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The aim of this dissertation is to develop oxide semiconductors by radio-frequency

sputtering for thin-film transistor (TFT) applications. A variety of oxide semiconduc-

tors are used as the TFT channel layer, including indium gallium oxide (IGO), zinc tin

oxide (ZTO), and indium gallium zinc oxide (IGZO). The variety of materials used un-

derscores the abundance of materials options available within this nascent technology,

with each material exhibiting unique chemical, mechanical, and electrical properties. The

influence of several deposition parameters is explored; oxygen partial pressure of the de-

position ambient is found to have a profound effect on the electrical characteristics of

each material. With optimized deposition conditions, TFTsbased on these materials ex-

hibit excellent electrical properties, even when annealedat low-temperature (175◦C).

Specifically, ZTO-based TFTs which are subjected to a 175◦C post-deposition anneal

exhibit a channel mobility near 9 cm2V−1s−1. However, advancement of this technol-

ogy also requires research in integration-related issues.Therefore, the effect of channel



layer passivation and of TFT stability is evaluated. Passivation of the oxide semiconduc-

tor surface is required for circuits which employ multiple levels of interconnect and for

mechanical/chemical protection of devices. Here, successful passivation of IGO, ZTO,

and IGZO-based TFTs is demonstrated using SU-8, a negative tone epoxy-based pho-

toresist. To appraise TFT stability, a constant voltage bias stress test of 1000 minutes is

utilized, where the drain current,ID, is monitored throughout the duration of testing and

the turn-on voltage,Von, is evaluated before and after stressing. TFT stability is found to

be correlated to the turn-on voltage of a device and to the thickness of the semiconductor

layer. IGZO-based TFTs with excellent stability are demonstrated, exhibiting almost no

decrease inID or any shift inVon throughout the duration of bias stress testing.
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DEVELOPMENT OF OXIDE SEMICONDUCTORS:
MATERIALS, DEVICES, AND INTEGRATION

1. INTRODUCTION

Semiconductor research began in the 1920’s. However, semiconductors were ini-

tially viewed as useless materials whose properties were not reproducible. [1] Addition-

ally, there was a lack of basic solid state physics understanding. For example, silicon was

initially believed to be a metal. Despite all of this, there were many advances that helped

mold the semiconductor industry as we know it today. Two key advances occurred in the

1920-30’s. First, a model for point defects in ionic compounds was proposed [2, 3, 4];

this is of particular importance for oxide semiconductors,a topic of central importance

to this dissertation. Second, a distinction between intrinsic and extrinsic semiconductors

was provided in the context of donors and acceptors. [5, 6]

The earliest investigated oxide semiconductors include Cu2O [7, 8] and ZnO [9].

Initially, Cu2O was not well understood; Cu2O samples produced by different researchers

showed enormous variation in conductivities, up to six or seven orders of magnitude. [1]

However, an experiment performed by Dunwaldet al. helped identify the source of this

variation. In this experiment, it was found that the conductivity of Cu2O increased with

increasing oxygen pressure, indicating that the stoichiometry of the Cu2O sample signif-

icantly affects conductivity. A similar oxygen pressure experiment was performed using

ZnO. However, the behavior of ZnO was opposite to that of Cu2O, i.e., the conductivity
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decreased with increasing oxygen pressure. To explain thisdiscrepancy, Wagner distin-

guished between cation and anion vacancies, noting that cation vacancies lead to “deficit”

(hole) conduction, while anion vacancies lead to “excess” (electron) conduction. [10] To

this day, researchers still use oxygen pressure to control the conductivity of oxide semi-

conductors.

The first commercial application for oxide semiconductors came during World War

II, when degenerately doped SnO2:Sb was deposited by spray pyrolysis to serve as a

window defroster in airplanes. [11] Currently, the largestapplication for oxide semicon-

ductors involves coatings for low-emissivity windows. In this application, degenerately

doped SnO2:F is commonly employed, and in which free electrons in the SnO2:F re-

flect infrared radiation. Other applications for oxide semiconductors include solar cells

(SnO2:F, ZnO, In2O3:Sn), flat-panel displays (In2O3:Sn), and oven window coatings

(SnO2). The commonality between these applications is that they all utilize the oxide

semiconductor in a passive manner. Moreover, these applications utilize oxide semicon-

ductors with degenerate doping as pseudo-conductors. Thus, oxide semiconductors are

commonly referred to as transparent conducting oxides (TCOs).

Limited to exclusively passive applications, it is not surprising that oxide semicon-

ductor research has primarily focused on developing materials which are highly trans-

parent and conductive. However, with the introduction of the transparent thin-film tran-

sistor (TTFT) in 2003, there has been a paradigm shift. [12, 13] A small subset of re-

searchers began to explore a wide variety of oxides (e.g., ZnO, zinc tin oxide (ZTO),

zinc indium oxide (ZIO), and indium gallium zinc oxide (IGZO)) for active applica-



3

tions, rather than passive applications that have been so prevalent for over half a cen-

tury. [12, 13, 14, 15, 16, 17] In essence, these oxide materials have begun to be viewed as

semiconductors (once again), rather than transparent conductors.

Significant advances have been made in oxide semiconductor-based TFT research.

These advances include several demonstrations. First, a transparent smart-pixel with an

organic light-emitting diode and ZTO-based TFT driver was demonstrated. [18] Next,

integrated ring oscillator circuits based on indium gallium oxide (IGO) and IGZO were

demonstrated. [19, 20] Finally, flexible, active-matrix electronic paper with IGZO-based

TFT drivers was demonstrated. [21] However, as this technology is quite nascent, there

have been very few reports of fundamental research regarding these oxide materials and

their stability for TFT applications. [22, 23, 24]

The primary goal of this dissertation is to identify the dominant radio-frequency

sputtering process parameters which affect TFT device performance for various oxide

semiconductor channel materials. These materials includeZTO, IGO, and IGZO. Low-

temperature processes which are compatible with plastic substrates are also established.

A secondary goal of this dissertation is to evaluate integration-related issues. These issues

include TFT stability and the effect of channel layer passivation.

The structure of this dissertation is as follows. Chapter 2 reviews pertinent lit-

erature, including general information on oxide semiconductors and thin-film transis-

tors. Chapter 3 presents TFT device development, fabrication, and characterization is-

sues. Chapter 4 summarizes the effect several experimentalvariables on the performance
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of oxide-based TFTs. Chapter 5 summarizes integration-related issues regarding oxide-

based TFTs. Chapter 6 provides conclusions and recommendations for future work.
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2. OXIDE SEMICONDUCTORS AND THIN-FILM TRANSISTORS

This chapter first provides an overview of oxide semiconductors. Then, the mor-

phology and properties of several multicomponent oxide semiconductors (zinc tin oxide

(ZTO), indium gallium oxide (IGO), and indium gallium zinc oxide (IGZO) are dis-

cussed in more detail, as they are used extensively in this work. Next, an overview of

thin-film transistors (TFTs) is given; this includes a description of basic TFT operation

and TFT structures typically employed. Finally, the electrical properties of several oxide

semiconductor-based TFTs are reviewed.

2.1 Oxide semiconductors

This section first summarizes the properties of well-known degenerate oxide semi-

conductors or transparent conducting oxides (TCOs). Then,several oxide semiconductors

(ZTO, IGO, and IGZO) are discussed in more detail, as they areused extensively in this

work.

2.1.1 Transparent conducting oxides overview

Transparent conducting oxides (TCOs) is a class of large band gap (typicallyEg ≥

3.1 eV, due to the large electronegativity of oxygen inn-TCOs [25]) materials that exhibit

a high level of optical transparency (80-90%) and conductivity. n-type TCO conduction is

derived from two sources: the creation of point defects (such as oxygen vacancies and/or

metal interstitials) or extrinsic substitutional doping (typically on the cation site). The
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point defect concentration can be modified during the deposition process by appropriate

selection of process parameters or by subjecting the sampleto an oxidizing or reducing

post-deposition anneal. The drawbacks of using intrinsic defects as the primary source

of conduction are the possibility of film re-oxidation and (typically) inferior conductivity

compared to substitutionally doped films.

The minimum theoretical resistivity limit for n-TCOs has been predicted by Belling-

ham et al. as 4× 10−5 Ω·cm. [26] This limit is a consequence of transport that is

constrained by ionized impurity scattering (µ < 90 cm2V−1s−1) and carrier concentra-

tion limitations due to increasing optical reflection with increasing carrier concentration

(n < 2 × 1021 cm−3 for >90% optical transmission). Experimental results for a single

crystal In2O3:Sn thin film have approached this theoretical resistivity limit, yielding a

minimum resistivity of∼7.7× 10−5 Ω·cm (µ = 42 cm2V−1s−1, n = 1.9× 1021 cm−3).

[27]

TCOs are currently utilized in a number of passive applications, including thin-film

solar cells and flat-panel displays. SnO2 is commonly employed in applications where

patterning is not required (as SnO2 is difficult to chemically wet etch) and when high lev-

els of conductivity are not required. Of the commercially available TCOs, In2O3:Sn is the

most conductive. In2O3:Sn is also easier to etch than SnO2 and can be deposited at lower

temperatures. Unfortunately, the availability of indium is limited, as it is a byproduct of

mining ores for other metals (such as zinc and lead). [11] Moreover, indium is not as

abundant as other metals; there is∼ 1000 times more zinc (132 ppm) than indium (0.1

ppm) in the earth’s crust. [28, 29] Thus, efforts are being made to find a suitable replace-



7

ment for In2O3:Sn. Among the materials being explored is ZnO:Al, which is attractive

for its ease of etchability, stability in hydrogen plasmas,and low process temperature

requirement. [30, 31]

Table 2.1 summarizes optical and physical properties of various n-type TCOs. The

tabulated electron affinity,χ, is the difference between the vacuum level and conduction

band minimum and is assumed to be approximately equal to the work function (the differ-

ence between the vacuum level and the Fermi level) for these degenerate semiconductors.

Also note that two TCOs, CuInO2 and ZnO, exhibit bipolar conductivity. A summary of

p-type TCOs can be found elsewhere. [32]
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Table 2.1: Typical properties of various n-type transparent conducting oxide semiconductors.Eopt
g represents the optical band gap,

χ represents the electron affinity, T represents the percentage transmitted in the visible portion of the electromagnetic spectrum,
m∗/me represents the density of states effective mass,µH represents the Hall mobility,n represents the carrier concentration, andρ
represents the resistivity.

Material Eopt
g χ T m∗/me µH n ρ References

(eV) (eV) (%) (cm2V−1sec−1) (cm3) (Ω · cm)

CdO 2.2-2.6 75 0.18-0.25 220 1019-1021 2x10−3 [28, 33]

Cd2SnO4 2.9-3.1 90 0.29-0.42 35-60 1-7x1020 1.4-12x10−4 [28, 34, 35, 36]

In2O3 3.7 3.7 80-90 0.35 10-40 ≤ 1021 ≥ 10−4 [29, 36, 37]

InGaO3 3.3 5.4 90 10 1020 2.5x10−3 [38, 39]

InGaZnO4 3.5 80-90 0.2 24 ∼ 1020 2x10−3 [40, 41, 22]

SnO2 3.6 4.5 80-90 0.23l , 0.30t 5-30 ≤ 1020 ≥ 10−3 [29, 36, 42]

ZnO † 3.2-3.3 4.5-5 80-90 0.27 5-50 ≤ 1021 ≥ 10−4 [29, 36, 39]

Zn2In2O5 2.9 4.9 80 12-20 2.4-5x1020 1-4x10−3 [35, 39, 43]

ZnSnO3 3.5 5.3 80 7-12 1020 4-5x10−3 [39, 44, 45]

Zn2SnO4 3.3-3.9 90 0.16-0.26 12-26 6-30x1018 1-5x10−2 [35, 46, 47]

†Bipolar conductive material [48, 49, 50]

l Longitudinal effective mass

t Transverse effective mass
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2.1.2 Amorphous oxide semiconductors

Amorphous oxides composed of post-transition metal cations with (n-1)d10ns0 (n

≥ 4) electronic configurations constitute an interesting subcategory of transparent con-

ductors, since they possess relatively high electron mobilities despite their amorphous

character. [51, 52, 53] Examples of such materials include indium oxide doped with tin

(ITO) [54] and zinc tin oxide [55] for which amorphous-statemobilities as large as 40 and

30 cm2V−1s−1, respectively, have been reported. Such high mobilities inan amorphous

material are likely a consequence of a conduction band primarily derived from spherically

symmetric, post-transition metal cation nsorbitals. Such orbitals have large radii, leading

to a high degree of overlap between adjacent orbitals and considerable band dispersion.

Moreover, the spherical symmetry of ans orbital makes delocalised electronic transport

less sensitive to local and extended structural order as compared with band formation

from anisotropicp or d orbitals. Furthermore, compared to binary oxide semiconduc-

tors, multicomponent oxide semiconductors increase the likelihood that the structure will

remain amorphous over a wide range of processing conditions. Zinc tin oxide, indium

gallium oxide, and indium gallium zinc oxide are discussed below, as these materials are

used extensively in this work.

2.1.3 Zinc tin oxide

Zinc tin oxide (ZTO), which is sometimes referred to as zinc stannate, has re-

cently received attention as an alternative TCO. It is most generally described as (ZnO)x-

(SnO2)1−x, where 0< x < 1. There are two crystalline forms of ZTO, trigonal ilmenite
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(ZnSnO3, x = 0.5) [56] and spinel (Zn2SnO4, x = 0.66) [46]. As shown by Shenet al.,

powder mixtures with stoichiometry close to trigonal ilmenite ZTO (ZnSnO3) decom-

pose to spinel ZTO (dizinc tin oxide, i.e. Zn2SnO4) and SnO2 at calcination temperatures

above 700◦C. [57] Several aspects that make ZTO attractive are its low-cost nature (does

not utilize In or Ga cations), its chemical and electrical stability in highly concentrated

(> 35%) HCl solutions and its physical robustness, [44, 47] i.e. no damage to the thin

film is visually apparent after scratching with the corner ofa razor blade.

The zinc tin oxide phase space has been examined by Morigaet al. using dc co-

sputtering from a ZnO and SnO2:Sb (Sb2O5) target. [58] For temperatures up to 350◦C,

films with 0.33≤ x≤ 0.66 were found to be amorphous. These amorphous films exhibit a

constant Hall mobility of∼ 10 cm2V−1s−1. The carrier concentration decreases linearly

as the Zn concentration is increased fromx = 0.33 (ZnSn2O5) to 0.66 (Zn2SnO4). The

minimum resistivity is 4× 10−2Ωcm and occurs atx = 0.33.

Other authors have shown that crystalline spinel ZTO (Zn2SnO4) thin films are

attainable through the use of a variety of deposition techniques, including electron beam

evaporation, [59] rf magnetron sputtering, [35, 46, 47, 60,61] chemical vapor deposition,

[47, 62] and spray pyrolysis. [63] In actuality, rf magnetron sputtered Zn2SnO4 has been

found to have an inverse spinel, in which half of the Zn cations exchange sites with Sn

cations. [47, 60]

Optical and electrical properties crystalline ZTO are tabulated in Table 2.1. Spinel

ZTO is a direct band gap material with a fundamental band gap of 3.35 eV. Spinel ZTO

exhibits a pronounced Burstein-Moss shift, a phenomenon discussed in Sec. 3.2.2. Con-
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comitant with the Burstein-Moss shift is a small relative electron effective mass (0.16me).

Thus, one would expect the mobility to be quite large since,

µ=
qτ
m∗ , (2.1)

whereτ is the relaxation time andm∗ the effective mass. However, the maximum mea-

sured Hall mobility for a rf magnetron sputter deposited thin-film is only 26 cm2V−1sec−1.

Thin films fabricated to date have been limited by intra-grain defects due to atomic disor-

der, which may not be alleviated even in single crystal growth. [46, 47, 60]

Applications of ZTO have been somewhat limited due to its lowconductivity, but

ZTO has been employed in thin-film solar cell applications [64] and humidity and gas

sensors. [63, 65, 66, 67]

2.1.4 Indium gallium oxide

Indium gallium oxide is a wide band gap, n-type semiconductor; its stoichiometry

can be generally described as In2xGa2−2xO3, where 0< x < 1. Based on Raman spec-

troscopy [68] and X-ray diffraction (XRD) analysis [69], solid solutions of In2xGa2−2xO3

wherex ≤ 0.43, results in In substitution into theβ-Ga2O3 lattice andx ≥ 0.95 results

in Ga substitution into the cubic In2O3 lattice. For 0.43< x < 0.95, phase segregation

occurs and results in aβ-Ga2O3 phase and an In2O3-Ga2O3 phase with the cubic In2O3

structure. [69] Thin films of InGaO3 (x = 0.5) have been reported to be amorphous [70]

and with theβ-Ga2O3 crystal structure [38, 71].

The optical band gap without intentional doping of InGaO3 is 3.3−3.4 eV. [70,

71] The applications for indium gallium oxide have been quite limited; it has mainly
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been explored as a transparent conductor. [38, 70, 71, 72] One advantage of indium

gallium oxide over other transparent oxide semiconductors, e.g., indium oxide doped with

tin (ITO), is its improved transmission in the blue-green region of the electromagnetic

spectrum. [71]

2.1.5 Indium gallium zinc oxide

Indium gallium zinc oxide (IGZO) is a wide band gap (∼3.5 eV), n-type semi-

conductors; its stoichiometry can be generally described as In2xGa2−2x(ZnO)k, where

0 < x < 1 andk is an integer that is greater than 0. [22, 40, 41, 73, 74, 75, 76, 77] Crys-

talline indium gallium zinc oxide is composed of alternating layers of InO−2 and GaZnO+4 ;

the In3+ ion has octahedral coordination, the Ga3+ ion has pentagonal coordination, and

the Zn2+ has tetragonal coordination. [41, 73, 74] Several groups have synthesized bulk

samples with varying stoichiometry (bothx andk) to appraise the solubility limits of the

structure. [73, 74] The intriguing result is that, regardless ofk, whenx = 0.5 (equal pro-

portions of In and Ga) the structure is preserved. In other words,x = 0.5 constitutes the

base compound where all the In3+ ions are in the InO−2 and all the Ga3+ ions are in the

GaZnO+
4 layer.

For k ≤ 3, the conductivity decreases ask is increased. This trend is observed in

both bulk samples [74] and thin films [75], indicating that the conductivity in indium

gallium zinc oxide is primarily associated with the In 5s states. However, fork ≥ 4, the

fraction of Zn becomes increasingly large and Zn begins to contribute to conduction. [75]

Considering orbital overlap interaction and comparing theionic radii of cations in the
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IGZO system is useful for understanding the shift in the conduction path. The ionic radii

of Ga, In, and Zn are 1.27, 1.49, and 1.54∼ Å, respectively. As the ionic radii of In and

Zn are quite similar, it is not surprising that Zn contributes to conduction as the fraction

of Zn becomes increasingly large. [75]

The structure of single crystal and amorphous InGaZnO4 thin films (∼250 nm) are

examined using extended x-ray absorption fine structure (EXAFS), which is commonly

employed to appraise short range order. [22, 78, 79] The nearest-neighbor distances for

In-O, Ga-O, and Zn-O in the amorphous film are 0.211, 0.200, and 0.195 nm, respectively.

[22] This short range ordering is similar to that of the single crystal structure (0.218,

0.193, and 0.193, respectively). However, it appears that medium range ordering (second

nearest-neighbor distances) near the Ga and Zn ions is lost in the amorphous films.Ab

initio calculations were performed and are in good agreement with the EXAFS results.

Additional calculations show that the In-In second nearest-neighbor coordination number

in the amorphous state varies with distance (i.e.,∼ 1 to∼ 4 for distances of 0.32 to∼ 0.4

nm) and is significantly lower than in the crystalline structure, which has a coordination

number of∼ 6. This indicates that the selective (medium range) coordination of In-

In is lost in the amorphous structure. From the experimentaland calculated results, the

coordination numbers of In-O, Ga-O, and Zn-O are deduced to be 5, 5, and 4, respectively.

Finally, pseudoband calculations show that the conductionband minimum is composed

of In 5s (consistent with the experimental results discussed in theprevious paragraph) and

that that amorphous IGZO has an isotropic effective mass of∼ 0.2me.
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Amorphous IGZO has been employed in a light-emittingpn heterojunction. [80]

The IGZO layer is deposited by pulsed laser deposition (PLD)at room temperature. The

carrier concentration and mobility of this layer is 1× 1019 cm−3 and 5 cm2V−1s−1. In-

dium gallium zinc oxide is chosen here for its reasonable conductivity at low processing

temperatures and its large band gap (∼3.5 eV). Blue emission (∼ 430 nm peak) is ob-

served from thispn heterojunction and is due to intrinsic exciton recombination in the

single crystalp-LaCuOSe layer (which has a band gap, carrier concentration, and mobil-

ity of ∼2.8 eV, 1× 1019 cm−3, and 8 cm2V−1s−1, respectively).

2.2 Oxide semiconductor devices: Thin-film transistors

As the primary goal of this work is to explore oxide semiconductor-based TFTs, a

short TFT review is given. This review includes a discussionof basic TFT operation and

identifies commonly employed TFT structures. Next, a summary of oxide semiconductor-

based TFTs is given. As the work in this field is rapidly increasing, only the most note-

worthy works are reviewed here.

2.2.1 Thin-film transistors

Invention of the first field-effect device is often credited to J. E. Lilienfeld, who

patented the concept in 1934. [81] However, development of the first thin-film transistor

(TFT), as it is known today, is credited to P. K. Weimer (1962). [82] TFTs based on a

wide variety of channel materials, including CdS, CdSe, amorphous and polycrystalline

silicon, have been developed. Currently, the most dominantTFT technology is based
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Figure 2.1: (a) The basic structure of a TFT and the corresponding energy band diagrams
as viewed through the gate for several conditions, including (b) equilibrium, (c) depletion,
VGS< 0 and (d) accumulation,VGS> 0.

on hydrogenated amorphous silicon (a-Si:H), which are commonly employed in active-

matrix liquid crystal displays (AMLCDs). High performancea-Si:H TFTs typically have

field-effect mobilities of approximately 1.5 to 2.0 cm2V−1sec−1 with a maximum pro-

cessing temperature of 300◦C. [83]

2.2.1.1 Basic device operation

The following discussion assumes n-channel TFT operation;a similar discussion

can be applied to p-channel TFTs. Figure 2.1 shows the structure and energy band di-

agrams as viewed through the gate of an n-channel, accumulation-mode TFT. [84] The

equilibrium band diagram shown in Fig. 2.1b assumes an idealsituation, i.e. there is no

charge in the semiconductor before the application of a gatebias and indicates that the

semiconductor layer is slightly n-type.

