaller. 

Figure 2.11 shows a DOS model for IGZO as proposed by the Hosono group 

[64, 65]. In addition to two Urbach band tail states adjacent to the CBM and VBM, 

three Gaussian-shape subgap states, along with a flat background of deep states are 

shown. Optical absorption measurements are used to extract both the energy gap (EG) 

and the Urbach energy characteristic width (EU) of the valence band based on the Tauc- 

 

Figure 2.11 DOS profile for a-IGZO (adapted from [64]). 
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Lorentz model [66-68]. EG = ~3.2 eV but EU varies depending on IGZO deposition and 

post-annealing conditions [66, 68]. For high-quality IGZO, EU is ~160 meV [67]. For 

a poor-quality IGZO film, the absorption spectrum broadens and mixes with other trap 

states, so that it fails to conform to the Urbach relation. Since an optical absorption 

spectrum is a convolution of conduction and valence band tail states, unambiguous 

assessment of the valence band Urbach tail is problematic and of the narrower 

conduction band Urbach tail is impossible [67]. Therefore, Kamiya et al. estimated the 

conduction band Urbach tail to be in the range of 13-150 meV from electron transport 

methods [64, 65]. More specifically, they applied C-V measurements [64, 69] (with EU 

= 13-102 meV) and device simulation [70] (obtaining EU = 80, 140 meV).  

Three subgap state sets are proposed in the IGZO DOS model shown in Figure 

2.11. Two of them are inferred from HX-PES measurements [66]. The subgap state 

having a high density and positioned just above the VBM (NEAR-VB-Trap) is asserted 

to be donorlike in the energy range ~1.5 eV with a density exceeding 1020 cm-3. The 

density and distribution of these subgap states are sensitive to the IGZO film quality; 

they vary significantly [66]. Another subgap state appears ~0.1 eV below the CBM 

with a density estimated to be of ~1016-19 cm-3 (NEAR-CB-Trap) [71]. A third subgap 

state is inferred from C-V measurements of as-deposited IGZO films which have not 

been annealed [64, 69].  These subgap states are estimated to be ~0.1-0.3 eV below 

CBM (CV-Trap). For an annealed IGZO film, no CV-Trap is observed. In the deeper 

energy region near 0.8 eV below EC, the base level subgap DOS is estimated to be  

1016-17 cm-3/eV [65] from C-V measurements and device simulation. 

To further investigate the origin of subgap states in IGZO, Kamiya et al. 

performed first-principles calculations based on density-function theory (DFT) using 

the local density approximation (LDA) and proposed atomic and electronic models for 

stoichiometric a-IGZO and oxygen-deficient a-IGZO [65, 68]. They assert that the 

NEAR-CB-Trap states are associated with oxygen-vacancies in a highly relaxed atomic 

structure. This structure can be realized by proper film growth or through post-

deposition annealing. In contrast, if no structural relaxation occurs, oxygen-vacancies 
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are excepted to be very deep, close to the VBM, corresponding to NEAR-VB-Trap 

states. 

A DOS model for ZTO is proposed by Cohen’s group at UO, using OSU 

material [72, 73], as shown in Figure 2.12. DOS extraction is accomplished using 

transient photocapacitance (TCP), drive-level capacitance profiling (DLCP), and 

modulated photocurrent spectroscopy (MPC). The ZTO samples measured are also 

much thicker, near 1 um for TPC and DLCP, and 50 and 200 nm for MPC.  

For the subgap states shown in Figure 2.12, TPC is used to identify a valence 

band-tail state with a peak of 1021 cm-3 eV-1 and an Urbach energy of 110 meV. This 

energy is found to increase with increasing post-deposition anneal temperature, 

indicating an increasing degree of structural disorder with increasing annealing 

temperature [72]. In addition, a shoulder-like feature sometimes show up in the TPC 

spectrum. This feature depends on the nature of the insulator used and is believed to be 

related to a defect at interface. Its shape can be fit by a Gaussian centered near 2 eV 

 

Figure 2.12 DOS profile for a-ZTO [72], combining the measurement results from 

MPC, DLCP and TPC techniques. 
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below EC. DLCP measurements indicate a typical free carrier density of 1015 cm-3 and 

a deep defect density in the mid-1015 cm-3 with a 0.2 eV wide defect band centered at 

0.4 eV below the CBM. This defect band is found to decrease as the post-deposition 

anneal temperature increases [73]. MPC measurements reveal a very narrow 

conduction band-tail with EU = 10 meV as well as an unoccupied defect distribution 

extending roughly 0.1 eV deeper than the band tail (showed as a green curve in Figure 

2.12). 

Several proposals have been offered for how to analytically implement a DOS 

distribution for AOS-TFT simulation [70, 74-76]. Besides the two conduction and 

valence Urbach band-tail states of exponential character, there are different opinions 

on the best approach for representing the remaining subgap states. Should subgap states 

be modelled as exponentials [70, 76] or Gaussians [74, 75] and should they be 

donorlike [74], acceptorlike [70, 76], or both [75]? Kanicki’s group reports [74] that 

IGZO TFTs can be accurately simulated using two exponential band tail states and a 

Gaussian donor-like subgap state as specified by the DOS analytical equations,  

where ( )A Dg g  is the density of the acceptor-like (donor-like) states, EC (EV) is the 

conduction (valence) band edge, NTA (NTD) is the conduction (valence) band edge DOS 

of the tail, and WTA (WTD) is the Urbach energy of the band tail states. Besides, NGD, 

EGD, and WGD are the peak density, mean energy, and standard deviation of donorlike 

subgap states, respectively.  Figure 2.13 shows the proposed DOS model for a-IGZO. 

In this figure, solid lines within the bandgap represent the exponential band-tail states, 

while the dashed curve near the conduction band edge represents Gaussian subgap 

states. 
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Figure 2.13 Proposed DOS analytical model for a-IGZO (adapted from [74]). 
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2.5 Electrical Properties of AOS TFTs  

AOS TFTs are field-effect transistors. TFTs employ three terminals – source, 

gate and drain, as illustrated in Figure 2.14. TFT operation involves electron injection 

from the source, transport along the channel, and extraction through the drain. The 

channel conductance between source and drain terminals is controlled capacitively by 

an electrical field applied through the gate electrode [77].  

Other devices that also belong to this family of field-effect transistors include 

silicon MOSFETs and a-Si TFTs. Electrical characteristics of all of these devices are 

quite similar. In the following section, similarities in electrical characteristics of several 

different types of field-effect transistor are reviewed. Then material property 

differences are discussed. 

 

Figure 2.14 A simplified IGZO TFT cross section and coordinate axis. The TFT 

channel length (L) is along the Y direction, channel width (W) is along the Z 

direction, and the IGZO thickness (h) is along the X direction. The red arrows show 

the direction of electron flow in channel.  

 

2.5.1 Basic field-effect transistor I-V model 

In a field-effect transistor, device operation depends primarily on the drift of 

mobile carriers across a channel of controlled conductivity. Field-effect transistor I-V 

characteristics are often described using the square-law model. Depending on the 

applied voltage, the drain current of a field-effect transistor above turn-on can be 

considered to be operating in one of two regimes [8, 21, 77],  
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 Pre-pinch-off -- when 𝑉0 ≤ 𝑉𝐺 and 𝑉𝐷 ≤ 𝑉𝐷𝑆𝐴𝑇 , where 𝑉𝐷𝑆𝐴𝑇 =  𝑉𝐺 − 𝑉0.  

The drain current in pre-pinch-off can be formulated as, 

 Saturation -- when 𝑉0 ≤ 𝑉𝐺 and 𝑉𝐷 ≥ 𝑉𝐷𝑆𝐴𝑇. 

The saturation drain current can be represented as, 

In Eqs. (2.5) and (2.6), µ, CG, W and L correspond to mobility, gate capacitance density, 

transistor channel width and channel length, respectively. V0 is the gate offset voltage 

which is defined herein as the minimum applied gate voltage required to form an active 

channel. The nature of this voltage depends on the transistor channel type, as shown in 

Table 2-2. For an inversion-mode transistor such as a silicon MOSFET, to form an 

active channel the applied gate voltage needs to induce both depletion and a suitable 

amount of inversion charge beyond flatband. In contrast, an accumulation-mode device 

only has to reach flatband to initiate the formation of a channel layer. Therefore, VT > 

VON. 

Table 2-2 Comparison of inversion- and accumulation-mode operation 

Channel Type Charge Induced  V0 

 inversion Q(channel) + QG(flatband+2𝜓𝐵) + QBULK (depletion) VT 

accumulation Q(channel) + QG(flatband) VON 

   

Several assumptions are required to derive the square-law model [8, 21, 77]. 

First only drift current is considered, i.e.,    DJ q n y v y  where ν is the drift velocity 

along the channel length direction. This assumption leads to    
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The second assumption is that linear transport applies, i.e.,    yv y y E where 
yE

is the electric field near the semiconductor-insulator interface along channel length 

direction y and µ is the mobility which is assumed to be constant. The third assumption 

is the gradual channel approximation, i.e.,
y x

d d

dy dx


E E
, where 

xE is the electric field 

along semiconductor thickness direction x (Figure 2.14). This approximation implies 

that the electric field in the channel can be treated separately as two one-dimensional 

independent problems. The electric field component induced by VG determines the 

amount of mobile carrier in the channel region. The applied drain voltage establishes 

mobile carrier transport along the channel direction. 

In addition to these three assumptions, two device boundary conditions (BC) 

are also assumed in the content of the square-law model. The first BC assumption is 

that the semiconductor layer thickness (h) is semi-infinite. This assumption means that 

band bending decreases to zero in the bulk of the semiconductor so that 

0 and / 0
x h x h

d dx 
 
  [8]. For this to occur, the width of the space-charge region 

and the effective Debye length must be much smaller than h.  This is true for bulk field-

effect transistors such as silicon MOSFETs but is not the case for IGZO TFTs or for a-

Si TFTs. In TFTs, the depletion region can extend over the entire thickness of the 

semiconductor layer [78]. The second BC assumption is that ideal ohmic contacts are 

established at the source and drain electrodes. Device current flows through source and 

drain terminals; there is no potential barrier or mobile charges piled up along the 

boundary.  This may not be the case for TFTs using high resistivity semiconductor 

materials [11]. In addition to these three assumptions, two device boundary conditions 

(BC) are also assumed in the content of the square-law model. The first BC assumption 

is that the semiconductor layer thickness (h) is semi-infinite. This assumption means 

that band bending decreases to zero in the bulk of the semiconductor so that 

0 and / 0
x h x h

d dx 
 
  [8]. For this to occur, the width of the space-charge region 

and the effective Debye length must be much smaller than h.  This is true for bulk field-
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effect transistors such as silicon MOSFETs but is not the case for IGZO TFTs or for a-

Si TFTs. In TFTs, the depletion region can extend over the entire thickness of the 

semiconductor layer [78]. The second BC assumption is that ideal ohmic contacts are 

established at the source and drain electrodes. Device current flows through source and 

drain terminals; there is no potential barrier or mobile charges piled up along the 

boundary.  This may not be the case for TFTs using high resistivity semiconductor 

materials [11]. 

 

2.5.2 Capacitance-voltage characteristics   

In a MOSFET, a metal-insulator-semiconductor (MIS) interface serves as a 

control electrode. A corresponding two-terminal MIS capacitor is illustrated in Figure 

2.14. An applied voltage to the gate is capacitively coupled to the channel so that the 

MIS interface can be employed in capacitance-voltage (C-V) characterization. The MIS 

gate consists of one dielectric layer and one semiconductor layer. Electrically, it 

behaves as two capacitors in series, as represented by the equivalent circuit shown in 

Figure 2.15. Here COX (CS) and VOX (ψ
S
) correspond to the capacitance or capacitance  

 

 

Figure 2.15 Equivalent circuit of a metal-insulator-semiconductor capacitor.  COX (CS) 

and VOX (ψS) correspond to the capacitance or capacitance density and the voltage 

dropped across the insulator (semiconductor), respectively. 
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density and voltage dropped across the insulator (semiconductor), respectively. In a C-

V measurement, the gate electrode serves as one of the two capacitor terminals. The 

other terminal is chosen to be either the source, drain, or both drain and source 

electrodes tied together.  

An example of a typical C-V curve for a silicon MOS capacitor is shown in 

Figure 2.16. The sample has a SiO2 thickness of 119 nm on a n-type silicon substrate 

with an impurity concentration of  ND = 9.1 x 1014 cm-3  [55]. The shape of a C-V curve 

depends on the applied A.C. measurement frequency as well as on the semiconductor 

type. For a bipolar semiconductor like silicon, the C-V curve includes three regions – 

accumulation, depletion, and inversion, as indicated in Figure 2.16. Depending on the 

 

 

Figure 2.16 Silicon MOS capacitor high- and low-frequency C-V characteristics. The 

device is fabricated on a Si (100) substrate with ND = 9.1 x 1014 cm-3 and TOX = 0.119 

um [55].  
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measurement frequency, minority carrier holes can (cannot) respond to the applied 

voltage signal, giving rise to low- (high-) frequency C-V characteristics, as shown in 

Figure 2.16. For a unipolar semiconductor such as IGZO (n-type carriers only), no 

inversion layer is formed so that a C-V curve displays only accumulation and depletion 

regions. Furthermore, if the depletion region extends across the entire thickness of the 

semiconductor thickness [79], this is referred to as punchthrough. The measured 

capacitance will remain constant so that the shape of the C-V curve looks like the high-

frequency curve given in Figure 2.16. 

The shape of a C-V curve arises as follows. In accumulation, majority carriers 

pile up at the insulator-semiconductor interface. Thus, the capacitance measured 

corresponds simply to the capacitance of the gate insulator. In depletion, a change in 

charge at the gate/insulator interface is balanced by a change in charge due to the 

movement of majority carriers at the edge of the depletion width XD [8]. This width 

depends on the surface potential (ψS), which corresponds to the total voltage drop 

across the semiconductor. In depletion, the total measured capacitance corresponds to 

that of two parallel plate capacitors in series, as illustrated in Figure 2.15. Therefore, 

the total capacitance density CT can be expressed [8] as 

where ( )S OX  is semiconductor (insulator) low-frequency dielectric constant, CS 

(COX) is the semiconductor (oxide) capacitance density (F/cm2), and TOX is the insulator 

layer thickness. By applying conservation of energy to Figure 2.15, the overdrive 

voltage, VG
’, is equal to a sum of the voltage drop across the oxide, VOX, and the voltage 

drop across the semiconductor, which is the surface potential, ψS,   
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Inversion is more complicated than accumulation or depletion. Once inversion 

is achieved, an appreciable density of minority carriers are present in an inversion layer 

existing at the semiconductor-insulator interface. The magnitude of the measured 

inversion capacitance, however, depends on whether the minority carriers can follow 

the applied gate voltage. For the low-frequency case, minority carrier generation and 

recombination is sufficiently rapid that minority carrier are able to stay in steady state 

with the applied A.C. signal. Therefore, the inversion capacitance is equal to COX. 

However, if the applied A.C. bias is too fast, minority carriers in the inversion layer 

cannot follow the A.C. signal so that the measured inversion capacitance is equal to a 

series combination of COX and CS (inversion). 

C-V characterization is often employed to monitor channel doping in 

transistors. In depletion, the relationship between the measured capacitance and the 

carrier concentration can be expressed as [80],  

where ND is the doping concentration in the semiconductor film. In this equation, the 

depletion approximation is assumed so that only localized charge (i.e., ND) is 

considered.  By squaring Equation (2.9) and taking the derivative with respect to VG, a 

new useful is obtained,  

This leads to the 1/C2 versus VG method in which (1/CT)2 is plotted against the applied 

gate voltage so that Equation (2.10)  is used to extract the semiconductor doping 

concentration.   

Several different types of C-V measurement are often used for interface trap 

assessment [81]. One method involves the use of C-V curves at low- and high-

frequency in order to assess the interface state density (i.e., HF-LF method) [82]. 
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Another method, the quasi-static C-V method (QSCV) involves application of a linear 

voltage ramp in conjunction with an operation amplifier in the feedback loop [83]. 

Finally, the conductance method involves the measurement of both capacitance and 

conductance as a function of applied voltage and frequency [84]. 

 

2.5.3 AOS density of states estimation using the C-V technique  

The C-V technique has been used in the assessment of oxide TFTs, mainly to 

estimate the density of states distribution of subgap traps,  Sg E [69, 85-90]. This was 

first demonstrated by Kimura et al. [69], which was leveraged from Kimura’s research 

for the assessment of polycrystalline silicon TFTs [91]. This assessment procedure 

begins by applying the Berglund integral [92] to evaluate the surface potential ψS from 

the measured capacitance as follows,   

 Next, the electric field at the channel interface is obtained via Gauss’ Law. This is 

equivalent to the potential gradient at the channel boundary,  

Knowing both ψS and dψS/dx, the potential across the channel, ψ, can be evaluated 

from Poisson’s equation,  

and from integration of the subgap trap density,
Sg , 
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where n is the electron density and NT is the trapped charge density.  Note that the 

depletion approximation is assumed in Equation (2.13) so that the potential within the 

channel layer is determined exclusively by trapped charge. By combining Equations 

(2.13) and (2.14), along with the boundary conditions as specified by Equations (2.11) 

and (2.12), and by assuming that the electric field on the back surface is zero, the 

potential profile ψ(x) in the channel can be solved through numerical integration.  

Figure 2.17 shows estimated IGZO density of states profiles extracted directly 

from C-V measurements of IGZO TFTs using the analysis described above. Two IGZO 

samples are analyzed. The results indicate that a post-deposition anneal reduces the 

defect density in the IGZO channel layer. Also, IGZO TFTs have a much lower defect 

density in the active channel layer than that observed for a-Si:H TFTs. However in 

Figure 2.17, the authors indicate that the extracted state densities extend over an energy 

range of 1.5 eV, from the intrinsic energy level to the conduction band. This is 

incorrect. Their assessment of the amount of surface potential modulation appears to 

be significantly overestimated, probably due to their inaccurate estimation of the flat- 

 

Figure 2.17 Extracted IGZO density of states profiles for an unannealed and an 

annealed a-IGZO TFT as estimated from C-V measurement [69]. A density of states 

profile for an a-Si:H TFT is also shown for comparison. 
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band and to not recognizing the onset of punchthrough. In a later publication, the same 

authors report [93] an energy range of ~0.4 eV for this C-V extraction method. 

C-V estimation of the subgap trap density has been applied to study the effects 

of process parameters on AOS TFT performance. One example involves density of 

states assessment of IGZO TFTs as-fabricated compared to after dry and wet O2 

annealing [89]. Figure 2.18(a) shows low-frequency C-V and I-V curves for IGZO 

TFTs processed in these three ways, and Figure 2.18(b) shows corresponding extracted 

trap densities as estimated via C-V assessment (solid lines) or TFT device simulation 

(dash lines). As shown, the trap density after either dry or wet O2 annealing is reduced 

compared to the as-fabricated device. The reduction of trap density is most pronounced 

near the conduction band. The authors attribute these improvements to a reduction in 

oxygen defects and to annealing-involved structural relaxation. They suggest wet O2 

annealing is much effective because wet O2 is a stronger oxidizing agent. The 1 eV 

energy range specified in Figure 2.18(b) is unlikely since, as mentioned before, the C-

V extraction method [93] can only cover an energy range of ~0.4 eV. In Figure 2.18(b), 

trap density estimates (dash lines), extracted from device simulation, are also included 

 

Figure 2.18 Electrical characteristics of as-fabricated, dry, and wet O2 annealed 

IGZO TFTs. (a) I-V and low frequency C-V curves, and (b) trap densities estimated 

via C-V assessment (solid lines) [89] and device simulation (dashed lines) [94].  
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for comparison. This method involves adjusting trap density model parameters 

repeatedly until simulated and measured TFT transfer curves match one another. The 

trap density obtained from device simulation is larger than that obtained from C-V 

estimation; the authors attribute this discrepancy to the use of an inadequately constant 

mobility model in device simulation. 

One drawback of using the C-V technique to assess AOSs is that a true low 

frequency C-V curve is required in order to ensure that a condition of equilibrium or 

quasi-equilibrium is established. It is difficult to achieve such a thermal equilibrium 

condition in an AOS TFT since the channel layer electron concentration is very low 

and hence its dielectric relaxation time is anomalously long. The dielectric relaxation 

time [95], τDR, is the time required for majority carries to rearrange and reestablish 

charge neutrality after a material perturbed by an external applied bias. AOS is a 

unipolar relaxation semiconductor [96] in which τDR is of the same order of magnitude of 

carrier lifetime τ0.  For example in IGZO, Wager et al. [97] estimate τDR  3-300 ns and 

τ0  10-1000 ns for an electron concentration of 1012-1014 cm-3. This dielectric 

relaxation time is much longer than that of a lifetime semiconductor [96]. For 

comparison, p-type silicon with concentration of 1013 cm-3 has τDR  17 ps and τ0  0.5 

µs. Therefore, C-V assessment of a relaxation semiconductor may be different than 

found in a lifetime semiconductor since τDR is essentially instantaneous (sluggish, i.e., 

τDR  τ0) for a lifetime (relaxation) semiconductor. 

