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DEVELOPMENT OF ZINC TIN OXIDE-BASED TRANSPARENT

THIN-FILM TRANSISTORS

1. INTRODUCTION

Although the thin-film transistor (TFT) has been overshadowed by its cousin, the metal-

oxide-semiconductor field-effect transistor, TFTs have found a home in display applications.

In particular, TFTs are utilized in active-matrix liquid crystal displays. Due to temperature

restrictions (< 350°C), hydrogenated amorphous silicon (a-Si:H) transistors are typically em-

ployed. Despite the low performance of these devices, they suffice for this application.

In 2002, the TFT concept was fused with transparent conducting oxide semiconductors

to create the transparent thin-film transistor (TTFT). The first reported TTFT utilized ZnO

as the channel material and exhibited performance comparable to that of a-Si:H transistors,

but employed higher temperature processing (> 500°C). [1, 2] Following this development,

a single-crystal channel layer TTFT with exceptional performance (i.e. a field effect mobility

of approximately 80 cm2Vsec) was reported. [31

The primary goal of this thesis is to fabricate TTFTs using radio-frequency (RF) sput-

ter deposited zinc tin oxide. Of particular interest is variation in post-deposition annealing

cycles in order to control the threshold voltage and improve device performance. A sec-

ondary goal is to assess device operation (via device modeling and characterization) with the

intention of guiding the design and optimization of future TTFTs.

The structure of this thesis is as follows. Chapter 2 reviews pertinent literature, in-

cluding general information on transparent conducting oxide semiconductors and thin-film

transistors (TFTs). Chapter 3 presents polycrystalline TFT device development, fabrication,

and characterization issues. Chapter 4 describes the Tasker/Chiang (TC) sputtering system,

a new RF magnetron sputtering system available in the Oregon State University (OSU) solid

state processing lab. Chapter 5 presents data for ZTO-based transparent TFTs. Chapter 6

provides conclusions and recommendations for future work.
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2. LITERATURE REVIEW

This chapter explores previous work conducted in transparent conducting oxides and

thin-film transistors (TFTs). A general overview of transparent conducting oxide semicon-

ductors, followed by a slightly more detailed exploration of zinc tin oxide properties is pre-

sented. In addition, basic TFT operation, TFT structures, and ZnO-based TFTs are reviewed.

2.1 Transparent Conducting Oxides

Transparent conducting oxides (TCOs) is a class of large bandgap (typically Eg

3.1 eV, due to the large electronegativity of oxygen [4]) materials that exhibit a high level

of optical transparency (80-90%), but are less conductive than metals by approximately two

orders of magnitude or more. TCOs are currently utilized in a number of applications, in-

cluding thin-film solar cells and flat-panel displays. Although there is 1000 times more

zinc (132 ppm) than indium (.1 ppm) in the earth's crust, indium tin oxide (ITO) is arguably

the most widely used TCO. This establishes the need to find TCOs based on more abundant

materials. [5, 6]

Table 2.1 summarizes optical and physical properties of various n-type TCOs; notice

that all TCOs are degenerately doped in order to obtain maximum electrical conductivity.

The tabulated electron affinity, x' is the difference between the vacuum level and conduction

band and is assumed to be approximately equal to the work function (the difference between

the vacuum and Fermi level) for a degenerately doped semiconductor. Also note that two

TCOs, CuInO2 and ZnO, exhibit bipolar conductivity. A summary of p-type TCOs can be

found elsewhere. [7]

TCO conduction is based on either the creation of intrinsic defects, such as oxygen

vacancies or metal interstitials, or extrinsic substitutional doping, typically on the cation

site. Intrinsic defects can be enhanced during the deposition process or in a reducing post-

deposition anneal. There are two drawbacks of using intrinsic defects as the primary source



of conduction: there is a possibility of film re-oxidation and the conductivity is typically

inferior to substitutionally-doped films.