Consider two biasing schemes, depletion,VGS < 0 and accumulation,VGS > 0 V.

Negative applied voltage (VGS< 0) to the gate repels mobile electrons and pushes them

deeper into the semiconductor, leaving a depletion layer near the interface. The posi-
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tive space charge region near the semiconductor-insulatorinterface is consistent with the

charge neutrality relationship (−QM = +QS, where−QM represents the negative charge

on the metal andQS is the depletion charge in the semiconductor). The applied voltage

is dropped across the insulator and semiconductor, resulting upward band-bending in the

insulator and the semiconductor (near the interface), as seen in Fig. 2.1c. As the magni-

tude of the negative gate bias is increased, the depletion region encroaches further into

the semiconductor layer and can eventually deplete the entire layer.

On the other hand, application of a positive gate bias (VGS> 0 V) attracts electrons

towards the interface, creating an accumulation layer (or channel) near the interface. The

associated energy band diagram exhibits downward band-bending in the the insulator and

the semiconductor (near the interface), as shown in Fig. 2.1d. Increasing the gate bias

modulates the conductivity of the surface layer and is reflected in an increased degree of

band bending.

Now that channel formation has been established, application of a positive voltage

on the drain attracts electrons towards the drain and accounts for the drain current,ID.

Two bias conditions (small and largeVDS) are depicted in Fig. 2.2 using schematic cross-

sectional views and energy band diagrams (as viewed from thesource to the drain). In the

schematic cross-sections, red “-” symbols represent negative mobile charge in the semi-

conductor (localized positive counterions are not shown here for simplicity). Figure 2.2a

depicts the device when biased with significantly lowVDS, i.e., the “linear” regime of de-

vice operation, where the channel can be modeled as a resistor sinceID increases linearly

with respect toVDS. Moreover, Fig. 2.2a specifically depictssignificantlylow VDS (∼100-
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Figure 2.2: Comparison of schematic cross-sections and energy band diagrams for a de-
vice with an accumulated channel where the appliedVDS is (a) small and (b) large. The
depletion width formed with largeVDS is labeled asW.

200 mV), so as to maintain a fairly uniform channel charge density across the channel

from source to drain. This operation range ofVDS is significant since it is typically em-

ployed for estimating the channel mobility. Figure 2.2b depicts the device when biased

with significantly highVDS to fully deplete the region near the drain. This regime of de-

vice operation is referred to as the “saturation” regime since the drain current is constant

(with respect to further increases inVDS). Note that the drain voltage at which the region

near the drain becomes fully depleted (negating the effect of the surface accumulation

layer in this region) is called the pinch-off voltage,Vpinch−o f f . For the idealized case un-

der consideration here (where the device turn-on voltage equals zero),Vpinch−o f f = VGS;
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Figure 2.3: Depletion layer width in the semiconductor of a TFT as a function of carrier
density for several values ofVG. This estimate of depletion width usesεs andCins of
8.85× 10−13 F/cm (εr =10) and 3.45× 10−8 F/cm2 (100 nm SiO2), respectively.

thus, forVDS > VGS, the region near the drain is depleted of carriers and results in this

saturated drain current condition.

2.2.1.2 Carrier density in semiconductor layers

As previously mentioned, application of a negative bias to the gate of an n-channel

TFT results in depletion of the semiconductor layer. The depletion width has been mod-

eled as [84, 85],

W =
εs

Cins

[(

1+
2C2

insVg

qNDεs

)1/2

−1

]

, (2.2)



19

Substrate

(a)

Substrate

(b)

Substrate

(c)

Substrate

(d)

Electrode

Insulator

Semiconductor

Figure 2.4: Four basic TFT structures: (a) co-planar top-gate, (b) co-planar bottom-gate,
(c) staggered top-gate, and (d) staggered bottom-gate.

whereCins is the insulator capacitance per unit area,εs is the semiconductor permittivity,

andND is the semiconductor carrier density. Using Eq. 2.2, the effect of carrier density

on depletion width can be evaluated; this effect is shown in Fig. 2.3. Here, the depletion

width quickly decreases as the carrier density increases. Since the ability to fully deplete

the semiconductor (which is typically 50−300 nm thick) at reasonable gate biases is de-

sired, Fig. 2.3 indicates that the carrier density in semiconductors should be minimized

when fabricating TFTs. Additionally, it should be noted that Eq. 2.2 can be used in an

alternative manner. Given an experimental device with a known semiconductor thick-

ness,ts, Eq. 2.2 can be used to estimate the upper limit of carrier density for proper TFT

operation.

2.2.1.3 Thin-film transistor structures

Figure 2.4 shows four basic TFT structures: co-planar top-gate, co-planar bottom-

gate, staggered top-gate, and staggered bottom-gate. [86]Electrode placement distin-

guishes the various structures, i.e. electrodes are placedon opposite sides of the semicon-
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ductor-insulator interface for staggered structures, while electrodes are placed on the same

side of the interface for the co-planar structures.

Process integration-related issues can motivate the use ofdifferent structures. In

the co-planar top-gate structure, the semiconductor is deposited first. Therefore, the max-

imum semiconductor processing temperature is limited onlyby the semiconductor and

the substrate. Notice that in both bottom-gate structures,the insulator is deposited first. If

the insulator is deposited using a glow discharge process, such as rf sputtering or plasma-

enhanced chemical vapor deposition, the plasma-induced damage to the channel layer can

possibly be reduced using this structure (since insulator deposition typically requires the

use of a higher power as compared to deposition of other layers).

The co-planar structure is difficult to realize in some technologies, such as a-Si:H.

a-Si:H TFTs utilize ion implantation to form an ohmic contact to the semiconductor.

Since the maximum processing temperature of a-Si:H transistors is∼ 350◦C, damage

from implantation cannot be remedied. This implies that thechannel must be protected

during implantation. If the insulator is used as an implant-block, there is no source/drain-

to-gate overlap. Without this overlap, the series resistance increases and retards carrier

injection. [86]

2.2.2 Oxide semiconductor-based thin-film transistors

Since the introduction of oxide semiconductor-based thin-film transistors in 2003,

a wide variety of n-type oxide materials have been employed for the semiconductor layer.

These materials include several binary oxides (ZnO, SnO2, and In2O3) and several amor-
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phous multicomponent oxides (ZTO, zinc indium oxide (ZIO),IGO, and IGZO). The

scope of this research includes discrete TFT performance, circuit integration (ring oscil-

lators), and integration with other technologies (e-ink, liquid crystals, and organic light-

emitting diodes). The following subsection does not detaileach work. Instead, the gen-

eral properties associated with each oxide semiconductor and the most noteworthy work

is highlighted. References are provided for those interested in obtaining additional infor-

mation.

2.2.2.1 TFTs with binary oxide layers: ZnO

ZnO was the first and most widely employed oxide semiconductor for TFTs, with

over 10 institutions publishing reports on its use. [12, 13,14, 24, 87, 88, 89, 90, 91, 92,

93, 94, 95, 96, 97, 98, 99, 100, 101, 102] These reports employa variety of deposition

techniques for fabrication, including rf sputtering, ion beam sputtering, and pulsed laser

deposition (PLD).

The initial reports of ZnO-based TFTs by Masudaet al. and Hoffmanet al. in 2003

demonstrated the prospects for transparent TFTs. These devices were fabricated with

different deposition methods (PLD and ion beam sputtering)and utilized fairly high tem-

perature processing (450 - 700◦C). The resultant devices exhibited drain current on-to-off

ratios (Ion−o f f
D ) up to 107 and channel mobilities in the range of 0.01 to 2.5 cm2V−1s−1.

Additionally, ambient light had little effect on device performance.

More recently, several authors have explored ZnO-based TFTs with rf sputtering

that do not require intentional post-deposition annealingtreatments. [88, 92] It is inter-
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esting to note that these authors successfully implement drastically different deposition

parameters for forming their ZnO layers (high pressure/lowpower and low pressure/high

power for Carciaet al. and Fortunatoet al., respectively). The electrical properties of

ZnO-based TFTs are shown to be strongly influenced by the O2 partial pressure in the de-

position ambient; TFTs with mobilities approaching 50 cm2V−1s−1 were demonstrated.

Additionally, ZnO-based TFTs on flexible polyimide substrates were also demonstrated.

[88]

Two groups have alloyed ZnO with Mg (Mg0.1Zn0.9O) to increase the band gap

(from ∼3.3 to 3.5 eV) and the activation energy of donor states (which leads to a reduc-

tion in carrier concentration). Ohtomoet al. observed that the increase in band gap re-

sults in electrical characteristics which are unresponsive to illumination (for wavelengths

greater than 400 nm). The channel mobility and the thresholdvoltage (VT) of these de-

vices is∼0.8 cm2V−1s−1 and 10 V, respectively, with a maximum semiconductor layer

processing temperature of 300◦C. [101] Kwon et al. have doped Mg0.1Zn0.9O with P

to further reduce the carrier concentration; the channel mobility andVT of these devices

is ∼5 cm2V−1s−1 and∼2.8 V, respectively, when subjected to a 600◦C post-deposition

anneal. [102]

Non-vacuum techniques, including spin coating and chemical bath deposition have

been employed to fabricate ZnO-based TFTs. [103, 104, 105] The reports using spin-

coating employ a high temperature post-deposition anneal to attain adequate crystalliza-

tion and device performance. Norriset al. spin a zinc nitrate precursor solution (zinc

nitrate hexahydrate and glycine) and anneal at 700◦C. The channel mobility andIon−o f f
D
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of these devices is∼0.2 cm2V−1s−1 and 107, respectively. [103] Leeet al. incorporate

zirconium isopropoxide in their sol-gel precursor to suppress the free carrier density of

their films. Spin-coated Zn0.97Zr0.03O TFTs annealed at 500◦C exhibited channel mo-

bilities, VT , andIon−o f f
D of ∼0.3 cm2V−1s−1, 4.7 V, and 106, respectively. [104] Cheng

et al. utilize a chemical bath containing zinc nitrate and dimethylamineborane at 60◦C

to grow ZnO films. TFTs fabricated with these films exhibited channel mobilities and

Ion−o f f
D of ∼0.25 cm2V−1s−1 and 105, respectively. [105]

Contributions enhancing the understanding of oxide-basedTFT operation have been

made by Hossainet al. and Hoffman. [24, 87] Hossainet al. appraise grain boundary ef-

fects (modeled as a two-sided Schottky barrier) for polycrystalline ZnO TFTs. These

simulations show a decrease in grain boundary barrier height with increasing free carrier

concentration and a decrease in channel mobility as the number of grain boundaries in

the channel increases. Hoffman explains the intricacies ofmobility extraction and dis-

cusses mobility characteristics of ZnO-based TFTs. Understanding mobility extraction is

essential to this work and is discussed in detail in Sec. 3.3.7.

Hiraoet al. and Parket al. have utilized ZnO-based TFTs in active-matrix displays.

[93, 94] Hiraoet al. have fabricated AMLCDs with staggered top-gate ZnO TFTs which

utilize a SiNx gate insulator. These TFTs exhibit a channel mobility of∼50 cm2V−1s−1.

Park et al. have fabricated a transparent AMOLED display with coplanar bottom-gate

ZnO TFTs which utilize an Al2O3 gate insulator. Additionally, the ZnO deposition pro-

cess utilized by Parket al. is compatible with plastic substrates. These display prototypes
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show that ZnO TFTs can be integrated into useful applications and that multiple ZnO

TFTs can operate simultaneously.

2.2.2.2 TFTs with binary oxide layers: In2O3 and SnO2

SnO2 and In2O3 are not commonly employed as the TFT semiconductor layer due

to difficulty in suppressing/controlling the carrier concentration, which leads to highly

negative threshold voltages. To compensate for this, Presley et al. utilize extremely thin

semiconductor layers (10-20 nm) to controlVT of SnO2-based TFTs. [106] Wanget al.

address this issue through the use of ion-assisted deposition, in which the carrier con-

centration of the layer is controlled (1017 to 1020 cm−3 in In2O3 films) by adjusting the

O2 partial pressure and ion beam power. Using this technique, In2O3-based TFTs with

organic self-assembled dielectrics were fabricated. [107]

2.2.2.3 TFTs with multicomponent oxide layers: ZTO

Zinc tin oxide (ZTO)-based TFTs have been fabricated using awide variety of

methods, including rf sputtering, reactive dc sputtering,and plasma-assisted PLD. [15,

18, 23, 108, 109, 110] The initial ZTO-based TFTs (ZnSnO3) exhibited a channel mobil-

ity which approached 30 cm2V−1s−1 when subjected to a 600◦C post-deposition anneal.

[15] Since this initial report, researchers have explored the effects of varying ZTO stoi-

chiometry [23, 108], integrated ZTO-based TFTs with transparent OLEDs, and demon-

strated flexible TFTs using ZTO.

The effects of stoichiometry and annealing on electrical characteristics of ZTO-

based TFTs were explored by Hoffman. [108] Sputter targets of varying stoichiometry
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(Zn/(Zn + Sn) = 0.0, 0.33, 0.5, 0.67, and 1.0) were used for fabrication. The interme-

diate stoichiometries (Zn/(Zn + Sn) = 0.33, 0.5, and 0.67) and post-deposition anneal

temperatures (400-600◦C) produced devices with broad peak mobilities (approaching

30 cm2V−1s−1). The turn-on voltage decreases with increasing anneal temperature and

decreasing ratios of Zn:Sn (with the inability to deplete any of the SnO2 devices).

Görrnet al. explore the effect of stoichiometry (0.33≤ Zn/(Zn + Sn) ≤ 0.65) on

bias stress stability of ZTO-based TFTs. These devices werefabricated at 250−400 ◦C

with plasma-assisted PLD. All transistors fabricated in this study exhibited minimal hys-

teresis and channel mobilities in the range of 5−14 cm2V−1s−1. A constant voltage bias

stress of 10 V is applied for 60 ks; the test is interrupted every 100 s to measure trans-

fer (ID −VGS) characteristics for threshold voltage and mobility extraction. Positive and

negativeVT shifts with respect to bias stress time were observed. Positive shifts inVT

were accompanied by rigid shifts in the transfer characteristic, while negative shifts were

accompanied by non-rigid shifts in the transfer characteristic and degradation in the sub-

threshold slope. The relative change in channel mobility during testing for all devices is

less than 10% and does not correlate to the behavior ofVT shifts. Zn/(Zn + Sn) = 0.36 re-

sulted in optimal performance; a threshold voltage shift of∼ 30 mV and minimal change

in channel mobility is observed for this stoichiometry.

Görrnet al. have integrated transparent ZTO-based TFTs with transparent OLEDs

as a first step towards a transparent display. [18] For this demonstration, the OLED is fab-

ricated atop the drain (which also serves as the cathode for the OLED) of the staggered

bottom-gate ZTO and SU-8 photoresist is used for pixel definition. The ZTO semiconduc-
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tor layer is deposited by plasma-assisted PLD, with a maximum processing temperature of

150◦C. The channel mobility and threshold voltage range of theseTFTs is 11 cm2V−1s−1

and -1 to 1 V, respectively.

Jacksonet al. fabricated staggered bottom-gate ZTO-based TFTs on flexible poly-

imide substrates. [109] These TFTs utilize a 375 nm thick SiON gate insulator. The ZTO

semiconductor is subjected to a 250◦C post-deposition anneal for 10 minutes. The chan-

nel mobility and threshold voltage are 14 cm2V−1s−1 and -8 V, respectively. The authors

identify the threshold voltage and subthreshold slope as the characteristics which require

greatest improvement for their devices. The threshold voltage can be shifted towards 0

V by increasing the nitrogen content in the SiON layer or reducing oxygen deficiency

in the ZTO layer. The subthreshold slope is degraded by excess carriers (as indicated

from capacitance-voltage characteristics) and thus, can be improved by reducing oxygen

deficiency in the ZTO layer.

2.2.2.4 TFTs with multicomponent oxide layers: ZIO

Several researchers have explored various stoichiometries of zinc indium oxide

(ZIO) by rf sputtering for TFTs. [16, 111, 112, 113] ZIO TFTs typically exhibit high

channel mobilities (up to 40 cm2V−1s−1), but suffer from the same issue as In2O3 and

SnO2, namely difficulty in suppressing the carrier concentration. As a result, many of the

reported ZIO TFTs are “normally on” devices (ID > 0 atVGS= 0 V), i.e., depletion-mode

devices. It is important to note thatVT is commonly reported and is thus used here for
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comparison, but in many cases, significant current still flows belowVT . An alternative

figure-of-merit, the turn-on voltage, is discussed in Sec. 3.3.6

The initial report of ZIO-based (Zn2In2O5) TFTs employed a staggered bottom-

gate structure with an ALD Al2O3-TiO2 superlattice as the gate insulator. [16] Two types

of TFTs were reported, those which were subjected to a post-deposition anneal (300 and

600 ◦C) and “room temperature” TFTs. TFTs subjected to a 300◦C (600◦C) exhibit a

channel mobility andVT in the ranges of 10−30 cm2V−1s−1 (45−55 cm2V−1s−1) and

0−10 V (-20 to -10 V), respectively. The authors contend that the positive values ofVT

observed in devices annealed at 300◦C are a consequence of deep traps present in the

channel and/or at the interface (which must be filled by application of a positive gate

voltage). TFTs not subjected to a post-deposition anneal exhibit a channel mobility of∼8

cm2V−1s−1.

Barquinhaet al. and Yagliogluet al. utilize room temperature In2O3 − 10 wt %ZnO

(sometimes referred to as IZO) as the semiconductor layer instaggered bottom-gate TFTs.

[112, 113] Barquinhaet al. obtain channel mobilities approaching 40 cm2V−1s−1 while

exploring the effect of semiconductor thickness (15 to 65 nm) on device performance.VT

decreases with increasing semiconductor thickness (from 10 to 3 V); this effect is ascribed

to reduced sheet resistance for thicker films and a reduced effect from the back surface

(opposite to insulator-semiconductor interface), where carrier trapping may be possible.

Additionally, the channel mobility decreases with increasing semiconductor thickness (38

to 25 cm2V−1s−1); this is attributed to the longer source-drain path as the semiconductor

thickness is increased (recall that a staggered structure is employed). Yagliogluet al.
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observe a channel mobility andVT of ∼20 cm2V−1s−1 and -3.2 V, respectively, for their

TFTs which employ thermally grown SiO2 as the gate gate insulator. The carrier density

is estimated to be 2.1× 1017 using a standard van der Pauw setup.

2.2.2.5 TFTs with multicomponent oxide layers: IGO

Indium gallium oxide (IGO)-based TFTs were employed in transparent integrated

circuits (inverters and ring oscillators). [19] These TFTsused a 100 nm SiOx gate insu-

lator deposited by plasma-enhanced chemical vapor deposition (PECVD) and were pat-

terned using standard photolithography techniques. Post-deposition annealing at 500◦C

resulted in TFTs with a channel mobility and turn-on voltage(discussed in Sec. 3.3.6)

of ∼7 cm2V−1s−1 and 2 V, respectively. The maximum oscillation frequency ofthe ring

oscillator circuit is∼9.5 kHz (with 80 V supply voltage). The rather low oscillation

frequency is due to loading from large parasitic capacitances associated with each TFT

(∼142 nF/cm, 200µm source/gate and drain/gate overlap). Ring oscillators with a much

higher oscillation frequency are discussed in the following subsection.

2.2.2.6 TFTs with multicomponent oxide layers: IGZO

Indium gallium zinc oxide (IGZO)-based TFTs have been fabricated by PLD and

rf sputtering. [17, 20, 114, 115, 116] The initial IGZO-based (InGaO3(ZnO)5) TFTs

employed single crystalline IGZO layers which were obtained through the use of a high

temperature anneal and yttria-stabilized zirconia substrates. [17] These TFTs employ a

coplanar top-gate structure with a 80 nm thick HfO2 gate insulator. The channel mobility,

VT , andIon−o f f
D are 80 cm2V−1s−1, 3 V, and 106, respectively.
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Yabutaet al. explore amorphous IGZO-based (InGaZnO4) TFTs with a staggered

top-gate structure. [115] rf sputtering is used for deposition of the semiconductor and

insulator (Y2O3) layers. While no intentional substrate heating is used, the maximum

processing temperature is 140◦C due to heating from the sputtering process during insu-

lator deposition. The channel mobility,VT , andIon−o f f
D are∼ 12 cm2V−1s−1, 1 V, and

108, respectively.

Iwasakiet al. explored the IGZO phase space for TFTs (which utilize a staggered

bottom-gate structure) using a combinatorial approach with rf co-sputtering from three

cathodes. With this experimental setup, the range of compositional variation is 10−70%

for each material. [116] Iwasakiet al. indicate that the optimal O2 partial pressure em-

ployed during deposition changes for different stoichiometries. A lower O2 partial pres-

sure is required to produce functioning TFTs (i.e., TFTs that switch from well-defined on

to off regions) when the Ga content of films increases. In contrast, a higher O2 partial

pressure is required to produce functioning TFTs when the Incontent of films increases.

In:Ga:Zn ratios of 37:13:50 resulted in the best performance, where the channel mobility,

VT , andIon−o f f
D are∼ 12 cm2V−1s−1, 3 V, and 107, respectively.

Flexible IGZO-based TFTs (InGaZnO4) on 200µm thick polyethylene terephtha-

late using a coplanar top-gate structure have been demonstrated by Nomuraet al. [114]

All layers were deposited by PLD at room temperature, including the Y2O3 gate insulator.

The channel mobility,VT , andIon−o f f
D are∼ 8 cm2V−1s−1, 1.6 V, and 103, respectively.

TFT characteristics were not significantly altered by bending. Additionally, the TFT is

stable up to 120◦C.
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IGZO-based integrated circuits (inverters and ring oscillators) were demonstrated

by Ofugi et al. [20] The gate length of these TFTs was 10µm. Additionally, these TFTs

used a 100 nm SiOx gate insulator deposited by rf sputtering and were patterned using

standard photolithography techniques. Discrete TFTs fabricated alongside the integrated

circuits exhibited a channel mobility and threshold voltage of ∼3 cm2V−1s−1 and 7 V,

respectively. The maximum oscillation frequency of the ring oscillator circuit is∼21.5

kHz (with 18 V supply voltage).