Kimura conducted a C-V evaluation of ZnO TFTs [88], over a frequency range 

of 0.1 to 100 Hz. His results suggest that a frequency of less than 2 Hz is required to 

achieve quasi-equilibrium appropriate for accurate C-V assessment. Most commercial 

capacitance equipment cannot operate at such a low frequency.  To address this issue, 

different methods have been developed. For example, Kimura set up a home-built 

measurement system which can operate at an AC frequency as low as 0.1 Hz [69]. 

Cohen’s group at the University of Oregon has employed drive-level capacitance 

profiling [98] (DLCP) in addition to standard C-V measurement. After analyzing ZTO 
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MOS capacitors annealed at 500 and 600 ⁰C, they report free carrier densities of 5×1014 

to 5×1015 cm-3 from DLCP measurement [72, 73], while standard C-V measurements 

lead to densities an order of magnitude larger, in the range of mid-1015 to 1017 cm-3 

which they ascribe to deep defects.  

Researchers at Kookmin University, Korea have proposed several different 

approaches to circumvent this quasi-equilibrium low frequency constraint issue. One 

method involves conducting C-V measurement under light illumination [76, 99]. 

Photo-excitation enhances the mobile carrier concentration. By comparing light and 

dark C-V curves, density of states distributions can be estimated. Using variable photon 

energy excitation, subgap trap state densities may be estimated. Another method 

proposed to extract subgap density of states is called multifrequency C-V 

measurements [85, 87, 100]. This approach is essentially a classical C-V method used 

on silicon technology in which low and high-frequency C-V curves are compared. The 

authors assert that measured C-V curve frequency dispersion may be interpreted within 

the context of an RC equivalent circuit model. Several researchers have combined 

multifrequency C-V and I-V techniques to estimate AOS electronic density of states 

distributions. These assessment methods include a modified conductance method [85], 

a quasi-static C-V method [101], and a generation-recombination current method [102].  

A possible fatal flaw associated with most of these assessment methods is the 

use of lumped-parameter RC equivalent circuits. Such models are certainly appropriate 

for lifetime semiconductors in which frequency dispersion is ascribed primarily to 

trapping / detrapping in the context of a 1-dimensional device structure. It is unlikely 

that these assumptions are viable in AOS TFT assessment since an AOS is a relaxation 

semiconductor and a TFT is clearly not a 1-dimensional device structure. For a 

relaxation semiconductor, since the dielectric relaxation time and the majority carrier 

lifetime are comparable in magnitude, the electrical response of charge redistribution 

in order to achieve charge neutrality is best described using distributed parameter 

models and partial differential equations rather than lumped-parameter models and 

ordinary differential equations. 
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In order to estimate the density of states of polycrystalline silicon across the 

entire bandgap, Kimura used both n-type and p-type poly-Si TFTs [93] in conjunction 

with C-V and I-V (field-effect) measurements as shown in Figure 2.19. He uses the C-

V method for subgap trap estimation and the I-V method for near bandedge density of 

state estimation. He believes that the same procedure should be used for the assessment 

of the AOS TFTs. 

 

Figure 2.19 Density of states estimation for polycrystalline silicon using both n-type 

and p-type poly-Si TFTs [93]. Both the C-V method and the I-V (field-effect) method 

are used in order to accomplish this assessment across the entire bandgap. 

Migliorato et al. [90] undertake IGZO density of states estimation using both 

simulation and measured C-V and I-V curves. Figure 2.20(a) plots DOS profiles 

obtained from simulated C-V and I-V curves, along with the DOS profile assumed in 

simulation (i.e., the true DOS). Below 2.9 eV these two methods give the same result. 

However, this C-V simulation result is quite different than that obtained from an actual 

C-V curve measured at a frequency of 1 kHz, as shown in Figure 2.20(b). As evident 

from Figure 2.20(b), the C-V extraction method underestimates the deep density of 

states below 2.8 eV. These authors attribute this error as being due to the slow response 

of deep traps when the AC measurement frequency is not sufficiently low. The results 

given in Figure 2.20(b) lead them to prefer the I-V method at gap energies smaller than 

2.8 eV, and the C-V method for gap energies higher than 2.8 eV. 
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Figure 2.20 Comparison of IGZO density of states estimates obtained using the C-V 

method and the I-V (field-effect) method [90] from (a) simulation and (b) 

experimental measurement. 

TCAD numerical simulation is also used in IGZO density of state estimation 

[75, 87, 88] for DOS parameter verification. The procedure used is as follows. (1) 

Generate TFT transfer and output curves based on initial DOS parameter estimates. (2) 

Compare measured and simulated transfer and output curves. (3) Adjust DOS 

parameter values and resimulate until simulated and measured curves match to within 

an acceptable tolerance. Figure 2.21 illustrates IGZO density of states, g(E), and 

channel interface state density, Dit (E), estimates obtained from TCAD simulation [87].  

As shown in Figure 2.21(a), g(E) includes two acceptor-like, exponential bandtail states 

to model the conduction band, one donor-like, exponential bandtail state to model the 

valence band, and one donor-like, Gaussian band to account for additional trapping 

near the conduction band. It is not clear why two exponential bandtail states are 

required to describe the conduction band. 
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Figure 2.21 (a) IGZO density of states, g(E), and (b) interface state density, Dit (E), 

as estimated via TCAD simulation [87].  
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3. TFT-BASED INTERFACE STATE ASSESSMENT 

An analytical procedure for assessing interface electrical properties is proposed 

and applied to different types of AOS TFTs. 

3.1 TFT Subthreshold Current  

A simple equivalent circuit for an AOS TFT operating in subthreshold is shown 

in Figure 3.1. A relationship between the applied gate voltage, 𝑉𝐺 , and the surface 

potential, 𝜓𝑆, can be established using Figure 3.1, as follows  

where  𝑉𝑂𝑁 is the TFT gate turn-on voltage, 𝐶𝐼𝑇 is the interface capacitance density, 

and 𝑄𝐺 is the gate charge density. Since 𝑉𝐺 , 𝑉𝑂𝑁, and 𝐶𝐺 are measureable, Eq. (3.1) is 

a prescription for relating 𝜓𝑆 to 𝐶𝐼𝑇 . 

 

Figure 3.1 Equivalent circuit for an AOS TFT operating in subthreshold. 

When a TFT operates in subthreshold, its drain current is dominated by 

diffusion. This drain current can be described by [8] 

where kB is Boltzmann’s constant, W is the channel width, L is the channel length, and 

𝑄𝑛 is the accumulation layer charge density (coul/cm2). At the source edge,  

gate  

dielectric 

oxide 

semiconductor 

 

 

 

 

(𝑉𝐺 − 𝑉𝑂𝑁) =
𝑄𝐺

𝐶𝐺
+ 𝜓𝑆

𝑄𝐺 = 𝐶𝐼𝑇𝜓𝑆   

}    ⟹   𝜓𝑆 =
𝑉𝐺 − 𝑉𝑂𝑁

1 + 𝐶𝐼𝑇 𝐶𝐺⁄
 , (3.1) 

 𝐼𝐷,𝑆𝑈𝐵 = 𝑊𝜇
𝑘𝐵𝑇

𝑞

𝑄𝑛(0) − 𝑄𝑛(𝐿)

𝐿
=

𝑊

𝐿
𝜇

𝑘𝐵𝑇

𝑞
𝑄𝑛(0) (1 − 𝑒

−
𝑞𝑉𝐷
𝑘𝐵𝑇) (3.2) 



44 

 

where 𝑄𝑛0  is a minimum detectable accumulation layer charge density at flatband, 

equal to [8]  

Hence substitution of Equations (3.3) and (3.4) into Equation (3.2) leads to, 

Substituting  ψs from Equation (3.1) into Equation (3.5) yields, 

In Equation (3.6), all parameters except CIT, are either given or measurable, and 

only the first exponential term depends on the independent variable, VG. Thus, a 

subthreshold current prefactor can be defined as gate voltage independent, i.e.,  

𝐼0 is a measurable constant, corresponding to the TFT leakage current at turn-on. Both 

VON and 𝐼0  can be determined experimentally from a TFT transfer curve. Employing 

Equation (3.7), Equation (3.6) can be further simplified to 

As discussed in the following subsection, Equation (3.8) is useful for interface 

trap estimation. 

 𝑄𝑛(0) = 𝑄𝑛0 𝑒𝑞𝜓𝑆/𝑘𝐵𝑇 , (3.3) 

 𝑄𝑛0 = 𝐶𝐺 ∙ 𝜓𝑠 𝑚𝑖𝑛 = 𝐶𝐺 ∙
𝑘𝐵𝑇

𝑞
 . (3.4) 

 𝐼𝐷,𝑆𝑈𝐵 = 𝜇𝐶𝐺

𝑊
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 𝐼𝐷,𝑆𝑈𝐵(𝑉𝑂𝑁) = 𝜇𝐶𝐺
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3.2 TFT Interface Assessment  

 Depending on applied voltage conditions, the drain current of an AOS TFT 

above turn-on can be considered to be operating in one of three regimes [21]: 

 Subthreshold – when 𝑉𝑂𝑁 ≤ 𝑉𝐺 ≤ 𝑉𝑇.  

The drain current in the subthreshold regime, 𝐼𝐷,𝑆𝑈𝐵, is described by Equation  

(3.8). 

 Pre-saturation – when 𝑉𝑂𝑁 ≤ 𝑉𝐺 ≤ 𝑉𝑇 and 𝑉𝐷 ≤ 𝑉𝐷𝑆𝐴𝑇 , where 𝑉𝐷𝑆𝐴𝑇 =  𝑉𝐺 −

𝑉𝑂𝑁.  

The drain current in the pre-saturation regime, ID,PRESAT, can be formulated as 

[21], 

 Saturation – when 𝑉𝑂𝑁 ≤ 𝑉𝐺 ≤ 𝑉𝑇 and 𝑉𝐷 ≥ 𝑉𝐷𝑆𝐴𝑇. 

The saturation drain current, ID,SAT, can be represented as [21], 

As suggested in [18, 21], depending on the applied drain voltage, the total 

device drain current, ID, can be combined in a reciprocal fashion from its two 

corresponding current components. Thus, for 𝑉𝐷 ≤ 𝑉𝐷𝑆𝐴𝑇 , the drain current is 

formulated from 𝐼𝐷,𝑆𝑈𝐵 and 𝐼𝐷,𝑃𝑅𝐸𝑆𝐴𝑇, 

For the case of 𝑉𝐷 ≥ 𝑉𝐷𝑆𝐴𝑇, ID can be constructed from 𝐼𝐷,𝑆𝑈𝐵 and 𝐼𝐷,𝑆𝐴𝑇 as 

 𝐼𝐷,𝑃𝑅𝐸𝑆𝐴𝑇(𝑉𝐺) = 𝜇𝐶𝐺

𝑊

𝐿
∙ [(𝑉𝐺 − 𝑉𝑂𝑁)𝑉𝐷 −

𝑉𝐷
2

2
] . (3.9) 

 𝐼𝐷,𝑆𝐴𝑇(𝑉𝐺) = 𝜇𝐶𝐺

𝑊
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Equations (3.8), (3.9) and (3.11) form an analytical model to describe the 

transfer curve of an AOS TFT operating below saturation. In this model, only the 

interface capacitance density CIT is unknown. The remaining parameters are 

determined from device geometrical dimensions or can be extracted from a log(ID) -VG 

transfer curve.  

To estimate CIT from a measured TFT transfer curve, first consider a simulated 

log(ID)-VG transfer curve for an ideal TFT that does not include interface states. This 

implies that CIT = 0. Equations (3.8) and  (3.11) can still be employed for this CIT = 0 

situation to yield a simulated subthreshold current, ID,SUB,SIM, and a simulated total 

current, ID,SIM. Employing CIT = 0 for Equation (3.8), a simulated subthreshold current,  

ID,SUB, SIM, is explicitly equal to 

Figure 3.2  compares a measured transfer curve, ID, and a corresponding 

simulated ideal transfer curve, ID,SIM, which is based on the dimensions of the device 

and appropriate parameters extracted from the measured curve, as summarized in  

 
1

𝐼𝐷
=

1

𝐼𝐷,𝑆𝑈𝐵
+

1

𝐼𝐷,𝑆𝐴𝑇
 . (3.12) 

 𝐼𝐷,𝑆𝑈𝐵,𝑆𝐼𝑀(𝑉𝐺) = 𝐼0 ∙ 𝑒𝑥 𝑝 (
𝑞

𝑘𝐵𝑇
∙ (𝑉𝐺 − 𝑉𝑂𝑁)). (3.13) 

Table 3-1 TFT parameters employed to generate the simulated transfer curve of Figure 

3.2. 

Parameter Value 

W 110 µm 

L 20 µm 

CG 172.65 µF/cm2 

µ 5.86 cm2/V-sec 

VON -2 V 

I0 0.18 pA 

VD 0.1 V 
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Table 3-1. Figure 3.2 also shows that for a given, specified current, two gate voltages 

can be identified; one corresponding to the measured curve, VG
M, and the other 

associated with the simulated curve, VG
S, where the M or S superscript refers to the 

measured or simulated curve, respectively. Furthermore, equating Equations (3.8) and 

(3.13) results in a relationship between VG
M and VG

S as follows, 

Equation (3.14) specifies a numerical procedure for extracting the surface 

potential 𝜓𝑠. Notice that for each gate voltage VG
M, a corresponding gate voltage VG

S
 

in the simulated curve provides the same amount of device current as VG
M. This results 

in a numerical link between VG
S and VG

M. Consequently, the surface potential can be  

 

Figure 3.2 Comparison of TFT transfer curves for an experimentally measured curve 

for a ZIO TFT (blue) and a simulated curve (red) in which the interface state density 

is set to zero. 

 𝑉𝐺
𝑆 − 𝑉𝑂𝑁 =

𝑉𝐺
𝑀 − 𝑉𝑂𝑁

1 + 𝐶𝐼𝑇 𝐶𝐺⁄
= 𝜓𝑆  . (3.14) 
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calculated from ψs = VG
S − VON. Figure 3.3 is a plot of the extracted surface potential, 

𝜓𝑠, as a function of applied gate voltage, VG , for the measured transfer curve shown in 

Figure 3.2. Also included in this figure is an estimate of the threshold voltage, VT, as 

obtained from extrapolation of an ID-VG transfer curve to the VG –axis intercept.  

As the ψs − VG plot in Figure 3.3 shows, the surface potential as a function of 

the gate voltage exhibits two linear segments with differing slopes. The slope transition 

occurs abruptly at ψs ≈ 0.33 V . The two linear segments correspond to the 

subthreshold and pre-saturation regimes, which have slopes of approximately 0.13 and 

0.98. These trends reveal the nature of the relationship between the surface potential 

and the applied gate voltage. In subthreshold, only small fraction of the gate overdrive 

voltage, VG − VON, modulates surface potential. In contrast, in accumulation almost all 

 

Figure 3.3 Surface potential ψS versus applied gate voltage VG for a ZIO TFT. The 

subthreshold section, with a slope of 0.13, transits abruptly at VG = 0.64 V and ψS = 

0.33 eV into the pre-saturation section, with a slope of 0.96. The abruptness and 

unambiguous nature of the subthreshold / pre-saturation transition suggests that the 

threshold voltage nay be estimated to be VT = 0.64V instead of the VT = 0.75 V estimate 

indicated, which is obtained from an extrapolation of an ID-VG transfer curve to the gate 

voltage axis. 
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of the gate voltage modules surface potential. This is significant since the accumulation 

layer charge density increases exponentially with increasing surface potential. In turn, 

this strong buildup of accumulation charge causes the voltage drop across the gate 

insulator to remain almost constant as a function of applied gate voltage. Consequently, 

it is not possible to estimate the interface state density for gates above the subthreshold 

/ pre-saturation transition since accumulation charge buildup swamps interface trap 

filling. 

The VT = 0.75 V threshold indicated in Figure 3.3 is estimated in the 

conventional manner, i.e., by extrapolation of a regression fit of the most linear portion 

of an ID-VG  transfer curve to the gate voltage axis intercept. Alternately, VT could be 

estimated as the intercept of an extension of linear regression fits to the ψs -VG 

subthreshold and pre-saturation segments. For the data shown in Figure 3.3, this leads 

to VT = 0.64 V. The abruptness and unambiguous nature of the ψs-VG procedure for 

VT estimation has merit for this set of data in which both the subthreshold and pre-

saturation segments are well-behaved straight lines. This is not always true, e.g., refer 

to Figure 3.3. 

 

3.2.1 Interface Trap Capacitance  

Rearranging Equation (3.14) to solve for the interface capacitance, CIT, leads to  

By applying this formula to the previous measured transfer curve shown in Figure 3.2, 

the interface capacitance density is extracted as illustrated in Figure 3.4. For this TFT, 

the extracted interface capacitance density is almost constant. This is consistent with 

the constant subthreshold slope given in Figure 3.2. 

 

 

 𝐶𝐼𝑇 = 𝐶𝐺 (
𝑉𝐺

𝑀 − 𝑉𝑂𝑁

𝑉𝐺
𝑆 − 𝑉𝑂𝑁

− 1) = 𝐶𝐺 (
𝑉𝐺

𝑀 − 𝑉𝑂𝑁

 𝜓𝑆
− 1). (3.15) 
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Figure 3.4 Interface capacitance density, CIT, versus (a) surface potential, ψS, and (b) 

applied gate voltage for a ZIO TFT.  Red (black) indicates that the TFT is operating 

in the subthreshold (pre-saturation) regime. The threshold voltage, VT, is included 

for both cases. 

(a)    (b)  

 

3.2.2 Interface State Density Distribution 

Once the interface capacitance density, CIT, is known, other interface 

parameters can be evaluated [8, 21]. For example, the interface state density is related 

to the interface capacitance as follows, 

As shown in Figure 3.5, the interface state density is approximately 5-7x1011 

cm-2eV-1 when the TFT operates in the subthreshold regime. Furthermore, the interface 

trap distribution is also quite uniform across the analysis range of 0.4 eV for this device. 

The total interface state concentration, NIT, is obtained by integrating the 

interface capacitance density as a function of surface potential [8],  

 

 𝐷𝐼𝑇 =
1

𝑞
𝐶𝐼𝑇                (𝑐𝑚−2𝑒𝑉−1) (3.16) 
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Figure 3.6 shows the calculated total interface state concentration versus 

surface potential for the ZIO TFT data given in Figure 3.2-Figure 3.5. As shown, NIT 

increases almost linearly with increasing surface potential when the TFT operates in 

subthreshold (red in the figure). This result is consistent with the constant interface 

state density distribution found in Figure 3.5. Calculations show that NIT is less than 5 

x1011 cm-2 for gate voltages less than the threshold voltage. 

 

 

 

 

 

Figure 3.5  Interface state density, DIT, versus surface potential, ψS, for a ZIO TFT 

operating in either subthreshold (red) or pre-saturation (black) 
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∫ 𝐶𝐼𝑇 ∙ 𝑑𝜓𝑆           (𝑐𝑚−2)  . (3.17) 
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Figure 3.6 Total interface state concentration, NIT, versus surface potential, ψS, for a 

ZIO TFT operating in either subthreshold (red) or pre-saturation (black). 

 

3.3 AOS TFT Interface Assessment  

Unless otherwise specified, the AOS TFTs employed for TFT interface 

assessment  are bottom-gate, staggered-type devices with a 100 nm Al gate electrode, 

200 nm Al source and drain electrodes, a 50 nm AOS layer, and various types of gate 

dielectric (thermal oxide, PECVD oxide, and ALD HfO2) with thickness of 100-200 

nm. After AOS deposition, TFTs are post-deposition annealed in air. 

 

3.3.1 ZIO, IGZO, and ZTO TFT Interface Assessment 

ZIO, IGZO, and ZTO TFTs are used for TFT interface assessment. The channel 

layer is 50 nm. TFTs are fabricated by using two different manufacturing methods with 

different process equipment. Table 3-2 lists key process conditions and device 

parameters for AOS TFTs used for interface assessment. For each AOS TFT, a different 
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post-deposition annealing temperature is used in order to achieve optimized device 

performance. 