Table 2.1: Typical properties of various n-type transparent conducting oxide semiconductors. Eg012t represents the bandgap, x 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, ,uH represents the Hall mobility, n represents the carrier concentration, and p represents the resistivity.

Material Et

(eV)

x

(eV)

T

(%)

m*/me

(cm2V'sec1)

n

(cm3)

p

(1. cm)

References

CdO 2.2-2.6 75 0.18-0.25 220 10191021 2x103 [5, 8]

Cd2GeO4 3.15 1.3x1018 3.3x101 [9]

Cd21n205 3.2 80 44 6.1x102° 2.3-10x104 [9, 10, 11]

Cd2SnO4 2.9-3.1 90 0.29-0.42 35-60 1-7x102° l.4-12x104 [5, 9, 10, 12]

CuInO2 3.9 50-80 263 [13]

GalnO3 3.3 5.4 90 10 1020 2.5x103 [14, 15]

1fl203 3.7 3.7 80-90 0.35 10-40 < 10 > i0" [6, 12, 16]

Sn02 3.6 4.5 80-90 0.23', 0.30! 5-30 < 10° > i0 [6, 12, 17]

ZnO 3.2-3.3 4.5-5 80-90 0.27 5-50 < 1021 > i0 [6, 12, 15]

Zn21n205 2.9 4.9 80 12-20 2.4-5x1020 1-4x103 [10, 15, 18]

ZnSnO3 3.5 5.3 80 7-12 1020 4-5x103 [15, 19,20]

Zn2SnO4 3.3-3.9 90 0.16-0.26 12-26 6-30x1018 1-5x102 [10,21, 22]

13ipo1ar conductive material 13, 23, 24]

Longitudinal effective mass

Transverse effective mass



2.2 Zinc Tin Oxide

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

ceived attention as an alternative TCO. There are two forms of ZTO, orthorhombic (ZnSnO3)

[15, 19, 20] and spinel (dizinc tin oxide, i.e. Zn2SnO4). As shown by Shen et al., powder

mixtures with stoichiometry close to orthorhombic ZTO (ZnSnO3) decompose to spinel ZTO

(dizinc tin oxide, i.e. Zn2Sn04) and Sn02 at calcination temperatures above 700° C. [25] Sev-

eral aspects that make ZTO attractive are its chemical and electrical stability in highly con-

centrated (> 35%) HCI solutions and its physical robustness, i.e. scratching thin films with

the corner of a razor blade does not visually damage the film. [19, 22]

Spinel ZTO thin films have been deposited using electron beam evaporation, [26] RF

magnetron sputtering, [10, 21, 22, 27, 28] chemical vapor deposition, [22, 29] and spray

pyrolysis. [30] Applications of ZTO have been somewhat limited due to its low conductivity,

but ZTO has been employed in thin-film solar cell applications [31] and humidity and gas

sensors. [30, 32, 33, 34] In actuality, RF magnetron sputtered Zn2 Sn04 has been found to be

inverse spinel, a condition where half the Zn cations exchange sites with Sn cations. [22, 27]

Optical and electrical properties of both forms of ZTO are tabulated in Table 2.1.

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

exhibits a pronounced Burstein-Moss shift, a phenomenon discussed in Sec. 3.3.2. Con-

comitant with the Burstein-Moss shift is a small electron effective mass (0. l6me). Thus, one

would expect the mobility to be quite large since,

qt
(2.1)

where 'C is the relaxation time and m* the effective mass. However, the maximum measured

Hall mobility for a RF magnetron sputter deposited thin-film is only 26 cm2V1sec'. Thin

films fabricated to date have been limited by intra-grain defects due to atomic disorder, which

may not be alleviated even in single crystal growth. [21, 22, 27]
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Consider several biasing schemes, VGS < 0, 0 < VGS < VT, and VGS = VT, where VGS iS

the gate-source voltage and VT is the threshold voltage. Negative applied voltage (VGS < 0)

on the gate repels mobile electrons and pushes them deeper into the semiconductor, leaving a

depletion layer near the interface. This positive space charge region near the semiconductor-

insulator interface is consistent with the charge neutrality relationship (QM = +Qs, where

QM is the charge on the metal and Qs is the charge in the semiconductor). Note that the

applied voltage is dropped across the insulator and semiconductor and relates to upward

band bending in the insulator and the semiconductor (near the interface), as seen in Fig. 2. ic.