2.3 Conclusions

This chapter provides a summary of electrical and optical properties for several

n-type TCO semiconductors. The properties of ZTO, IGO, and IGZO are reviewed in

more detail, as these materials are of primary interest for this research. A review of

qualitative TFT device operation and a summary of structures typically employed for TFT

fabrication are also included. Finally, a summary of oxide semiconductor-based TFTs is

given, including discrete device performance and examplesof integration.
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3. DEVICE DEVELOPMENT, FABRICATION, AND
CHARACTERIZATION

This chapter presents an overview of TFT development. Thin-film processing tech-

niques relevant to the fabrication of TFTs, including evaporation, sputtering, atomic layer

deposition, and post-deposition annealing, are briefly discussed. Next, thin-film char-

acterization techniques are discussed, including, Hall and optical transmission measure-

ments. Finally, TFT characterization, including threshold voltage and channel mobility

extraction from DCI −V measurements is discussed.

3.1 Thin film processing

Numerous thin film deposition techniques are available for the fabrication of elec-

tronic devices based on oxide semiconductor. The commonality between these techniques

is the goal of forming a high-quality thin-film (in terms of optical, electrical, and mechan-

ical properties) onto the desired substrate. However, the details of the source material,

material transport mechanisms (from source to substrate),and thin film formation differ

for each technique. Within these differences, distinct advantages and disadvantages arise.

Processes which interact with the substrate to form a film (e.g., thermal oxidation)

are not commonly employed for the fabrication of integratedoxide semiconductor de-

vices, as the substrate typically acts only as a carrier and does not contribute to device

functionality. The thin film deposition techniques relevant to the fabrication of oxide

semiconductors are discussed below. These techniques can be separated into two cate-
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gories: vacuum and non-vacuum techniques. Vacuum techniques are performed in a con-

trolled chamber and/or pressure. Thus, films fabricated with vacuum techniques generally

have a lower impurity concentration than those fabricated with non-vacuum techniques.

Examples of vacuum techniques include evaporation, sputtering, and chemical vapor de-

position. The benefit of non-vacuum techniques is minimal capital equipment investment.

From this perspective, non-vacuum techniques are generally considered to be low cost.

From a manufacturing viewpoint, the cost benefit may be reduced, as many non-vacuum

processes can require extended curing cycles, which would reduce throughput. Examples

of non-vacuum techniques are spin-coating and printing.

Patterning of thin films can be accomplished via shadow masksor photolithogra-

phy. Basic photolithography techniques relevant to the fabrication of oxide semiconductor

devices are also discussed.

3.1.1 Vacuum deposition techniques

Vacuum techniques can be further subcategorized into physical vapor deposition

(PVD) and chemical vapor deposition (CVD). In PVD techniques, atoms or molecules are

physicallyremoved from a source material. They are then transported through vacuum

and condense onto the substrate to form a thin film. CVD techniques utilize gas-phase

chemicals that are transported to the substrate and react toform a thin film.

In these processes, the pressure affects the extent of impurity incorporation in grow-

ing thin films and transport of atoms from the source to substrate. [117] Atoms undergo

a larger number of collisions as the pressure in the chamber is increased. The mean free
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path (λ) is the average distance an atom travels between collisionsand is inversely pro-

portional to pressure,

λ =
1√

2πd2
on

→ 0.05
P

, (3.1)

wheredo is the atomic diameter andn is the gas concentration. The simplification of

Eq. 3.1 is obtained assuming that the ambient is air at 300 K and P is pressure (Torr); this

results in the mean free path expressed in millimeters.

3.1.1.1 Evaporation

Evaporation is a basic thin film deposition technique which involves heating of a

source material such that the vapor pressure (i.e. the equilibrium pressure created by the

rate difference of condensed molecules evaporating and vaporized molecules condensing)

is greater than 10 mTorr. [118, 119] To increase the mean freepath of vaporized molecules

and reduce the amount of contamination incorporated in the thin-film during deposition,

this heating process is typically performed under high vacuum (<5 × 10−6 Torr).

Since the vapor pressure varies for different chemical elements, stoichiometric com-

pounds and alloys can be difficult to fabricate by evaporation. Compensation for this

variation can be accomplished by modifying the source material or by using multiple

evaporation sources. The complexity of a multicomponent evaporation process is further

increased if the differing sticking coefficients of the deposited adatoms are considered.

3.1.1.2 Thermal evaporation

In thermal evaporation, a source material is placed in a refractory crucible, boat, or

wire basket and heated using an electric current. A cruciblecomposed of an insulating
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material, such as Al2O3, is indirectly heated by placing it in (or on) a conductive element.

In contrast, boats and wire baskets (which are often made of Wor Mo) are directly heated.

Extremely refractory materials cannot be evaporated thermally for multiple reasons: there

is a limit to the amount of current that can be sourced, possible cross-contamination from

the boat/basket, and possible physical damage to the boat/basket from overheating. For

these materials, electron beam evaporation is a possible solution.

3.1.1.3 Electron beam evaporation (EBE)

Electron beam evaporation (EBE) utilizes a high energy (5-30 keV) electron beam

to heat a source material, which is normally a compressed pellet that has been sintered at

high temperature. [119] One requirement for EBE is that the source material be a poor

conductor of heat; the beam cannot supply enough energy to offset the heat loss of a

source material which is a good conductor of heat. Alternatively, the hearth/pocket which

the source sits upon may be insulated when EBE is used to deposit materials that are

good conductors of heat. One of the drawbacks for EBE is possible x-ray damage to the

deposited thin-film from the electron beam.

3.1.1.4 Sputtering

Sputtering is the primary deposition method utilized in this work, and is thus given

more attention than the previously summarized methods. Sputtering provides good thick-

ness uniformity and controllability for deposition over a wide range of substrate types

and sizes. Additionally, compositional control with sputtering is better than evaporation
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since the sputter yield of materials typically varies less than the vapor pressure. For these

reasons, sputtering is frequently utilized in semiconductor manufacturing. [117]

Sputtering is a process which uses high energy particles (usually inert gas ions) to

remove surface atoms from a source material (sputter target). To accomplish this, sput-

tering is performed in a vacuum chamber with a controlled ambient. After backfilling

the vacuum chamber with gas (typically an inert gas), an electric field is applied between

two electrodes within the chamber. Electrons (which may have been created by a passing

cosmic ray) present in the chamber are accelerated towards the anode (usually ground)

and collide with gas atoms. Depending on the amount of energytransferred during the

collision, excitation or ionization may occur. Excited gasatoms release their excess en-

ergy with a photon, creating what is known as a ”glow discharge”. Ionization creates

the species (positive ions) required for sputtering and increases the number of available

electrons. These electrons are immediately accelerated through the electric field, increas-

ing the likelihood of further ionization and leading to gas breakdown. Additionally, ions

are accelerated towards the negative cathode. The sequenceof events that occur as ions

impinge at the cathode (target) is depicted in Fig. 3.1. As ions impinge at the cathode,

secondary electrons are emitted; these secondary electrons sustain the glow discharge and

neutralize the bombarding ions. Ions within a particular energy range (10 eV< E < 10

keV) remove surface atoms from the sputter target for deposition. [117]

The most important region of the discharge is the Crooke’s dark space, which forms

directly in front of the target. In this region, a high ion concentration (positive space

charge) is present due attraction of ions (which are larger and slower than electrons) and
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Figure 3.1: Depiction of the sputtering process.

repulsion of electrons away from the negative cathode. Consequently, a strong electric

field is established in front of the target and a large portionof the voltage is dropped in

this region. Moreover, the established electric field initiates sufficient ion acceleration

required for sputtering.

There are multiple configurations employed in sputtering. The simplest configura-

tion, DC-diode sputtering, utilizes a DC voltage to create the glow discharge. However,

DC sputtering is limited to conductive targets that can sufficiently supply the target sur-

face with secondary electrons. Positive charge buildup occurs when sputtering an insulat-

ing target with a DC source; this charge buildup extinguishes the glow discharge.

To circumvent charge buildup on insulating target surfaces, a high frequency ac

power source can be used. A radio-frequency (rf) of 13.56 MHzis typically employed
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to strike and sustain a glow discharge. During the negative portion of the applied signal,

positive ions are attracted towards the target. During the positive portion of the applied

signal, electrons are attracted towards the target and replenish lost secondary electrons.

Additionally, since electrons are much lighter than ions, anegative dc self-bias is estab-

lished on the target, establishing the electric field required for sputtering. It should be

noted that the surface to be sputtered should be significantly smaller than other surfaces

within the chamber. With this in mind, the chamber in most rf sputtering systems is

connected to the anode.

In practice, magnetron sputtering is commonly encountered. A magnetic field is

created by placing strong magnets behind the target. The established magnetic field con-

fines electrons near the target surface (rather than allowing the electrons to be collected

by the anode) and increases the possibility of ionization. The benefits of magnetron sput-

tering include higher deposition rates and the ability to maintain a stable glow discharge

at lower pressures (∼1 mTorr). However, these benefits do come at the cost of preferential

target erosion (i.e., poor target utilization).

Reactive sputtering can be employed by flowing a reactive gas(solely or in com-

bination with an inert gas) during the sputter deposition process. For example, when

sputtering an oxide target, reactive sputtering in an oxygen-containing ambient is a pos-

sible approach. This is especially attractive for deposition of TFT channel layers, as the

oxygen partial pressure of the sputter ambient strongly influences device performance.

However, sputtering with oxygen increases the likelihood of negative ion resputtering.

Due to the high electronegativity of oxygen, the probability of forming negative ions dur-
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ing the sputtering process is increased. These negative ions are accelerated towards the

substrate and can potentially resputter atoms from the growing thin film. [120]

The OSU solid state processing lab is outfitted with two magnetron sputtering sys-

tems: a modified Control Process Apparatus, Inc. (CPA) sputtering system [121] and a

custom-designed sputtering system [122]. Both DC and rf power supplies are available

for use with these systems.

3.1.1.5 Ion beam sputtering

Ion beam sputtering utilizes essentially the same deposition mechanisms as in the

previously discussed sputter deposition processes, with one primary difference: the ions

are created in a separate chamber and extracted. [32, 123] Inthe previous sputtering

configurations, a potential difference between the sputtercathode/anode to ignite a glow

discharge. With ion beam sputtering, a filament is heated, causing the emission of elec-

trons, while the chamber is positively biased. The electrons are accelerated by the bias to

excite/ionize gas atoms. Ions from this DC discharge plasmaare extracted using an accel-

erating grid assembly and subsequently strike the sputter target to initiate the sputtering

process. Since the source is external to the sputter target,insulators can be deposited with

ion beam sputtering despite the fact DC discharge employed.

The OSU processing facility houses a modified Veeco Microetch System. The sys-

tem accommodates 3” wafers and is equipped with an AC motor that is utilized for sub-

strate rotation. Three 6” sputter targets can be simultaneously mounted. The combination
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Figure 3.2: Schematic representation of the ion beam sputtering system.

of a large sputter source and rotation capability results inexcellent uniformity of deposited

thin-films. One drawback of this system is the lack of a substrate heater.

As shown in Fig. 3.2, ions are created using a Kaufman ion source mounted atop

the deposition chamber. [123] A thoriated tungsten hot filament (cathode) is used as

the electron source and the cylindrical chamber, which is made of molybdenum, acts as

the anode. A feedback-controlled leak valve is used for introduction of the gas used to

ignite and sustain a glow discharge. In addition, a solenoidal electromagnet surrounds

the chamber and deflects electrons into cycloidal trajectories, increasing the likelihood of

ionization before being collected.

Before proceeding, a few notes on the thoriated tungsten filament are required. Tho-

rium is utilized to lower the work function of the tungsten filament, increasing electron
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emission when heated. [124] However, thorium is a radioactive material which emits

alpha particles; health hazards and precautions are discussed elsewhere. [125, 126]

A collimated multi-grid assembly is used for ion extractionand acceleration. The

top grid is biased at the same voltage as the ion source assembly, i.e. 2 kV. The middle

grid is biased at -200V to -250V, accelerating ions towards the deposition chamber and

preventing a backflow of electrons from the deposition chamber. Sapphire spheres elec-

trically isolate the grids. Over time, it is possible for a film to build up on the sapphire

spheres and short the grids to each other. When this occurs, it is recommended that the

entire grid assembly be removed and chemically cleaned.

Ions entering the deposition chamber have the same charge polarity, repelling each

other. Thus, an electron-emitting tungsten neutralizer filament is used to “focus” the beam

onto the target. In addition, the neutralizer filament eliminates any charge build-up on the

target surface, allowing insulating targets to be sputtered.

3.1.1.6 Plasma-enhanced chemical vapor deposition (PECVD)

Chemical vapor deposition (CVD) techniques employ gas-phase sources (rather

than solid sources as employed in PVD) to form a thin film. [117] After the gas-phase

precursors are introduced into the chamber, they are transported (by diffusion) to the

substrate, where a reaction that results in thin film formation occurs. This reaction can

be driven in a variety of ways, including (but not limited to)thermally, by photons, or

by glow discharge. Plasma-enhanced chemical vapor deposition (PECVD) utilizes both a

glow discharge and heat to drive the thin film-forming reaction. Use of a glow discharge
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allows for reduced processing temperatures compared to conventional CVD. In this work,

PECVD is utilized to deposit SiO2 for use as a gate insulator.

3.1.1.7 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a powerful deposition technique that produces

films with excellent step coverage and few pin-hole defects.[127] The main difference

between previously discussed thin film deposition techniques (i.e. evaporation and sput-

tering) and ALD is the growth mechanism. In the previously discussed techniques, thin

film growth is dominated by nucleation, thus forming microcrystals, whereas ALD is a

self-controlled process, resulting in the sequential growth of monolayers or submonolay-

ers.

Execution of the ALD process involves anionic and cationic precursor gases which

are separately introduced into the deposition chamber. [128] The cationic species is first

introduced so that several monolayers are adsorbed onto thesubstrate surface. An inert

gas then purges the surface, causing desorption of weakly bound adatoms and, ideally,

retention of a single saturated monolayer of film growth. Next, an anionic species is

introduced and reacts with the adsorbed cationic precursorat the substrate surface. A

subsequent anion purge completes the sequence. This alternating cycle is repeated until

the appropriate film thickness is achieved. Note that saturated monolayer growth does not

always occur. Additionally, the alternating ALD cycle can be appropriately modified to

accomplish doping or alternate atomic engineering of the deposited layer.



42

3.1.2 Non-vacuum deposition techniques

The advantage of employing non-vacuum techniques is reduced capital equipment

costs and reduced deposition time in some cases (since no vacuum pump down time is re-

quired). Two vacuum techniques are briefly highlighted below: spin-coating and printing.

These methods will likely become more prevalent in oxide semiconductors research.

Spin-coating utilizes a liquid precursor containing the desired chemical constituents

for thin film deposition. The precursor is dropped atop a (preferably) hydrophillic sub-

strate surface (stationary or already spinning) for deposition. The substrate is then spun

(generally at 1-5000 rpm) to disperse the liquid over the entire substrate. This process

may be repeated several times to obtain the desired thickness. The liquid is then dehy-

drated, typically by heating, to form the thin film. The dehydration process drives out any

solvents (or other undesired constituents) which may have been used in the precursor and

(ideally) improves the structural properties of the forming film. Variations of the above

steps are often employed. For example, heating can be utilized between “coats” and after

the entire stack is complete. Spin-coating has been used forfabrication of ZnO TTFTs by

Norriset al. [103]

The capital equipment costs required for printing of devices and circuits are typi-

cally higher than spin-coating. However, printing is a “direct-write” process, so (expen-

sive) photolithographic techniques would not be required for patterning. Printing tech-

niques typically are suitable for applications that do not require a high level of resolution.

Several types of printing, including ink jet printing [129], screen printing [130], and mi-
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crocontact printing [131, 132] have already been employed for fabrication of organic

electronics. There are sparse reports of inorganic transistors produced by printing. [133]

3.1.3 Thin film patterning techniques

Patterning of thin films is critical to device integration; the techniques relevant to

the fabrication of devices for this work are shadow mask patterning, photolithography,

and lift-off. Of these techniques, shadow mask patterning is the simplest. Shadow mask

patterning utilizes a physical mask that is placed in the path of incoming atoms during

deposition to create a pattern. While this technique is frequently used for the fabrication

of devices in this work, the resolution can be limited. Resolution can be improved through

the use of photolithography or lift-off, which are discussed below. [117]

3.1.3.1 Photolithography

Photolithography is a process that transfers a pattern ontoanother surface using ul-

traviolet (UV) light. The basic steps employed in photolithography are as follows. First,

photoresist (a light sensitive material used to form the pattern) is deposited atop a thin

film or substrate. The resist is then exposed to UV light through a mask, which contains

transparent and opaque regions. The photoresist is then submerged in developer to define

the pattern. Post processing (etching, ion implantation, etc.) can now be applied selec-

tively to regions without photoresist. It should be noted that two bake steps, a soft bake

and a post-exposure bake, are also required. The soft bake follows photoresist deposition

and is employed to drive out solvents and dehydrate the film. The post-exposure bake is
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employed to promote diffusion of photoactive components (discussed below) in the resist;

this reduces ridges in the photoresist sidewalls.

Conventional photoresists contain three components: resin, a photoactive compo-

nent, and solvent. Of particular interest is the photoactive component, as its operation

determines the photoresist type (positive or negative). Ina positive photoresist, the pho-

toactive component decomposes when exposed to UV light; areas exposed to UV light

become soluble in developer. In a negative photoresist, thephotoactive component cross-

links when exposed to UV light; areas exposed to UV light become insoluble in developer.

Details of the photolithography process are constantly changing, as critical dimen-

sions for some modern Si processes are smaller than 100 nm. The usage of negative

photoresists has been limited to low resolution processes due to swelling of the resist dur-

ing development. Additionally, the wavelength of the UV light has shifted from 436 nm

(g-line), to 365 nm (i-line), and to≤ 248 nm (deep UV).

3.1.3.2 Lift-off patterning

Lift-off patterning is commonly employed in research when an etch process is not

available or when selectivity between layers of a device is poor. For lift-off, the photore-

sist is first deposited and patterned. The thin film is then deposited atop the photoresist

and substrate. The substrate is then submerged in a solvent to remove the resist, leaving

a patterned film. Since photoresist is present during thin film deposition, lift-off is lim-

ited to low-temperature processes. Additionally, a bi-layer lift-off process is employed in

some cases. The bi-layer process employs a lift-off resist and an imaging resist. During
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development, the lift-off resist undercuts the imaging resist. This improves resolution of

lift-off processing to∼0.25µm. Lift-off is employed for patterning of ITO in the fabrica-

tion of transparent circuits. [19]

3.1.4 Post-deposition annealing

Post-deposition annealing is often employed to obtain the desired properties of thin

films. For example, post-deposition annealing of TCOs in an inert ambient often in-

creases the conductivity. This is not surprising, as oxygenvacancies are a possible source

of intrinsic donor defects in ZnO, In2O3:Sn, Zn2SnO4, and other TCOs. For TTFTs,

post-deposition annealing of the channel layer strongly influences the turn-on voltage

and mobility of a device. The effects of post-deposition annealing will be discussed in

Ch. 4.

Devices fabricated for this work are annealed using either an AET Thermal, Inc.

rapid thermal processing (RTP) system, Barnstead Thermolyne 62700 box furnace, or a

Neytech QEX furnace. In the RTP system, the substrate is placed in a quartz chamber that

is backfilled with a process gas using MFC’s. Substrate heating is accomplished through

the use of halogen bulbs externally mounted on the top and bottom of the chamber. Water

and compressed dry air are used for cooling. Typical ramp rates are on the order of

10◦C/sec, resulting in high throughput of fabricated devices.Although the RTP system is

fully programmable, the box furnace is typically used when alower ramp rate or longer

soak time is required.
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3.2 Thin film characterization

Two essential thin film characterization techniques are Hall and optical transmission

measurements. Hall measurements can be used to determine majority carrier type and

concentration, conductivity, and Hall mobility. Optical transmission measurements can

be used to determine the band gap and transition type.

3.2.1 Hall measurement

The Hall effect, discovered in 1879, can be used to determinethe resistivity, carrier

type and concentration, and mobility of a sample. [134, 135]The Hall effect is based on

the Lorentz force,

F = q(−→v x
−→
B ), (3.2)

whereq denotes the charge of the particle,−→v the velocity vector, and
−→
B the magnetic

field vector. The Lorentz force deflects carriers (the direction of deflection is determined

by the right-hand rule) towards the top or bottom of the sample, creating a potential known

as the Hall voltage,VH . The Hall voltage is defined as,

VH =
BI
qtn

, (3.3)

whereI is the current,t is the thickness of the sample andn is the carrier concentration.

In addition, one can define the Hall coefficient,RH ,

RH =
tVH

BI
. (3.4)

Note that the sign of the Hall coefficient indicates dominantcarrier type; a negative Hall

coefficient indicates that electrons are the dominant carriers. [134, 135]
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After determining the Hall coefficient, the carrier concentration,n, is given by,

n = − 1
qRH

. (3.5)

To determine the Hall mobility, the film resistivity is first assessed using,

ρ =
πt

ln(2)

R12,34+R23,41

2
. (3.6)

The two resistances in Eq. 3.6 can be generalized asRab,cd and are measured by forcing a

current from contacta to b, then measuring the voltage between terminalsd andc. Note

that the contacts are defined in a clockwise fashion around the perimeter of the sample.

Finally, the Hall mobility,µH , is obtained using,

µH =
RH

ρ
. (3.7)

Note that the Hall mobility is related to the conductivity mobility for electrons (or holes)

via

µH = rµn(p), (3.8)

wherer, the scattering factor, and is defined as,

r =
〈τ2〉
〈τ〉2 . (3.9)

τ is the mean time between scattering events.r is typically between 1 and 2. Specifically,

r is 1.18 for lattice scattering and 1.93 for impurity scattering. [134]

For measurements conducted at OSU, a symmetric lamella-type van der Pauw

structure is used. [134] When using this structure, terminals to the sample should be

small and close to the sample edges. Sample and contact symmetry is not required, but
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in practice is preferred. If these conditions are not met, appropriate corrections must be

made.

3.2.2 Optical transmission

When an incoming photon with energy,

Eph = hν, (3.10)

is absorbed, it can interact with one of four types of carriers: inner shell electrons, valence

electrons, free carriers, or electrons trapped by localized impurities and other defects.

[32, 136, 137] The fundamental absorption process, which can be used to analyze band

gap and transition type (allowed direct, forbidden direct,allowed indirect, and forbidden

indirect), occurs when a valence electron is promoted to a higher energy state (e.g. con-

duction band). Due to competing absorption processes as well as quantum mechanical

selection rules that need to be accounted for, there is a degree of uncertainty when fitting

data to one of the four transition types.

The first step in analyzing the band gap is to measure the optical transmittance and

reflectance across the appropriate wavelength spectrum. From this data, the absorption

coefficient,α, can be determined.