 

Table 3-2 Key process conditions and device parameters 

AOS Substrate & 

patterning 

Gate dielectric S/D Anneal Dimension VON Mobility 

 cm2/V-s 
VT 

 

ZIO Wafer process 

photolit. 2009 

PECVD oxide 

200 nm, 400 ⁰C 
ITO 175 ⁰C, 

 1 hour 

W = 110 um 

L  =  20 um 
-2.0 V 5.86 0.75 

V 

IGZO Coupon 2007  

shadow-mask 

Thermal oxide 

100 nm 
Al 300 ⁰C,  

1 hour 

W = 2000 um 

L =  200 um 
0.6 V 1.65 2.1 

V 

ZTO Coupon 2008  

shadow-mask 

Thermal oxide 

100 nm 
Al 400 ⁰C,  

1 hour 

W = 2000 um 

L =  200 um 
0.5 V 4.00 3.1 

V 

 

Typical transfer curves for ZIO, IGZO, and ZTO TFTs are shown in Figure 3.7. 

These curves exhibit low leakage, high drain current on/off ratios, respectable 

mobilities, and turn-on voltages. These characteristics are indicative of good quality 

AOS parameters, even though curve shapes are quite different. Figure 3.8 shows a plot 

of the extracted surface potential versus the applied gate voltage for these three TFTs. 

Although transfer curves for these three TFTs differ appreciably, the shapes of the 

resulting ψs − VG  curves are quite similar. They all have two linear segments 

corresponding to subthreshold and pre-saturation, respectively, which join together at 

approximately ψs ≈ 0.3 V. This suggests that a high performance AOS TFT turns on 

strongly and abruptly when the bands are bent ~0.3 eV beyond flatband. This 

corresponds to an enhancement in the accumulation layer carrier concentration of 

~exp (q ψs/𝑘𝐵T) ≈ 105  compared to its value at flatband. Once  ψs > ~0.3 V, the 

accumulation layer is formed and TFTs operate at pre-saturation. The extracted slopes 

𝑑ψs/𝑑𝑉𝐺 for ZIO, IGZO, and ZTO TFTs beyond turn on are 0.96, 0.97 and 0.87, 

respectively. Thus, almost all of the gate voltage beyond turn-on modulates the channel 

surface potential while the voltage dropped across the gate insulator is almost constant. 
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Figure 3.7: ID-VG transfer curves for three AOS TFTs – ZIO (red), IGZO (green), 

and ZTO (blue). 

 

 

Figure 3.8 Surface potential ψS versus applied gate voltage VG for three different 

AOS TFTs – ZIO (red), IGZO (green), and ZTO (blue). The turn-on voltage VON 

and threshold voltage VT estimated from linear transfer curve extrapolation for 

each TFT are indicated. 
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Interface states densities DIT are extracted for ZIO, IGZO, and ZTO TFTs, as 

shown in Figure 3.9. Interface states densities for these high-performance TFTs are all 

in the range of 1011 to 1012 cm-2eV-1. There are only small differences among these trap 

distributions. Figure 3.9 shows that the ZIO TFT has a uniform state distribution across 

whole subthreshold operating regime. The IGZO and ZTO interface states densities are 

slightly less than that of ZIO for  ψs < 0.15 V and greater than that of ZIO for  ψs >

0.15 V. DIT is largest for the ZTO TFT near the ψs =  0.3 V accumulation layer turn 

on. 

 

The total interface state concentration NIT curves in Figure 3.10 are obtained by 

integrating DIT, as specified by Equation (3.17). Although these high-performance 

TFTs have different channel materials, annealed at different temperatures, and 

processed with different fabrication methods, they all have a total interface state 

concentration less than 3x1011 cm-2 for device operation within the subthreshold 

regime. 

 

Figure 3.9 Interface state density DIT versus surface potential, ψS, for three TFTs 

with different AOS materials – ZIO (red), IGZO (green), and ZTO (blue). 
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Figure 3.10 Total interface state concentration NIT versus. surface potential, ψS, for 

three AOS TFTs with different AOS materials – ZIO (red), IGZO (green), and ZTO 

(blue). 

 

3.3.2 IGZO TFT Instability Assessment  

The TFT interface assessment procedure is useful in the analysis of instability. 

For example, consider the positive bias temperature stress (PBTS) transfer curves given 

in Figure 3.11 for an IGZO TFT with a HfO2 gate dielectric. Application of a 2 MV/cm 

positive gate for 25,000 s gives rise to a positive (negative) turn-on voltage shift for a 

stress temperature of 0 ºC (60 ºC). There appears to be some distortion of these transfer 

curves after stressing. The nature of this distortion can be evaluated using the TFT 

interface assessment procedure. 

The surface potential versus applied gate voltage for the transfer curves shown 

in Figure 3.11 are extracted and shown in Figure 3.12. Although these curves exhibit 

two segments as expected, the shape of the ψs − VG curves in the subthreshold regime  

 are distorted compared to the corresponding example curve in Figure 3.3. The 
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Figure 3.11 Positive bias temperature stress (PBTS) ID-VG transfer curves for 

unstressed (Green) and stressed [0 °C (red), 60 °C (blue)] IGZO TFTs for 25,000 

seconds at 2 MV/cm. TFTs used have a 50 nm channel, a 50 nm ALD HfO2 gate 

insulator, W/L = 110 µm / 20 µm, and are post-deposition annealed at 300 °C for 

one hour in air. Stressed transfer curves are measured immediately after stressing at 

the same temperature at which the PBTS test is conducted.  

 

 

Figure 3.12 Surface potential ψS versus applied gate voltage VG for the three IGZO 

TFT transfer curves given in Figure 3.11. 
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unstressed TFT curve shows two slopes in the subthreshold regime. Linear regression 

analysis shows that the ψs − VG subthreshold slopes 𝑑ψs/𝑑𝑉𝐺  are 0.63 and 0.19 for 

the unstressed TFT, and 0.18 and 0.12 for the 0 ºC, and 60 ºC stressed TFTs. This 

suggests that the gate voltage is significantly less effective in modulating the 

subthreshold surface potential for the 0 ºC stressed curve.  It is not clear whether this 

is due to the stress or to the lower temperature at which trap emission would be slowed 

down. Additionally, these curves also show that the transition point between the two 

segments is different: the unstressed device occurs at ~ 0.38 V, whereas for the stressed 

devices it occurs at ~ 0.32 V. These observations suggest that the PBTS modifies the 

band tail distribution and/or density in such a manner that a smaller surface potential is 

required to reach the onset of strong accumulation. 

Interface state density DIT curves are shown in Figure 3.13 and total interface 

state concentration NIT curves are shown in Figure 3.14 corresponding to the 

IGZO/HfO2 PBTS curves given in Figure 3.11 and Figure 3.12. All interface state 

 

Figure 3.13 Interface state density DIT versus surface potential ψS for the IGZO / 

HfO2 TFT transfer curves given in Figure 3.11 and ψS–VG curves in Figure 3.12. 
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densities of the TFTs built using the ALD HfO2 gate dielectric shown in Figure 3.13 

and Figure 3.14 are in the range of 1012 to 1013 cm-2eV-1, one order higher than DIT for 

TFTs with SiO2 gate dielectric in Figure 3.9. Comparing to the DIT profile of a IGZO 

TFT with SiO2 gate in Figure 3.9 for, the DIT  profile of the unstressed TFT with ALD 

HfO2 gate has a much clear Gaussian-like shape with peak at ~0.35 eV. 

Application of 2 MV/cm electrical field of during PBTS testing, as shown in 

Figure 3.13 and Figure 3.14, the IGZO TFT interface state density increases. For a TFT 

stressed at 0 ºC for ~7 hours, the interface state density increase more on the low energy 

levels that are ~0.1 eV above the Fermi-level EF0, and DIT densities almost become 

constant in the range of 0.1-0.3 eV above EF0. This makes the total interface state 

concentration NIT for 0 ºC increases almost linearly with surface potential. With further 

increasing the testing temperature increases from 0 ºC to 60 ºC, DIT continues 

increasing. However, now more interface states appear on the energy states that did not 

increase before. This makes the NIT profile for 60 ºC much similar to what for the 

unstressed TFT. The total interface state concentration for the 60 ºC case shows ~5X 

 
 (a) NIT (linear scale) (b) NIT (logarithmic scale) 

Figure 3.14 Total interface state concentration NIT versus surface potential ψS the 

IGZO / HfO2 TFT transfer curves given in Figure 3.11 and ψS–VG curves in Figure 

3.12. 
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of what from the device without PBTS stress. This suggests that the stress field of 2 

MV/cm causes the interface state creation to be nearly constant across the subthreshold 

energy range of 0.1-0.3 eV. The information extracted through the TFT interface 

assessment method helps on identifying interface defect related instability issues. 

 

3.3.3 ZTO TFT Various Instability Assessment 

The TFT interface assessment procedure is useful to analyze a group of 

distorted TFT transfers curves and discover the differences among the device 

interface’s defect-related properties. Four ZTO TFT transfer curves in Figure 3.15 are 

taken as examples for demonstration. These curves are collected from three TFTs after 

different instability stress tests. Before testing, these three ZTO TFTs had very similar 

 

Figure 3.15 ZTO TFT ID-VG transfer curves before and after various instability tests 

for 3 hours at 1.5 MV/cm. Table 3-3 lists test conditions applied. TFTs used are 

bottom-gate staggered-type, have ZTO 2:1 layer of 50nm channel, 100nm thermal 

SiO2 gate, Al source & drain,  unpassivated, W/L= 2000 µm / 200 µm, patterned by 

shadow mask method, and receive post-deposition annealing at 400C for on hour in 

air.  
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electrical characteristics. Table 3-3 lists three different test conditions applied in the 

study. Each TFT receives one particular instability test for 3 hours.  

Table 3-3 Various instability stress test conditions 

Notation Bias Voltage Illumination Temperature 

NBS -30 V Dark Room Temp. 

NBIS -30 V 420nm Light Room Temp. 

NBITS -30 V 420nm Light 60 ºC 

 

As Figure 3.15 shows, the ZTO TFT stressed at 1.5 MV/cm in dark for 3 hours 

does not make change in the transfer curve. Conversely, either shining light with a 

wavelength of 420nm or heating substrate at 60⁰C can change ZTO TFT’s transfer 

curves significantly, not only reducing the turn-on voltage, but also degrading the 

subthreshold slope. For example, the VON shifts around -2V (-4.5V) for the stressed 

TFT with light (light + 60⁰C heat). However, without using the TFT interface 

assessment procedure, these will be all the information that one can get.                      

 

Figure 3.16 Surface potential, ψS, versus the applied gate voltage VG for three ZTO TFTs 

before and after various stress tests listed in Table 3-3. 
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Figure 3.16 shows the extracted relationship between the device surface 

potential versus the applied gate voltage for the stressed ZTO TFT transfer curves 

presented in Figure 3.15. As expected, the ψs − VG curves exhibit two segments. In 

additions as the graph shows, the low segment that corresponds to the TFT subthreshold 

regime is not as linear as the first demonstration example showed on Figure 3.8. For 

both devices stressed with light, the low segment curve exhibits various slopes during 

ψs and VG sweeping. As explained by Equation (3.1), this suggests that the capacitance 

at channel interface varies during sweeping the gate voltage. 

Another thing can also be found on the figure. Different to the previous two 

example cases (Figure 3.8 and Figure 3.12), the transition points between segments in 

these ZTO TFTs are slightly less, ψs ≈ 0.25V. This implies that the mobile charges 

can accumulate easier in the channel region. It is important to conduct further 

experiments and uses this new tool to probe and expose the root cause.  

Two essential interface parameters, DIT and NIT, are then extracted from the 

stressed ZTO TFT transfer curves presented in Figure 3.15. They demonstrates how 

the interface state density distribution DIT (Figure 3.17) and the total interface state 

concentration NIT (Figure 3.18) get changed on the ZTO TFT channel region after 

encountering different types of stress. As Figure 3.17 showed, for the devices either 

without bias stress, or stressed negatively in dark, the interface state density in ZTO 

TFT almost distributes uniformly across the whole TFT subthreshold regime; the 

interface state density is in the ranges of 1012 cm-2eV-1 for the ZTO TFTs tested. For 

the TFTs stressed under the 420nm light, either at room temperature or at 60⁰C, the DIT 

density is almost twice higher than the density in the unstressed TFT for the whole 

subthreshold regime. As the surface potential approaches to zero, i.e. the flatband 

condition, DIT increases rapidly to the ranges of 1013 cm-2eV-1. The DIT plot for the TFT 

stressed at 60⁰C is particularly interesting. Compared to the DIT distribution of the 

device stressed in light at room temperature, there is a reduction in the DIT distribution 

of 60⁰C for the surface potential ψs < 0.12 eV. The effect of such trap distribution 

reduction also reflects on the decrease on the total interface trap concentration profile  
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in Figure 3.18. 

 

Figure 3.17 Interface state density, DIT, versus surface potential, ψS, for three ZTO 

TFTs after different types of stress tests, descried in Table 3-3. 

 

 

 

Figure 3.18 Total interface state concentration, DIT, versus surface potential, ψS, for 

three ZTO TFTs after different types of stress tests listed in Table 3-3. 
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4. THIN CHANNEL LAYER TFT MODELING 

An analytical procedure for modeling AOS TFTs with thin channel layers is 

described. Particular attention is directed at accounting for backside boundary 

conditions. 

4.1 1-D Potential Representation 

The electrical behavior of an AOS TFT can be elucidated through examining 

the potential distribution inside the thin semiconductor channel layer. The potential 

profile is governed by the Poisson equation [8, 103] Two channel layer energy band 

diagrams are shown in Figure 4.1 along the channel thickness direction, Z, for an n-

type AOS TFT channel layer of thickness hAOS in accumulation and depletion. The 

energies EC, EF, Ei, and EV in the figure correspond to the conduction band energy, 

Fermi level, intrinsic energy, and valence band energy, respectively. The bulk potential, 

𝜓𝐵𝑁, corresponds to the bulk Fermi level referenced  to  the  bulk  intrinsic  energy,   

 

Figure 4.1 Various potential and energy parameters used to characterize the channel 

region are illustrated in energy band diagrams for an n-type semiconductor of 

thickness hAOS in (a) accumulation and (b) depletion.  
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i.e., 𝑞𝜓𝐵𝑁 = |𝐸𝐹 − 𝐸𝑖|𝑏𝑢𝑙𝑘,  assuming  that  the semiconductor is thick enough that a 

flat band condition is achieved in the bulk.  As shown in Figure 4.1, the electron 

potential as a function of position, 𝜓(𝑍), is equal to (– 𝑞)𝜓(𝑍) = 𝐸𝑖(𝑍) − 𝐸𝑖|𝑏𝑢𝑙𝑘. 

As shown in Figure 4.1, two surfaces exist at the semiconductor boundaries. Z 

= 0 corresponds to the gate insulator / semiconductor interface, i.e., the channel surface, 

and Z = hAOS denotes the backside surface where the semiconductor meets either a 

passivation layer or is exposed to air if the device is unpassivated. For the electric 

potential at the channel surface (backside surface), a subscript ’S’ (‘B’) is attached, i.e., 

𝜓𝑆 (𝜓𝐵). When 𝜓𝑆 = 𝜓𝐵 = 0, there is no bending of the energy bands; this condition 

is referred to as flat-band. 

4.2 Device Parameter Normalization 

Solution of Poisson’s equation for a thin, one-dimensional channel layer is best 

accomplished using normalized parameters, as proposed by Many et al. [103] for an 

infinitely thick semiconductor. As summarized in Table 4-1, there are five physical 

parameters to be normalized. The electric potential and bulk potential are both 

normalized with respect to the thermal voltage, kBT/q, where kB is Boltzmann’s 

constant. The total charge concentration, NTotal, is normalized with respect to the total 

mobile carrier concentration in the bulk 𝑛𝐵 + 𝑝𝐵. In Many et al.’s original formulation, 

the device distance dimension Z is normalized with respect to the Debye length, LD, 

given as 

However, this normalization procedure makes it difficult to identify hAOS/LD in a figure. 

Therefore, the following normalization scheme is employed, / Dz Z L and 

 / /D AOS AOSz L h Z h  z . Thus, the channel surface corresponds to z = 0 and the 

backside surface corresponds to z = 1. The electric field, F, is normalized with respect 
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to a quantity which is equal to the thermal voltage divided by the Debye length, i.e.,

B

D

k T

qL
. After normalization, the five normalized qualities are all dimensionless. 

Table 4-1 A summary of the normalized parameters employed in the Poisson 

assessment of the thin AOS channel layer. 

Quantity Name Physical 

Symbol 

Normalized 

Symbol 

Equation 

Electric Potential ψ v 

B

q
v

k T

ψ  

Bulk Potential 
BNψ  Bu  

BN
B

B

q
u

k T

ψ  

Distance Z z, z 
, D

D AOS

LZ
z z

L h
 z   

Electric Field F F D

B

qL F

k T
F  

Charge Concentration 
BulkN  N Bulk

B B

N

n p



N  

 

4.3 Model Formation 

4.3.1 Poisson equation 

Electric potential is established according to Poisson’s equation [8, 103]. For a 

channel layer along the thickness direction, Z, the potential profile  𝜓(𝑍) is assessed 

using the one-dimensional Poisson equation, 

where ( )Z  is the total space-charge density, given by 
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𝑁𝐷
+  and 𝑁𝐴

−  typically correspond to the ionized donor and ionized acceptor 

concentration, respectively. However, in the context of the work presented herein, they 

also can denote donor-like and acceptor-like charged traps, respectively. 𝑛𝑛 (𝑝𝑛) is the 

concentration of mobile electrons (holes) in the n-type channel layer. Both carrier 

distributions are established by band bending resulting from an applied external bias. 

Their variation in the semiconductor film can be expressed as [8], 

where 𝑛𝑖  is intrinsic carrier concentration while 𝑛𝐵  and 𝑝𝐵  denote bulk carrier 

concentration in the portion of the semiconductor which is not influenced by the 

external bias because the semiconductor is sufficiently thick. Since no net charge exists 

in the semiconductor bulk, Eq. (4.3) in the bulk becomes 

By combining Eqn. (4.2), (4.3), (4.5), and (4.6), the Poisson equation becomes 

Also from Gauss's Law, the Poisson equation can be cast as, 

 
 

 ( ) .      Buk D A n nZ qN q N N p n
  

(4.3) 

 

 

 

exp( / ) ( ) exp( / )

exp( / ) ( ) exp( / )

BB

BB

u vu

B i BN B i B B i

u vu

B i BN B i B B i

n n q k T n e n Z n q k T n e

p n q k T n e p Z n q k T n e

 

 



 

       

          

(4.4) 

 0 .(in bulk)            Bulk D A B B D A B BN N N p n N N n p
  

 

Therefore, 
 

          

   
sinh sinh( )

,
cosh

B BB B
u v u vu u

Bulk B B i i i i

B B
B B B B

B

N n p n p n e n e n e n e

u u v
n p n p

u

  
       

 
    N

  

 

(4.5) 

  where 
sinh( )

( , ) tanh
cosh

B
B B

B

u v
v u u

u

 
   

 
N

. 

(4.6) 

 
 

 2

2
.

B BBulk

S S

q n pqNd

dZ



 


   

N

  
(4.7) 



68 

 

where F(Z) is the electric field, defined as  

In terms of normalized parameters,  

  

4.3.2 Solving for the electric field 

To determine the potential profile inside a semiconductor, Poisson’s equation 

needs to be solved. The common method to solve this second-order differential 

equation is to solve for the electric field first [8, 103]. In this approach, no 

approximation is required. Starting with Gauss's law, Eq. (4.11), multiply both sides of 

equation by the electric field F, re-arrange this equation, integrate it over v, and apply 

Eq. (4.12) in the form ,dz dv F  leading to,  

and finally 

 
 

  ,S Bulk

d
F qN

dZ
  

  
(4.8) 

 
 

.
d

F
dZ


 

  
(4.9) 

    Poisson’s Equation 

2
2 2

2 2

D

AOS

Ld v d v

dz h d

 
    

  z
N N.

 

(4.10) 

     Gauss’s Law 
 

,D

AOS

Ld d

dz h d

 
  

  z

F FN N
  

(4.11) 

where 

 

.D

AOS

Ldv dv

dz h d

 
    

  z
F F

  
(4.12) 

 
 

   2 2
d d

dz dz
     

F
F F N F N F

  
 

     2 2 2 2 ,dz dv c     F N F N H   (4.13) 



69 

 

and where c is an integration constant 2( / 2 )c  F H  that is determined from 

boundary conditions. For Eq. (4.14), the sign choice depends on the electric potential. 

For a surface biased in accumulation (v > 0), the positive sign is applied. For a surface 

biased in depletion (v < 0), the negative sign is used. 