On the other hand, application of a small positive gate bias (0 VGS VT) attracts

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

and a depletion region in the bulk. Biasing in this "subthreshold" regime causes downward

band bending in the the insulator and the semiconductor (near the interface), as shown in

Fig. 2.ld. Increasing the gate bias modulates the conductivity of the surface layer and is

reflected in an increased degree of band bending. The gate voltage at which there is an

appreciable electron carrier density present at the interface establishes the threshold voltage

(i.e. VGS VT).

Biasing the gate at or above the threshold voltage to form a "channel" of carriers at the

interface and applying a positive voltage on the drain attracts electrons towards the drain and

accounts for the drain current, 'D. Initially, the channel is modeled as a resistor, i.e. linearly

increasing drain current with drain-source voltage, VDS. As the drain bias increases, the width

of the depletion region near the drain also increases. The voltage at which the channel region

near the drain is depleted of carriers, negating the effect of the surface accumulation layer, is

the pinch-off voltage, Vh_0ff. Therefore, application of VDS Vpnchoff in an ideal TFT,

results in a saturated drain current characteristic.

2.3.2 Thin Film Transistor Structures

Figure 2.2 shows the four basic TFT structures: co-planar top-gate, co-planar bottom-

gate, staggered top-gate, and staggered bottom-gate. [39] Electrode placement distinguishes





co-planar structure has increased parasitic resistance as compared to the staggered structure

due to a smaller effective contact area.

2.3.3 Semiconductor Layer Thickness Variation

The thickness of the deposited active layer can be varied in TFTs; optimization of this

thickness has been explored for a-Si:H TFTs. According to an experiment conducted by Mar-

tin et al., [39, 40] channel layer thickness has little effect on TFT-OFF current, but impacts

several other aspects of transistor performance, including threshold voltage, subthreshold

slope, and channel mobility. The threshold voltage decreases with increasing a:Si-H thick-

ness; this is attributed to a weaker influence of the back interface. [39, 40] The subthresh-

old slope increases for increasing a:Si-H thickness; this is attributed to an improvement in

the electronic quality of the amorphous silicon. [39, 40] Channel mobility increases, then

decreases for increasing thickness; the decrease is attributed to the increasing influence of

parasitic resistances with thickness.

2.3.4 ZnO-based Thin-Film Transistors

Table 2.2 summarizes the processing methods employed in fabrication of several trans-

parent channel-layer TFTs and their electrical performance characteristics. The first three

cited references have fabricated completely transparent devices. [1, 2, 3] In contrast, Carcia

et al. and Nishi et al. have fabricated their ZnO channel layer devices on n-Si substrates.

[41,42]

Masuda et al. [1] and Hoffman et al. [2] demonstrate ZnO TTFTs using pulsed laser

deposition (PLD) and ion beam sputtering (IBS), respectively. Masuda et al. employ a lay-

ered SiO2/SiN gate oxide while Hoffman et al. use a layered Al203/Ti02 gate oxide. Both

utilize a staggered bottom-gate configuration. As shown in Table 2.2, channel mobilities

of 0.03 1 and 0.3 3 cm2IV-sec are estimated by Masuda et al. [1] and HofThian et al.

[2], respectively. Therefore, the electrical performance of these ZnO TTFTs is comparable
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Table 2.2: Summary of processing methods employed and electrical perfonnance charac-
teristics for several TTFTs and several ZnO-based TFTs processed on Si. The maximum
processing temperature, deposition method, estimated channel mobility (u), drain current
on/off ratio, and VT, threshold voltage are included.