α =
1
t

ln

(

1
1−A

)

, (3.11)

wheret is the thickness andA is the optical absorptance of the film. If the optical re-

flectance is assumed to be constant over the portion of the spectrum in consideration,

A ∝ 1−T, (3.12)
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otherwise

A = 1−T −R, (3.13)

whereT andRare the optical transmittance and reflectance, respectively. Although incor-

rect α values are obtained when using Eq. 3.12, this does not introduce additional error

to extrapolation of the band gap.

Considering an energy-momentum (E−k) diagram, if the valence band maximum

and conduction band minimum are located at the same point ink-space (e.g.k = 0 = Γ

in GaAs), the band gap is direct. If the conduction band minimum and valence band

maximum are offset ink-space, the band gap is indirect (e.g. Si). Quantum selection rules

determine the probability of an electron transition and determine whether the transition

is allowed or forbidden. For forbidden transitions, selection rules forbid transitions atΓ,

but allow transitions atk 6= 0 with the probability increasing as a function ofk2.

For allowed direct transitions between parabolic bands,

α ∝ (hν−Eg)
1/2, (3.14)

whereh is Planck’s constant,ν is the frequency, andEg is the band gap. For forbidden

direct transitions between parabolic bands,

α ∝ (hν−Eg)
3/2. (3.15)

To conserve momentum in indirect transitions between parabolic bands, phonon

(lattice vibration) emission or absorption must accompanyphoton absorption. For al-
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lowed indirect transitions,

α = αa(hν)+αe(hν) (3.16a)

∝
(hν− (Eg−Ep))

2

exp
(

Ep
kT

)

−1
+

(hν− (Eg+Ep))
2

1−exp
(

− Ep
kT

) , (3.16b)

whereEp is the phonon energy, k is the Boltzmann constant, and T is thetemperature.

It is apparent from Eq. 3.16b that temperature determines the dominant process. At high

temperature,α is dominated by the phonon absorption process and can be approximated

to,

α ≃ αa ∝ (hν− (Eg−Ep))
2. (3.17)

At low temperature,α is phonon emission dominated,

α ≃ αe ∝ (hν− (Eg+Ep))
2. (3.18)

For forbidden indirect transitions between parabolic bands,

α ∝
(hν− (Eg−Ep))

3

exp
(

Ep
kT

)

−1
+

(hν− (Eg+Ep))
3

1−exp
(

− Ep
kT

) . (3.19)

Similar to allowed indirect transitions, forbidden transitions between parabolic bands are

temperature-dependent and can be simplified. At high temperature,

α ≃ αa ∝ (hν− (Eg−Ep))
3. (3.20)

At low temperature,

α ≃ αe ∝ (hν− (Eg+Ep))
3. (3.21)

Assuming thatEp ≪ Eg allowsEp to be neglected when extrapolating the band gap en-

ergy.
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Figure 3.3: Band structure of a degenerately doped direct band gap semiconductor, illus-
trating the origin of the Burstein-Moss shift with the hatched area distinguishing filled
states.

By plotting (α)n vs hν (wheren is 2, 2/3, 1/2 or 1/3 for allowed direct, forbidden

direct, allowed indirect, or forbidden indirect transitions, respectively), the transition type

and band gap can be estimated. The transition type is determined by the linearity of the

fit near the absorption edge. The band gap is determined by extrapolating(α)n back to

the x-axis (hν). However, there may be multiple competing absorption processes, making

this method of band gap analysis indefinite.

3.2.2.1 Burstein-Moss shift

For degenerately doped semiconductors, it is possible for the absorption edge to

shift to higher energies; this shift, which was independently discovered by Burstein and

Moss in InSb, is known as the Burstein-Moss shift. [138, 139,140] Considering a direct
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band gap semiconductor,

α ∝ (hν−Eg−ξn)
1/2, (3.22)

whereξn represents the depth the Fermi level is within the conduction band, as shown

in Fig. 3.3. Note that the degree of shifting due to the Burstein-Moss phenomenon gives

qualitative information on band curvature and the density of states effective mass since,

m∗ =
1

1
h̄2

d2E
dk2

, (3.23)

where E is the electron kinetic energy, ¯h is Dirac’s constant, and k is the wave vector. A

large Burstein-Moss shift indicates a large slope in the conduction band concomitant with

a small effective mass.

3.2.2.2 Considerations for amorphous materials

The electronic states (density of states) of an amorphous semiconductor are consid-

erably modified from that of a crystalline semiconductor. [141] Figure 3.4 compares the

density of states,N(E) as a function of energy,E, for crystalline and amorphous semi-

conductors. The most noteworthy differences between the two cases are tailing ofN(E)

into the gap, smearing of band edges, and the presence of broad defect bands (as opposed

to discrete trap levels) in the amorphous case. The mobilitygap in the amorphous case

plays an analogous role to the band gap in the crystalline case, where the (mobility) edges

are demarkations between extended and localized states. [142]

Consequently, the optical absorption characteristic for amorphous semiconductors

is less abrupt than that of crystalline semiconductors. As shown in Fig. 3.5, three regions

of absorption are typically observed in amorphous semiconductors are shown: the strong
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Figure 3.4: Exemplary density of states,N(E) as a function of energy,E characteristics
for (a) crystalline and (b) amorphous semiconductors. The lines within the band gap of
the crystalline case represent discrete trap levels. The dotted area and∆EC/∆EV in the
amorphous case represent localized states and band tailing, respectively.

absorption (or interband) region (A), the exponential (or Urbach) region (B), which ex-

tends over several orders of magnitude , and the weak absorption tail (region C). [143]

Note that the demarkation between regions A and B corresponds to the mobility gap.

[144]

In the strong absorption region, the absorption coefficientfollows the form,

Eα ∝ (E−Eo)
n, (3.24)

whereEo is the optical gap andn is a constant that is usually equal to 2 or 3. While

Eo does not have a clear physical meaning, empirically determining Eo with Eq. 3.24

can be useful for comparing a series of samples with varying fabrication conditions. The

constantn is equal to 2 when assuming a parabolic density of states distribution near



54

A

B

C
lo

g

Photon energy

Figure 3.5: Schematic of the absorption coefficient as a function of photon energy for
amorphous semiconductors. The three regions, A, B, and C, correspond to the strong
absorption edge, Urbach region, and weak absorption region, respectively.

the band edge. [143] While the assumption of a parabolic distribution is appropriate for

extended states, this assumption may be questionable for localized states near the band

edges in some cases. In those cases, assuming a linear density of states distribution may

be more appropriate and results inn = 3. [141]

In the exponential region, absorption primarily involves band tails. Here, the ab-

sorption coefficient follows the form,

α ∝ eE/Eu, (3.25)

whereEu is the Urbach energy, which corresponds to the width of band tails. The Urbach

energy can be shifted by charged defect states and lattice vibrations.
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In the weak absorption region, absorption primarily involves defect states within

the mobility gap and follows an exponential form, given as,

α ∝ eE/Et , (3.26)

whereEt is a trap energy. As the slope in this region will always be smaller than in the

Urbach region,Et is always larger thanEu. Experimentally, this region is difficult to study

due to the low absorption levels. Thus, many references do not include this region in the

absorption characteristic.

3.3 Thin-film transistor characterization

Methodologies for extracting several TFT figures-of-meritincluding the subthresh-

old swing, threshold voltage, drain current on-to-off ratio, turn-on voltage, and channel

mobility are discussed below. While the channel mobility ismost often used for de-

vice comparison, each figure-of-merit describes a specific characteristic of device per-

formance. Moreover, each figure-of-merit, including the channel mobility, has unique

shortcomings. Thus, it is imperative to consider a compilation of these figures-of-merit

when assessing device performance.

3.3.1 Thin-film transistor operation

Analysis of semiconductor devices typically begins with anenergy band diagram

assessment. Figure 3.6 shows equilibrium energy band diagrams through the channel of

a bottom-gate, n-channel, accumulation-mode TFT, composed of Al (the work function,

Φm, is 4.1 eV [145]) - Al2O3 (Eg = 9.5 eV [146, 147, 148]) - ZnO (Eg = 3.2 eV [36]).
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Figure 3.6: Equilibrium energy band diagram for several cases: (a) interface states are
neglected, (b) acceptor-like interface states are considered, and (c) donor-like interface
states are considered.
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This particular structure is chosen for its similarity to the TTFTs fabricated in this the-

sis research. The three band diagrams shown illustrate various conditions; (a) interface

states are neglected, (b) acceptor-like interface states are considered, and (c) donor-like

interface states are considered. Revisiting Fig. 2.1b, theequilibrium energy band diagram

shown in Fig. 3.6a differs due to consideration of the metal-semiconductor work function

(the work function is the difference between the vacuum level and Fermi level) differ-

ence, which is negative for the materials shown in this case,resulting in an accumulation

layer near the semiconductor-insulator interface. As seenfor all three cases, there is up-

ward band-bending of the exposed ZnO surface; this is due to acceptor-like surface states

concomitant with the chemisorption of oxygen. [149, 150]

The TFTs fabricated for this thesis have many similarities with conventional MOS-

FETs, but there are also several differences. TFTs are fabricated on insulating substrates

(which is advantageous for device isolation) rather than conductive silicon substrates as

with MOSFETs. In addition, the fabricated TFTs utilize an amorphous or polycrystalline

thin-film channel and are accumulation-mode rather than single-crystal, inversion-mode

devices.

As TFTs and MOSFETs are both field-effect devices, classic MOSFET drain cur-

rent equations are typically employed for TFT assessment. The MOSFET equations for

both the triode and saturation regions of operation are shown here for convenience,

ID = µCins
W
L

[(VGS−VT)−V2
DS

2
] → Triode:VDS≤VGS−VT (3.27a)

ID =
1
2

µCins
W
L

(VGS−VT)2 → Saturation:VDS > VGS−VT . (3.27b)
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However, the application of Eq. 3.27 for TFT assessment may be inappropriate, due to

several subtleties in the device characteristics. The following equations are better suited

for TFT assessment,

ID = µ(VGS)Cins
W
L

[(VGS−Von)−
V2

DS

2
] → Triode:VDS≤VGS−Von (3.28a)

ID =
1
2

µ(VGS)Cins
W
L

(VGS−Von)
2 → Saturation:VDS > VGS−Von. (3.28b)

Two differences are apparent between Eqs. 3.27 and 3.28. First, the channel mobility has

been modified. Eq. 3.27 assumes that the mobility is constantas the gate field is varied;

while this assumption is reasonable for MOSFETs, it does notapply to a variety of TFT

technologies (including organic and wide band gap TFTs). Second,VT is replaced by the

turn-on voltage of the device,Von. VT is an ill-defined parameter for TFTs (and even for

MOSFETs in some sense), as its assessment is quite subjective. These changes and details

of the device channel mobility,VT , andVon are discussed in the following subsections.

3.3.2 DC current-voltage measurements

DC current-voltage characteristics presented in this section and throughout this

work are obtained using an Hewlett Packard 4156B Precision Semiconductor Parame-

ter Analyzer; measurements are executed in the dark unless otherwise stated. The default

testing parameters are a “hold time” of 500 ms, a “delay time”of 200 ms, and “Medium”

integration time. Devices are contacted using a BNC-based Micromanipulators probe

station.

Bias stress testing results are obtained using the same testsetup.



59

3.3.3 DC current-voltage measurements: Output characteris-
tics

ID −VDS or output characteristics provide qualitative information regarding the de-

vice under test. Saturation in these characteristics indicate that the channel layer can be

fully depleted of carriers for the applied bias voltages used. Additionally, the low-VDS re-

gion can be analyzed for significant deviations from linearity, which may be an indication

of substantial contact resistance.

3.3.4 DC current-voltage measurements: Transfer characteris-
tics

ID −VGS or transfer characteristics provide quantitative information regarding the

device under test. Extraction of several electrical parameters is discussed below, including

the subthreshold swing, drain current on-to-off ratio, threshold voltage, turn-on voltage,

and channel mobility.

3.3.5 Transfer characteristics: Subthreshold swing extraction
and drain current on-to-off ratio

The subthreshold swing (S) and drain current on-to-off ratio (Ion−o f f
D ) are estimated

using a semi-log plot of the transfer characteristic taken at highVDS. S is the inverse of

maximum slope in the transfer characteristic,

S=

(

dlog(ID)

dVGS

∣

∣

∣

∣

max

)−1

. (3.29)

S can be a useful quantification of how efficiently the devices turns on and is typically

less than 1. For the device shown in Fig. 3.7,S∼0.34 V/dec.Ion−o f f
D is a parameter for
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Figure 3.7: Log(ID)−VGS characteristics whereVDS is varied as a geometric progression
(0.01, 0.1, 1, 10 V) for subthreshold swing, drain current on-to-off ratio, and turn-on
voltage extraction of a staggered bottom-gate ZTO-channellayer TFT.

switching applications and provides a useful measure of device performance, asIon−o f f
D

is directly affected by gate leakage.Ion−o f f
D is simply the ratio of the on-current to off-

current (for theVDS = 10 V measurement), as shown in Fig. 3.7. For this device,Ion−o f f
D >

107.

3.3.6 Transfer characteristics: Threshold voltage extraction and
the turn-on voltage

Typically, VT is considered to be a unique device parameter. In actuality,VT is a

rather ambiguous quantity. [134] The ambiguity arises frommultiple sources. First,VT
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gered bottom-gate ZTO-channel layer TFT. The threshold voltage is extracted using two
differentVGS ranges: (a) -10≤VGS≤ 5 V and (b)-10≤VGS≤ 10 V.

can be extracted using several methods, including extrapolation of theID −VGS curve

(when biased in triode) or extrapolation of the
√

ID −VGS curve (when biased in satu-

ration). Additionally, extrapolation of curves can be quite subjective. Figs. 3.8(a) and

(b) showID −VGS curves withVDS = 100 mV for the same device at two different zoom

levels (i.e., differentVGS ranges). The extrapolated value ofVT is ∼ 0.5 and 1.8 V for

Figs. 3.8(a) and (b), respectively. This difference inVT underscores the subjective nature

of extrapolation for obtaining quantitative device parameters.

With this in mind, an analogous figure-of-merit, denoted theturn-on voltage,Von, is

used extensively in this work. Revisiting Fig. 3.7,Von is determined by plotting log(ID)−

VGS. The gate voltage at the onset of conduction (distinguishedby a sharp increase in cur-

rent) establishesVon. [151]Von is attractive for several reasons: ambiguous model fitting

(i.e., extrapolation) is not required,Von identifies the lower range of device operation, and
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as shown in Fig. 3.7,Von is independent of drain voltage (as long asVDS > a few kBT/q).

In practice, anomalous subthreshold current characteristics, possibly due to a displace-

ment or gate leakage current, are sometimes seen for lowVDS, soVDS > 5 V is typically

used when determiningVon.

3.3.6.1 Additional considerations forVon

Von is influenced by a number of factors, including the gate-semiconductor work

function difference (φcs), the free volumetric carrier density before application of a gate

bias (n0, which is assumed to be uniform across the semiconductor layer), and the trap

density (at the interface and/or within the semiconductor).

Of particular interest for oxide semiconductor-based TFTsis n0, as it is highly

controllable and is the dominant factor for determiningVon in many cases. The goal when

fabricating a TFT is to minimizen0 while maintaining the quality of the channel layer.

This becomes clear as we considerNmax, the maximum sheet carrier density which can

be injected or extracted due to the field effect prior to insulator breakdown .Nmax is

determined from analysis of the charge neutrality relationship,QM = QS, at the point of

insulator breakdown, whereQM is the charge density on the metal (or contact) andQS is

the charge density in the semiconductor. Thus,Nmax is defined as,

Nmax=
QS−max

q
=

Vins−max·Cins

q
=

FBDtins

q
· εrε0

tins
=

FBDεrε0

q
, (3.30)

whereFBD is the insulator breakdown field,tins is the insulator thickness,εr is the insulator

relative dielectric constant, andε0 is the permittivity of free space.
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Now, consider the ratio ofNmax to N0, denoted here as the field-effect modulation

ratio,

β =
Nmax

n0ts
, (3.31)

wherets is the thickness of the semiconductor. In cases whereβ is less than 1, the insulator

cannot sufficiently extract the carriers already present inthe semiconductor in order to

fully deplete it. In other words, whenβ is less than 1, the insulator would break down

before the device is “turned off”.

It may be useful to evaluateβ for several hypothetical cases. Thus,Nmaxand several

other parameters for various dielectric materials are given in Table 3.1. Unless otherwise

stated,Eg is obtained from Strehlowet al. [146] εr andFBD are taken from Ono, [152]

andχ, the electron affinity, is obtained from Peacocket al. [147]

With Nmax specified,β can now be determined. In the case of oxide semiconduc-

tors, deposition parameters can vary the carrier concentration drastically; this variation

can be in the range of 1015 to 1021 cm−3. Assuming a semiconductor thickness of 100

nm and that the device is integrated with an Al2O3 gate insulator (nmax = 2.66× 1013

cm−2), β is ∼ 2.7 × 104 and 2.7× 10−3 at the lower and upper carrier concentration

boundaries, respectively. In the case of the upper carrier concentration boundary, the in-

sulator cannot deplete the semiconductor before dielectric breakdown; this highlights the

need to minimizen0.
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Table 3.1: Properties of various dielectric materials, including Eg, the band gap,εr , the
relative dielectric constant,FBD the breakdown field, andχ, the electron affinity. Note
that * indicates values which are estimated.

Insulator Eg εr FBD χ Nmax

(eV) (MV/cm) (eV) (1013 cm−2)

Al2O3 9.5 8 3.5-6 1* 1.55 - 2.66

BaTa2O6 22 3.5 4.26

HfO2 5.8 [147] 16 0.17-4 [118] 2.5 0.15 - 3.54

SiO2 11 4 6 0.9 1.33

Ta2O5 4.6 23-25 1.5-3 3.2 1.91 - 4.15

TiO2 3.75 60 0.2 3.9 [153] 0.66

Y2O3 5.6 12 3-5 2* 1.99 - 3.32

ZrO2 5 19.8 [154] 2.5

3.3.7 Transfer characteristics: Mobility extraction

The channel mobility of a field-effect transistor (FET) is the average mobility of

carriers transported in the channel and results from consideration of all applicable scatter-

ing mechanisms (phonon, ionized impurity, and interface roughness), according to Math-

iessen’s rule. [155, 134] As the channel mobility quantifiesthe current drive capability

and maximum switching frequency of a FET, accurate extraction and assessment is vital.

While the channel mobility is a useful figure-of-merit for device comparison, there

are several complications. Similar toVT estimation, there are multiple ways to extract the
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channel mobility, all resulting in slightly different values. Additionally, the gate leakage

current is (typically) not accounted for, and can affect theextracted value.

The classic (and most commonly encountered) methods for determining the channel

mobility utilize MOSFET drain current equations. The effective mobility, µe f f, and the

field-effect mobility,µFE, are both determined from an assessment of the linear portion

of the triode region of device operation (below pinch-off),while the saturation mobility,

µsat, is established from the saturation region (above pinch-off). As these methods are

commonly encountered, they are summarized in the followingsubsection.

Application of the classic mobility estimation techniquesto the assessment of TFTs

can be questioned. Hoffman has recently introduced two additional estimates of mobility,

namely the average mobility,µavg, and incremental mobility,µinc.[87] For TFTs, these

mobility estimates are preferred and are thus used extensively throughout this work. A

short description of these mobility estimates are given in Sec. 3.3.7.2.

3.3.7.1 Mobility extraction:µe f f, µFE, andµsat

The below pinch-off drain current relationship can be described and approximated

as, [134, 156]

ID = µ
Z
L

QnVDS−µZ
kT
q

dQn

dx
, (3.32a)

≃ µ
Z
L

QnVDS, (3.32b)

whereQn is the mobile channel charge density, Z is the gate width, andL is the gate

length. To directly determineQn, a measurement of the gate-to-channel capacitance as a

function of gate voltage is required. Alternatively, it is often useful to obtain a first order
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approximation ofQn from electrostatics,

Qn = Cins(VGS−VT). (3.33)

The approximation shown in Eq. 3.32b is obtained by assuminga uniform channel charge

density. When biasing at lowVDS (50 - 100 mV), this assumption is reasonable and al-

lows the second term of Eq. 3.32a, which is related to carrierdiffusion, to be neglected.

However, neglecting this diffusion-related term does introduce some error in mobility

determination. Specifically, when biasing a MOSFET in the subthreshold regime (i.e.

VGS< VT) and near the threshold voltage, a significant diffusion current flows and the ap-

proximation in Eq. 3.32b deteriorates. Thus, mobility assessment in these regions results

in significant error. However, at gate voltages appreciablylarger thanVT (VGS> VT +0.5

V), the error is less than 10%. [134]

Differentiating Eq. 3.32b with respect toVDS or VGS determines the channel con-

ductance,gd, or transconductance,gm, respectively. In practice, large-signal equivalents

of gd andgm are commonly employed, as they can easily be estimated from typical DC

ID−VDS measurements (given that reasonable gate and drain voltagesteps are used). The

small- and large-signal channel conductance and transconductance are related as follows,

gd =
∂ID

∂VDS

∣

∣

∣

VGS=Constant
→ GD =

∆ID
∆VDS

∣

∣

∣

VGS=Constant
, (3.34)

gm =
∂ID

∂VGS

∣

∣

∣

VDS=Constant
→ Gm =

∆ID
∆VGS

∣

∣

∣

VDS=Constant
, (3.35)

where∆ in this and the following expressions refers to taking differences between discrete

data points as a means of accomplishing differentiation of adiscrete data set.
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Using the derivative Eq. 3.32b andgd (Gd) or gm (Gm) determines the effective

mobility or field-effect mobility, respectively.

µe f f =
gd

Z
L Qn

=
Gd

Cins
Z
L(VGS−VT)

, (3.36)

µFE =
gm

Z
L

∂Qn
∂VGS

=
Gm

Cins
Z
LVDS

. (3.37)

Note that assessment ofµe f f requires a value forVT , in contrast toµFE, which is not

explicitly dependent onVT .

The channel mobility is sometimes estimated from the above pinch-off drain current

relationship; mobility estimates from this region of device operation are denoted as,µsat.

One method of extractingµsat is to connect the drain to the gate and measureIDSAT. This

biasing configuration is only applicable if the device undertest is enhancement-mode (i.e.

VT > 0). Square law theory asserts that the above pinch-off draincurrent is given by,

IDSAT = Ciµsat
Z
2L

(VGS−VT)2. (3.38)

µsat is extracted using,

µsat =

(

d
√

IDSAT

dVGS

√

1

Ci
Z
2L

)2

. (3.39)

The approach taken to determineµsat is to take the square root of Eq. 3.38 and then

differentiate with respect toVGS. This methodology alleviates the need to evaluateVT and

reveals thatµsat is determined from the slope of the
√

IDSAT vs.VGS characteristic.