4.3.3 Solving for the position within the channel layer  

Once the electric field is known, the position z within the channel layer can be 

obtained via integration of Eq. (4.12) and (4.14) by applying .
dv

dz  
F

 Considering 

the accumulation case, this leads to 

Here 
Sv  is the normalized electric potential at the channel surface where 0z  , i.e., 

( ) 0Sz v   and 
0v  is the normalized electric potential for any convenient location along 

Z at which the parameter c can be evaluated. For example, if c is known at the backside 

surface, i.e., 𝑣0 = 𝑣𝐵, Eq. (4.17) becomes 
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leading to  

For this case, Eq.(4.18) can be simplified to 

 

4.3.4 Space-charge density and space-charge capacitance density 

The space-charge density, QSC, is the total net charge in the space charge region 

per unit surface area. It varies with the external applied voltage. QSC is obtained from 

Gauss’s law [8, 103], 

where FS is the electric field at the channel layer surface, and 
SF  is the surface field 

normalization parameter. Space-charge density may be described in terms of a charge 

centroid distance, LC, measured from the channel surface, 

Substituting Eqs. (4.22), (4.1), and (4.5) into (4.23) and then integrating by parts leads 

to,  
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The first term in parentheses is zero at both limits, because F0 as z0. The second 

term is just |vS|. Therefore, 

where lC (lC) is the normalized charge centroid distance with respect to LD (hAOS). 

The space-charge capacitance density, CSC, is defined as the derivative of the 

space-charge density QSC to the channel surface potential ψS . Since QSC = 0 when 

𝜓𝑆 = 0, this gives 

Normalizing the above equation and using Eq. (4.25), results in, 

4.4 Boundary Conditions 

For 1-D modeling of a thin AOS TFT, two surface boundary conditions are 

relevant, the channel layer surface and the backside surface. In the following 

development, the electric potential at one of these two surfaces is assumed to be known 

and is included as a boundary condition.  

4.4.1 Channel layer surface boundary condition 

For this case, the channel layer surface potential 
S  is specified as one 

boundary condition, i.e.,  
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while the second boundary condition, 

insures that the potential at infinity is well behaved.  Equations (4.28) and (4.29) are 

sometimes distinguished as Dirichlet boundary conditions. Note that in addition to the 

Eq.  (4.28) and (4.29) boundary conditions, it is assumed that 
𝑑𝜓

𝑑𝑧
|

𝑍=∞
= 0, since the 

electric field at infinity is zero when no charge is present at infinity.  

For a given channel layer thickness (ℎ𝐴𝑂𝑆) and carrier concentration (NBulk), the 

electric field profile in the channel layer is determined using Eqs. (4.14) and (4.16) in 

terms of the parameters H and c. Once the electric field profile is established, the 

potential profile is found via integration of Eq. (4.9). For each potential profile solution, 

a unique c is calculated from Eq. (4.14), i.e., 2 / 2c  F H.Since ( ) 0    and  

𝑑𝜓

𝑑𝑧
|

𝑍=∞
 = 0, evaluating Eq. (4.14) at infinity leads to an assessment of the integration 

constant, c = -1.  

Employing Eq. (4.29) as a boundary condition at infinity, outside of the channel 

layer region of interest is rather unusual and thus merits further comment. An example 

of the potential profile arising from the use of this boundary condition is indicated in 

Figure 4.2(a).  Note that both 𝜓 and 
𝑑𝜓

𝑑𝑧
 are continuous along the entire domain of the 

solution, which includes the semiconductor channel layer of thickness, ℎ𝐴𝑂𝑆, as well as 

a virtual region extending from ℎ𝐴𝑂𝑆 to infinity. The potential profile in the virtual 

region is obtained by assuming that the AOS channel layer extends to infinity such that 

NVirtual = NBulk and 𝜖𝑉𝑖𝑟𝑡𝑢𝑎𝑙 = 𝜖𝑆, as shown in Figure 4.2(b). Therefore, the potential 

profile shown is equivalent to the potential profile obtained for an infinitely thick 

semiconductor when 𝜓𝑆 is specified, except that the solution is truncated at 𝜓𝐵(ℎ𝐴𝑂𝑆). 

 
 ,(0) S 

  
(4.28) 

  ( ) 0 ,     (4.29) 
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Figure 4.2 (a) Potential profile and (b) charge density profile of a thin AOS channel 

layer for a specified surface boundary condition 𝜓𝑆  and a uniform carrier 

concentration density NBulk. Extrapolation of the potential to infinity as shown 

implies the existence of a virtual region from ℎ𝐴𝑂𝑆 to infinity with a charge density 

profile equal to that of the bulk carrier concentration, i.e., NVirtual = NBulk, and a 

dielectric constant equal to that of the AOS, i.e., 𝜖𝑉𝑖𝑟𝑡𝑢𝑎𝑙 = 𝜖𝑆. 

From Gauss’s law, the total charge density in the virtual region can be converted 

to an equivalent surface charge density (C/cm2) on the backside surface, QiB, as 

illustrated in Figure 4.3(b), leading to, 

where FB is more precisely equal to FB-, as shown in Figure 4.3(b), and NiB is the 

backside surface charge concentration (#/cm2). Replacing the total charge in the virtual 

region with QiB leads to elimination of the potential and electric field in the virtual 

region, as shown in Figure 4.3(a). In Figure 4.3(b), QiB provides the missing charge 

required in order for the surface electric field to conform to Gauss’s law, i.e., 

/ .B iB SQF  Physically, QiB is present at the backside surface so that it appears to 

correspond to an induced surface space charge density. 

 
 

, / ,iB S S B S B iB iBQ N Q q      F F F
   

(4.30) 
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Figure 4.3 (a) Potential profile and (b) charge density profile of a thin AOS channel 

layer for a specified surface boundary condition 𝜓𝑆  and a constant total carrier 

concentration density NBulk. A backside surface charge density QiB replaces the total 

charge concentration in the virtual region, thereby eliminating the potential and 

electric field in the virtual region as well as allowing for the elimination of the 

potential and electric field in the virtual region.  

 

The surface channel potential can be related to the external applied voltage. 

Figure 4.4 shows the equivalent circuit diagram of a thin AOS TFT during operation, 

where VG is the external applied gate bias, VFB is the flat-band voltage, COX (CAOS) is 

the gate insulator (AOS semiconductor) capacitance density, and S/D is the 

source/drain electrode. During TFT operation the total charge density on the gate 

terminal QG can be expressed as, 

Solving Eq.(4.31) for VG, 

This equation specifies the gate voltage required for a given channel surface potential 

and backside surface potential. 

  ( ) ( ) .G OX G FB S AOS S BQ C V V C         (4.31) 
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4.4.2 Backside surface boundary condition 

For this case, the backside surface potential, 𝜓𝐵, is specified as one boundary 

condition for the Poisson equation, i.e., 

while the second boundary condition is defined by the electric field on the backside 

surface,  

 where FB refers to the electric field on the semiconductor side of the backside surface. 

On the air side of the surface, the electric field is zero. Equations (4.33) and (4.34) are 

referred to as mixed boundary conditions.  For a given bulk carrier concentration 

(NBulk), the normalized carrier concentration at the backside, ( , ) ,B Bv uN is also 

determined through Eq. (4.6). 

It is possible that charge exists on the backside surface of the channel, 

regardless of whether it is passivated or unpassivated. This backside charge is modelled 

as a sheet of surface charge, QB. As illustrated in Figure 4.5(b), from Gauss’s law, 

 

Figure 4.4 Equivalent circuit of a thin AOS TFT during operation. 
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where FB is the normalized electric field at the backside surface. 

For a given channel layer thickness (ℎ𝐴𝑂𝑆) and charge density profile (NBulk), 

the electric field profile in the channel layer is determined using Eqs. (4.14) and (4.21) 

[not (4.16)] in terms of the parameters H and c. For a given potential curve, such as 

the one illustrated in Figure 4.5(a), the two potentials 𝜓𝑆 and  𝜓𝐵 are linked via Eq. 

(4.14), leading to 2 / 2B Bc  F H  2 / 2S S F H  since each value of potential on a 

given potential curve has the same value of c. With FB obtained from Eq. (4.35), the 

integration constant c in Eq. (4.14) can be calculated.   

 

Figure 4.5  (a) Potential profile and (b) charge density profile of a thin AOS channel 

layer for a uniform carrier concentration NBulk, a given backside surface potential 𝜓𝐵 , 

and a backside trapped charge density QB.   
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4.5 Simulation Case Studies 

Several electrostatic simulation case studies are discussed in the following. 

Unless otherwise specified, the following default parameters are employed in the 

simulation ― 𝑛𝑖 (AOS intrinsic charge concentration) = 10-8 cm-3, hAOS (AOS channel 

thickness) = 50 nm, 𝑁𝐵𝑢𝑙𝑘 (AOS effective bulk carrier concentration) = 1016 cm-3. Most 

simulation results are presented in a normalized, dimensionless format. In order to 

change from normalized to actual physical values, the bulk concentration must be 

specified and then the conversion factors given in Table 4-2 may be used. 

 

Table 4-2 Conversion factors for changing normalized units to conventional physical 

units at different bulk concentrations. 

Bulk Con. 

  (cm-3) 

Potential 

(mV) 

E-field 

(kV/cm) 

Debye L0 

(nm) 

hAOS/L0 

ratio 

Bulk Potential 

(V) 

 1014 25.85   0.74 348.5 0.14 1.310 

1015 25.85   2.35 110.2 0.45 1.369 

1016 25.85   7.42  34.9 1.44 1.429 

1017 25.85     23.46  11.0 4.54 1.488 

1018 25.85 74.19    3.5 14.4 1.548 

 

4.5.1 Simulation specifying the surface potential boundary condition  

Figure 4.6 shows electrostatic simulation results for the channel layer of a TFT 

using default parameters, i.e., 𝑛𝑖 = 10−8𝑐𝑚−3,  ℎ𝐴𝑂𝑆 = 50 𝑛𝑚,  𝑁𝐵𝑢𝑙𝑘 = 1016𝑐𝑚−3. 

Figure 4.6(a)-(c) display the normalized potential v, electric field F, and charge density 
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N for different channel surface potentials as a function of normalized channel layer 

position z, where z=1 corresponds to Z= hAOS, i.e., the backside surface of the AOS 

channel layer.  

As shown in Figure 4.6(a)-(c), when the surface boundary condition is positive 

(negative), i.e., when 𝑣𝑆 ≥ 0 (< 0), the TFT operates in accumulation (depletion). The 

 

Figure 4.6 Electrostatic simulation of a thin AOS TFT channel layer with a bulk 

carrier concentration of 1016 cm-3 and a channel thickness of 50 nm. The surface 

potential is used as a boundary condition for this simulation, This simulation includes 

normalized plots of the (a) potential, (b) electric field, and (c) charge density with 

respect to channel layer thickness, and (d) the backside surface carrier concentration 

with respect to the normalized surface potential. 
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magnitude of the floating backside potential is significantly smaller in accumulation 

than depletion, and the electric field is highly nonuniform (almost constant) across the 

channel in accumulation (depletion). Note from Figure 4.6(c) that entire channel layer 

is depleted when 4, i.e., 0.1V.S Sv      Analysis shows that the position at which 

the potential in accumulation drops to < 0.01 is  z  3.5ℎ𝐴𝑂𝑆 = 175 𝑛𝑚.  For 

comparison, the Debye length LD is 35 nm for the default bulk concentration NBulk = 

1016 cm-3. 

Figure 4.6(d) shows the relationship between the backside surface carrier 

concentration, NiB and the normalized surface potential. NiB is in the range mid 1010 

cm-2 for |vS| < 10, corresponding to a bulk concentration of 1016 cm-3, which is equal to 

that of the assumed effective carrier concentration. NiB increases linearly with the 

surface potential in depletion, but saturates in accumulation at vS larger than

8, i.e., 0.21V.S  This NiB trend arises as a consequence of localized depletion 

charge distributed across the entire channel thickness in depletion, whereas 

accumulation charge piles up close to the channel layer surface so that there is almost 

no charge present in the virtual region in accumulation. 

Figure 4.7 shows the normalized charge centroid distance, 𝒍𝐶, in accumulation, 

with respect to channel layer thickness, versus the normalized surface potential, 𝑣𝑆. In 

accumulation, the charge centroid decreases almost exponentially with increasing 𝑣𝑆. 

At flat-band, i.e., 𝑣𝑆 = 0, 𝒍𝐶 = 0.7,  which corresponds to 𝐿𝐶 = 35 nm. This is equal 

to the Debye length. Note that when 𝑣𝑆 = 10, which corresponds to 𝜓𝑆  ≈

 0.26 V, then LC ≈ 1.8 𝑛𝑚,  so that the accumulation layer electron density is 

positioned exceedingly close to the channel surface. 
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Figure 4.7  Simulated normalized charge centroid in accumulation, with respect to 

channel layer thickness, versus the channel surface potential for a 50 nm AOS TFT 

channel layer with an effective bulk carrier concentration of 1016 cm-3. 

 

Three electrostatic simulations in which 𝑁𝐵𝑢𝑙𝑘  or ℎ𝐴𝑂𝑆  are varied from their 

default values are compared in Figure 4.8.  Compared to the default parameters 

simulation, the other two profiles exhibit much less variation in the potential and 

electric field across the thickness of the channel. The default parameters simulation 

[Figure 4.8(a)-(b) with 𝑁𝐵𝑢𝑙𝑘 = 1016 𝑐𝑚−3  and ℎ𝐴𝑂𝑆  = 50 nm] differs dramatically 

from the low effective carrier concentration simulation [Figure 4.8(c)-(d) with 𝑁𝐵𝑢𝑙𝑘 =

1014 𝑐𝑚−3 and ℎ𝐴𝑂𝑆 = 50 nm] and the thin channel layer simulation [Figure 4.8(e)-(f) 

with 𝑁𝐵𝑢𝑙𝑘 = 1016 𝑐𝑚−3 and ℎ𝐴𝑂𝑆  = 5 nm], which are very similar to one another. 

This is due to the fact that the semiconductor thickness is comparable to that of the 

Debye length for the default parameters case (i.e., ℎ𝐴𝑂𝑆 = 50 nm, 𝐿𝐷 = 35 nm), while 

the Debye length is much larger than the semiconductor thickness for the low effective 

carrier concentration case (i.e., ℎ𝐴𝑂𝑆 = 50 nm, 𝐿𝐷 = 349 nm) and the thin channel layer 

case (i.e., ℎ𝐴𝑂𝑆 = 5 nm, 𝐿𝐷 = 35 nm). 
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Figure 4.8 Comparison of normalized potential and electric field profiles at different 

channel layer surface potentials for AOS TFTs with different effective bulk carrier 

concentrations and channel layer thicknesses. 
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Although the low effective carrier concentration and thin channel layer 

simulations look remarkably similar (in fact, they are identical) when plotted in a 

normalized fashion, the physical dimensions of these plots are quite different. On the 

horizontal axis of the normalized position, z = 1 corresponds to 50 nm for the low 

effective carrier concentration case and 5 nm for the thin channel layer case. Taking 

the default parameters case [Figure 4.8(a)-(b)] as a reference, a TFT can be designed 

to have uniform electric parameters across its channel by reducing either the bulk 

effective carrier concentration [Figure 4.8(c)-(d)] or the channel layer thickness [Figure 

4.8(e)-(f)]. Note that an order of magnitude change in channel thickness is equivalent 

to two orders of magnitude change in carrier concentration so that the normalized plots 

shown in Figure 4.8(c)-(d) are identical to Figure 4.8(e)-(f). 

Further insight into the nature of differences between the low effective carrier 

concentration and the thin channel layer cases can be obtained from the simulation 

results shown in Figure 4.9, which compares the backside surface carrier concentration, 

NiB, versus the normalized surface potential for three cases. For a given surface 

potential in accumulation, NiB, is much larger for the thin channel layer case. For  

 

Figure 4.9 Backside surface carrier concentration with respect to the normalized 

surface potential for AOS TFTs with different effective bulk carrier concentrations 

and channel layer thicknesses at two different scales. 
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example, when 𝑣𝑆 = 12, corresponding to 𝜓𝑆 = 0.31 V, NiB = -47.7×1010 cm-2 for the 

thin channel layer case (blue line,   Figure 4.9)  compared NiB = -4.8×1010 cm-2  and  -

2.7×1010 cm-2 for  the low carrier concentration (green line, Figure 4.9) and default 

(red line, Figure 4.9) cases, respectively. This indicates that for a thick channel layer, a 

significant fraction of the accumulation charge is distributed between 5-50 nm of the 

channel layer front surface, leading to a rather large value of NiB for the thin channel 

layer case. 

The curves on the depletion side of Figure 4.9 increase continuously with 

surface potential without saturation. For the default parameters case, NiB is linearly 

proportional to the surface potential. In the other two cases, NiB is proportional to the 

square root of the surface potential, suggesting that NiB is related to depletion charge. 

NiB in the thin channel layer case is about an order larger than that of the low carrier 

concentration case, again implying that NiB is associated with depleted charge. These 

depletion trends in which NiB is proportional to the surface potential or the square root 

of the surface potential for the default parameters case and for the thin channel layer 

and low carrier concentration cases, respectively, appear to be associated with the fact 

that LD ~ ℎ𝐴𝑂𝑆 for the default parameters case while LD ≫ ℎ𝐴𝑂𝑆 for the thin channel 

layer and low carrier concentration case. 

Figure 4.10 shows the normalized charge centroid, lC, with respect to the 

channel layer thickness versus the normalized channel surface potential, 𝑣𝑆 , for 

different effective bulk concentrations for TFTs operating in either accumulation or 

depletion. In the simulations shown, 𝒍𝐶 = 1 corresponds to a distance of ℎ𝐴𝑂𝑆 = 50 nm.  

Any 𝒍𝐶 > 1 corresponds to a “virtual” location outside of the channel. Note that the 

charge centroid decreases almost exponentially with increasing 𝑣𝑆 at ~ 6 kBT/decade 

(i.e., ~0.156 V/decade) in accumulation and ~ 60 kBT/decade (i.e., ~1.56V/decade) in 

depletion. The change of lC can be traced back to Eq.(4.25), where FS is also a function 

of 𝑣𝑆, based on Eqs. (4.14) and (4.15). 
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As shown in Figure 4.10(a) and (b), charge centroid curves for different 

effective carrier concentrations are parallel to each other. The simulation also shows 

that the charge centroid distance decreases about one order of magnitude for every two 

orders of magnitude increase in the bulk effective carrier concentration. This trend is 

attributable to the definition of the normalized charge centroid (Eq. (4.25)), where 𝒍𝐶 

is proportional to the Debye length LD, and from the definition of Debye length (Eq. 

(4.1)), LD is proportional to 1/√𝑁𝐵𝑢𝑙𝑘. When the charge centroid is normalized by LD, 

i.e., lC in Eq. (4.25), all four curves shown in Figure 4.10(a) merge together as shown 

in Figure 4.11(a). 

Two electrostatic simulations are shown in Figure 4.11 for a 50 nm channel 

layer and an effective bulk concentration of NBulk = 1016 and 1014 cm-3. Figure 4.11(a) 

shows that the charge centroid moves very close to the channel layer surface, i.e., 𝒍𝐶 →

0, in accumulation and inversion. However, inversion occurs only when the magnitude  

 

 

Figure 4.10 Simulated charge centroid normalized with respect to the device channel 

layer thickness versus channel surface potential plots as a function of bulk carrier 

concentration for (a) accumulation and (b) depletion. The location lC = 1 corresponds 

to the position of the backside surface (Z = hAOS) and hAOS = 50 nm for these 

simulations. 
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Figure 4.11 Simulated electrostatic characteristics for a 50 nm channel layer with 

NBulk = 1016 and 1014 cm-3, including (a) the charge centroid distance normalized with 

respect to device Debye length and (b) the space-charge density. Dashed curves 

indicate the onset of inversion. The intrinsic carrier concentration in this simulation 

is ni = 10-8 cm-3.  

 

of the surface potential is extremely large, i.e., 𝜓𝑆 = -2.86 V and -2.62 V as shown in 

Figure 4.11(b) for NBulk = 1016 and 1014 cm-3, respectively. Obtaining surface potentials 

of these magnitudes is impractical, such that inversion is unachievable. Figure 4.12 

clarifies why the magnitude for the onset of inversion is larger for NBulk = 1016 cm-3 

compared to NBulk = 1014cm-3. Simply, the onset of inversion occurs when the surface 

potential 𝜓𝑆 is equal to twice the bulk potential 𝜓𝐵𝑁, and 𝜓𝐵𝑁 is larger with higher 

bulk carrier concentration. Note from Figure 4.11(a) that in in depletion 𝒍𝐶 ≥ 1 except 

for normalized surface potentials very close to zero. This means that the channel layer 

is fully depleted over almost the entire domain of negative (depleting) surface potential. 
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Figure 4.12  (a) Energy band diagram showing that the onset of inversion occurs 

when the surface potential 𝜓𝑆 is equal to twice the bulk potential 𝜓𝐵𝑁. (b) A table 

showing why the magnitude of the surface potential at the onset of inversion is larger 

for Nbulk = 1016 cm-3 compared to Nbulk = 1014 cm-3. 