Channel

Material

Max. Proc.

Temp (°C)

Dep.

Method (cm2/Vsec)

On/Off

Ratio

VT

(V)

Ref.

ZnO 450 PLD° o.o3i io 2.5-(-1) [1]

ZnO 700 IBSb 033d
i07 10-15 [2]

InGaO3(ZnO)5 1400 PLD° 106 3 [3]

ZnO Room Temp RFSC O.32e 105106 0 [41]

ZnO 300 PLD° 4
i05 [42]

a Pulsed laser deposition

b Ion beam sputtering

RF magnetron sputtering

d Effective mobility Cuejj)

e Field-effect mobility (UFE)
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to a-Si:H TFTs. Additionally, device operation of these TTFTs is less sensitive to light as

compared to a-Si:H TFTs.

Nomura et al. [3] use PLD to create InGaO3(ZnO)5 superlattice enhancement-mode

TTFTs. A co-planar top-gate structure utilizing an amorphous Hf02 gate insulator is em-

ployed. They report excellent reproducibility and electrical characteristics, including ex-

tremely high mobilities and drain current on-to-off ratios and negligible light sensitivity.

There are, however, several drawbacks to their device from a commercial manufacturing per-

spective. First, they use single-crystal substrates, which leads to high cost. Second, their

single-crystal TTFTs are fabricated at an extremely high temperature (1400°C). Third, they

employ PLD for thin-film growth. PLD has advantages of good uniformity, smooth surfaces,

and precise control during deposition, but is not currently used in manufacturing for a wide

variety of reasons, including irreproducibility. [43, 44]

Carcia et al. [41] produce TTFTs processed at low temperatures (slightly above room

temperature) with the future intent to fabricate onto flexible substrates. A co-planar bottom-

gate structure utilizing a heavily doped n-Si substrate and a thermally grown gate oxide is

employed. Their electrical characteristics are comparable to a-Si:H TFTs.

Nishi et al. [42] employ a staggered bottom-gate configuration in the fabrication of

ZnO channel layer TFTs. A Ta gate and a-SiN gate oxide are utilized. Their devices are

fabricated using PLD with 300°C in-situ substrate heating. A CaHfO buffer layer between

the a-SiN and ZnO is required to achieve "ideal" drain current characteristics. The estimated

channel mobility reached as high as 7 cm2 V'sec1.

2.4 Conclusions

This chapter provides a summary of TCO semiconductor properties and their use in

TTFTs. Electrical and optical properties of several n-type TCO semiconductors are tabulated

while the properties of ZTO are reviewed in more detail, as this is the material of primary

interest for this thesis research. A review of basic TFT device operation and structures is
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included. The chapter concludes with an overview of ZnO-based TFTs. These topics are

chosen in anticipation of results presented in Chapters.
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3. DEVICE DEVELOPMENT, FABRICATION, AND
CHARACTERIZATION

This chapter presents an overview of TFT development, thin film processing tech-

mques relevant to the fabrication of lIFTs, and thin-film and device characterization tech-

niques. Using MOSFET drain current models, subthreshold conduction is analyzed. Next,

threshold voltage and channel mobility extraction from DC I V measurements are dis-

cussed. Thin-film processing techniques relevant to the fabrication of TTFTs, including

evaporation, sputtering, atomic layer deposition, and post-deposition annealing, are briefly

discussed. Finally, thin-film characterization techniques are discussed, including, Hall and

optical transmission measurements.

3.1 Thin-Film Transistor Development
3.1.1 Thin-Film Transistor Analysis

Analysis of semiconductor devices typically begins with an energy band diagram as-

sessment. Figure 3.1 shows equilibrium energy band diagrams through the channel of a

bottom-gate, n-channel, accumulation-mode TFT, composed of Al (the work function, 'bm,

is 4.1 eV [45]) - A1203 (Eg = 9.5 eV [46, 47, 48]) ZnO (Eg = 3.2 eV [12]). This particu-

lar structure is chosen for its similarity to the TTFTs fabricated in this thesis 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 con-

sidered. Note that the nature of interface states is discussed in more detail in Sec. 3.1.2.1.