Comparing the mobility determination methods discussed above,µe f f is preferred

for several reasons.µsat is an inaccurate assessment of the “channel” mobility, as itis an

average of the mobility in the channel and the mobility in thepinched-off region of the
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channel. In practice, it is suggested thatµsat only be employed when the gate leakage

current significantly affects below pinch-off current characteristics. With respect toµFE,

it has been shown by Kanget al. [157] that field-effect mobility data can be extracted

from µe f f. In addition,µFE is viewed as unreliable; whenµFE is used in the fundamen-

tal FET equation to generate a simulatedID −VDS curve, the simulated curve does not

accurately fit the original experimentalID−VDS characteristic. The source of this inaccu-

racy has been attributed to exclusion of the gate dependencein the determination ofµFE.

[157] AlthoughµFE is not preferred, it is still useful since there is less ambiguity in its

determination due to the fact that a value forVT is not required.

Figure 3.9 shows exemplaryµ−VGS characteristics for the three mobility estima-

tion techniques (µe f f, µFE, andµsat) discussed in this section.µe f f is determined using

Eq. 3.36, whereGd is calculated usingVDS = 0.1 V andVT = 10.5 V. µFE is determined

using Eq. 3.37, whereVDS = 0.1 V. µsat is calculated using Eq. 3.39. It should be noted

that theµe f f characteristic shows an anomalously large value nearVT , which should be

neglected, as it is not representative of device performance. Rather, it is an artifact asso-

ciated with the singularity present in Eq. 3.36 whenVGS= VT .

Considering theµFE characteristic in Fig. 3.9, the mobility initially increases with

increasing gate voltage and then saturates. The initial increase may be due to an increasing

ratio of free to trapped charge with increasing gate voltage, i.e. at lower gate voltages, the

mobility is possibly trap-limited. [151]

In some cases, a decrease in mobility is observed at high values ofVGS. This de-

crease may be caused by several effects. At higher gate voltages, carriers are drawn
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Figure 3.9: Summary of mobility determination methods for astaggered bottom-gate
IGZO-channel layer TFT. For this device,Von andVT are 8.75 and 10.5 V, respectively.
µe f f andµFE are determined usingVDS = 0.1 V and Eqs. 3.36 and 3.37, respectively.
µSAT is determined usingVDS = 30 V and Eq. 3.39. Note that theµsat characteristic is
only shown for the portion ofVGS where the device is in the saturation regime of device
operation, i.e.,VGS< VDS+Von = 38.75 V.

closer to the oxide-semiconductor interface and the mobility degrades due to enhanced

Coulombic scattering, which arises from interface states,and interface roughness scatter-

ing. [134] The mobility decrease may also be due in part to increasing contact resistance

effects with increasing gate voltage. [151]

3.3.7.2 Modified mobility extraction:µavg andµinc

The general premises of Hoffman’s mobility extraction methodology are the use

of basic charge transport theory (assuming drift-dominated transport) and including the
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gate voltage dependence of mobility (which is significant for many TFT technologies). A

short summary of Hoffman’s derivation is given here. [87]

Assuming drift-dominated transport, the channel conductance can be defined as,

Gd(VGS) = µavg(VGS)
Z
L

Qn(VGS). (3.40)

Note thatGd, µavg (the average mobility), andQn are all a function ofVGS. Addition-

ally, note that although the large-signal channel conductance is employed here, the small-

signal equivalent could be substituted.. As discussed in Sec. 3.3.7.1,Qn can be determined

by measurement of the gate-to-channel capacitance or approximated from electrostatics.

Here,Qn is approximated slightly differently than in Sec. 3.3.7.1 as,

Qn(VGS) = Cins(VGS−Von). (3.41)

Equation 3.40 can be rearranged and combined with Eq. 3.40 todetermineµavg,

µavg(VGS) =
gd

Z
LQn

=
Gd

Cins
Z
L (VGS−Von)

. (3.42)

The left portion of Eq. 3.42 is identical toµe f f. However, the approximation ofQn for µavg

replacesVT with Von; this eliminates the previously discussed ambiguity inherent toVT .

However, the use ofVon results in the inclusion of the subthreshold regime (VGS< VT) for

analysis. In cases where the subthreshold regime is dominated by diffusion current (e.g.,

MOSFETs), the use ofVon introduces additional (undesired) uncertainty to the mobility

extraction. For TFTs, the contribution from diffusion current in the subthreshold regime

is likely minimal (so long asVDS is approaching 0 V) and thus, significant error is not

introduced in the mobility extraction.
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Another mobility estimate, the incremental mobility (µinc), is derived here,

∆Qn(VGS) = Cins∆VGS, (3.43a)

∆Gd = µinc(VGS)
Z
L

∆Qn(VGS), (3.43b)

µinc(VGS) =

∆Gd
∆VGS
Z
LCins

=
G′

d(VGS)

Cins
Z
L

. (3.43c)

For this derivation, the incrementally induced channel charge (∆Qn(VGS)) is first assessed.

Then, a corollary of Eq. 3.40 is used to determine the differential channel conductance.

Finally, these equations are combined and rearranged to obtain µinc. Before proceeding,

it is important to note that the validity of Eq. 3.43b is contingent upon the assumption

that the mobility of carriers already present in the channeldoes not change as additional

charge is induced.

µavg andµinc characteristics as a function ofVGS are shown in Fig. 3.10. Compar-

ing these mobility estimates,µavg is of greater practical significance, as it estimates the

mobility of all carriers in the channel and is more useful forquantifying device perfor-

mance. On the other hand,µinc is of greater physical significance, as it estimates the

mobility of incrementally induced carriers with changing gate voltage and is more useful

for understanding device performance.

3.3.7.3 Additional comments for mobility extraction

All (five) of the above channel mobility estimates will be encountered when re-

searching TFTs. Whileµe f f, µFE, andµsat are most commonly encountered, this work

will employ µavg andµinc for estimating channel mobility. These estimates are preferred,

as their derivation does not utilize idealized transistor models (which are more suited to
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Figure 3.10:µavg andµinc−VGS characteristics for the same device shown in Fig. 3.9 (a
staggered bottom-gate IGZO TFT).µavg andµinc are determined usingVDS = 0.1 V and
Eqs. 3.42 and 3.43c, respectively.

MOSFETs) and their physical interpretations are given by Hoffman. [87] Moreover, these

estimates do not utilizeVT , a rather ambiguous quantity.

3.4 Conclusions

A summary of thin film processing techniques relevant to the fabrication of TFTs

for this thesis is presented. Thin film processing techniques explored include evapora-

tion, sputtering, atomic layer deposition, and post-deposition annealing. Sputtering is
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discussed in some detail, as these techniques have been essential to the development of

TFTs presented in Chapter 4.

Relevant thin-film characterization techniques includingHall and optical transmis-

sion measurements are presented. The Hall measurement is essential to evaluation of

mobility, carrier concentration, and conductivity of thin-films. Optical characterization

of films allows determination of the energy band gap and transition type. Additionally,

the modified optical absorption spectrum for amorphous semiconductors is discussed.

Finally, an overview of TFT characterization is given. First, the uses of output and

transfer characteristics are presented. This includes estimation of the subthreshold swing

and drain current on-to-off ratio. Then,Von is introduced and is identified as a device

parameter that indicates the lower range of device operation. Finally, channel mobility

extraction is discussed.
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4. OXIDE SEMICONDUCTOR-BASED THIN-FILM
TRANSISTORS

Indium gallium oxide (IGO), zinc tin oxide (ZTO), and indiumgallium zinc oxide

(IGZO) are explored as semiconductor layers in TFTs. Interest in these materials is gar-

nered from a variety of sources. IGO-based TFTs have been demonstrated in transparent

circuits. [19] ZTO is a low-cost material. IGZO-based TFTs have been fabricated on flex-

ible substrates. [114] Several experimental variables areexamined in this section with the

intention of developing low-temperature processes compatible with a variety of flexible

plastic substrates. Table 4.1 summarizes the materials experimental variables investigated

for each material.

4.1 IGO-based thin-film transistors

IGO-based TFTs are fabricated by using a staggered bottom-gate test structure. [86]

The structure employs a p-doped (boron,∼3× 1016 cm−3) 10×15 mm2 Si substrate with

a SiO2 (100 nm thick) gate dielectric layer formed via thermal oxidation. The p-doped Si

acts as both the gate and substrate. Ta/Au layers (10/300 nm thick, respectively) are de-

posited on the backside of the Si substrate to form a gate contact. The IGO semiconductor

layer (typically∼50 nm thick) and ITO source and drain electrodes (typically∼250 nm

thick) are deposited via rf magnetron sputtering and are patterned using shadow masks.

IGO deposition employs a 2 in target sputtered at 75 W and 5 mTorr total Ar/O2 process-

ing pressure with a 10 cm target-to-substrate distance and various O2 partial pressures
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Table 4.1: Overview of materials and experimental variables employed for exploration of
oxide semiconductor-based TFTs.

Material Structure S/D Material(s) Experimental variables

IGO Staggered bottom-gate ITO

Anneal Temperature

O2 Partial Pressure

Stoichiometry

ZTO Staggered bottom-gate Al

Anneal Temperature

Anneal Ambient

O2 Partial Pressure

IGZO Staggered bottom-gate

Anneal Temperature

ZIO O2 Partial Pressure

ITO rf Power

Semiconductor thickness

(0.5, 0.25, and 0 mTorr). Two ceramic targets (Cerac, Inc.) with different In/Ga ratios

(InGaO3 and In1.33Ga0.67O3) are used. Following IGO deposition, devices are furnace

annealed in air for 1 hour with temperatures ranging from 200to 800◦C. Six test struc-

tures are fabricated on each 10×15 mm2 substrate (three with W/L = 1000µm/200 µm

and three with 2000µm/200µm).
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Figure 4.1: XRD patterns are obtained for InGaO3 and In2xGa2−2xO3 (thin films) material
systems from a Siemens D5000 diffractometer using Cu Kα radiation andθ-2θ scans.
The thin films (∼400 nm) are subjected to a 700◦C anneal. An In2O3 (powder) pattern is
shown for reference.

4.1.1 Thin film analysis

XRD patterns are obtained for∼400 nm films which are deposited from InGaO3

and In1.33Ga0.67O3 sputter targets; individual films are subjected to annealings between

400 and 700◦C in 100◦C steps. The XRD data are obtained using a Siemens D5000

diffractometer with Cu Kα radiation andθ-2θ scanning. XRD patterns for In1.33Ga0.67O3

and InGaO3 films annealed at 700◦C are shown in Fig. 4.1. The In1.33Ga0.67O3 pattern

is similar to the cubic In2O3 powder reference pattern, but exhibits a systematic shift to
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higher 2θ for the (222), (400), and (440) peaks, likely due to Ga substitution into the

cubic lattice with a concomitant reduction in the unit cell size. The additional increase

in Ga concentration of InGaO3 results in a further shift of the (222) peak to a higher 2θ,

further reduction in unit cell size, and absence of the (400)and (440) peaks.

Although not shown here, In2O3 thin films are examined and found to be polycrys-

talline as-deposited. In contrast, In1.33Ga0.67O3 and InGaO3 thin films are polycrstalline

only after post-deposition anneals at temperatures in excess of 600◦C and 700◦C, respec-

tively. Below these annealing temperatures, the XRD patterns exhibit a single, extremely

broad peak at 2θ ∼ 34◦, characteristic of amorphous indium gallium oxide films previ-

ously reported. [70]

4.1.2 TFT characteristics

Log(ID)−VGSand log(IG)−VGScharacteristics (atVDS = 30 V) are shown in Fig. 4.2

for an In1.33Ga0.67O3 TFT which is subjected to a 200◦C channel layer anneal. Note that

ID, VGS, IG, andVDS are the drain current, gate-to-source voltage, gate current, and drain-

to-source voltage, respectively.ID −VDS characteristics, whereVGS is decreased from 15

V (top curve) to 6 V in 3 V steps, are shown in the inset of Fig. 4.2. Qualitatively ideal

TFT behavior is observed, including drain current saturation.

Electrical parameters often used to characterize a TFT are turn-on voltage, drain

current on-to-off ratio, and channel mobility. The turn-onvoltage,Von, is the gate voltage

at the onset of channel conduction, i.e., the gate voltage atthe onset of the initial sharp
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Figure 4.2: Log(ID)−VGS and log(IG)−VGS characteristics obtained atVDS = 30 V for an
In1.33Ga0.67O3 TFT. The channel layer processing employs an Ar/O2 processing pressure
of 5 mTorr with 0.25 mTorr oxygen partial pressure and a 200◦C post-deposition anneal.
(Inset)ID−VDS characteristic whereVGS is varied from 15 (top curve) to 6 V in 3 V steps.
The solid squares represent measured data points. The solidlines are generated using
a closed-form DC model for long-channel TFTs with gate voltage-dependent mobility
characteristics.

increase in current in a log(ID)−VGS characteristic. [87]Von is equal to 2 V for the device

shown in Fig. 4.2. The drain current on-to-off ratio is> 106.

Two estimates for the channel mobility are the incremental (µinc) and average (µavg)

mobility. [87] While both estimates are assessed in the linear region of device operation

(VDS → 0 V), each has a unique physical interpretation.µinc represents the mobility of

incrementally induced carriers with changing gate voltage, assuming that carriers already

present in the channel have a constant mobility.µavg represents the average mobility of all

carriers in the channel. As shown in Fig. 4.3,µinc andµavg saturate at values of∼19 and
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Figure 4.3:µinc andµavgas a function ofVGSfor an In1.33Ga0.67O3 TFT. The channel layer
processing employs an Ar/O2 processing pressure of 5 mTorr with 0.25 mTorr oxygen
partial pressure and a 200◦C post-deposition anneal.

∼15 cm2V−1s−1, respectively. The validity of the channel mobility estimates is verified

by calculating drain current values using theµavg curve in Fig. 4.3. The solid lines in Fig.

4.2 are generated using a DC model for long-channel TFTs withgate voltage-dependent

mobility characteristics [158] and show reasonable agreement with measured data (solid

squares).
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Figure 4.4: Incremental mobility−annealing temperature characteristics obtained atVDS
= 1 V for InGaO3 TFTs sputtered in Ar/O2 at a processing pressure of 5 mTorr with
several oxygen partial pressures. These oxygen partial pressures consist of 0.5 (dotted),
0.25 (solid), and 0 (dashed) mTorr; the arrow indicates the direction of decreasing oxygen
partial pressure. Note that open circles represent TFTs withVon < -20 V.

4.1.3 Effects of O2 partial pressure and stoichiometry

Severalµinc−annealing temperature characteristics for InGaO3 TFTs are shown in

Fig. 4.4 and correspond to TFTs fabricated in Ar/O2 at a processing pressure of 5 mTorr

with different oxygen partial pressures (0.5, 0.25, and 0 mTorr). In these characteris-

tics, the post-deposition annealing temperature is variedfrom 200 to 800◦C in 100◦C

increments. Additionally, the performance of non-annealed TFTs (TFTs not subjected

to an intentional post-deposition anneal) are plotted at 70◦C to account for the approx-
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imate, unintentional in-situ temperature attained duringdeposition. Up to 600◦C, the

mobility increases with increasing annealing temperature, then decreases at 700◦C. The

initial increase in mobility with annealing temperature isattributed to modification of

the semiconductor/insulator interface with temperature or to improved local atomic rear-

rangement. Recalling that InGaO3 thin films are polycrystalline at 700◦C, the decrease

in mobility witnessed in Fig. 4.4 is tentatively attributedto grain boundary-inhibited

transport. [24]

For the characteristics shown in Fig. 4.4, first notice that two low-temperature data

points are identified by open circles, indicating thatVon for these devices is extremely low

(< -20 V). Next, consider theµinc trend; in general,µinc increases with decreasing oxygen

partial pressure. Devices annealed at 300◦C exhibitµinc values of∼0.3, 11.6, and 15.6

cm2V−1s−1 for oxygen partial pressures of 0.5, 0.25, and 0 mTorr, respectively. Finally,

note that although theVon trend is not explicitly shown here,Von decreases (becomes more

negative) with decreasing oxygen partial pressure. For devices annealed at 300◦C,Von is

∼0.1, 0, and -12.8 V for oxygen partial pressures of 0.5, 0.25,and 0 mTorr, respectively.

It is likely that the increase inµinc and decrease inVon with decreasing oxygen partial

pressure are interrelated. A decrease inVon corresponds to an increase in free carrier

concentration, i.e., a shift in the zero-gate bias Fermi level towards the conduction band.

As the zero-gate bias Fermi level shifts towards the conduction band, a larger fraction of

interface and/or traps within the semiconductor are filled,resulting in reduced trapping of

injected channel electrons and a corresponding increase inchannel mobility.
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Figure 4.5: Incremental mobility−annealing temperature characteristics obtained atVDS
= 1 V for TFTs fabricated from several sputter target compositions, i.e., Ga2O3 (solid
line, triangles), InGaO3 (dashed line, diamonds), In1.33Ga0.67O3 (solid line, squares),
and In2O3 (dotted line, open circles). The arrow indicates the direction of increasing In
concentration in the sputter target. These TFTs are fabricated in Ar/O2 at a processing
pressure of 5 mTorr with an oxygen partial pressure of 0.25 mTorr. Note that open circles
represent TFTs withVon < -20 V.

Four µinc−annealing temperature characteristics are shown in Fig. 4.5 and corre-

spond to TFTs fabricated with similar processes (i.e., an Ar/O2 processing pressure of 5

mTorr with an oxygen partial pressure of 0.25 mTorr), but from sputter targets of differ-

ing composition, i.e., Ga2O3, InGaO3, In1.33Ga0.67O3, and In2O3. µinc for In2O3 TFTs

increases with annealing temperature to a maximum value of 67 cm2V−1s−1 at 800◦C;
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this increase is attributed to the monotonic increase in grain size with annealing tempera-

ture, as observed by XRD analysis.

Comparing theµinc trends exhibited by similarly processed InGaO3 and In2O3

TFTs, a decrease inµinc is not observed in In2O3 TFTs subjected to high temperature

anneals. This may be due to the fact that In2O3 is polycrystalline over the entire range

of annealing temperatures, while InGaO3 is amorphous at low temperature and begins to

crystallize above 600◦C. Additionally, this discrepancy in the In2O3 and InGaO3 anneal-

ing temperature trends may arise, at least partially, from the extremely negativeVon (<

-20 V) of In2O3 channel layer TFTs. This extremely negativeVon corresponds to a high

electron carrier concentration in the channel, which leadsto an increased fraction of filled

traps and to a reduced grain boundary activation barrier, resulting in improved electron

mobility. [24, 88, 159] However, it should be noted that a large negativeVon, as observed

in In2O3 TFTs, will require level-shifting circuitry when integrating such discrete devices

into circuits, which is undesirable.

Now, consider the Ga2O3 characteristic, which coincides with the x-axis in Fig. 4.5.

Below an annealing temperature of 500◦C, Ga2O3 TFTs exhibit negligible field-effect. At

800◦C, Ga2O3 TFTs exhibit a maximumµinc of ∼0.05 cm2V−1s−1. In contrast to In2O3,

Ga2O3 TFTs exhibit large positiveVon’s (> 10 V). This combination of low mobility and

large positiveVon suggests that Ga2O3-based TFTs possess a large density of empty traps

at the semiconductor/insulator interface and/or in the active channel layer.

The center curves shown in Fig. 4.5 represent TFTs fabricated from InGaO3 and

In1.33Ga0.67O3 sputter targets. It is evident thatµinc increases with increasing indium
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Figure 4.6: (a)ID −VDS characteristic whereVGS is varied from 0 (bottom curve) to 30
V in 10 V steps. (b) Log(ID)−VGS and log(IG)−VGS characteristics obtained atVDS = 30
V for a ZTO-based TFT. The ZTO deposition employs a rf power of75 W, an Ar/O2
processing pressure of 5 mTorr with 0.050 mTorr oxygen partial pressure, and a 10 cm
target-to-substrate distance. Additionally, the ZTO layer is subjected to a 175◦C post-
deposition anneal in N2.

concentration. The observed increase inµinc may arise from two factors or a combination

thereof. First, this increase inµinc may derive from the larger radius of the In 5s orbital

relative to the Ga 4s orbital, leading to better orbital overlap and a broader conduction

band. [51, 52] Additionally, the increasedµinc is accompanied by a decrease inVon (not

shown), which indicates a shift in the zero-gate bias Fermi level towards the conduction

band and, potentially, improved electron mobility due to a larger fraction of filled traps,

as previously discussed.

4.2 ZTO-based thin-film transistors

ZTO-based (ZnSnO3) TFTs are fabricated with a staggered bottom-gate test struc-

ture. [86] The structure employs a p-doped (boron,∼3 × 1016 cm−3) 10×15 mm2 Si

substrate with a SiO2 (100 nm thick) gate dielectric layer formed via thermal oxidation.
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The p-doped Si acts as both the gate and substrate. Ta/Au (10/300 nm thick, respectively)

are deposited on the backside of the Si substrate to form a gate contact. The ZTO chan-

nel layer is deposited via rf magnetron sputtering and is patterned using shadow masks.

ZTO deposition employs a 2 in target (purchased from Cerac, Inc.) sputtered in 5 mTorr

total Ar/O2 processing pressure with a 10 cm target-to-substrate distance. An rf power

of 75 W and various O2 partial pressures (0.075, 0.050, and 0.025 mTorr) are employed.

Following ZTO deposition, devices are furnace annealed in air or N2 for 1 hour with

temperatures ranging from 175 to 325◦C. Finally, Al or ITO is deposited as the source

and drain electrodes (typically∼200 nm thick). Six test structures are fabricated on each

10×15 mm2 substrate (three with W/L = 1000µm/200µmand three with 2000µm/200

µm).

4.2.1 TFT characteristics

ExemplaryID −VDS characteristics for a ZTO TFT are shown in Fig. 4.6a. This

TFT is fabricated using rf sputtering with a power of 75 W, an Ar/O2 processing pressure

of 5 mTorr with 0.050 mTorr oxygen partial pressure, and a 10 cm target-to-substrate dis-

tance. The ZTO layer is subjected to a 175◦C post-deposition anneal in N2. In Fig. 4.6a,

VGS is increased from 0 V (bottom curve) to 30 V in 10 V steps. For eachVGS step, the

drain voltage is swept forward then backwards; no hysteresis is visually apparent. More-

over, qualitatively, ideal TFT behavior is observed, including drain current saturation,

indicating that the entire thickness of the semiconductor layer can be fully depleted.
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Figure 4.7:µinc andµavg as a function ofVGSobtained atVDS = 100 mV for the ZTO-based
TFT shown in Fig. 4.6.