 

 

4.5.2 Simulation specifying the backside potential boundary 

condition 

Figure 4.13 shows electrostatic simulations for a TFT using default parameters, 

i.e., 𝑛𝑖 = 10−8𝑐𝑚−3,  ℎ𝐴𝑂𝑆 = 50 𝑛𝑚,  𝑁𝐵𝑢𝑙𝑘 = 1016𝑐𝑚−3  at various backside 

potentials. In this simulation, no surface charge on the backside surface is assumed. 

From Eq. (4.35), this implies that the electric field at the backside surface is zero. Then 

by applying the boundary conditions proposed on the Section 4.4.2, the simulation 

results of normalized potential v, electric field F, and charge density N as a function 

of normalized channel layer position z are shown in Figure 4.13(a)-(c) for different 

backside potentials, 𝑣𝐵. 
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The potential, electric field, and charges profiles in accumulation (𝑣𝐵 ≥ 0) vary 

much more across the channel layer than do those in depletion (𝑣𝐵 < 0). A comparison 

of Figure 4.9 and Figure 4.6 shows that the backside surface potential, 𝑣𝐵, provides a 

much stronger and more effective influence on the overall electrical  properties within 

the channel layer active region. For example, the TFT potential and electric field profile 

curves with 𝑣𝐵 = 2  do not reach the channel interface side (i.e., z = 0), which 

 

Figure 4.13 Electrostatic simulation of a TFT channel layer with a bulk carrier 

concentration of 1016 cm-3 and a channel thickness of 50 nm. The backside potential 

is assumed to be an independent control parameter for this simulation. Simulation 

results include normalized plots of the (a) potential, (b) electric field, (c) charge 

density, and (d) charge centroid position with respect to device channel thickness. 
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implies that 𝑣𝑆 = ∞ and .S  F  This trend can be further examined in Figure 4.14, 

which plots the relationship of the channel surface potential versus the backside 

potential. In accumulation (for 𝑣𝑆, 𝑣𝐵 ≥ 0), a slight change in 𝑣𝐵 causes a huge change 

in 𝑣𝑆 , and the 𝑣𝑆 − 𝑣𝐵  curve diverges to infinity at 𝑣𝐵 =  1.113.  In contrast, in 

depletion  (for 𝑣𝑆, 𝑣𝐵 < 0),  𝑣𝑆 and 𝑣𝐵 are similar in magnitude. 

 

Figure 4.14 Normalized channel surface potential versus normalized backside 

surface potential. At 𝑣𝐵 = 1.113, the curve diverges to infinity. 

 

Figure 4.13(d) shows the charge centroid normalized with respect to the channel 

layer thickness in accumulation, 𝒍𝐶 , versus the backside surface potential, 𝑣𝐵 . An 

increasing backside surface potential pushes the charge centroid towards the front 

surface until 𝑣𝐵 = 1.113, where the charge centroid position diverges to zero. 

Figure 4.15 compares three electrostatic simulations for a 50 nm channel layer 

and effective bulk concentrations of 𝑁𝐵𝑢𝑙𝑘  = 1015, 1016, and 1017 cm-3. In these 

simulations, backside charge is assumed to be zero so that the backside electric field is 

zero. Compared to the default case with 𝑁𝐵𝑢𝑙𝑘 = 1016 cm-3 in Figure 4.15(c)-(d), the 

profiles in Figure 4.15(a)-(b) for 𝑁𝐵𝑢𝑙𝑘 = 1015 cm-3 vary much less across channel 

layer. In contrast, for 𝑁𝐵𝑢𝑙𝑘 = 1017 cm-3 the profiles in Figure 4.15(e)-(f) show severe  
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Figure 4.15 Comparison of normalized potential and electric field profiles at different 

backside surface potentials for 50 nm channel layers with different bulk carrier 

concentrations. Since no backside charge exists, the backside electric field is zero. 
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variation across channel layer region. Here one concludes that an AOS TFT’s 

characteristics are very sensitive to the bulk carrier concentration if the electrical 

properties are determined by the backside surface potential. 

Figure 4.16 compares normalized potential and charge density profiles for a 

channel layer thickness of ℎ𝐴𝑂𝑆 = 5, 50, and 100 nm, where 𝑁𝐵𝑢𝑙𝑘 is the default value 

of 1016 cm-3. Compared to the default parameter profiles shown in Figure 4.16(c)-(d) 

for a 50 nm channel layer, the ℎ𝐴𝑂𝑆 = 5 nm thin channel layer profiles are very uniform 

across the channel, as shown in Figure 4.16 (a)-(b). In contrast, the ℎ𝐴𝑂𝑆 = 100 nm thick 

channel layer profiles exhibits significant variation across the channel, as shown in 

Figure 4.16 (e)-(f). Note that ℎ𝐴𝑂𝑆 = 100 nm corresponds to approximately three times 

the Debye length. At certain backside surface potentials, e.g., 𝑣𝐵 = -1 and -2 in Figure 

4.16 (f), both depletion and accumulation regions co-exist within the 100 nm AOS 

channel layer. This suggests that the 100 nm TFT can exhibit depletion-mode behavior. 

Also comparing carrier concentration profiles in Figure 4.16 (b), (d), and (f), note that 

a channel accumulation layer more easily forms for the thicker 50 nm and 100 nm 

channel layers than for the thin 5 nm channel layer. This suggests that the 5 nm TFT 

will have a high turn-on voltage. 

As illustrated in Figure 4.14, no 𝑣𝑆 solution exits for 𝑣𝐵 > 1.113. The value of 

the critical 𝑣𝐵 beyond which a solution for 𝑣𝑆 does not exist, 𝑣𝐵(𝑐𝑟𝑖𝑡), depends on the 

bulk concentration, channel layer, and channel layer thickness. Figure 4.17 shows the 

trend in 𝑣𝐵(𝑐𝑟𝑖𝑡) versus the bulk concentration or channel layer thickness. As evident 

from Figure 4.17, 𝑣𝐵(𝑐𝑟𝑖𝑡) decreases with increasing bulk concentration and channel 

layer thickness in an almost inverse logarithmic fashion. 
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Figure 4.16 Comparison of normalized potential and charge concentration profiles at   

different backside surface potentials for TFTs with different channel layer thickness  

and the  same bulk carrier concentration of 1016 cm-3. 
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Figure 4.17 Critical backside surface potential 𝑣𝐵 extracted from simulation versus 

(a) bulk concentration (ℎ𝐴𝑂𝑆 = 50 nm) and (b) channel layer thickness (𝑁𝐵𝑢𝑙𝑘 = 1016 

cm-3).  

 

 

4.5.3 Simulation specifying the backside potential and backside 

charge boundary condition  

In this section, all simulations employ backside potential and backside charge 

boundary conditions. As discussed in Section 4.4.2, only negative backside charge is 

considered since positive backside charge is expected to simply deplete the channel. 

Figure 4.18 shows electrostatic simulations of channel layers impacted by two 

different amounts of backside charge density NB= -10
10

 and -5×10
10

 cm
-2

 for a 50 nm 

channel layer and an effective bulk concentration of 𝑁𝐵𝑢𝑙𝑘 = 1016 cm-3. From Equation. 

(4.35), these backside charges correspond to normalized backside electric fields of FB 

= 0.287 and 1.435. Compared to Figure 4.13 which is free of backside charge, Figure 

4.18 shows that the presence of backside charge leads to significant changes in 

potential, electric field, and carrier concentration profiles and that more charge leads to 

more distortion of these curves. Figure 4.18(f) shows that both accumulation and 

depletion occur in the channel layer, indicative of depletion-mode behavior. However,  
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Figure 4.18 Electrostatic simulations using two different backside charge densities 

of -10
10

 and -5×10
10

 cm
-2

 for a 50 nm channel layer with a bulk carrier concentration 

of 1016 cm-3. The simulation includes normalized plots of the (a-b) potential, (c-d) 

electric field, and (e-f) charge density with respect to channel layer thickness. 
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 once the NB is reduced to -10
10

 cm
-2

, backside charge has a negligible effect in 

establishing electrostatic profile trends. 

Figure 4.19 shows electrostatic simulations illustrating the impact of backside 

charge on channel layers in which ℎ𝐴𝑂𝑆 = 5 and 10 nm.  Compared to a channel layer 

thickness of  ℎ𝐴𝑂𝑆 = 50 nm as shown in Figure 4.18(b), (d) and (f), the same amount of 

backside charge NB = -5×10
10

 cm
-2

 results in much less change across the channel layer. 

For example, to achieve a carrier concentration of -10
16

 cm
-3

 at the front surface (z = 

0), i.e., N -1, it takes 𝑣𝐵  = 0.48, 0.26, and -1.05 for ℎ𝐴𝑂𝑆  = 5, 10 and 50 nm, 

respectively, when NB = -5×10
10

 cm
-2

 and 𝑣𝐵 = 0.68, 0.66, and 0.28, respectively, if no 

backside charge is present. Thus, NB reduces the amount of 𝑣𝐵 required to achieve an 

accumulation concentration at the channel layer front surface. 

Figure 4.20 shows electrostatic simulations for two bulk carrier concentrations 

NBulk = 10
15

 and 10
17

cm
-3

 and NB = -5×10
10

 cm
-2

. From Eq. (4.35), note that FB = 4.537 

and 0.454 for NBulk = 10
15

 and 10
17

cm
-3

, respectively. As shown in Figure 4.20, the 

electrostatic properties in the NBulk = 10
15

 cm
-3

 case are strongly influenced by the 

presence of backside charge, i.e., potential curves are parallel and straight, electric field 

curves are less spread out, and the variation in the carrier concentration is smooth. In 

contrast, the electrostatic properties in the NBulk = 10
17

 cm
-3

 case are much less 

perturbed by the presence of backside charge. Comparing Figure 4.20 and Figure 4.15 

for the NBulk = 10
17

 cm
-3

 case, the potential, electric field and carrier concentration 

profiles are similar with and without a backside charge of -5×10
10

 cm
-2

. This is because 

the Debye length is only 11 nm which is shorter than the channel layer thickness of 50 

nm. 
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Figure 4.19 Electrostatic simulations using two different channel layer thicknesses 

of 5 and 10 nm for a bulk carrier concentration of 1016 cm-3 and a backside surface 

charge density of -5×10
10

 cm
-2

. The simulation includes normalized plots of the (a-

b) potential, (c-d) electric field, and (e-f) charge density with respect to channel layer 

thickness. 
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Figure 4.20 Electrostatic simulation for channel layer with a channel thicknesses of 

50 nm and a backside surface charges of -5×10
10

 cm
-2

. Two bulk carrier 

concentrations of 1015 and 1017 cm-3 are compared. The simulation includes 

normalized plots of the (a-b) potential, (c-d) electric field, and (e-f) charge density 

with respect to channel layer thickness. 
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4.6 Discussion 

Up to now, the Poisson equation has been solved for two sets of boundary 

conditions.   One solution to the Poisson equation involves using Dirichlet boundary 

conditions, i.e., 𝜓(0) = 𝜓𝑆  and 𝜓(∞) = 0,  and placing an appropriate amount of 

charge on the backside surface in order to obtain continuity of the potential with respect 

to the infinitely thick substrate Poisson equation problem. A second solution to the 

Poisson equation involves using mixed boundary conditions on the backside, 

i.e.,  𝜓(ℎ𝐴𝑂𝑆) = 𝜓𝐵 and 𝑑𝜓(ℎ𝐴𝑂𝑆)/𝑑𝑍 = −𝑄𝐵/𝜖𝑆 , where 𝑄𝐵 is the backside charge 

density. Although the Poisson equation be solved for these two sets of boundary 

conditions, these solutions do not correspond to the problem of primary interest with 

respect to TFT operation. Typically, an AOS TFT is controlled by the applied gate 

voltage which establishes the channel surface potential, .S  Also, the amount of charge 

present at the backside surface is an important consideration in establishing TFT 

operation. Thus,  and S BQ are key parameters for specifying the Poisson equation 

boundary condition of primary relevance for elucidating TFT operation, as discussed 

in the following. 

4.6.1 Mixed boundary conditions involving front and back surfaces 

For this case, the channel layer surface potential S  is specified as one 

boundary condition for the Poisson equation, i.e.,  

while the second boundary condition is defined by the electric field on the backside 

surface, 

 
 

(0) ,S 
  

(4.36) 
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where FB refers to the electric field on the semiconductor side of the backside surface. 

Equations (4.36) and (4.37) are referred to as mixed boundary conditions. As illustrated 

in Figure 4.21, it is possible that charge exists on the backside surface of the channel. 

This backside charge is modelled as a sheet of surface charge, QB, On the air side of 

the surface, the electric field is zero. From Gauss’s law, 

where FB is the normalized electric field at the backside surface. 

In order to solve the Poisson equation subjected to the mixed boundary 

conditions given by Equations (4.36) and (4.37), one can leverage the solution to the 

backside surface boundary condition case developed in Section 4.4.2. This is 

accomplished by specializing Equation (4.33) by requiring 0B   such that for this 

particular case the boundary conditions, 

are obtained, where the 0  subscript distinguishes that this is a solution to the Poisson 

equation subject to the specific backsides boundary conditions specified by Equations 

(4.39) and (4.40) in which the backside surface potential is set to zero.. 

Once the solution for 0 ( )x  is found, 0 0(0) S   is also known (see Figure 

4.21a). A function ( )x  may then be constructed by displacing 0S to S (see Figure 

4.21a), where S  corresponds to the boundary condition specified by Equation (4.36). 

Note that this 0S to S  displacement is equal to the offset a shown in Figure 4.21a 
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and is also equal to both 
0a S S   and ( ) a .AOS Bh    In other words,

0( ) ( ) ax x   . Thus, the solid line curve indicated in Figure 4.21a  is consistent with 

the boundary conditions specified in Equation (4.36) and (4.37). Moreover, it can be 

shown that the ( )x  solid curve given in Figure 4.21a is a solution to the Poisson 

equation, and thus is the desired solution to the Poisson equation since it satisfies the 

boundary conditions specified in Equation (4.36) and (4.37). 

 

 

Figure 4.21 (a) Potential profile and (b) charge density profile of a thin AOS channel 

layer for a uniform carrier concentration NBulk, a given channel surface potential 𝜓𝑆 , 

and a backside trapped charge density QB.   

 

It is turn out that the Poisson equation subject to the boundary conditions 

specified in Equation (4.36) and (4.37) is ill-posed, since its solution is not unique. To 

see this, consider solving the Poisson equation once again subject to similar boundary 

conditions to those given in by Equations (4.39) and (4.40), except that Equation (4.39) 

is now replaced by 

 
 1 1( ) ,AOS Bh c  

  
(4.41) 
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where the 1 subscript distinguishes that this is a solution to the Poisson equation 

subject to a non-zero backside surface potential equal to a constant, 1c . 1( )x is 

compared to 0 ( )x in Figure 4.22, as are the corresponding ( )x ’s arising from 

solutions 1( )x (solid orange curve) and 0 ( )x  (solid black curve). These two different 

solutions to the Poisson equation subject to the same set of boundary conditions given 

by Equation (4.36) and (4.37) differ from one another. Thus, the solution is not unique 

leading to the conclusion that this problem is ill-posed.  

This is an unexpected and very disappointing result since the boundary 

conditions given in Equations (4.36) and (4.37) are these relevant to modeling a real 

IGZO TFT channel layer. Since an analytical solution to the problem appears to be 

unattainable because of the ill-posed nature of the physically relevant Poisson equation, 

this problem is revisited in Section 6.2.5 using TCAD modeling.  

 

 

Figure 4.22 Two potential profiles, ( )x , which arise from a solution to the 

Poisson equation subject to identical Equation (4.36) and (4.37) boundary 

conditions. 0 ( )x and 1( )x are solutions to the Poisson equation  subject to 

backside surface boundary conditions and are used in the construction of these 

( )x ’s. 
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5. AOS TFT TCAD MODELING 

This chapter presents simulated electrical characteristics of thin AOS TFTs and 

examines physical behaviors inside the thin channel layer using a commercial 

technology computer-aided design (TCAD) software simulation tool [104]. 

5.1 TCAD Modeling of AOS TFTs 

TCAD tools are used extensively in the integrated circuit industry [104, 105]. 

TCAD modeling starts with specifying a device structure with appropriate materials 

properties. Then, electrostatic properties including potential, electric field, carrier 

concentrations, and currents are numerically calculated, subject to boundary conditions 

and initial conditions, according to their governing equations, i.e., Poisson’s and 

electron/hole continuity equations. Finally, these quantities are plotted. The objective 

of this subsection is to briefly review TCAD modeling procedures as they apply to 

amorphous oxide semiconductor (AOS) TFT simulation. 

As discussed in the Chapter 2, because of the amorphous nature of an AOS 

material, AOS TFT electrical properties are controlled mainly by the defect distribution 

in the active channel layer. AOS films are not dopable as is common in silicon 

technology. Defect states may be categorized as donor-like or acceptor-like. An AOS 

TCAD channel layer model usually involves four types of density of states (DOS) 

contributions, as listed in Table 1: (i) an exponential conduction band tail acceptor-like 

state whose slope is characterized by an Urbach energy, WTA; (ii) a Gaussian donor-

like band which peaks just below the conduction band minimum, EC, at an energy WGD 

above the valence band maximum, EV; (iii) an exponential valence band tail donor-like 

state whose slope is characterized by an Urbach energy, WTD; and (iv) a Gaussian 

acceptor-like band which peaks at an energy WGA above EV.  
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Table 5-1 A summary of four electronic density of states features used for modeling an 

AOS TFT channel layer in order to accomplish TCAD simulation. 

Density of States Feature Defining Equation  

Conduction band tail 

acceptor-like state 
𝑔𝑇𝐴(𝐸) = 𝑁𝑇𝐴 × exp (

𝐸 − 𝐸𝐶

𝑊𝑇𝐴
) (5.1) 

Gaussian donor-like  

band below EC 
𝑔𝐺𝐷(𝐸) = 𝑁𝐺𝐷 × 𝑒𝑥𝑝 [− (

𝐸 − 𝐸𝐺𝐷

𝑊𝐺𝐷
)

2

] (5.2) 

Valence band tail  

donor-like state 
𝑔𝑇𝐷(𝐸) = 𝑁𝑇𝐷 × exp (

𝐸𝑉 − 𝐸

𝑊𝑇𝐷
) (5.3) 

Gaussian acceptor-like  

band above EV 
𝑔𝐺𝐴(𝐸) = 𝑁𝐺𝐴 × 𝑒𝑥𝑝 [− (

𝐸 − 𝐸𝐺𝐴

𝑊𝐺𝐴
)

2

] (5.4) 

 

To properly simulate an AOS TFT using TCAD, the parameters in these density 

of states distributions need to be specified. Recently, several research groups have 

proposed parameter values to model defect DOS profiles for different AOS materials 

[69, 70, 73-75]. In this chapter for IGZO TFT simulations, the DOS parameters are 

adapted from Kanicki’s research group [74] at the University of Michigan. Figure 5.1  

 

Figure 5.1 (a) Density of states model for amorphous IGZO. (b) DOS parameter 

values [74] applicable to IGZO TFT simulation. 
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shows the DOS profile and parameter values for IGZO TFT simulation. Only three 

defect bands are required, i.e., one acceptor-like and two donor-like band distributions, 

which represent the conduction band Urbach tail states (𝑔𝑇𝐴), valence band Urbach tail 

states (𝑔𝑇𝐷), and donor-like Gaussian subgap states (𝑔𝐺𝐷).  

Figure 5.2 illustrates results of an IGZO TFT TCAD simulation. The TFT 

simulated has a bottom-gate staggered structure, showed in Figure 5.2(a). In this 

example, the TFT has a channel length of 20 µm, and an IGZO channel layer thickness 

 

Figure 5.2 Example of an IGZO TFT simulation for a channel length of 20 µm, an 

IGZO channel thickness of 50 nm, and a gate oxide thickness of 100 nm. (a) 2-D 

structure cross-section, (b) an ID-VD output curve , (c) an ID-VG transfer curve, and 

(d) a log(ID)-VG transfer curve. 
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of 50 nm. Unless otherwise specified, the TFT channel width is assumed to be 1 µm. 

TCAD modeling allows one to easily change TFT dimensions, film thicknesses, and/or 

material properties in order to investigate their impact on TFT characteristics. From 

Figure 5.2 (b)-(d), one can extract TFT parameters, such as the turn-on voltage (VON), 

the electron mobility in the channel (μ), and the subthreshold swing (S). After 

simulation, TCAD tools allow one to explore various physical properties within the 

device structure, such as potential, electric field, and mobile carrier concentration of 

electrons and holes. Two examples are demonstrated in this section.  