The corresponding log(ID)−VGS transfer characteristic (atVDS = 30 V) is shown

in Fig. 4.6b. This transfer characteristic is utilized to estimate several figures-of-merit,

includingVon, S, andIon−o f f
D , which are∼-1 V, 0.6 V/decade, and> 107, respectively,

for this device.

Two estimates for the channel mobility obtained in the linear region of device oper-

ation (VDS→ 0 V) are the incremental (µinc) and average (µavg) mobility. For the charac-

teristics shown in Fig. 4.7,VDS = 10 mV is used to estimate the mobility; maximum values

of µinc andµavg are∼9 and∼7 cm2V−1s−1, respectively. For additional information on

channel mobility extraction, see Sec. 3.3.7.
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Figure 4.8: Log(ID)−VGS characteristics obtained atVDS = 100 mV for ZTO-based TFTs
fabricated after two different extended presputter treatments (where an Ar/O2 process-
ing pressure of 5 mTorr is employed with 0.050 and 0.50 mTorr O2 partial pressures).
The deposition parameters for the semiconductor layer are arf power of 75 W, an Ar/O2
processing pressure of 5 mTorr with 0.050 mTorr oxygen partial pressure, and a 10 cm
target-to-substrate distance. The ZTO layer is subjected to a 175◦C post-deposition an-
neal in N2.

4.2.1.1 Additional Remarks

Prior to deposition of the semiconductor layer for device fabrication, two presputter

procedures are employed to adequately condition the targetsurface to obtain reproducible

results. A short presputter (10-20 minutes) is performed before each deposition; the pro-

cessing conditions for this presputter are identical to those employed for the deposition.

An extended presputter (1 to 4 hours) is initially performedwhen the target is placed

in the chamber to remove any contamination that may have accumulated during target

storage. This presputter is typically performed in an Ar/O2 ambient with 10% O2 (i.e.,



88

0.50 mTorr O2 partial pressure when the total processing pressure is 5 mTorr). However,

modifying the extended presputter can significantly alter device performance. Figure 4.8

shows two devices which are fabricated with identical processing conditions after the

target is subjected to different extended presputter treatments. As observed in Fig. 4.8,

presputtering in low O2 percentages leads to a large negative shift inVon when compared

to the typical 10% O2 extended presputter treatment. Thus, it is recommended that the

extended presputter treatment not be modified after a process recipe has been established.

4.2.2 Effects of O2 partial pressure

Severalµinc−annealing temperature characteristics for ZTO TFTs are shown in

Fig. 4.9 and correspond to TFTs fabricated in Ar/O2 at a processing pressure of 5 mTorr

with different oxygen partial pressures (0.075, 0.050, and0.025 mTorr). In these char-

acteristics, the post-deposition annealing temperature is varied from 175 to 325◦C in

50 ◦C increments. The mobility increases with increasing annealing temperature. This

increase in mobility with annealing temperature is attributed to modification of the semi-

conductor/insulator interface or to improved local atomicrearrangement. Comparing the

threeµinc−annealing temperature characteristics, the mobility increases with decreasing

O2 partial pressure. Recall that a similar trend is observed with IGO-based TFTs.

The correspondingVon-annealing temperature characteristics are shown in Fig. 4.9b.

Von generally decreases with increasing annealing temperature. Comparing the threeVon

characteristics,Von generally decreases with decreasing O2 partial pressure. This is not

surprising as intrinsic defects (i.e., oxygen vacancies) in oxide semiconductors are a
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Figure 4.9: (a)µinc and (b)Von−annealing temperature characteristics for ZTO-based
TFTs sputtered at a rf power of 75 W and in an Ar/O2 processing ambient of 5 mTorr
with several O2 partial pressures. These O2 partial pressures consist of 0.075 (dotted),
0.050 (solid), and 0.025 mTorr (dashed); the arrow indicates the direction of decreasing
O2 partial pressures.

source of carrier generation. It is likely that this decrease in Von is associated with the

observed increase inµinc as the the oxygen partial pressure is reduced. A decrease in

Von corresponds to an increase in carrier concentration, i.e.,a shift in the zero-gate bias

Fermi level towards the conduction band. As the zero-gate bias Fermi level shifts towards

the conduction band, a larger fraction of interface and/or traps within the semiconductor

are filled, resulting in reduced trapping of injected channel electrons and a corresponding

increase in channel mobility.

4.2.3 Effects of anneal ambient

The previous sections have discussed the effect of deposition (in situ) process pa-

rameters to control device properties. Here, the effect of the post-deposition anneal am-
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Figure 4.10: (a)µinc and (b)Von−annealing temperature characteristics for ZTO-based
TFTs sputtered at a rf power of 75 W and in an Ar/O2 processing ambient of 5 mTorr
with an O2 partial pressure of 0.050 mTorr. These devices are subjected to post-deposition
annealing treatments in air (dotted) and N2 (dashed).

bient is explored. This gives an additional experimental variable to control the turn-on

voltage and is particularly useful for fabricating low temperature devices.

Figure 4.10 showsµinc andVon as a function of annealing temperature for devices

subjected to post-deposition annealing treatments in air or N2. Compared to the air anneal,

the N2 anneal reducesVon and increasesµinc. The decrease inVon is likely associated with

an increased density of oxygen vacancies due to the inert anneal. The increase inµinc

is likely associated with the decrease inVon. The N2 anneal is superior to the air anneal

for devices processed in the 175-225◦C range sinceVon is near zero andµinc is ∼10-

20 cm2V−1s−1 for this temperature range. However, the N2 anneal is inferior to the air

anneal for devices processed in the 275-325◦C range; whileµinc is greater when devices

are annealed in N2, Von is highly negative.
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4.3 IGZO-based thin-film transistors

IGZO-based (InGaZnO4) TFTs are fabricated by using a staggered bottom-gate

test structure. [86] The structure employs a p-doped (boron, ∼3 × 1016 cm−3) 10×15

mm2 Si substrate with a SiO2 (100 nm thick) gate dielectric layer formed via thermal

oxidation. The p-doped Si acts as both the gate and substrate. Ta/Au (10/300 nm thick,

respectively) are deposited on the backside of the Si substrate to form the gate contact.

The IGZO channel layer is deposited via rf magnetron sputtering and is patterned using

shadow masks. IGZO deposition employs a 3 in target (purchased from Cerac, Inc.)

sputtered in a 5 mTorr total Ar/O2 processing pressure with a 10 cm target-to-substrate

distance. Several rf powers (75, 100, and 125 W) and various O2 partial pressures (0.5,

0.25, and 0 mTorr) are employed. Additionally, various IGZOthicknesses (10 to 150

nm) are explored by modifying deposition time. Following IGZO deposition, devices are

furnace annealed in air for 1 hour at temperatures ranging from 100 to 800◦C. Finally,

ZIO (ZnIn4O7) or ITO is deposited as the source and drain electrodes (typically∼200 nm

thick). Six test structures are fabricated on each 10×15 mm2 substrate (three with W/L =

1000µm/200µm and three with 2000µm/200µm).

4.3.1 TFT characteristics

Baseline IGZO-based TFTs are fabricated using rf sputtering with a power of 75 W,

a processing pressure of 5 mTorr in pure Ar, and a 10 cm target-to-substrate distance.

The IGZO layer is subjected to a 175◦C post-deposition anneal in air. ExemplaryID −

VDS characteristics for TFTs fabricated using these processing conditions are shown in
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Figure 4.11: (a)ID−VDS characteristic whereVGS is varied from 0 (bottom curve) to 30 V
in 10 V steps. (b) Log(ID)−VGS and log(IG)−VGS characteristics obtained atVDS = 30 V
for an IGZO-based TFT. The IGZO deposition employs a rf powerof 75 W, a processing
pressure of 5 mTorr in pure Ar, and a 10 cm target-to-substrate distance. Additionally, the
IGZO layer is subjected to a 175◦C post-deposition anneal.

Fig. 4.11a. Here,VGS is increased from 0 V (bottom curve) to 30 V in 10 V steps. For each

VGS step, the drain voltage is swept forward, then backwards; nohysteresis is visually

apparent. Moreover, qualitatively, ideal TFT behavior is observed, including drain current

saturation, indicating that the entire thickness of the semiconductor layer can be fully

depleted.

The corresponding log(ID)−VGS transfer characteristic (atVDS = 30 V) is shown

in Fig. 4.11b. This transfer characteristic is utilized to estimate several figure-of-merits,

includingVon, S, andIon−o f f
D , which are∼0 V, 0.6 V/decade, and> 107, respectively,

for this device. It is interesting to note that TFTs based on other oxide semiconductors

(e.g. IGO, ZTO, and ZIO) which are sputtered in pure argon typically require higher

annealing temperatures (≥ 300◦C) to stabilize (i.e., reduce the free carrier concentration
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Figure 4.12:µinc (dashed) andµavg (solid) as a function ofVGS obtained atVDS = 1 V
for an IGZO-based TFT. The IGZO deposition employs a rf powerof 75 W, a processing
pressure of 5 mTorr in pure Ar, and a 10 cm target-to-substrate distance. Additionally, the
IGZO layer is subjected to a 175◦C post-deposition anneal.

and subsequently, shiftVon towards zero) device characteristics. As shown here, 175◦C

annealing results in stabilized device characteristics for IGZO-based TFTs.

Two estimates for the channel mobility obtained in the linear region of device op-

eration (VDS → 0 V) are the incremental (µinc) and average (µavg) mobility. As shown in

Fig. 4.12,µinc andµavg saturate at values of∼17 and∼14 cm2V−1s−1, respectively. For

additional information on channel mobility extraction, see Sec. 3.3.7.
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Figure 4.13: Log(µinc)−annealing temperature characteristics obtained atVDS = 1 V for
IGZO-based TFTs sputtered at 100 W in Ar/O2 at a processing pressure of 5 mTorr with
several oxygen partial pressures. These oxygen partial pressures consist of 0.5 (dotted),
0.25 (solid), and 0 mTorr (dashed); the arrow indicates the direction of decreasing oxygen
partial pressure.

4.3.2 Effects of O2 partial pressure

Severalµinc−annealing temperature characteristics for IGZO-based TFTs are shown

in Fig. 4.13 and correspond to TFTs fabricated in Ar/O2 at a processing pressure of 5

mTorr with different oxygen partial pressures (0.5, 0.25, and 0 mTorr). In these char-

acteristics, the post-deposition annealing temperature is varied from 200 to 800◦C in

100 ◦C increments. It should be noted that non-annealed TFTs (TFTs not subjected to

an intentional post-deposition anneal) do not exhibit an appreciable field-effect and thus,

are omitted from this plot. First, consider the behavior of asingleµinc−annealing tem-
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Figure 4.14:Von−annealing temperature characteristics obtained atVDS = 30 V for IGZO-
based TFTs sputtered at 100 W in Ar/O2 at a processing pressure of 5 mTorr with several
oxygen partial pressures. These oxygen partial pressures consist of 0.5 (dotted), 0.25
(solid), and 0 mTorr (dashed); the arrow indicates the direction of decreasing oxygen
partial pressure.

perature characteristic with respect to temperature. Up to500◦C, the mobility increases

with increasing annealing temperature to a maximum value ofµinc ∼16 cm2V−1s−1. This

increase in mobility with annealing temperature is attributed to modification of the semi-

conductor/insulator interface with temperature or to improved local atomic rearrange-

ment. For annealing temperatures above 600◦C, the mobility decreases with increas-

ing annealing temperature. This decrease is possibly associated with crystallization (i.e.,

grain boundary-inhibited transport) or phase segregationin the IGZO layer. [24] As these

high-temperature devices are of minimal interest for this work, the cause of this decrease

is not explored.
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Now, compare theµinc−annealing temperature characteristics. Below 400◦C, the

mobility increases with decreasing O2 partial pressure (at 200◦C, µinc ∼0.05, 0.1, and

13.4 cm2V−1s−1 for oxygen partial pressures of 0.5, 0.25, and 0 mTorr, respectively).

As the anneal temperature is increased above 400◦C, theµinc−annealing temperature

characteristics for all three O2 partial pressures begin to converge. Here, the annealing

treatment dominates and minimizes the effect of other process parameters.

The correspondingVon-annealing temperature characteristics are shown in Fig. 4.14.

Below 400◦C,Von decreases with increasing annealing temperature. Above 400 ◦C, Von

varies between 0 and -10 V. Comparing the threeVon characteristics,Von generally de-

creases with decreasing O2 partial pressure (at 400◦C,Von ∼ -1, -4, and -9 V for oxygen

partial pressures of 0.5, 0.25, and 0 mTorr, respectively).This is not surprising as in-

trinsic defects (i.e., oxygen vacancies) in oxide semiconductors are a source of carrier

generation.

4.3.3 Effects of rf power

Severalµinc−annealing temperature characteristics for IGZO-based TFTs are shown

in Fig. 4.15a and correspond to TFTs fabricated in Ar/O2 at a processing pressure of 5

mTorr (0.5 mTorr O2 partial pressure) with various rf powers (75, 100, and 125 W).

In these characteristics, the post-deposition annealing temperature is varied from 200 to

800 ◦C in 100◦C increments. Below 400◦C, the mobility increases with increasing rf

power (at 200◦C, µinc ∼0.004, 0.05, and 0.4 cm2V−1s−1 for rf powers of 75, 100, and

125 W, respectively). As the anneal temperature is increased above 400◦C, the mobility
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Figure 4.15: (a) Log(µinc) and (b)Von−annealing temperature characteristics for IGZO-
based TFTs sputtered in Ar/O2 at a processing pressure of 5 mTorr (0.5 mTorr O2 partial
pressure) with several rf powers. These rf powers consist of75 (dotted), 100 (solid), and
125 W (dashed); the arrow indicates the direction of increasing rf power.

characteristics for all three rf powers begin to converge. Above 400◦C, the annealing

treatment dominates device characteristics and minimizesthe effect of other process pa-

rameters.

Figure 4.15b shows the correspondingVon-annealing temperature characteristics.

First, consider one of theVon characteristics;Von decreases with increasing annealing

temperature. Now, compare the threeVon characteristics;Von generally decreases with

increasing rf power (at 200◦C, Von ∼ 34, 19, and 13 V for rf powers of 75, 100, and

125 W, respectively) and is associated with increasing freecarrier concentration in the

semiconductor layer with increasing rf power.

The increase in mobility and free carrier concentration (atlow temperature) with

increasing rf power is likely due to increased order in the semiconductor layer. As the rf

power is increased, higher energy neutrals and ions can reach the substrate. This results
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in increased adatom mobility and leads to increased order inthe growing film. [160] Ad-

ditionally, the increase in mobility and free carrier concentration are likely interrelated.

An increase in free carrier concentration is concomitant with a shift in the zero-gate bias

Fermi level towards the conduction band. As the zero-gate bias Fermi level shifts to-

wards the conduction band, a larger fraction of interface traps and/or traps within the

semiconductor are filled, resulting in reduced trapping of injected channel electrons and

a corresponding increase in channel mobility.

4.3.4 Influence of semiconductor thickness

The effect of semiconductor thickness on TFT electrical performance has been in-

vestigated by Barquinhaet al. for staggered bottom-gate ZIO-based devices and by Mar-

tin et al. for staggered top-gate a-Si:H devices. [112, 161] Trends observed in those

systems are compared with the IGZO-based TFTs shown here.

Figure 4.16a showsµinc as a function of semiconductor thickness,ts. In general,

µinc does not significantly vary with respect tots (< 15% variation). This differs from

experimental results for ZIO-based TFTs and a-Si:H TFTs, where the mobility can vary

up to 3× with ts. [112, 161] For ZIO-based TFTs, the channel mobility decreases with

increasing semiconductor thickness. Barquinhaet al. attribute the reduction in mobility

to the increased source-drain path length asts is increased. For a-Si:H TFTs, the mobility

exhibits an initial increase and then a decrease asts is increased. The initial increase

in mobility is attributed to an improvement in the quality ofthe a-Si:H layer, while the

decrease in mobility is attributed to parasitic resistanceeffects.
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Figure 4.16: (a)µinc and (b)Von as a function of semiconductor thickness for IGZO-based
TFTs. The IGZO layer is rf sputtered at a power of 125 W, a processing pressure of 5
mTorr in Ar/O2 (0.05 mTorr O2 partial pressure), and a 10 cm target-to-substrate distance.
Additionally, these TFTs are subjected to different post-deposition annealing treatments:
175◦C in N2, 175 and 325◦C in air.

Scrutinizing the mobility characteristics shown in Fig. 4.16a, there is arguably, a

systematic change in mobility with respect tots for devices annealed at 175◦C. The verti-

cally oriented black dashed line in Fig. 4.16a represents a demarkation between lower and

higher-mobility regions for thinner and thicker TFTs, respectively. For an ultrathin semi-

conductor layer (ts ≤ 25 nm), conduction is confined near the insulator-semiconductor

interface; since interface states and/or a higher concentration of defects are expected at

an interface, this is likely to result in lower mobility for athinner semiconductor layer.

Additionally, an ultrathin semiconductor layer can be non-continuous and/or inhomoge-

neous as a consequence of the nucleation and island formation mechanism associated

with the growth of a thin film. The non-continuous/inhomogeneous nature of an ultra-

thin semiconductor layer would be expected to inhibit conduction (and consequently, the

mobility).
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The associatedVon− ts characteristics are shown in Fig. 4.16b. For TFTs annealed

at 325◦C in air, Von is nearly independent ofts, with only ∼1.3 V of variation inVon

across the entire range of semiconductor thicknesses. In contrast, for TFTs annealed at

175◦C (in air and N2), Von decreases with increasing thickness.

Before discussing the mechanisms which lead to this decrease inVon, it is important

to investigate the origin ofVon, which, to a large extent, is determined by charge or traps

present within the semiconductor or at one of its interfaces. With this in mind,Von is

given as, [124, 162]

Von ≈ −QIT

Cins
− (Qf ree+Qbulk)

(

1
Cins

+
2

Csemi

)

−QSS

(

1
Cins

+
1

Csemi

)

, (4.1a)

= −QIT

Cins
−qts(nf ree+nbulk)

(

1
Cins

+
2

Csemi

)

−QSS

(

1
Cins

+
1

Csemi

)

. (4.1b)

Eq. 4.1a is an approximation ofVon and is used here for illustrative purposes. Eq. 4.1a

accounts for charge present at the insulator-semiconductor interface (QIT ), free electron

charge in the semiconductor layer (Qf ree), charge present in “bulk” trap states within the

semiconductor band gap (Qbulk), and charge present at the back surface (QSS), which is the

surface opposite to the insulator-semiconductor interface. Qf ree andQbulk are assumed

to be uniform throughout the entire thickness of the semiconductor layer, which allows

expansion of these terms to include the effect ofts, as shown in Eq. 4.1b. The capacitor

which is placed in series withCins in Eqs. 4.1a,b, namely ,Csemi/2 is also a consequence

of the assumption thatQf ree andQbulk are uniformly distributed throughout the semicon-

ductor layer. In the formulation of these equations, several non-idealities are neglected.

The work function difference between the gate and the semiconductor is neglected since
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this difference is predictable, is not a source of device instability, and its value is small in

comparison to other contributions toVon. Additionally, the fixed oxide charge, mobile ion

charge, and oxide trapped charge within the insulator are neglected.

Finally, note that a distinction is drawn between interfaceand surface states in

Eqs. 4.1a,b. While interface and surface states are commonly used as synonymous terms

throughout device physics research, these terms are used here to account for two dis-

tinct types of states, located either at the insulator-semiconductor interface or at the back

surface, respectively. This naming convention helps clarify discussions throughout this

dissertation.

Now, consider two cases, one in which a TFT exhibits a positive turn-on voltage and

one in which a TFT exhibits a negative turn-on voltage. In thecase of a positive turn-on

voltage, there is a substantial unfilled trap density andVon is the gate voltage required to

fill interface states, surface states, or “bulk” trap stateswithin the semiconductor band gap.

In the case of a negative turn-on voltage, free electrons arepresent in the semiconductor

prior to application of a gate voltage, so thatVon is the gate voltage required to deplete

these carriers.

With the origin ofVon established, now return to the original discussion where the

Von− ts characteristic was under consideration. Revisiting Fig. 4.16b,Von decreases with

increasing thickness for TFTs annealed at 175◦C (in air and N2). SinceVon is a large,

positive value for the∼10 nm devices (175◦C), it is likely dominated by interface and/or

surface states. Asts increases, the relative influence of the “bulk” IGZO region increases

while the effect of interface and surface states decreases,resulting in a concomitant re-
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Figure 4.17: The subthreshold swing,S, as a function of semiconductor thickness for
IGZO-based TFTs. The IGZO layer is rf sputtered at a power of 125 W, a processing
pressure of 5 mTorr in Ar/O2 (0.05 mTorr O2 partial pressure), and a 10 cm target-to-
substrate distance. Additionally, these TFTs are subjected to different post-deposition
annealing treatments: 175◦C in N2, 175 and 325◦C in air.

duction inVon. This reduction inVon with increasingts is evident from an evaluation

Eq. 4.1b under the assumption thatQIT andQSSare both constant for all semiconductor

thicknesses. Alternatively, a reduction inVon with increasingts could arise from a reduced

surface state effect asts increases (since the back surface moves away from the accumu-

lation channel asts increases). A similar trend, whereVon decreases with increasingts, is

observed in ZIO-based and a-Si:H TFTs. [112, 161]

Figure 4.17 shows the subthreshold swing,S, as a function ofts. There is signif-

icant deterioration (increase) inS with increasingts for all annealing treatments. This
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Figure 4.18: Depiction of several possible mechanisms for degradation of the subthresh-
old swing,S, with increasing semiconductor thickness. These mechanisms are (1) an
increase inID−o f f , (2) movement ofdcentroid away from the insulator-semiconductor in-
terface, (3) an increase in the sheet trap density,Nt , and (4) an increase in series resistance,
RS.

degradation inS is likely due to a combination of effects; these effects are depicted in

Fig. 4.18 and are discussed below.

The first mechanism ofS degradation, as identified in Fig. 4.18, is an increase in

the off current (ID−o f f ) with increasingts. The second possible mechanism ofSdegrada-

tion is movement of the charge centroid of the induced accumulation layer away from the

insulator-semiconductor interface asts increases. Other possible mechanisms ofSdegra-

dation are an increase in the sheet trap density,Nt , and an increase in the series resistance,

RS.
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ID−o f f typically increases with increasingts. Neglecting the effect of band bending

at the back surface of the semiconductor,ID−o f f is approximated as, [163]

ID−o f f ≃
σDtsWVDS

L
, (4.2)

whereσD is the dark conductivity of the semiconductor layer. In practice, ID−o f f can be

difficult to measure since gate insulator leakage can obscure the measurement. For IGZO-

based TFTs subjected to a 175◦C anneal in N2, ID−o f f ≃ 5× 10−11 and 2× 10−10 A for

TFTs withts = 10 and 150 nm, respectively.

The manner in which the aforementioned increase inID−o f f leads to an increase inS

is discussed here. An increase inID−o f f obscures the effect of gate-induced current since

a larger fraction of the total drain current arises fromID−o f f (the total drain current is the

sum of the off current and gate-induced current,ID = ID−o f f + ID−ind(VGS)). Note that a

similar mechanism is observed in ZTO-based TFTs, where excess carriers in depletion-

mode TFTs degrade the subthreshold swing. [109] Now, consider a numerical example,

as this illustrates howS is reduced byID−o f f . A modified subthreshold swing equation

includingID−o f f is given as,

S=
VGS2−VGS1

log 10(ID−o f f + ID−ind(VGS2))− log 10(ID−o f f + ID−ind(VGS1))
. (4.3)

For this example,ID−ind is 1× 10−10 and 5× 10−10 A for VGS values of 0.5 and 1.0 V,

respectively. WhenID−o f f = 5× 10−11 A, thenS≃ 0.89 V/dec. IfID−o f f is increased to

2x10−10 A, S increases to∼1.36 V/dec.

Now, consider the second possible mechanism ofSdegradation, movement of the

charge centroid of the induced accumulation layer away fromthe insulator-semiconductor
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interface. Ifdcentroid (the distance between the charge centroid and insulator-semiconduct-

or interface) increases, the effect of the gate field is “screened” by the semiconductor. In

other words, whendcentroid> 0, a semiconductor capacitance,CS= εs/dcentroid, is inserted

in series with the gate insulator capacitance and reduces the effective capacitance that

establishes the channel. As the thickness of the semiconductor increases, it is possible for

dcentroid to increase, reducing the effective capacitance, and consequently, leading to an

increase inS.

Finally, consider the third and fourth mechanisms ofSdegradation (as identified in

Fig. 4.18), an increase in the sheet trap density,Nt , and an increase in the series resistance,

RS. If the channel layer trap density,nt , is uniform across the entire thickness of the

semiconductor, thenNt is proportional to semiconductor thickness (Nt = nt ∗ ts), which

leads to an increase inNt for a thicker film. An increase inRS can be caused by the

increased distance between the source and induced channel as ts is increased. While

this distance is much shorter than the channel length, manifestation of series resistance

may be more likely in this region since the resistivity here is much larger than in the

induced channel. However, it is important to note that this mechanism is identified here

to consider all possibilities, but is thought to be an unlikely source ofS degradation for

the shadow mask patterned devices under consideration in which the gate-source and

gate-drain overlap regions are each∼300µm.

Revisiting the subthreshold swing trend observed in Fig. 4.17, whereS degrades

with increasingts, it is important to note that a similar trend is also seen in ZIO-based

TFTs. [112] However, this trend differs from that observed in a-Si:H TFTs presented
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by Martin et al., where a decrease inS is observed withts. [161] The degradation inS

observed by Barquinhaet al. may be related to the behavior ofID−o f f , which is found to

increase with increasingts. The improvement inSobserved by Martinet al. is attributed

to an improvement in the quality of the deposited semiconductor layer with increasingts.

It is also important to note that the semiconductor thickness does not affectID−o f f for the

TFTs presented by Martinet al.

4.4 Conclusions

Electrical characteristics for IGO, ZTO, and IGZO-based TFTs are presented. Ad-

ditionally, the effects of several experimental variablesare investigated. Oxygen partial

pressure is found to have a profound effect on the electricalperformance of each mate-

rial. Table 4.2 highlights the effect of O2 partial pressure on each material; note thatVon

increases andµinc decreases with increasing oxygen partial pressure. Another important

point is that these electrical characteristics can be strongly affected by the extended pre-

sputtering procedure when the sputter target is first placedin the vacuum chamber, as

discussed in Sec. 4.2.1.1.

In general, experimental variables (such as rf power and O2 partial pressure) have

the greatest influence at lower post-deposition anneal temperatures (≤400◦C). At higher

temperatures (>400◦C), the annealing treatment dominates device performance and min-

imizes the effect of deposition process variables.
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Table 4.2: Electrical characteristics for TFTs sputtered in Ar/O2 at a processing pressure
of 5 mTorr with several oxygen partial pressures (O2 PP). The annealing temperature for
each material set is identified in the column heading.

IGO - 300◦C ZTO - 275◦C IGZO - 400◦C

O2 PP Von µinc O2 PP Von µinc O2 PP Von µinc

(mTorr) (V) (cm2/V-s) (mTorr) (V) (cm2/V-s) (mTorr) (V) (cm2/V-s)

0.0 -12.8 15.6 0.025 -1.0 12.4 0.0 -9.0 16.1

0.25 0 11.6 0.050 0.0 9.4 0.25 -4.0 15.7

0.50 0.1 0.3 0.075 1.5 6.5 0.50 -1.0 11.5



108

5. OXIDE SEMICONDUCTOR-BASED TFTS: INTEGRATION
ISSUES

This chapter discusses integration-related issues for oxide semiconductor-based

TFTs, including TFT stability and passivation. First, stability of devices processed at

low temperature is presented. This provides a valuable benchmark from a materials ex-

ploration and circuit integration viewpoint. Next, IGZO-based TFTs are used as a test

vehicle to identify experimental parameters which influence TFT stability. Finally, stag-

gered bottom-gate TFTs are passivated with SU-8, an organicphotoresist. Successful

passivation of the oxide semiconductor surface is crucial for vertical integration in com-

plex applications and mechanical/chemical protection of devices.

5.1 Stability of low-temperature oxide semiconductor-based TFTs

A study of the stability of ZTO and IGZO-based TFTs annealed at 175 ◦C are

presented here. The annealing temperature is restricted with the intention of transferring

these deposition processes to plastic substrates (e.g. polyethylene naphthalate) in the

future.

5.1.1 ZTO-based TFTs

Figure 5.1 shows bias stress testing results for a ZTO-basedTFT that is subjected

to a 175◦C post-deposition anneal in N2. For the bias stress test,ID is monitored while

applying a constant voltage bias ofVDS = VGS = 30 V for 1000 minutes. This device

exhibits∼55% current loss throughout the duration of the testing period. The corre-
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Figure 5.1: (a)ID as a function of bias stress time for a ZTO-based TFT; this test em-
ploys a constant voltage bias ofVDS = VGS= 30 V. (Inset) Staggered bottom-gate device
structure. ZTO deposition employs a rf power of 75 W, an Ar/O2 processing pressure of 5
mTorr with 0.050 mTorr oxygen partial pressure, and a 10 cm target-to-substrate distance.
Additionally, the ZTO layer is subjected to a 175◦C post-deposition anneal in N2.

sponding electrical characteristics for this device are shown in Sec. 4.2.1. Note that a

cross-section (not to scale) of the device structure is shown in the inset of Fig. 5.1 and

that the ZTO layer is fabricated using rf sputtering with a power of 75 W (2 in target), an

Ar/O2 processing pressure of 5 mTorr with 0.050 mTorr oxygen partial pressure, and a 10

cm target-to-substrate distance.

Pre-stress and post-stress electrical characteristics are shown in Fig. 5.2. Fig-

ure 5.2a shows the log(ID)−VGS characteristics. Due to bias stress testing, this TFT ex-

hibits a positiveVon shift of ∼6 V. Figure 5.2b, compares the pre-stress and post-stress

mobility characteristics, which show minimal change. Notethat the x-axis isVGS−Von

to account for the shift inVon during testing. This shift inVon is attributed to electron
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Figure 5.2: (a) Log(ID)−VGScharacteristics obtained atVDS= 30 V before (solid triangles)
and after (open triangles) the bias stress stability test. Apositive turn-on voltage shift of
∼6 V is exhibited by this device. (b)µinc−VGS-Von characteristics obtained atVDS = 1 V
before (solid triangles) and after (open triangles) the bias stress test.

trapping in interface states (at the insulator-semiconductor interface), in surface states (at

the back surface, which is the surface opposite to the insulator-semiconductor interface),

and/or in “bulk” traps within the semiconductor band gap. Moreover, the current loss

observed in Fig. 5.1 is also attributed to electron trappingand the concomitant shift in

Von.

Previous researchers have shown that the stability of oxidesemiconductor-based

TFTs improves with increasing anneal temperature. [164] Although not shown here, it is

important to note that ZTO-based TFTs which are subjected toa 300◦C post-deposition

anneal exhibit excellent bias stress stability, with nearly no current loss orVon shift when

subjected to the 1000 minute constant voltage bias stress test.
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Figure 5.3: (a)ID as a function of bias stress time for an IGZO-based TFT; this test
employs a constant voltage bias ofVDS = VGS = 30 V. (Inset) Staggered bottom-gate
device structure. (b) Log(ID)−VGS characteristics obtained atVDS = 30 V before (solid
triangles) and after (open triangles) the bias stress stability test. A positive turn-on voltage
shift of∼2 V is exhibited by this device.

5.1.2 IGZO-based TFTs

Figure 5.3a shows bias stress testing results for an IGZO-based TFT that is sub-

jected to a 175◦C post-deposition anneal. For the bias stress test,ID is monitored while

applying a constant voltage bias ofVDS = VGS = 30 V for 1000 minutes. This device

exhibits excellent stability, with less than 20% current loss throughout the duration of the

testing period. The corresponding electrical characteristics for this device are shown in

Sec. 4.3.1. Note that a cross-section (not to scale) of the device structure is shown in the

inset of Fig. 5.3a and that the IGZO deposition employs a rf power of 75 W (3 in target),

a processing pressure of 5 mTorr in pure Ar, and a 10 cm target-to-substrate distance.

Figure 5.3b shows the pre-stress and post-stress log(ID)−VGS characteristics. Due

to the bias stress testing, this TFT exhibits a positiveVon shift of ∼2 V. The shift inVon

is attributed to electron trapping in interface states, surface states, and/or “bulk” traps
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within the semiconductor band gap. Moreover, the current loss observed in Fig. 5.3a is

also attributed to electron trapping and the concomitant shift in Von. Although not shown

here, the mobility characteristics exhibit minimal changedue to stress testing.

5.2 Oxide semiconductor-based TFT stability: IGZO-based TFTs

Here, IGZO-based TFTs are used as a test vehicle to investigate the influence of

two device parameters (Von and semiconductor thickness) on device stability. A similar

staggered bottom-gate test structure is used to investigate both parameters. The struc-

ture employs a p-doped (boron,∼3 × 1016 cm−3) 10×15 mm2 Si substrate with a SiO2

(100 nm thick) gate dielectric layer formed via thermal oxidation. The p-doped Si acts

as both the gate and substrate. Ta/Au (10/300 nm thick, respectively) are deposited onto

the backside of the Si substrate to form the gate contact. TheIGZO deposition, which

employs a 3 in target (purchased from Cerac, Inc.), is modified to controlVon and the

semiconductor thickness. To controlVon, the oxygen partial pressure of the sputter ambi-

ent is varied (between 0.20 and 0 mTorr in increments of 0.05 mTorr). Other deposition

parameters for this set of IGZO-based devices are a rf power of 125 W, an Ar/O2 pro-

cessing pressure of 5 mTorr, and a target-to-substrate distance of 10 cm. To control the

semiconductor thickness, the deposition time is varied to attain the appropriate thickness.

Other deposition parameters for this set of IGZO-based devices are a rf power of 125 W,

an Ar/O2 processing pressure of 5 mTorr, an oxygen partial pressure of 0.05 mTorr and

a target-to-substrate distance of 10 cm. The post-deposition annealing treatment for the
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IGZO layer differs for the two experiments and is identified with presented data. For the

source and drain electrodes (typically∼200 nm thick), ITO is employed.

Before proceeding, it is important to note that when evaluating trends for an exper-

iment, all associated device characterization should employ identical testing conditions.

This aspect is crucial since testing conditions (such as thestart voltage, step size of the

sweep voltage, hold and/or delay times) can significantly affect Von and the observed

hysteresis.

5.2.1 Effects ofVon on bias stress stability

Before considering the effect ofVon on bias stress stability of IGZO-based TFTs,

consider the influences which determine its value. Assumingconsistent testing condi-

tions,Von is established by the work function difference between the gate and the semi-

conductor, oxide charges related to defects in the insulator and/or insulator-semiconductor

interface, charge present in “bulk” trap states within the semiconductor band gap, the

sheet concentration of free carriers present in the semiconductor prior to application of

gate voltage,Nf ree. For oxide semiconductor-based TFTs,Nf ree can be controlled by

varying the oxygen partial pressure in the sputter deposition ambient, as shown in Chap-

ter 4. The work function difference between the gate and the semiconductor is neglected

since this difference is predictable, is not a source of device instability, and its value is

small in comparison to other contributions toVon.

Now, consider two cases for oxide-semiconductor TFTs. In the first case, the turn-

on voltage of an oxide-semiconductor based TFT is positive.Here,Von is the voltage
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Figure 5.4: (a)ID −normalizedas a function of bias stress time for several devices with
varying values ofVon. A constant voltage bias ofVDS = VGS= 30 V is employed. (b)Von
shift (the difference betweenVon after the bias stress stability test and the initial value
of Von) as a function of initialVon. These devices are sputtered at 125 W in Ar/O2 at a
processing pressure of 5 mTorr and subjected to a 300◦C post-deposition anneal in air.
Oxygen partial pressure of the sputter ambient is varied between 0.20 and 0 mTorr in
steps of 0.05 mTorr to controlVon. Von measurement employs a delay time, hold time,
andVGSstep size of 200 ms, 500 ms, and 1 V, respectively.

required to fill interface states, surface states, and/or “bulk” traps within the semiconduc-

tor band gap. In the second case, the turn-on voltage of a TFT is negative. Here,Von is

the voltage required to deplete carriers that are already present in the semiconductor prior

to the application of a voltage gate voltage.

Figure 5.4a showsID-normalized as a function of bias stress time for several devices

with varying values ofVon. These devices are sputtered at 125 W in Ar/O2 at a processing

pressure of 5 mTorr and subjected to a 300◦C post-deposition anneal in air. Oxygen

partial pressure of the sputter ambient is varied between 0.20 and 0 mTorr in steps of 0.05

mTorr to controlVon. Several features of Fig. 5.4a are noteworthy. First, note that the

bias stress stability improves as the initial value ofVon decreases. Based on previously

identified parameters which affectVon, this trend is not surprising, since devices with
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large positiveVon values correspond to devices which are strongly influenced by trapping

in interface states and/or “bulk” traps in the semiconductor band gap. Additionally, note

that the device whereVon = 0 V (which corresponds to the device sputtered in pure Ar)

is extremely stable, as negligible current loss is observedthroughout the duration of the

testing period.

Another measure of stability is theVon shift. This value is determined by the differ-

ence betweenVon after the bias stress stability test and the initial value ofVon. Figure 5.4b

showsVon shift as a function of initialVon. The general trend is in agreement with the

normalized drain current measurements shown in Fig. 5.4a, where the stability improves

as the initial value ofVon decreases.

5.2.2 Influence of semiconductor thickness

The corresponding electrical characteristics for TFTs used in this semiconductor

thickness experiment are shown in Sec. 4.3.4.

5.2.2.1 Bias stress stability

Figure 5.5a shows the log(ID)−VGS and log(IG)−VGS characteristics obtained at

VDS = 100 mV for an IGZO-based TFT which is subjected to a 175◦C in N2 and employs

an∼10 nm-thick semiconductor layer. These characteristics are obtained using a “double

sweep” methodology with the arrows indicating the direction of the sweeping voltage.

From the forward and reverse directions,Von is measured as 1.5 and 4 V, respectively.

The difference in these values is used to characterize the hysteresis and is designated,

∆Von-hysteresis, which is 2.5 V for this device. The observed hysteresis is in the “clock-
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Figure 5.5: (a) Log(ID) (solid triangles) and log(IG) (open circles) as a function ofVGS
with VDS = 100 mV for an IGZO-based TFT with a 10 nm-thick semiconductor layer.
The arrows indicate the direction of the sweeping voltage. From the forward and reverse
directions,Von is 1.5 and 4 V, respectively. The difference in these values is used to char-
acterize the hysteresis and is designated,∆Von-hysteresis, which is 2.5 V for this device.
(b) ∆Von-hysteresis as a function of semiconductor thickness. Device characterization
associated with this trend employ a delay time, hold time, and VGS step size of 200 ms,
500 ms, and 250 mV, respectively.

wise” direction, concomitant with electron trapping in interface states and/or “bulk” trap

states within the semiconductor band gap. Note that this hysteresis analysis uses the

first measurement following device fabrication or after an extended rest period (greater

than 1 week). Use of the first measurement is of particular importance since subsequent

measurements typically exhibit drastically reduced (by atleast an order of magnitude)

hysteresis, making hysteresis analysis more difficult.

Figure 5.5b shows∆Von-hysteresis as a function of semiconductor thickness. First,

note that all devices shown in Fig. 5.5b exhibit clockwise hysteresis, which is evident from

the positive values of∆Von-hysteresis. Additionally, note that hysteresis reduces as the

semiconductor thickness is increased. For an ultrathin semiconductor layer (ts≤ 25 nm),

conduction is confined near the insulator-semiconductor interface, where interface states
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Figure 5.6: (a)ID as a function of bias stress time for an IGZO-based TFT which is
subjected to a 175◦C anneal and which employs a semiconductor layer thickness of 10
nm. A constant voltage bias ofVDS = VGS= 30 V is employed. The normalized value of
ID− f inal (i.e., ID− f inal/ID0) is 0.578 for this device. (b) Normalized value ofID− f inal as a
function of semiconductor thickness.

and/or a higher concentration of defects are expected. Asts is increased, the influence of

the interface region is reduced while the influence of the “bulk” region increases, leading

to a decrease in hysteresis in thicker films. Additionally, an ultrathin semiconductor layer

can be non-continuous and/or inhomogeneous as a consequence of the nucleation and

island formation mechanism associated with the growth of a thin film, leading to increased

hysteresis for thinner films.

Figure 5.6a shows bias stress testing results for an IGZO-based TFT which is sub-

jected to a 175◦C post-deposition anneal in N2 and employs a semiconductor layer thick-

ness of 10 nm. The stress testing conditions are a constant bias ofVDS = VGS= 30 V for

1000 minutes. The normalized value ofID− f inal (i.e., ID− f inal/ID0) is useful for compar-

ing multiple devices and is∼0.58 for this device. Although not shown here, this device

exhibits aVon shift of∼4.75 V.
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Figure 5.7:Von and subthreshold swing,S, as a function of shelf life for an IGZO-based
TFT that employs a∼50 nm semiconductor thickness and a 325◦C post-deposition an-
nealing treatment in air.

Figure 5.6b shows the normalized value ofID− f inal as a function of semiconductor

thickness for devices annealed at 175◦C in N2 and 325◦C in air. Note that the device

shown in Fig. 5.6a is represented by the leftmost triangle inFig. 5.6b. Other devices

represented in Fig. 5.6b behave similarly to the device characterized in Fig. 5.6a, whereID

reduces with bias stress time andVon shifts to larger values. For both annealing treatments,

bias stress stability improves with increasing thickness.This is not surprising, as the same

factors which affect hysteresis can also affect bias stressstability. Moreover, there is an

inverse correlation between hysteresis and bias stress stability, i.e., devices which exhibit

minimal hysteresis on the first measurement also exhibit excellent bias stress stability.
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Figure 5.8: Von shift as a function of shelf life for IGZO-based TFTs which employ
different semiconductor thicknesses: 10 , 25, and 50 nm. These TFTs are subjected to a
175◦C post-deposition anneal in N2. Note thatVon shift is calculated using the original,
Week 0 value ofVon.

5.2.2.2 Shelf life stability

Figure 5.7 showsVon and subthreshold swing,S, as a function of shelf life for an

IGZO-based TFT that employs a∼50 nm semiconductor thickness and a 325◦C post-

deposition annealing treatment in air. As shown in Fig. 5.7,Von andS initially increase,

then decrease back towards their original values. Althoughnot shown here, it is important

to note that the channel mobility does not exhibit appreciable change with shelf life.

Figure 5.8 showsVon shift as a function of shelf life for IGZO-based TFTs which

employ a post-deposition anneal of 175◦C in N2 and different semiconductor thicknesses.
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For ts ≤ 50 nm, shelf life stability improves with increasing semiconductor thickness.

Additionally, note that the device in whichts= 50 nm exhibits excellent shelf life stability,

with a maximumVon shift of only 0.5 V. Forts > 50 nm, the shelf life stability is generally

excellent as well, with most devices exhibitingVon shifts lower than 1 V.

Finally, note that the different shelf life characteristics observed for oxide-semicon-

ductor-based TFTs are embodied in Fig. 5.8. The first characteristic corresponds to the

device in whichts = 10 nm; here,Von increases, then decreases back towards its original

value. The second characteristic corresponds to the devicein which ts = 25 nm; hereVon

initially increases, then saturates at an elevated value. The final characteristic corresponds

to the device in whichts = 50 nm; here a negligible shift inVon is observed.

5.3 Passivation with SU-8

Here, SU-8 passivation is explored for IGO, ZTO, and IGZO-based TFTs using

a staggered bottom-gate test structure. The structure employs a p-doped (boron,∼3 ×

1016 cm−3) 10×15 mm2 Si substrate with a SiO2 (100 nm thick) gate dielectric layer

formed via thermal oxidation. The p-doped Si acts as both thegate and substrate. Ta/Au

(10/300 nm thick, respectively) are deposited on the backside of the Si substrate to form

the gate contact. The channel layer deposition parameters and post-deposition annealing

ambient employed are given in Table 5.1. Note that the annealing temperature is varied

between 175 and 375◦C in 100◦C steps. For the source and drain electrodes (typically

∼200 nm thick), ITO is employed. Finally, SU-8 is deposited atop the TFTs as a pas-
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Table 5.1: Deposition parameters and post-deposition annealing ambient employed for
several semiconductor materials used to investigate SU-8 passivation. Note that O2 PP
and distance are the oxygen partial pressure and target-to-substrate distance, respectively.

Material
Target

Power Pressure O2 PP Distance
Anneal

Diameter Ambient

IGO 2” 75 W 5 mTorr 0.25 mTorr 10 cm N2

ZTO-A 2” 75 W 5 mTorr 0.5 mTorr 10 cm Air

ZTO-B 2” 75 W 5 mTorr 0.5 mTorr 10 cm N2

IGZO 3” 125 W 5 mTorr 0.05 mTorr 10 cm N2

sivation layer; material properties of SU-8 and details of SU-8 processing are discussed

below.