Figure 5.3 shows two potential contour profiles of an IGZO TFT operating 

under two different bias conditions, pre-saturation and saturation. In pre-saturation 

(Figure 5.3a), the majority of the bias drops across the gate dielectric. The IGZO active 

region receives only a very small portion of the bias voltage from the gate, and the 

potential along the horizontal channel is almost uniform. In saturation (Figure 5.3b), 

the potential contour profile has a two-dimensional shape. However in the channel 

region, the simulation suggests that the potential changes only along the horizontal 

 

Figure 5.3 Potential contour profiles of a simulated IGZO TFT which operates at two 

different bias conditions, (a) pre-saturation (VG = 10 V, VD = 0.1 V), and (b) 

saturation (VG = VD = 10 V). 
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direction of the channel and that it is essentially uniform in the vertical direction since 

the channel layer is so thin. 

Figure 5.4 shows simulated free electron concentration contour plots for an 

IGZO TFT operating at two bias conditions, pre-saturation and saturation. For each 

figure, the simulated electronic current flow is indicated using a vector symbol format. 

In pre-saturation (Figure 5.4a), a well-defined accumulation layer is formed in the 

channel layer very close to the interface between the IGZO layer and the gate insulator. 

In saturation (Figure 5.4b), the accumulation layer is depleted on the drain side. In both 

figures, the electron concentration near the air-exposed backside IGZO surface is rather 

high, ~ 1016.5 cm-3. This suggests that the TFT backside surface is electronically 

sensitive and cannot be ignored.  

 

Figure 5.4 Simulated free electron concentration contour plots in the IGZO channel 

region of a TFT that operates at two different bias conditions, (a) pre-saturation (VG 

= 10 V, VD = 0.1 V), and (b) saturation (VG = VD = 10 V). Simulated current flow 

using a vector symbol format is also included. 

Figure 5.4 also shows the simulated device current flow profile. In pre-

saturation (Figure 5.4a), the magnitude of current is small and it is confined along the 

channel interface. In saturation (Figure 5.4b), the current flow spreads across the entire 

width of the IGZO active layer and is preferentially collected near drain electrode edge. 
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Note that in saturation a significant amount of current exits the drain near the backside 

surface, once again underscoring the importance of the backside surface. 

5.2 TCAD Simulation Case Studies 

TCAD simulation is useful for building models and verifying hypotheses 

related to the elucidation of device behavior. In this section, several IGZO TFT TCAD 

simulation examples are presented. 

5.2.1 IGZO Conduction Band Urbach Energy 

Experience dictates that it is necessary to anneal an AOS film after depositing 

it in order to archive a good TFT performance. For an AOS TFT without annealing, 

both the TFT transfer curve and the mobility are poor [106]. Kimura et al. [69] reported 

that  unannealed and annealed IGZO films had different conduction band band-tail state 

densities. Erslev et al. [73] reported that ZTO films annealed at different temperatures 

had differing Urbach energies for the conduction band band-tail states.  

Figure 5.5 shows TCAD simulation results [77] illustrating the critical 

importance of minimizing the conduction band Urbach energy, WTA, in order to obtain 

a high-performance IGZO TFT. WTA = 13 meV is believed to correspond to a situation 

in which an IGZO channel layer has been optimally processed so that it displays a very 

small subthreshold swing (S = 63 mV/decade) and a relatively large saturated 

incremental mobility (𝜇𝐼𝑁𝐶 = 12 cm2V-1s-1). Experience at OSU indicates that this level 

of IGZO TFT performance is only obtained after a post-deposition anneal in air or 

oxygen at an elevated temperature ~350-400 °C [31]. Moreover, it is observed that 

IGZO TFTs with minimum subthreshold swing and maximum electron mobility 

invariably are more stable with respect to TFT threshold voltage instability. Note that 

the WTA = 100 meV simulations are characterized by S ~ 450 mV/decade and  𝜇𝐼𝑁𝐶 ~ 

2 cm2V-1s-1, indicating a significant degradation in electrical performance compared to  
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the WTA = 13 meV case. This WTA = 100 meV simulation is typical of what is observed 

after optimizing AOS TFTs at post-deposition annealing temperatures of less than ~200 

°C. Also, these low-temperature processed AOS TFTs invariably have much poorer 

TFT threshold voltage stability than devices processed at an elevated temperature of 

~400 °C [106]. 

A very important conclusion can be drawn from the simulation shown in Figure 

5.5. Namely, that obtaining a high-performance AOS TFT requires reducing the 

conduction band Urbach energy to a minimal value of WTA ~ 10 meV. As mentioned 

previously, work at OSU on IGZO TFT optimization [31] suggests that this can only 

be accomplished with the assistance of a post-deposition anneal in air or oxygen at an 

elevated temperature of ~350-400 °C. It is likely that this post-deposition anneal 

reduces the oxygen vacancy concentration and concomitantly decreases disorder on the 

cation sublattice. It is also likely that cation disorder decreases with a decrease in the 

oxygen vacancy concentration. Better electrical performance, in terms of a smaller 

subthreshold swing and a larger electron channel mobility, tends to correlate with better 

 

Figure 5.5 Comparison of simulated TFT characteristics for four different conduction 

band Urbach energies (WTA) [77] for an IGZO TFT with a SiO2 gate oxide, IGZO 

channel layer of 50 nm, and a gate width (length) of 200 um (20 um). (a) Drain 

current-gate voltage (log ID-VG) transfer curves and (b) incremental mobility-gate 

voltage (𝜇𝐼𝑁𝐶-VG) plots are shown. 
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TFT threshold voltage stability [77]. In other words, a reduction in the cation sublattice 

disorder and in the oxygen vacancy concentration leads to a higher performance AOS 

TFT with better threshold voltage stability. For optimal AOS TFT stability, a post-

deposition anneal in air or oxygen at an elevated temperature ~400 °C appears to be 

required. Additionally, it is also important to recognize that passivation of the top 

surface of a bottom-gate TFT is required to achieve optimal device stability [97, 107-

109]. 

5.2.2 IGZO Gaussian Donor-Like Defect Band Positioned below EC 

In this sub-section, the effect of varying the magnitude or peak energy of the 

density of states of the Gaussian donor-like band positioned below EC, i.e., 𝑔𝐺𝐷 , is 

examined. Figure 5.6 shows three simulated log(ID)-VG transfer curves using different 

𝑔𝐺𝐷 parameter values. According to Eq. (5.2), NGD, EGD, and WGD correspond to the 

 

Figure 5.6 TCAD simulation of log(ID)-VG transfer curves using different EGD and 

NGD values corresponding to the peak energy and density, respectively, of the density 

of states of the Gaussian donor-like band positioned below EC. 
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peak density, peak energy, and energy width of the density of states of the Gaussian 

donor-like band positioned below EC. The blue curve shown in Figure 5.6 is used as a 

reference and is identical to the curve shown in Figure 5.2d. An increase in NGD from 

6.5 × 1016 cm-3eV-1 to 5 × 1017 cm-3eV-1 shifts the transfer curve to the left, reducing 

VON from ~ -2 V to ~ -13 V. Elucidation of this VON trend is accomplished by first 

recognizing that the position of the equilibrium Fermi level is established by charge 

balance of filled and empty states associated with 𝑔𝑇𝐴 and 𝑔𝐺𝐷 , respectively, as 

illustrated in Figure 5.7 for the cases of NGD = 6.5 × 1016 cm-3eV-1 and NGD = 5 × 1017 

cm-3eV-1. In Figure 5.7, accepter-like, negatively charged, filled states are represented 

by the red shadowed area, and donor-like, positively charged, empty states are 

represented by the blue shadowed area in Figure 5.7a  for NGD = 6.5 × 1016 cm-3eV-1 

or the pink shadowed area in Figure 5.7b  for NGD = 5 × 1017 cm-3eV-1. When the 

 

Figure 5.7 IGZO bulk density of states profiles showing an accepter-like bandtail 

state and a Gaussian donor-like band positioned below EC. (a) NGD = 6.5 × 1016 cm-

3eV-1 and (b) NGD = 5 × 1017 cm-3eV-1. The shadowed areas correspond to an equal 

density of filled acceptor-like bandtail states which are negatively charged and 

employ donor-like states which are positively charged such that the demarcation 

energy distinguishing filled/empty states corresponds to the Fermi level position at 

zero gate bias. 
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positive and negative shadowed areas are equal, charge neutrality occurs such that the 

position of the equilibrium Fermi level, EF, is established, as EF = 3.0 eV in Figure 5.7a 

and EF = 3.02 eV in Figure 5.7b. Since EF is positioned nearer to EC for Figure 5.7b 

compared to Figure 5.7a, there will be more electrons in the conduction band, and hence 

ID will be larger for VG = 0, as evident from a comparison of the pink and blue curves 

shown in Figure 5.6. 

Returning to Figure 5.6, note that when NGD is large, i.e. NGD = 5 × 1017  

cm-3eV-1, a reduction of EGD from 2.9 eV to 2.7 eV changes the transfer curve shape, 

introducing a kink in the transfer curve. Further reducing EGD (not shown) makes the 

kink occur at an even lower drain current. Kinks are only observed when NGD is large. 

Reducing NGD to 1 × 1016 cm-3eV-1 eliminates kinks. The simulations included in 

Figure 5.6  indicate that increasing the donor-like trap density and/or moving the donor-

like trap distribution deeper in energy away from the conduction band leads to a 

distortion of the transfer curve and formation of a kink. 

Figure 5.8 investigates the cause of kink formation. Figure 5.8(a) shows IGZO 

density of states profiles for the three transfer curves given in Figure 5.6. Note that no 

kink is observed in Figure 5.6 when the Gaussian donor-like band is positioned at EGD 

= 2.9 eV with NGD = 6.5 × 1016 cm-3eV-1 (blue curve) or at EGD = 2.9 eV with 5 × 1017 

cm-3eV-1 (pink curve) but a kink is observed when it is positioned at EGD = 2.7 eV and 

NGD = 5 × 1017 cm-3eV-1 (green curve). Figure 5.8(b) shows net trap 

concentration, 𝑁𝑇
𝑛𝑒𝑡, profiles for these three DOS profiles. The net trap concentration 

is equal to the difference between empty donor-like states and filled acceptor-like 

states, i.e., 𝑁𝑇
𝑛𝑒𝑡 = 𝑁𝐺𝐷

+ − 𝑁𝑇𝐴
− , where 𝑁𝐺𝐷

+  and 𝑁𝑇𝐴
−  are obtained as an integral above 

and below, respectively, the position of the Fermi level, similar to that shown by the 

shaded areas in Figure 5.7. Note that the minimum point of each profile in Figure 5.8(b) 

corresponds to the charge balance location where the gate voltage is equal to zero. The 

electron concentration, n, also shown in Figure 5.8(b) and is calculated knowing the 

position of the Fermi level using Boltzmann statistics with NC = 5 × 1018 cm-3. Figure 

5.8(c) shows net electron carrier concentrations, 𝑛𝑛𝑒𝑡, for three DOS profiles. The net 
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Figure 5.8 (a) IGZO density of states showing three different Gaussian donor-like 

bands corresponding to the three curves shown in Figure 5.6. (b) Net trap 

concentration (NT
net) and electron carrier concentration (n) profiles. (c) Net electron 

carrier concentration (nnet) profiles. (d) Electron carrier concentration (n) versus net 

electron carrier concentration (nnet) profiles. 

 

electron carrier concentration is equal to the electron concentration minus the net trap 

concentration, i.e., 𝑛𝑛𝑒𝑡 = 𝑛 − 𝑁𝑇
𝑛𝑒𝑡 = 𝑛 + 𝑁𝑇𝐴

− − 𝑁𝐺𝐷
+ . Figure 5.8(d) plots n versus 

𝑛𝑛𝑒𝑡. Figure 5.8(d) and Figure 5.6 display identical trends. This is because the electron 

carrier concentration is proportional to the drain current while the net electron carrier 
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concentration is proportional to the applied gate voltage. The kink occurs when the 

Fermi level is positioned at an energy range of ~2.6-2.8 eV, which corresponds to the 

peak of the Gaussian donor-like band at EGD = 2.7 eV. Thus, the kink occurs when 

Fermi level modulation is sluggish as it attempts to empty a maximum density of states. 

Kinks in AOS TFT transfer curves have been reported previously [107, 110, 

111], as exemplified by Figure 5.9 [111].  Often when an IGZO TFT is subjected to 

negative bias illumination stress (NBIS), its ID-VG transfer curve shifts negatively [107, 

110-112]. Sometimes the shape of the transfer curve before and after NBIS is similar 

so that a rigid shift is observed. However, a kink sometimes emerges after NBIS. 

Occasionally, a kink is observed in a transfer curve of a freshly prepared AOS TFT 

when the relative humidity is high [111-113]. 

 

 

Figure 5.9 Formation of a kink in the log(ID)-VG transfer curve (red curve) occurs 

after negative bias illumination stress (NBIS) conducted at VG = -30 V @ 60 ⁰C for 

3 hours @ 535 nm ) [111]. 
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5.2.3 Interface State Effects  

Traps can exist at the interface between the gate insulator and the channel layer 

of an AOS TFT. Figure 5.10 illustrates log(ID)-VG and corresponding ID-VG transfer 

curve simulations for an IGZO TFT in which a Gaussian distribution of acceptor-like 

interface states at the channel surface is assumed. The interface state distribution is 

described by three parameters NGA, EGA, and WGA corresponding to the peak density, 

peak energy, and energy width of Gaussian density of states. Two general trends are 

evident in the transfer curve simulations shown in Figure 5.10. 

 Gaussian acceptor-like interface traps shift a transfer curve to the right. Increasing 

trap density causes a larger shift. Negatively charged, filled acceptor-like traps at 

the channel interface are balanced by positive depletion charge in the bulk in order 

 

Figure 5.10 Simulated drain current-gate voltage log(ID)-VG and ID-VG transfer 

curves for an IGZO TFT with a Gaussian band of acceptor-like interface states. The 

gate insulator is assumed to be 100 nm of SiO2, the IGZO channel layer is assumed 

to be 50 nm thick, and the gate length (width) are taken to be 20 μm (200 μm). The 

‘0’ label indicates that the interface trap density is set to zero. 
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to achieve charge neutrality. This positive depletion must be neutralized before an 

accumulation layer can be formed, resulting in the right-going transfer curve shift. 

 Interface traps alter the shape of a transfer curve characteristics. Acceptor-like 

interface traps introduce kinks in log(ID)-VG transfer curves at positive gate 

voltages and lead to positive threshold voltage shifts in ID-VG transfer curves. 

Figure 5.11 illustrates log(ID)-VG transfer curve simulations for an IGZO TFT 

in which a Gaussian distribution of donor-like interface states is assumed. The interface 

state distribution is described by three parameters NGD, EGD, and WGD corresponding 

to the peak density, peak energy, and energy width of a Gaussian donor-like density of 

states. Three general trends are evident in the transfer curve simulations shown in 

Figure 5.11. 

 Gaussian donor-like interface traps shift the transfer curve to the left. Increasing 

trap density causes a larger shift. Positively charged, empty donor-like interface 

traps are balanced by negative accumulation layer charge in order to achieve charge 

neutrality. This negative accumulation layer charge must be eliminated before the 

device can be turned off, resulting in the left-going transfer curve shift. 

 Donor-like interface traps alter only the subthreshold region portion of a log(ID)-

VG transfer curve. Increasing the peak-density leads to a left-going shift in VON 

(Figure 5.11a), decreasing the peak energy results in a kink at negative gate voltages 

((Figure 5.11b), while increasing the trap energy width yields both a left-going shift 

in VON and formation of a kink at negative gate voltages (Figure 5.11c). 

 Comparing Figure 5.10 and Figure 5.11, note that donor-like interface traps lead 

to a left-going shift in VON while the acceptor-like interface traps yield a right-going 

shift in VT. 
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Figure 5.11 Simulated drain current-gate voltage log(ID)-VG transfer curves for an 

IGZO TFT with a Gaussian band of donor-like interface states. The gate insulator is 

assumed to be 100 nm of SiO2, the IGZO channel layer is assumed to be 50 nm thick, 

and the gate length (width) are taken to be 20 μm (200 μm). ). The ‘0’ label indicates 

that the interface trap density is set to zero. 

TFT simulations illustrated in this sub-section involve only a single Gaussian-

shaped density of interface states at the channel insulator. Many other interface state 

densities are possible. Also, interface states at the backside surface could be considered. 

 

 

5.2.4 Channel and Backside Surface Charge 

Charge can reside at the insulator /channel layer interface or on the backside 

surface of an AOS TFT. Figure 5.12 shows TCAD simulated log(ID)-VG and ID-VG 

transfer curves for an IGZO TFT with a charge density N = +/-1012 cm-2 placed either 

at the insulator /channel layer interface or on the IGZO backside surface. As shown, a 

positive charge shifts the transfer curve to the left and a negative charge shifts the 

transfer curve to the right. This can be understood as a consequence of charge 

neutrality. Positive interface charge induces excess mobile electrons in the IGZO 

channel layer, while negative interface charge depletes the channel. This decreases 

(increases) the turn-on voltage. Note that VON shifts ~5 V from its zero charge value 

(brown curve in Figure 5.12a) for a surface charge density of 1012 cm-2. This is expected 
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for a TFT with a 100 nm gate oxide, i.e., C = 34.5 pF/cm2, since 𝑄 = 𝐶 ∙ ∆𝑉, leading 

to ∆𝑉 = 4.6 𝑉. 

 

Figure 5.12  TCAD simulated (a) log(ID)-VG and (b) ID-VG transfer curves for an 

IGZO TFT with a charge density of |N| = 1012 cm-2 placed either at the insulator 

/channel layer interface or on the IGZO backside surface. 

However in Figure 5.12a, the positive charge on the backside surface (green 

curve) leads to slightly more VON shift than when the positive charge is placed at the 

insulator/  channel layer interface (blue curve). This trend does not occur for the 

negative charge case since VON is almost identical regardless whether this charge is 

placed on the backside surface (red curve) or at the insulator/channel layer interface 

(yellow curve). This positive charge-induced difference in VON arises a consequence 

of the fact that positive charge placed at the insulator/channel layer interface induces a 

frontside accumulation layer in which the 𝑄 = 𝐶 ∙ ∆𝑉  effective capacitance 

corresponds to that of the insulator capacitance density (34.5 nF/cm2) while an 

accumulation layer forms at the backside surface when the positive charge is placed 

there so that the effective capacitance corresponds to that of the insulator capacitance 

in series with the semiconductor channel layer capacitance. This gives a total 

capacitance density of 28.1 nF/cm2, and VON shift ∆𝑉 = 5.3 𝑉. In contrast, for the 

negative charge case, depletion occurs in the ‘bulk’ portion of the channel layer while 

the gate voltage-induced accumulation layer exists at the insulator/channel layer 
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interface. Thus, the 𝑄 = 𝐶 ∙ ∆𝑉  effective capacitance is equal to the insulator 

capacitance density (34.5 nF/cm2) regardless of where the negative charge is placed. 

Figure 5.13 show a TCAD simulation, corresponding to the identical situation 

considered in  Figure 5.12, of how the surface potential and backside surface potential 

respond an applied gate voltage for an AOS TFT with a charge density, N = +/-1012 

cm-2 placed either at the insulator /channel layer interface or on the IGZO backside 

surface. Note  

 

Figure 5.13 TCAD simulated (a) channel surface potential 𝜓𝑆 and (b) backside 

surface potential 𝜓𝐵 versus applied gate voltage for an IGZO TFT with a charge 

density of |N| = 1012 cm-2 placed either at at the insulator /channel layer interface or 

on the IGZO backside surface. The brown curve corresponds to the |N| = 0 case. 

 

that the blue, brown, and yellow curves are similar, although they are displaced from 

one another along the gate voltage axis. Subthreshold for these curves is characterized 

by ∆𝜓𝑆 =  ∆𝜓𝐵~ 0.99 ∆𝑉𝐺 , indicating that the backside surface is almost floating 

during TFT subthreshold operation. This occurs because the IGZO channel layer is 

very resistive while depleted. In Figure 5.13a beyond subthreshold in pre-saturation, 

𝜓𝑆 increases very slowly with increasing VG, i.e., ∆𝜓𝑆 /∆𝑉𝐺 ~ 0.0164. From the TFT 

equivalent circuit for C-V assessment, shown in Figure 6.1, 𝑄 = 𝐶𝑂𝑋(∆𝑉𝐺 −  ∆𝜓𝑆 ) =
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𝐶𝐼𝐺𝑍𝑂∆𝜓𝑆 , leading to 𝐶𝐼𝐺𝑍𝑂/𝐶𝑂𝑋 ~ 60, where 𝐶𝐼𝐺𝑍𝑂 is the IGZO accumulation 

capacitance density. Since the IGZO accumulation capacitance can be described in 

terms of a charge centroid, this suggests that the charge centroid of the IGZO 

accumulation layer is approximately 3.6 nm. 