SU-8, a negative tone epoxy-based photoresist, is commonlyused in the manufac-

ture of micro-electro-mechanical systems (MEMS). [165, 166] Several properties of SU-8

are attractive for MEMS applications, including its chemical stability (SU-8 is extremely

difficult to remove once the polymer has been cross-linked),its high photosensitivity (al-

lowing fabrication of structures with high aspect ratios),and its ease of fabrication. One

of the largest applications of SU-8 involves its use in inkjet printhead nozzles. For this

dissertation, SU-8 is employed as a passivation layer, motivated by its ease of fabrication

and its chemical stability. However, one drawback of SU-8 for this application is its low

mechanical strength. The Young’s modulus of SU-8 is∼4.4 GPa, which is considerably

higher than other resists, but approximately 40 times lowerthan that of Si.
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Figure 5.9: Log(ID)−VGS characteristics obtained atVDS = 30 V for an IGZO-based TFT
(solid triangles) with an air-exposed surface and an IGZO-based TFT with a SU-8 pas-
sivation layer (open triangles). These TFTs are subjected to (a) 275 or (b) 375◦C post-
deposition anneals prior to SU-8 passivation.

The SU-8 passivation layer is deposited atop staggered bottom-gate TFTs and is

the final step in the device fabrication process. For SU-8 deposition, the substrate is first

coated with SU-8 by spin-coating (3000 rpm for 30 seconds). The layer is then sub-

jected to a two-step soft bake (65 and 95◦C for 1 minute each) to evaporate solvents in

the layer and to densify the film. Next, the film is exposed to UVlight and subjected

to a post-exposure bake, which cross-links exposed regionsof the film. The pattern is

then developed. Finally, the patterned SU-8 is subjected toa hard bake (150◦C) to fur-

ther cross-link the film. Additional information regardingSU-8 processing is available

elsewhere. [167]

5.3.1 Effects of SU-8 passivation

Figure 5.9a compares log(ID)−VGS characteristics for an IGZO-based TFT with

an air-exposed surface (i.e., an unpassivated TFT) and an IGZO-based TFT with a SU-
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8 passivation layer. Both TFTs are fabricated on the same substrate and the channel

layers are subjected to a 275◦C anneal prior to SU-8 passivation. Making comparisons

between devices which are fabricated on the same substrate ensures that devices being

compared experience identical processing conditions. Forthe TFTs shown in Fig. 5.9a,

SU-8 passivation causes a small negative shift inVon of ∼3 V. Figure 5.9b compares

log(ID)−VGS characteristics for unpassivated and passivated IGZO-based TFTs in which

the channel layers are subjected to a 375◦C anneal. In this case, SU-8 passivation causes

a large negative shift inVon that is> 30 V and is detrimental to device performance.

Although not shown here, the channel mobility is similar forunpassivated and passivated

devices.

Before discussing differences in the effect of device passivation for the IGZO-based

TFTs shown in Fig. 5.9, it is useful to review the effect of passivation for a larger set of

devices which employ other semiconductor materials and annealing temperatures. Ta-

ble 5.2 gives electrical characteristics for unpassivatedand passivated IGO, ZTO, and

IGZO-based TFTs. For all cases shown in Table 5.2, SU-8 passivation causes a negative

shift in Von. A similar effect has been observed in the passivation of ZTO-based TFTs

with SiOx by Honget al. [168]

To understand the origin of this negativeVon shift, first consider the behavior of an

air-exposed ZnO surface [149, 150] and assume that the surfaces of the multicomponent

oxide semiconductors explored in this dissertation behavesimilarly. Oxygen chemisorbs

onto an air-exposed ZnO surface, creating acceptor-like surface states. Filling of these

surface states by conduction band electrons results in a depletion of the ZnO surface.
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Table 5.2: Electrical characteristics of unpassivated andpassivated IGO (InGaO3), ZTO
(ZnSnO3), and IGZO-based (InGaZnO4) TFTs. Recall that the ZTO-A and ZTO-B ma-
terials are subjected to post-deposition annealing treatments in air and N2, respectively.
Note that “Temp” is the post-deposition annealing temperature and that the data shown
here represents the average of at least 3 devices.

Material

Unpassivated SU-8 Passivated

Temp Von µinc µavg Von µinc µavg

(◦C) (V) (cm2/V-s) (cm2/V-s) (V) (cm2/V-s) (cm2/V-s)

IGO

175 5.5 0.35 0.21 2 0.35 0.24

275 0 13.1 9.9 -2.7 13.9 9.9

375 -11.3 15.7 11.5 <-40 16.3 N/A

175 28 0.002 0.001 25.6 0.002 0.001

ZTO-A 275 5.7 0.06 0.04 2 0.05 0.04

(Air) 375 0 11.9 7.78 -1.33 9.5 5.5

175 <-40 11 N/A <-40 11 N/A

ZTO-B 275 <-40 15 N/A <-40 13.6 N/A

(N2) 375 -8.3 20.7 17.1 <-40 19.1 N/A

IGZO

175 5 3.7 2.3 3.7 8 6

275 0.7 9.5 7.1 -2 8.8 6

375 -8 17.2 12.6 <-40 18.5 N/A
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When the surface of ZnO is covered with a passivation layer, the surface depletion layer

associated with oxygen chemisorption is eliminated. Instead, the charge associated with

the passivation layer and/or interface states determines the electrical state of the surface.

In many cases, such as that for SU-8 and SiO2, positive charge associated with these

materials can result in the formation of a surface accumulation layer. This surface accu-

mulation layer leads to a reduction inVon.

Upon further analysis of Table 5.2, it is apparent that the value of Von for the un-

passivated TFTs influences the magnitude of theVon shift caused by passivation. When

Von ≥ 0 V for an unpassivated TFT, the corresponding passivated TFT exhibits a small,

non-detrimental, negative shift inVon. WhenVon for an unpassivated TFT is highly neg-

ative (i.e.,Von < -5 V), the corresponding passivated TFT exhibits a large, detrimental,

negative shift inVon. Finally, note that the channel mobility is similar for unpassivated

and passivated devices in most cases.

To explore the magnitude of theVon shift caused by passivation, consider equi-

librium energy band diagrams near the conduction band of thesemiconductor for an air-

exposed TFT with a positive and negative value ofVon, as shown in Figs. 5.10a and 5.10b,

respectively. The associated equilibrium energy band diagrams after SU-8 passivation are

also shown. In the case whereVon is positive, several features are noteworthy: (i) mini-

mal free electron charge is present in the semiconductor (asrepresented by the significant

distance betweenEF andEC in the “bulk” portion of the semiconductor), (ii) a depletion

region is present at the insulator-semiconductor interface (consistent with a positiveVon),

and (iii) a large portion of bulk trap states, represented byET in Fig. 5.10, are unfilled
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Figure 5.10: Equilibrium energy band diagrams (focusing onthe conduction band of the
semiconductor) before and after SU-8 passivation for a TFT where (a)Von is positive and
(b)Von is negative. The position of the Fermi energy moves with respect to the conduction
band for a TFT in whichVon is positive (∼0.375 eV belowEC corresponding to a free
electron concentration of∼ 1013) or negative (∼0.125 eV belowEC corresponding to a
free electron concentration of∼ 1017). In all cases, a hypothetical “bulk” trap energy,ET
is inserted at the same location (∼0.25 eV belowEC). Additionally, the effect of interface
states and oxygen chemisorption at the surface (for the unpassivated case) is included.

(sinceET is aboveEF ). Passivation primarily affects the semiconductor surface. Before

SU-8 passivation, a surface depletion region is present (due to oxygen chemisorption, as

previously discussed). After SU-8 passivation, the surface depletion layer is eliminated

due to removal of chemisorbed oxygen from the semiconductorsurface. Additionally, the

positive charge associated with the SU-8 layer results in a weak accumulation layer at the
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surface; since theEC-EF separation is still relatively large at the surface, this isconsistent

with a small negative shift inVon after SU-8 passivation.

In the case whereVon is negative (Fig. 5.10b),EF is close to the conduction band

(and nearly degenerate) in the “bulk” portion of the semiconductor, indicating a substan-

tial amount of free electron charge is present in the semiconductor and is available for

conduction. Here, the insulator-semiconductor interfaceis slightly depleted, butEC-EF is

small throughout the entire thickness of semiconductor (consistent with a negativeVon).

Before SU-8 passivation, a depletion region is present at the surface of the semiconductor

(due to oxygen chemisorption). After SU-8 passivation, an accumulation layer is formed

at the surface due to positive charge associated with the SU-8 layer. The influence of this

accumulation layer is significant sinceEF is close to the conduction band in the “bulk”

and any further perturbation that reducesEC-EF results in a significant increase in the free

carrier concentration (since carrier concentration increases exponentially with respect to

EC-EF/kBT). With this in mind and the fact that the depletion width under applied gate

bias becomes increasing small as carrier concentration increases (shown in Sec. 2.2.1.2,

Fig. 2.3), a large negativeVon shift after passivation is expected. Finally, comparing the

energy band diagrams for the two cases, it should be noted that the magnitude of band

bending associated with depletion regions at the interfaceand surface are much smaller

in the case of a negativeVon due to abundance of free carriers present here.

Alternatively, consider the charge neutrality relationship at the surface of a passi-

vated TFT, given here as,

Qpass+Qbulk+Qf ree = 0, (5.1)
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whereQpass, Qbulk, andQf ree is the charge associated with the passivation layer itself and

the semiconductor-passivation interface, the charge associated with “bulk” trap states, and

the charge associated with free carriers, respectively. Rearranging Eq. 5.1 gives,

Qpass= −Qbulk−Qf ree. (5.2)

In the case of a positiveVon, the positive charge associated with the SU-8 passivation

layer is balanced by both free and trapped charge in the semiconductor. The unexpected

benefit of electron trapping here, is that it restrains the formation of an accumulation layer,

leading to a small negative shift inVon and resulting in successful device passivation. In

contrast, for the case of a negativeVon, since most bulk trap states are expected to already

be filled (i.e.,ET is belowEF ), Qbulk ≈ 0, such thatQpass≈ −Qf ree, giving rise to the

formation of an accumulation layer and a large negative shift in Von. In other words, in

this case the positive charge associated with the passivation layer is balanced only by

free election charge in the semiconductor accumulation layer, resulting in a largeVon

shift. Revisiting Fig. 5.10 and summarizing in the context of an energy band diagram,

the magnitude of theVon shift after SU-8 passivation is related to the position ofEF with

respect to bothEC andET .

5.4 Conclusions

Integration-related issues for oxide semiconductor-based TFTs are presented. First,

the bias stress stability of low-temperature ZTO and IGZO-based TFTs is explored. Next,

Von and semiconductor thickness are shown to have a significant influence on bias stress
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stability. Specifically, bias stress stability decreases with increasingVon and decreasing

semiconductor thickness. Finally, staggered bottom-gateIGO, ZTO, and IGZO-based

TFTs are successfully passivated with SU-8. WhenVon ≥ 0 V before passivation, device

characteristics exhibit minimal change after SU-8 passivation. In contrast, whenVon <

-5 V before passivation, a large negative shift inVon (> 30 V) occurs after SU-8 passiva-

tion.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

The focus of the research presented in this dissertation is development of oxide

semiconductors for thin-film transistors (TFTs). A varietyof oxide semiconductors are

currently employed in TFTs. Thus, the research presented utilizes a variety of oxide

semiconductors as the TFT channel layer, including indium gallium oxide (IGO), zinc

tin oxide (ZTO), and indium gallium zinc oxide (IGZO). Whilethe electrical properties

of each material are unique, carrier generation in these materials is based on the same

principles (i.e., oxygen vacancies and/or metal cation interstitials). With this in mind,

the general approach to this research is to broadly identifyexperimental parameters that

influence TFT performance. One such parameter is oxygen partial pressure of the depo-

sition ambient, which is found to have a profound effect on the electrical performance of

all of the oxide semiconductors explored.

Advancement of oxide semiconductor-based TFTs requires additional research re-

lated to integration issues. Therefore, TFT stability and the effect of channel layer pas-

sivation is evaluated. Stability of a TFT impacts circuit design and determines possible

applications. Passivation of the oxide semiconductor surface is crucial for vertical inte-

gration (which allows for more complex systems) and mechanical/chemical protection of

devices.
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6.1 Conclusions

1. Low-temperature TFTs: The low-temperature device characteristics for IGO,

ZTO, and IGZO-based TFTs are highlighted here. For these TFTs, the turn-on

voltage (Von) is near 0 V and is controlled by tuning the O2 partial pressure of the

deposition ambient and selecting the appropriate post-deposition annealing ambient

(air or N2) and temperature. IGO-based (In1.33Ga0.67O3) TFTs which are subjected

to a 200◦C post-deposition anneal in air exhibit a turn-on voltage of∼2 V. The

incremental mobility (µinc) and drain current on-to-off ratio (Ion−o f f
D ) for these de-

vices are∼19 cm2V−1s−1 and 3× 106, respectively. ZTO-based TFTs which are

subjected to a 175◦C post-deposition anneal in N2 exhibit aVon, µinc, andIon−o f f
D

of ∼-1 V, 9 cm2V−1s−1, and 2× 107, respectively. IGZO-based TFTs which are

subjected to a 175◦C post-deposition anneal in air exhibit aVon, µinc, andIon−o f f
D

of ∼0 V, 17 cm2V−1s−1, and 7× 106, respectively.

2. Effect of O2 partial pressure: Oxygen partial pressure of the deposition ambient

is found to have a profound effect on the electrical performance of each material.

As the oxygen partial pressure decreases, the turn-on voltage decreases while the

channel mobility increases. IGO-based TFTs deposited at a pressure of 5 mTorr

and annealed at 300◦C exhibit µinc values of∼0.3, 11.6, and 15.6 cm2V−1s−1

andVon values of∼0.1, 0, and -12.8 V for oxygen partial pressures of 0.5, 0.25,

and 0 mTorr, respectively. The decrease inVon with decreasing O2 partial pressure

corresponds to an increased density of oxygen vacancies, leading to an increased
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free carrier concentration. The increase inµinc may initially be counterintuitive;

in a classic single crystalline semiconductor, such as Si, carrier mobility decreases

as carrier concentration increases due to ionized impurityscattering. However, in

polycrystalline and amorphous semiconductors (assuming non-degenerate condi-

tions), mobility increases as carrier concentration increases. As carrier concentra-

tion increases, the barrier height at grain boundaries reduces in polycrystalline films

and a larger fraction of “bulk” trap states within the semiconductor band gap are

filled in amorphous films. Thus, for IGO-based TFTs, the increase in mobility with

decreasing O2 partial pressure is attributed to a larger fraction of filledinterface

traps and/or traps within the semiconductor at zero-gate bias, resulting in reduced

trapping of injected channel electrons.

3. Influence of semiconductor thickness:The influence of semiconductor thickness,

ts (10-150 nm) is investigated using staggered bottom-gate IGZO-based TFTs.µinc

varies only slightly with respect tots (< 15% variation), with thinner semiconductor

layers exhibiting slightly lower mobility than the thickerlayers. Von decreases as

ts increases. TFT stability improves with increasingts. First, the magnitude of the

hysteresis observed during device characterization reduces asts is increased. Next,

bias stress stability improves with increasingts. Finally, extremely thin devices

(with ts = 10 nm) exhibit poor shelf life stability. Over a 10 week period, a 5.75 V

shift in Von is observed for the worst device. One drawback to increasingts is the

degradation observed in subthreshold swing asts is increased.
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4. TFT stability: Bias stress stability improves asVon is decreased.Von is controlled

by tuning the O2 partial pressure of the deposition ambient and selecting the ap-

propriate post-deposition annealing ambient (air or N2). For an IGZO-based TFT

sputtered in pure Ar and subjected to a 175◦C post-deposition anneal in air,Von ≃

0 V. This device also exhibits excellent stability. While monitoring ID over a 1000

minute testing period and applying a constant voltage bias of VDS = VGS = 30 V,

less than 20% current loss is observed. Additionally, a positive Von shift of ∼2 V

is observed. The shift inVon is attributed to electron trapping in interface states

(at the insulator-semiconductor interface), in surface states (at the back surface,

which is the surface opposite to the insulator-semiconductor interface), and/or in

“bulk” traps within the semiconductor band gap. The observed current loss is also

attributed to electron trapping and the concomitant shift inVon.

5. Effect of SU-8 passivation:Staggered bottom-gate IGO, ZTO, and IGZO-based

TFTs are successfully passivated with SU-8. WhenVon ≥ 0 V before passivation,

device characteristics exhibit minimal change after the SU-8 passivation layer is

deposited. In contrast, whenVon < -5 V before passivation, a large negative shift

in Von (> 30 V) occurs after SU-8 passivation. This large negative shift prevents

the device from being fully turned off at reasonable voltages and renders the device

useless (from a circuit integration viewpoint). This underscores the importance of

utilizing process parameters to achieve a turn-on voltage near zero.
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6. Device characterization: Throughout this research, several nuances of device

characterization have been discovered and are disclosed here. While it may be

unrealistic to use identical testing conditions for all devices fabricated throughout

research, always use identical testing conditions when making a comparison be-

tween several devices and/or establishing a trend. Additionally, device testing for

an experiment should be completed within one week of fabrication, as shelf life

instability can shift extracted figures-of-merit such asVon and subthreshold swing.

While these shifts are quite small in most cases, it is good practice to minimize any

unintended experimental variables. Finally, when determiningVon shift for device

stability testing, aVGS step size of 100 mV or less should be employed.

6.2 Recommendations for Future Work

Based on the results presented in this dissertation and by others in the research

community, this section provides recommendations for future work in the field of oxide

semiconductor-based TFTs.

6.2.1 Recommendations for oxide semiconductor-based TFT ex-
ploration

1. Optimization of ZTO-based TFTs: Additional tuning of O2 partial pressure should

be investigated. However, to achieve optimal performance,a design of experiments

may be useful with O2 percentage (0.75 to 1.5 %), total pressure (5 to 30 mTorr),

and power (25 to 75 W with a 2” target) as the independent variables. In addition,

tuning of the sputtering pressure and power may further enhance device stability.
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2. Exploration of new channel materials: A plethora of materials may be utilized

as channel layer materials, providing a substantial research opportunity. Research

should focus on previously unexplored multicomponent oxide semiconductors iden-

tified by Hosonoet al. [51] Another option is to tune the stoichiometry of a ma-

terial. For stoichiometry optimization, a combinatorial approach (where multiple

sources are used to create a stoichiometry gradient across asingle substrate for

extensive evaluation) may be particularly useful. In distinguishing device perfor-

mance, the complete spectrum of figures-of-merit (Von, µ, Ion−o f f
D , subthreshold

swing) should be evaluated along with device stability.

3. Exploration of p-channel TFTs: Exploration of p-channel TFTs is recommended

as a means of realizing a complementary circuit technology with oxide-based TFTs.

Potential channel materials include NiO and Cu2O. Additionally, note that hole

injection will likely pose a difficult challenge in forming these TFTs. One drawback

is that most p-type oxides either have poor mobility or require a high temperature

annealing treatment to achieve reasonable performance.

4. Exploration of degenerate oxide semiconductors:In addition to channel layer

exploration, alternative degenerate oxide semiconductors should be investigated

due to the limited supply of In and as a means to optimize device performance.

Possible n-TCOs are listed in Table 2.1. Substitutionally doped ZnO (e.g. ZnO:Al)

or SnO2 (e.g. SnO2:F) should be explored first due to the extensive literature avail-

able for these materials. Intrinsic TCOs should initially be avoided since their pro-



136

cessing typically utilizes an inert or reducing ambient, which may (depending on

device structure) unintentionally reduceVon of devices.

6.2.2 Recommendations for integration

1. Developing an insulator process:For future device integration, a reproducible,

low-temperature insulator process should be developed. This will allow fabrication

of flexible devices, a current topic of great interest. Additionally, an insulator pro-

cess allows tuning of the gate capacitance (by controlling the insulator thickness)

to minimize device operating voltages while maintaining a reasonable gate leakage

current. However, exploring deposition techniques other than sputtering may be

necessary to achieve this goal; one attractive alternativeis atomic layer deposition.

2. Circuit integration: IGO and IGZO-based ring oscillators have been reported, but

it may be useful to attempt other circuits, such as current mirrors or logic gates.

These circuits place additional requirements on the TFT, such as congruency (for

the current mirror), and may be useful in learning the limitsof this nascent technol-

ogy.

3. SU-8 passivation:The data regarding SU-8 passivation presented in Ch. 5 provides

a useful initial baseline. However, several aspects require additional investigation.

While SU-8 is reported to have low surface roughness, the surface roughness of SU-

8 layers deposited atop TFTs should be appraised and the SU-8deposition process

optimized if necessary. Additionally, the shelf life stability of SU-8 passivated de-

vices should be investigated to see if any improvement is observed over air-exposed



137

devices. Finally, other materials with a higher Young’s modulus and lower perme-

ability to air/water should be investigated; AlPOx, a solution-deposited dielectric

investigated by the OSU Chemistry Department, may fill the requirements needed

in this application.

4. Device stability: The results presented in Ch. 5 approach device stability from

the viewpoint of improving device stability and determining which experimental

parameters affect device stability. However, it is also important to investigate the

physical mechanisms (such as hydrogen diffusion in a-Si:H TFTs) that hinder de-

vice stability. Testing of devices at different temperatures may also be useful; this

testing methodology can be used to extract an activation energy related to device

degradation and can be helpful in fitting oxide semiconductor-based TFT stability

data to a degradation model.
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2. J. Frenkel, “Ueber die Wärmebewegung in festen und flüssigen Körpern,”Z. Phys.,
vol. 35, pp. 652–69, 1926.

3. C. Wagner and W. Schottky, “Theorie der geordneten Mischphasen,”Z. Phys.
Chem., vol. 11, pp. 163–210, 1931.

4. W. Jost, “Diffusion and electrolytic conduction in crystals (ionic semiconductors),”
J. Chem. Phys., vol. 1, pp. 466–75, 1933.

5. A. H. Wilson, “The theory of electronic semiconductors I,” Proc. R. Soc. A,
vol. 133, pp. 458–91, 1931.

6. A. H. Wilson, “The theory of electronic semiconductors II,” Proc. R. Soc. A,
vol. 134, pp. 277–87, 1931.
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reira, C. Carvalho, and R. Martins, “High field-effect mobility zinc oxide thin
film transistors produced at room temperature,”J. Non-Cryst. Sol., vol. 338-400,
pp. 806–9, 2004.

92. E. Fortunato, P. M. C. Barquinha, A. C. M. B. G. Pimentel, A. M. F. Gonçalves,
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