The green and red curves shown in Figure 5.13a display different trends than 

those discussed for the blue, brown, or yellow curves. Thus, charge placed on the 

backside surface (green and red curves) leads to distinctly different  𝜓𝑆 − 𝑉𝐺 and  𝜓𝐵 −

𝑉𝐺 trends than when either the no charge case (brown curve) or the case in which charge 

is placed at the insulator/channel layer interface (blue and yellow curves). When 

positive charge is placed on the backside surface (green curve), an accumulation layer 

forms at the backside surface so that the subthreshold transition is sluggish since the 

applied gate voltage is relatively remote from this backside surface accumulation layer. 

In turn, this increases the backside surface potential, as shown in Figure 5.13b. In 

contrast, when negative charge is placed on the backside surface (red curve), the IGZO 

channel layer is depleted so that the TFT turns on more abruptly in pre-saturation 

(Figure 5.13a) while the backside surface potential is significantly reduced (Figure 

5.13b). 

Note in Figure 5.13b that the standard backside surface potential increases to 

1.55 V when positive charge is placed on the backside surface (green curve) and 

decreases to ~0.8 V when negative charge is placed on the backside surface (red curve) 

compared to the 1.43 V obtained when positive, negative, or no charge is placed at the 

insulator/channel layer interface (blue, brown, and yellow curves). The positive 

backside charge induces a backside accumulation layer, thereby increasing the backside 

surface potential (green curve, Figure 5.13b), and also creating a negative backside 

electric field (green curve, Figure 5.14). Note that an appreciable amount of negative 

gate voltage is required to shut off this backside electric field (green curve, Figure 

5.14), since this accumulation layer is remotely positioned with respect to the gate. 

Negative backside charge depletes the channel layer, thereby decreasing the backside 

surface potential (red curve, Figure 5.13b), and creating a positive backside electric 
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field (red curve, Figure 5.14). Note that the polarity of the backside charge is opposite 

to that of the backside electric field since 𝑄𝐵 = 𝑞0 ∙ 𝑁 = − 𝜖𝐼𝐺𝑍𝑂 ∙ ℇ𝐵. 

 

Figure 5.14 TCAD simulation of the electric field at the backside surface versus 

applied gate bias for an IGZO TFT with a charge density of |N| = 1012 cm-2 placed 

either at the insulator /channel layer interface or on the IGZO backside surface.  The 

brown curve corresponds the case of an IGZO TFT without charge. Three curves 

(blue, brown, and yellow) are merged together. 

 

5.2.5 TCAD Simulation Involving Backside Surface Charge 

In Section 3.5.3, potential, electric field, and charge density profiles of a 50 nm 

IGZO channel layer with a charge density of -5 × 1010 cm-2 placed on the backside 

surface is modeled analytically using an one-dimensional electrostatic model. In this 

section, two-dimensional TCAD simulation method is used to compare to the 

electrostatic modeling results. 

Figure 5.15 compares two log(ID)-VG simulated transfer curves for an IGZO 

TFT with and without a charge density of -5 × 1010 cm-2 placed on the backside surface. 

As shown in Figure 5.15(b), a negative backside charge density of -5 × 1010 cm-2 only 

shifts the transfer curve slightly to the right, and increases VON by ~ 0.3 V. This makes 
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almost no impact on TFT operation. This agrees with what is found in Figure 4.18b of 

Section 4.5.3, i.e., this amount of backside charge introduces only a small increase in 

the channel surface potential, ∆𝜓𝑆 = 4 × 26 mV  0.1 V. 

 

Figure 5.15 TCAD simulation of two log(ID)-VG transfer curves for an IGZO TFT 

with and without a charge density NB = -5 × 1010 cm-2 placed on the backside surface 

for a gate voltage range of (a) -20 to 20 V, and (b) -3 to 0.5 V. 

Further investigation is pursued in order to understand how this small quantity 

of charge impacts IGZO TFT electrostatic characteristics. Figure 5.16 compares the 

potential and electric field magnitude for an IGZO TFT with and without a backside 

charge density of NB = -5 × 1010 cm-2. It is evident from the potential profiles shown 

in Figure 5.16a-b that backside charge has slightly more influence on the channel in VG 

< 0 than in VG >0. Comparing both potential and electric field profiles between TFTs 

with and without a backside charge, it is clear to see that backside charge primarily 

affects the backside portion of the channel while the front side of the channel is mostly 

controlled by the external gate bias.   However comparing Figure 3.13 and 3.18, these 

characteristics cannot be identified clearly from potential profiles in the electrostatic 

modeling results. Only electric field profiles on the backside portion of the IGZO 

channel layer show a difference.   
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Figure 5.16 TCAD-simulated electrostatic profiles for an IGZO TFT with and 

without a backside charge density NB = -5 × 1010 cm-2 and biased at different gate 

voltages. (a-b) Potential and (c-d) magnitude of the electric field versus channel layer 

position. The VG step voltage = 0.05 V. 

 

Figure 5.17 shows the mobile electron concentration (#/cm3) obtained from a 

TCAD simulation of an IGZO TFT with and without a charge density of NB = -5 × 

1010 cm-2 placed on the backside surface. Without backside charge, the electron 

concentration at the backside surface is 1.5 × 1016 cm-3 at VG
 =0. This corresponds to 

a Debye length of ~ 28 nm, which is about half the thickness of IGZO layer. The gate 
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voltage’s influence on the electron concentration is most obvious on the front half of 

the channel. When VG > 0, the TFT operates in accumulation and the electron 

concentration increases exponentially approaching the channel interface, as expected. 

The backside charge’s influence on the electron concentration in the channel is primary 

constrained to the backside half of the channel, which is about the Debye length. With 

NB = -5 × 1010 cm-2 on the backside surface, the electron concentration at the backside 

surface decreases to almost half of what its value without backside charge.  

 

In general, the shape of electrostatic and charge distribution profiles shown in 

Figure 5.16 and Figure 5.17 is in qualitative agreement with corresponding profiles 

obtained via electrostatic modeling, as given in Figures 3.13 and 3.18, although it is 

difficult to compare these plots since the normalized surface potential used for the 

electrostatic modeling corresponds to a tiny 26 mV change in surface potential so that 

the TCAD and electrostatic modeling scales differ dramatically. For a backside charge 

of -5 × 1010 cm-2, TCAD simulation reveals that the applied gate bias is much more 

important in establishing the electrostatic profile than the backside charge. In addition, 

 

Figure 5.17 TCAD simulation of the electron concentration versus channel layer 

position at different gate voltages for an IGZO TFT (a) without and (b) with a 

backside surface charge density of NB = -5 × 1010 cm-2. 



123 

 

TCAD simulation can automatically include other effects not considered in the 

analytical electrostatic model, such as the flat-band voltage, source / drain contact 

resistance, TFT structure’s two-dimensional nature, etc. 

 

5.2.6 IGZO TFTs with Ultrathin Channel Layers 

The channel layer thickness of an IGZO TFT is typically ~50 nm. Recently, 

TFTs with ultrathin channel layers ~5-7 nm, i.e., ~25-35 atoms thick, have been 

demonstrated [114-116]. Figure 5.18 shows measured log(ID)-VG transfer curves and 

extracted turn-on voltages for IGZO TFTs with channel layers of different 

thickness.[117] The motivation of this section is to use TCAD as an aid to assess and 

elucidate the VON trend shown in Figure 5.18b. 

 

Figure 5.18 (a) Experimental log(ID)-VG transfer curves for IGZO TFTs with channel 

layers of different thickness. (b) Plot of measured TFT VON versus IGZO channel 

layer thickness. 

Figure 5.19 shows simulated log(ID)-VG transfer curves for four IGZO TFTs 

with channel layer thicknesses of 50, 20, 10, and 5 nm. In these simulations, the TCAD 

default IGZO DOS parameters are assumed. As shown in Figure 5.19b, all simulated 
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VON’s are less than zero volts and VON increases monotonically with decreasing IGZO 

thickness. This trend is dramatically different than the experimental trend displayed in 

Figure 5.18b. This unphysical trend was initially attributed to the fact that the simulated 

TFTs are depletion-mode devices. 

 

Figure 5.19 (a) TCAD-simulated log(ID)-VG transfer curves using TCAD default 

DOS profile for IGZO TFTs with different channel layer thicknesses. (b) Plot of 

extracted TFT VON versus IGZO channel layer thickness. 

 

A second case study is conducted by simulating enhancement-mode IGZO 

TFTs which are obtained by adding a 3×1017 cm-3 uniform concentration of negative 

fixed charge in the channel to reduce the electron concentration in the IGZO bulk 

channel layer, thereby achieving a VON of 5.1 V for a 50 nm channel layer. Figure 5.20 

shows simulated log(ID)-VG transfer curves for four enhancement-mode IGZO TFTs 

with channel layer thicknesses of 50, 20, 10, and 5 nm. As shown in Figure 5.20b, all 

simulated VON’s are greater than zero volts and VON decreases monotonically with 

decreasing channel layer thickness. Comparing the simulation results shown in Figure 

5.19 and Figure 5.20, it is evident that VON moves toward zero as the channel thickness 

is reduced towards zero. The VON trends shown in Figure 5.19b and Figure 5.20b are 

quantitatively evaluated later in this section after the discussion of Figure 5.24. 
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Figure 5.20 (a) TCAD-simulated log(ID)-VG transfer curves for enhancement-mode 

IGZO TFTs with different channel layer thicknesses. (b) Plot of extracted TFT VON 

versus IGZO channel layer thickness. 

 

 

Figure 5.21 (a) TCAD-simulated log(ID)-VG transfer curves for IGZO TFTs with an 

additional Gaussian interface trap on the backside surface for different channel layer 

thicknesses. (b) Plot of extracted TFT VON versus IGZO channel layer thickness. 
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A third case study involves assuming a Gaussian acceptor-like interface trap profile on 

the backside surface using the parameters NGA_B = 1013 cm-2eV-1, WGA_B = 0.1 eV, and 

EGA_B = 0.7 eV.  Figure 5.21a shows simulated log(ID)-VG transfer curves for such 

IGZO TFTs with channel layer thicknesses of 50, 20, 10, and 5 nm. VON does increase 

with decreasing channel thickness.  However, as evident in Figure 5.21a, the 

subthreshold slopes of the simulated transfer curves degrade as the channel layer 

thickness decreases, in disagreement with that found experimentally, as shown in 

Figure 5.18a. Moreover, the agreement between experimental and simulated VON’s is 

quite poor for most of the VON’s shown. 

Figure 5.22 uses TCAD simulation to examine the impact of two different 

densities of negative charge, placed either at the insulator/channel layer interface or on 

the backside surface. As shown in Figure 5.22d, negative charge only provides a 

constant shift to VON. A more negative charge density causes more electrons depleted 

and shifts VON more positively. Negative charge placed at the insulator/channel layer 

interface or at the backside surface affect VON in an almost identical manner. 

Figure 5.23 presents a different strategy for analyzing the VON versus channel 

layer thickness, h, experimental trend shown in Figure 5.18b in which the VON data is 

divided into two segments. For h  10 nm, VON = -1.43 ⋅ h (nm) + 16.5 V and for h ≥ 

20 nm, VON = 0 V. These two lines intersect at h  11.5 nm. Employing the discrete 

donor trap model [21], 

where CG is the gate oxide capacitance density (34.5 nF/cm2 for 100 nm of SiO2), 𝑛𝑡0 

is the equilibrium (flat-band) occupied acceptor trap sheet density model (cm-2), and 

𝑛𝐶0 is the equilibrium conduction band sheet density (cm-2). The final relationship 

given in Equation (5.5) is appropriate for enhancement-mode operation in which 

 

 𝑉𝑂𝑁 = −
𝑞

𝐶𝐺
(𝑛𝐶0 + 𝑛𝑡0)  ≈  −

𝑞

𝐶𝐺
𝑛𝑡0 , (5.5) 
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Figure 5.22 TCAD-simulated log(ID)-VG transfer curves for IGZO TFTs with 

different channel layer thicknesses and surface charge placed at the (a) channel 

interface, -1012 cm-2, (b) channel interface, -2.4×1012 cm-2, and (c) backside surface, 

-1012 cm-2. (d) Comparison of extracted TFT VON versus IGZO channel thickness for 

different surface charge layer conditions. 
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Figure 5.23 Experimental VON versus IGZO channel layer thickness data is divided 

into two segments, each of which is approximated by a straight line. 

 

𝑛𝑡0 ≫ 𝑛𝐶0. As shown in Figure 5.23, for a channel thickness h  10 nm, VON can be 

represented by a straight line, 

where m is the slope = -1.43 V/nm and b is the intersect = 16.5 V. Combine Equations 

(5.5) and (5.6) leads to 

Thus, the empty trap sheet density can be partitioned into two components,  

where 𝑁𝑡,𝑏𝑢𝑙𝑘 is a density of empty, positively charged donor traps (cm-3) in the bulk 

of the channel layer, and 𝑁t,surf is a density of negative charge present on the backside 

 𝑉𝑂𝑁 = 𝑚 ∙ ℎ + 𝑏 , (5.6) 

 𝑛𝑡0 =  −
𝐶𝐺∙𝑚

𝑞
ℎ −

𝐶𝐺∙𝑏

𝑞
. (5.7) 

 𝑛𝑡0 ≡  𝑁𝑡,𝑏𝑢𝑙𝑘 ∙ ℎ + 𝑁𝑡,𝑠𝑢𝑟𝑓 . (5.8) 
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surface (cm-2) which depletes electrons from the channel layer via charge balance. 

Linear regression assessment leads to 𝑁𝑡,𝑏𝑢𝑙𝑘 = 3.08 × 1018 𝑐𝑚−3  and 𝑁𝑡,𝑠𝑢𝑟𝑓 =

−3.5 × 1012 𝑐𝑚−2. 

 These values of 𝑁𝑡,𝑏𝑢𝑙𝑘 and 𝑁𝑡,𝑠𝑢𝑟𝑓  are then introduced into the TCAD 

simulation as follows. 𝑁t,surf is easily introduced into the TCAD simulation by simply 

specifying a backside surface fixed charge density of −3.5 × 1012 𝑐𝑚−2. Accounting 

for 𝑁𝑡,𝑏𝑢𝑙𝑘 in the TCAD simulation is less straight forward since the default bulk donor 

trap is assumed to be a Gaussian with a peak density of 𝑁𝐺𝐷 = 6.5 × 1016 𝑐𝑚−3𝑒𝑉−1.  

Although the units for 𝑁𝑡,𝑏𝑢𝑙𝑘  and NGD are inconsistent, a value of 𝑁𝐺𝐷 = 3 ×

1018 𝑐𝑚−3𝑒𝑉−1  is chosen for the simulation study, corresponding to the same 

numerical value deduced for 𝑁𝑡,𝑏𝑢𝑙𝑘. A third simulation issue involves the question of 

how to handle the different VON trends witnessed for h  10 nm versus h ≥ 20 nm. Since 

extracted 𝑁𝑡,𝑏𝑢𝑙𝑘 value only apply for h  10 nm, simulated VON’s for h = 20 nm and 

50 nm become unreasonably large in magnitude and negative in polarity if a value of 

𝑁𝐺𝐷 = 3 × 1018 𝑐𝑚−3𝑒𝑉−1 is used when h > 10 nm. Recall that in Figure 5.23, the 

two regression fits are found to intersect at h  11.5 nm. This suggests that the high 

values of 𝑁𝑡,𝑏𝑢𝑙𝑘 used when h  10 nm needs to be diminished for h ≥ 11.5 nm. Thus, 

two layers are assumed in the IGZO channel. For the top portion of the IGZO channel 

layer within 11 nm from the backside surface, it is assumed that 𝑁𝐺𝐷 = 3 ×

1018 𝑐𝑚−3𝑒𝑉−1. For an IGZO channel layer which is more than 11 nm thick, the 

bottom portion of the channel layer, away from the backside surface, the default of 

𝑁𝐺𝐷 = 6.5 × 1016 𝑐𝑚−3𝑒𝑉−1 is used. 

Figure 5.24 shows simulated log(ID)-VG transfer curves for five different 

channel layer thicknesses of 50, 20, 10, 5, and 2 nm using the two-layer model just 

described. Figure 5.24b compares measured and simulated TFT VON’s at different 

IGZO channel thicknesses. Agreement between measured and simulated data is quite 

good, suggesting that the enhanced-defect-density-near-the-backside-surface model 

may have merit. The large negative charge density on the backside surface is likely due 
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to oxygen chemisorption on the unpassivated surface of the IGZO TFT. Also, the 

Gaussian donor-like trap employed in IGZO TFT TCAD simulations is often identified 

as an oxygen vacancy [74]. If true, this suggests that the outer ~11 nm thick surface of 

an IGZO thin film has an exceedingly large concentration of oxygen vacancies 

compared to that of the IGZO ‘bulk’. 

 

 

Figure 5.24 (a) TCAD-simulated log(ID)-VG transfer curves for IGZO TFTs with 

different channel layer thicknesses and a backside surface charge N = −3.5 ×
1012 𝑐𝑚−2. For this simulation, the Gaussian donor trap density TCAD parameter is 

assumed to be 𝑁𝐺𝐷 = 3 × 1018 𝑐𝑚−3𝑒𝑉−1 for the upper, 11 nm portion of the IGZO 

channel, while the default value of 𝑁𝐺𝐷 = 6.5 × 1016 𝑐𝑚−3𝑒𝑉−1is assumed for the 

bottom portion of the IGZO channel for channel layer thicknesses greater than 11 

nm. (b) Comparison of measured and simulated VON versus IGZO channel layer 

thickness. 

 

The VON-h linear regression assessment procedure specified by Equations (5.6)-

(5.8) can now be employed to evaluate the VON-h trends witnessed in the TCAD 

simulations shown in Figure 5.19 and Figure 5.20. This evaluation leads to the 

extracted parameters collected in the table shown in Figure 5.25b. TCAD default 

parameters lead to a VON-h trend defined by moderate densities of negatively charged  
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Figure 5.25 (a) TCAD-simulated IGZO TFT VON trends as a function of channel 

layer thickness using TCAD default parameters (Figure 5.19 depletion-mode curve) 

or including a 3×1017 cm-3 uniform negative charge density (Figure 5.20 

enhancement-mode curve). The extracted parameters shown in (b) are obtained using 

Equations (5.6)-(5.8), where 𝑁𝑡,𝑏𝑢𝑙𝑘 is a bulk trap density and 𝑁𝑡,𝑠𝑢𝑟𝑓 is a negative 

backside trap density. 

 

bulk lead to a VON-h trend defined by moderate densities of negatively charged bulk 

traps 𝑁𝑡,𝑏𝑢𝑙𝑘 = 7.3 × 1016 𝑐𝑚−3  and negatively charged backside surface traps 

𝑁𝑡,𝑠𝑢𝑟𝑓 = 8.6 × 1010 𝑐𝑚−2 Recalling that the Gaussian donor peak value in the TCAD 

default DOS is 𝑁𝐺𝐷 = 6.5 × 1016 𝑐𝑚−3𝑒𝑉−1, it is evident that the numerical valves of 

𝑁𝑡,𝑏𝑢𝑙𝑘 and 𝑁𝐺𝐷, are quite similar even though  they have different units. In contrast, 

including a uniform native fixed charge density of −3 × 1017 𝑐𝑚−3 into the IGZO 

channel layer leads to enhancement-mode behavior characterized by a higher density 

of positively charged bulk traps 𝑁𝑡,𝑏𝑢𝑙𝑘 = 2.4 × 1017 𝑐𝑚−3 and a slightly enhanced 

density of negatively charged surface traps 𝑁𝑡,𝑠𝑢𝑟𝑓 = 9.2 × 1010 𝑐𝑚−2. This 𝑁𝑡,𝑏𝑢𝑙𝑘 

value is close to the difference between the added uniform native fixed charge density 

of −3 × 1017 𝑐𝑚−3 and 𝑁𝐺𝐷 = 6.5 × 1016 𝑐𝑚−3𝑒𝑉−1 of the default TCAD Gaussian 

donor peak value.  
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6. TFT CAPACITANCE-VOLTAGE CHARACTERIZATION  

A procedure for accomplishing capacitance-voltage (C-V) assessment of a TFT 

IGZO is presented and is employed for the assessment of IGZO TFTs. 

6.1 IGZO TFT Structure and Equivalent Circuit 

Bottom-gate, staggered-type IGZO TFTs are fabricated on a glass substrate, as 

illustrated in Figure 6.1(a). The gate insulator is 100 nm PEALD Al2O3. During C-V 

testing, the gate electrode serves as one electrode while the drain and source tied 

together and grounded act as the other capacitor terminal. The C-V equivalent circuit 

shown in Figure 6.1(b) reveals that the applied overdrive voltage 
'

G G FBV V V   drops 

partially across the oxide capacitance COX, and partially across the semiconductor 

capacitance, CS, such that 
'

G OX SV V   , where ψS is the surface potential. 

 

Figure 6.1 (a) IGZO TFT structure and electrode connection. (b) TFT equivalent 

circuit for C-V assessment. 

 

Figure 6.2 compares a log(ID)-VG transfer curve to a quasi-static C-V curve for 

an IGZO TFT.  Note from the transfer curve that VON is 2.0 V, while the C-V curve 



133 

 

transition occurs at ~0.8 V, which is distinctly different than VON.  The nature of this 

discrepancy is unclear at this time. 

 

Figure 6.2 Comparison of (a) a log(ID)-VG transfer curve, and (b) a quasi-static C-V 

curve measured for an IGZO TFT with a 100 nm ALD Al2O3 gate insulator. 

From the equivalent circuit shown in Figure 6.1(b), the total capacitance density 

(i.e., capacitance per unit area; all capacitances discussed herein are evaluated 

quantitatively as capacitance density), CT, is given by, 

Charge conservation in the context of Figure 6.1(b) implies that the gate charge density, 

QG, can be expressed as, 

Conservation of energy in the context of Figure 6.1(b) implies that the overdrive 

voltage, VG
’, is equal to a sum of the voltage drop across the oxide, VOX, and the voltage 

drop across the semiconductor, which is by definition equal to the surface potential, ψS, 

 
1 1 1

.
T OX SC C C
 

 
(6.1) 

     .G T G FB OX OX S SQ C V V C V C    
 

(6.2) 
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Dividing both sides of Equation (6.2) by CS, and substituting Equation (6.1) into 

Equation (6.2) leads to, 

Differentiating Equation (6.4) with respect to VG, and then moving the differential 

denominator to the right side of the equation yields, 

Integrating Equation (6.5) and applying the initial condition that ψS=0 when 

VG=VFB leads to the Berglund Integral [92], 

The integrand of Equation (6.6) is a function of a capacitance ratio, 
T

OX

C

C
.  

Figure 6.3 shows two plots of normalized capacitances that are employed later in the 

assessment of the Berglund Integral. As Equation (6.6) shows, the Berglund Integral 

provides a procedure for extracting surface potential ψS from an assessment of a low-

frequency C-V curve if the flat-band voltage VFB is known. 

 

 

 

 

   '   .
GG FB OX SV V V V    

 
(6.3) 
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Figure 6.3 Normalized C-V curves (a) CT /COX and (b) 1- CT /COX where COX is 

assumed to be equal to the maximum measured capacitance. 

 

6.2 Extract Flat-Band Voltage and Effective Donor Density 

Extraction of an estimate of the flat-band voltage, VFB, and the effective donor 

density, ND, of an IGZO TFT is accomplished by assessment of the relevant portion of 

a quasi-static C-V curve in which the channel layer is in depletion. Since the following 

analysis is only valid for depletion, the semiconductor capacitance density is denoted 

here as CD, rather than CS. 

The following development is based on invoking the depletion approximation, 

which states that only localized charge (donor charge, in this case) is considered while 

delocalized charge (conduction band electron charge, in this case) is ignored. Variables 

employed in this development include depletion width, XD, effective donor density, 

ND, semiconductor depletion capacitance density, CD, semiconductor depletion charge 

density, QS, and semiconductor low-frequency dielectric constant, .S  

Similar to Equation (6.1), CT is given by, 
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Invoking the depletion approximation allows Equation (6.2) to be specialized to, 

and the surface potential to be evaluated as,  

Substituting Equation (6.2) into Equation (6.3) , 

Substituting GQ  from Equation (6.8) and S  from Equation (6.9) into Equation (6.10) 

and multiplying by -1, 

Multiplying Equation (6.11) by 
2 S

DqN


and rearranging, 

Equation (6.12) is a quadratic equation in DX . Solving for DX  and factoring out the 

term
S

OXC


 leads to a useful expression for the depletion width, 
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(6.7) 

 0 ,G S D DQ Q qN X    
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Multiply both sides of Equation (6.13) by
OX

S

C


, recalling from Equation (6.7) that

1D

S D

X

C
 , and rearranging, 

The left side of Equation (6.14) can be simplified further using Equation (6.7), 

Substituting Equation (6.15) into Equation (6.14) and squaring, 

Dividing both sides of Equation (6.16) by
2

OXC and rearranging results in a very useful 

equation for assessing ND and VFB, 

Recognizing that Equation (6.17) has the format of a linear equation, bXmY   

leading to, ND and VFB may be estimated from the slope and intercept of a regression 

fit to Equation (6.17),  

 
 22
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In summary, invoking the depletion approximation allows for an assessment of 

a measured quasi-static C-V curve that facilitates estimation of ND and VFB via 

Equation (6.18) based on a linear regression fit of a C-V plot based on Equation (6.17). 

It is important to note that Equations (6.17) and (6.18) only apply when the channel is 

in depletion prior to punchthrough, which occurs when the depletion layer width is 

smaller than the thickness of the channel. Equation (6.13) can be used to determine the 

applicable gate voltage domain over which the channel is in depletion, but not in 

punchthrough. 

Figure 6.4 shows a measured quasi-static C-V curve plotted according to the 

Equation (6.17) format. A regression fit to the linear portion of Figure 6.4 leads to ND 

= 3.86 x 1016 cm-3 and VFB = 0.88 V. By applying these extracted ND and VFB values 

into Equations (6.7) and (6.13), the depletion width and depletion capacitance density 

can be calculated as shown in Figure 6.5(a) and (b). 

 

Figure 6.4 Measured quasi-static capacitance density plotted versus applied gate 

voltage in the Equation (6.17) format in order to extract an estimate of the effective 

donor density, ND, and the flatband voltage, VFB, based on a linear regression fit to 

the portion of the curve in which the channel is in depletion but not in punchthrough. 
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Figure 6.5 (a) Depletion width versus applied gate bias obtained from a measured 

quasi-static C-V curve using Equation (6.13). The data points corresponding to 

depletion prior to punchthrough which are used to estimate ND and VFB in Figure 6.4 

are shown in red. (b) Measured capacitance density and simulated depletion 

capacitance density (using Equations (6.7) and (6.13)) versus applied gate voltage. 

Only a few of the measured C-V data points correspond to when the channel layer is 

in depletion but not in punchthrough. 

 

6.3 Surface Potential Extraction 

The surface potential can be estimated by using the Berglund Integral (Equation 

(6.6)) once VFB is known. Figure 6.6 plots the surface potential, ψS, versus applied gate 

voltage. As shown in the Figure 6.6(b), in accumulation (i.e., ψS > 0), ψS is small and 

saturates at 34 mV for a gate voltage in excess of ~2.5 V. 

When the TFT operates in depletion (i.e., ψS < 0), Figure 6.6(a) shows that ψS 

changes linearly with gate bias once the channel layer is in punchthrough. This can 

happen when the depletion width reaches to the channel layer thickness. According to 

Equation (6.9), punchthrough occurs at ψS = -0.11 V. Once punchthrough occurs, the 
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Figure 6.6 Surface potential versus applied gate voltage for two different scales. The 

surface potential is calculated using the Berglund Integral (Equation (6.6)) by using 

the extracted flatband voltage VFB = 0.88 V as integration constant. The surface 

potential saturates at 34 mV beyond an applied gate voltage of ~2.5 V. 

 

depletion width is constant so that the depletion capacitance density is also constant.  

As shown in Figure 6.6(a) for the demonstrated TFT’s film stack, the ratio of the 

surface potential to the applied gate voltage becomes constant, ~ 56%, in other words, 

/ 0.56 .S Gd dV   Appling this result to Equation (6.5), this leads to 1 /T OXC C  = 

0.56.  This agrees with what Figure 6.3(b) shows the results of 1 /T OXC C  for  

VG < 0.5 V. 

6.4 Density of States Extraction 

By definition, the semiconductor capacitance density, CS, is equal to  

 ,S
S

S

Q
C







 (6.19) 
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where CS is usually expressed in units of F/cm2. Dividing CS by the electronic charge, 

q, leads to a quantity with units cm-2 eV-1, 

where the last relationship is obtained using Equation (6.1). These units are most 

commonly used when specifying an interface state density. Thus the notation DS is used 

in order to correspond to that typically used to specify an interface trap density, DIT. In 

depletion, CS is clearly not an interface parameter. In accumulation, CS can be modelled 

as an interface parameter when the accumulation thickness is negligible compared to 

the thickness of the channel layer. This approximation seems suspect for an IGZO 

channel layer of 50 nm and particularly for 5 nm, a thickness currently being 

investigated for next-generation IGZO applications. Given these considerations, 

recognize that dividing CS by q and h, the channel layer thickness, gives rise to an 

estimate for the channel layer density of states, 

Figure 6.7 shows the ( )Sg E  versus either the applied gate voltage VG or the 

surface potential ψS.  As shown in Figure 6.7 (b), an exponential relationship exists 

between ( )Sg E  and ,S i.e.,
182.55 10 exp(( ) / 0.014)SSg E   . This expression is 

consistent with what expected for an IGZO Urbach tail [28, 74]. Several interesting 

things are observed in this analysis. (1) The ψS=0 sits roughly on the center of band-

tail profile. (2) With this band-tail profile region, the DOS-VG profile shows two 

different exponential-like characteristic behaviors, depending on whether device is on 

accumulation (for VG > VFB) or on depletion zone (for VG < VFB ). 
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Figure 6.7 IGZO density of states , ( ),Sg E is evaluated from a measured quasi-static 

C-V curve using Equation (6.19)versus (a) the applied gate voltage, or (b) surface 

potential. 

 

6.5 High Frequency C-V Results and Density of States Extraction 

All C-V curves shown previously are obtained using the quasi-static method. 

Figure 6.8 shows a log(ID)-VG transfer curve and a 10 kHz C-V curve for an IGZO 

TFT. The transfer curve in Figure 6.8(a) has a VON = 2.0 V that is almost identical to 

that shown in Figure 6.2(a).  The C-V curves shown in in Figure 6.2(b) and Figure 

6.8(b) are similar in terms of their minimum and maximum capacitances, but the C-V 

transition is much more abrupt for the quasi-static C-V curve shown in in Figure 6.2(b). 

The same analysis procedure is undertaken for the 10 kHz C-V curve of Figure 

6.8(b) as employed for the assessment of the quasi-static C-V curve of Figure 6.2(b). 

The analysis plots are shown in Figures Figure 6.9-Figure 6.11. The density of states 

plots (Figure 6.11) do not have a well-defined band-tail shape. A small linear region is 

chosen as the Urbach tail. Table 6-1 compares parameters extracted from C-V analyses 
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at two different frequencies, quasi-static and 10 kHz. As shown, parameters extracted 

via quasi-static analysis are reasonable while the 10 kHz values are not. 

 

 

Figure 6.8 Comparison of (a) a log(ID)-VG transfer curve, and (b) a high-frequency 

C-V curve measured at 10 kHz for an IGZO TFT with a 100 nm ALD Al2O3 gate 

insulator. 

 

 

Figure 6.9 Measured capacitance at 10 kHz versus applied gate voltage plotted in the 

Equation (6.17) format 
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Figure 6.10 Surface potential versus applied gate voltage plot. The surface potential 

is calculated using the Berglund Integral (Equation (6.6)). 

 

 

Figure 6.11 IGZO density of states , ( ),Sg E  is evaluated from a measured 10 kHz C-

V curve using Equation (6.19) versus (a) the applied gate voltage, or (b) surface 

potential. 
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Table 6-1 Comparison of parameters extracted from C-V analysis at two different 

frequencies 

Frequency ND,eff  

(cm-3) 

VFB  

(V) 
NTA  

(cm-3eV-1) 
WTA 

 (meV) 
ψ

S
 (max) 

(mV) 

Quasi-

static 
3.86 × 1016 0.88 2.55 × 1018 14 34 

10 kHz 4.25 × 1017 6.52 7.63 × 1016 83 487 
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

7.1 Conclusions 

The focus of the research presented herein is to model and characterize 

amorphous oxide semiconductor thin-film transistors (AOS TFTs). Due to their 

amorphous nature, these semiconductors contains various types of traps that impact the 

TFT performance. This research details how traps affect the TFT device behavior.  

7.1.1 AOS TFT-based Interface State Assessment  

A novel method is developed to estimate the interface state distribution from a 

comparison of an ideal and a measured TFT transfer curve. Unlike the conventional 

subthreshold slope method which provides a single, average estimate of the interface 

state density, the new method allows for extraction of the interface state distribution as 

a function of surface potential when the TFT is in accumulation. 

The following results were obtained by experimentally assessing AOS TFTs. 

(1) Interface state densities are found to be in the range of 1011 to 1012 cm-2eV-1. (2) An 

electrically stressed AOS TFT shows an increase in the interface trap density. (3) ZTO 

samples subjected to different stress tests exhibit different interface trap profiles. (4) 

The interface state density is unmeasurable for 𝜓𝑆 > 0.3 𝑉 where it appears that there 

is negligible trapping and all gate voltage-induced electrons contribute to delocalized 

conduction band states.  

7.1.2 Thin Channel Layer Modeling 

Analytical electrostatic modeling of a thin channel layer is undertaken for 

situations in which charge is assumed to be present on the backside surface. This is 

accomplished by solving the Poisson equation for two sets of boundary conditions. One 

set uses the Dirichlet boundary conditions, i.e., 𝜓(0) = 𝜓𝑆 and 𝜓(∞) = 0,  and 
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involves placing an appropriate amount of charge on the backside surface in order to 

satisfy the electrostatic potential continuity requirements on the backside surface. A 

second set of mixed boundary conditions on the backside, i.e.,  𝜓(ℎ𝐴𝑂𝑆) =

𝜓𝐵 and 𝑑𝜓(ℎ𝐴𝑂𝑆)/𝑑𝑍 = −𝑄𝐵/𝜖𝑆 , where 𝑄𝐵 is the backside charge density, is also 

investigated. Additionally, a third set of mixed boundary conditions is studied, 

i.e., 𝜓(0) = 𝜓𝑆 and 𝑑𝜓(ℎ𝐴𝑂𝑆)/𝑑𝑍 = −𝑄𝐵/𝜖𝑆 . However, it is found that this 

electrostatic problem is ill-posed because the solution is not unique. Since this 

physically-relevant electrostatic problem cannot be solved analytically, TCAD 

modeling is undertaken instead. 

Three types of electrostatic profiles are identified from analytical electrostatic 

modeling, depending on the magnitude of the Debye length (𝐿𝐷 ) compared to the 

channel layer thickness (hAOS). When 𝐿𝐷 ≫ ℎ𝐴𝑂𝑆 , electrostatic profiles across the 

channel layer are basically uniform. As 𝐿𝐷 < ℎ𝐴𝑂𝑆 , electrostatic profiles show 

significant variation across the channel. When 𝐿𝐷 ≪ ℎ𝐴𝑂𝑆, electrostatic profiles exhibit 

even more variation across the channel and may even exhibit depletion-mode TFT 

behavior.  

7.1.3 IGZO TFT TCAD Modeling 

TCAD simulations are employed to assess various non-ideal TFT electrical 

characteristics involving different charge concentrations and trap distributions. 

IGZO TFT simulations show that obtaining a high-performance TFT transfer 

curve requires having a small conduction band Urbach energy, e.g. WTA = 13 meV. For 

a TFT with a large WTA, the simulated mobility is low and the simulated transfer curve 

is similar to that of a poor-quality TFT subjected to a low post-deposition-annealing 

temperature of less than ~200 ⁰C.  

TCAD simulations can be used to demonstrate the existence of a transfer curve 

kink, as sometimes seen in non-optimally prepared AOS TFTs. For example, a 

Gaussian donor-like band with a peak density of NGD = 5 × 1017 cm-3eV-1 and a peak 

energy of EGD = 2.7 eV is found to introduce a transfer curve kink. It is found that kinks 
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occur when Fermi level modulation is sluggish as it attempts to empty a high density 

of trap states. 

TCAD simulations show that negatively charged, filled, acceptor-like interface 

traps or negative fixed charge shifts a transfer curve to the right since negative charge 

depletes the channel and this positive depletion charge must be neutralized before an 

accumulation layer can be formed. In contrast, both positively charged, empty, donor-

like interface traps and positive fixed charge can shift a transfer curve to the left since 

they induce formation of an accumulation layer which must be eliminated in order to 

turn off the channel. 

Unpassivated IGZO TFTs with ultrathin channel layers exhibit large, positive 

VON’s. TCAD simulations is applied to assess this VON trend. A two-layer model is 

proposed to describe experimental VON trends.  

7.1.4 TFT Capacitance-Voltage Characterization 

A new methodology for accomplishing capacitance-voltage (C-V) assessment 

of AOS channel layers is proposed. This new approach allows for estimation of the 

flat-band voltage, the effective donor density in the AOS channel layer, the channel 

surface potential (𝜓𝑆), and the conduction band band-tail density of states (𝑔𝑆). For a 

high-performance IGZO TFT, experiment results show a donor density of 3.9 × 1016 

cm-3 in the channel layer and an exponential density of states, 𝑔𝑆(𝜓𝑆) = 2.6 ×

1018exp (𝜓𝑆/0.014). This estimate for 𝑔𝑆 is consistent with that reported previously 

[28, 74].  

It is found that using a bottom-gate TFT for the C-V measurement is 

problematic because the AOS channel layer is a highly resistive material containing 

traps. Meaningful C-V analysis can only be accomplished using a quasi-static 

measurement method and an insulating substrate. Development of new structures to 

eliminate the parasitic component is necessary to improve the accuracy of C-V 

characterization (as addressed in Section 7.2.3). 
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7.2 Recommendations for Future Work 

7.2.1 Interface State Assessment 

The ability to estimate the interface state distribution from a transfer curve is 

significant. The conventional subthreshold slope approach only allows for estimation 

of the average interface density below threshold, but does not reveal how the interface 

states distribution varies with surface potential. This information may be useful for 

elucidating AOS TFT behavior. Thus, it is recommended that it be incorporated into 

routine TFT characterization procedures in order to test its efficacy toward driving 

future device and material development. For example, it could be used for the 

assessment of AOS TFTs with ultrathin channel layers in order to see how it correlates 

with the linear regression estimate of trap density as discussed herein. Also, this 

interface assessment procedure should be employed in AOS TFT studies involving 

TFTs fabricated under different processing conditions, or subjected to differing types 

of bias stress. Finally, it is possible that the procedure proposed herein could be 

extended to allow for the assessment of MOSFETS. 

7.2.2 TFT TCAD Simulation, Verification, and Enhancement   

In Chapter 5, several TCAD simulation is employed in order to investigate the 

impact of charge and/or traps on the behavior of AOS TFTs. Additional work is 

required to fabricate devices in order to determine how experimental results align with 

simulated behavior. For example, when investigating the cause of the large, positive 

VON’s observed with ultrathin channel IGZO TFTs in Section 5.2.6, simulation 

indicates that this trend is attributable to a large density of negative charge associated 

with oxygen chemisorption at the unpassived backside surface. The next stage is to 

conduct passivation experiments in order to understand how charge is distributed in the 

channel and at both interfaces to achieve successful passivation. 

TCAD simulation is a valuable tool for helping to diagnose abnormal device 

characteristics. Only a few examples of the utility of TCAD simulation are presented, 
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and all are confined to DC assessment. It is recommended that future TCAD simulation 

be extended to investigate AC, pulse, and/or other types of transient characteristics of 

AOS TFTs. 

7.2.3 Capacitance-Voltage Characterization 

Prior C-V characterization of AOS TFTs is considered unreliable. A new 

methodology is proposed for accomplishing C-V assessment. This new C-V approach 

allows for estimation of the flat-band voltage, effective donor density, and conduction 

band band-tail state density. 

 To perform reliable C-V characterization, a bottom-gate TFT cannot be used. 

Instead, fabricating a test structure such as that shown in Figure 7.1 is strongly 

recommended. This configuration employs an insulating substrate and provides a 

uniform electric field across the capacitor structure.  

 

Figure 7.1 Proposed C-V test structure (a) cross-section and (b) top view. 
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A key problem hindering accomplishment of a reliable C-V measurement is 

estimation of the capacitor area since parasitic capacitance artifacts are expected to 

make a large contribution to the measured capacitance. In order to minimize the effects 

of parasitic capacitance, a set of capacitor structures with different sizes is needed, as 

shown in Figure 7.2. Four differently sized capacitors of similar shape are employed.  

This will facilitate accurate evaluation of the capacitance density through linear 

regression assessment. 

 

Figure 7.2 Example set of C-V test structures using four different capacitor areas. 

Dimensions are specified in µm. Top (green cross hatch) and bottom (black cross 

hatch) pads contact to the top metal-2 plate and bottom metl-1 plate, respectively, 

are specified. 
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