Revisiting Fig. 2.lb, the equilibrium energy band diagram shown in Fig. 3. la differs due to

consideration of the metal-semiconductor work function (the work function is the difference

between the vacuum level and Fenni level) difference. As seen for all three cases, there is

upward band bending of the exposed ZnO surface; this is due to acceptor-like surface states

concomitant with the chemisorption of oxygen. [49, 50]
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Figure 3.1: Equilibrium energy band diagram for several cases: (a) interface states are ne-
glected, (b) acceptor-like interface states are considered, and (c) donor-like interface states
are considered.
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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 a polycrystalline, or possibly, an amor-

phous thin-film channel and are accumulation-mode rather than single-crystal, inversion-

mode devices. However, the similarities between these two device types outweigh differ-

ences, allowing for the use of MOSFET drain current equations for TFT assessment and

development. This assessment includes analysis of subthreshold conduction, threshold volt-

age, and channel mobility.

3.1.2 Subthreshold Conduction Assessment

The analysis presented in this subsection is quite similar to that presented by Greve

[38] for the assessment of polycrystalline TFTs, except that it has been modified for the case

of a large bandgap, n-type, polycrystalline, accumulation-mode TFT. Additionally, a portion

of the development draws on standard MOSFET modeling as discussed, for example, by Taur

and Ning. [51] The goal of this subsection is to determine the inverse subthreshold slope, S,

from which the grain boundary and interface trap densities can be estimated.

Before specifically analyzing subthreshold conduction, the drain current below pinch-

off is first described as, [38, 51]

kT dQ
'D (3.1)

where Q, is the channel charge density, R* is the parasitic resistance, k is the Boltzmann

constant, T is the temperature, q is the fundamental unit of charge, Z is the gate width, and L

is the gate length. Note in Eq. 3.1, that VDS is corrected by the voltage drop associated with

the parasitic resistance, R*.

To modify the below pinch-off drain current relationship for application towards sub-

threshold conduction analysis, the current measurement configuration and dominant current

mechanism are considered. As shown in Fig. 3.2a, subthreshold conduction is assessed by

applying a small drain voltage (typically greater than a few kT/q) and measuring the drain
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an average of the carrier density near the source taken across the entire channel length.

dnn(0)n(L) n(0) n

dx L
(3.4)

where n is the carrier density in the channel, near the source. Using Eqs. 3.3 and 3.4, Eq. 3.2

becomes,

kT n
'D pzqt57 (3.5)

To determine n, charge balance with respect to the gate is considered, which leads to,

QG C1VGS=QQTQIT (3.6a)

QT QiT (3.6b)

(EF= qt / NT(E)dEqNIT (3.6c)
JEN

qNj-tS(EFEN)+qNJT (3.6d)

= qNTtS(EF E) + qNTlS(E EN) + qNIT, (3.6e)

where QT is the bulk trapped charge, QIT is the interface state trapped charge, NT is the

bulk trap density (cm3eV1), NIT is the interface state density (cm2), which is assumed

to be energy-independent, and EN is the charge neutral level (which is also referred to as the

charge neutrality level and the neutral trap level). In the above formulation, Q, is assumed

to be negligible compared to QT andQIT in the subthreshold regime. The transition from

Eq. 3.6c to Eq. 3.6d assumes that the Fermi level is flat across the semiconductor and that

bulk and interface trap states are acceptor-like, as well as, uniform across the considered

portion of the bandgap. This assumption, as well as the charge neutrality level, is further

discussed in Sec. 3.1.2.1. Solving forEFE in Eq. 3.6e yields,

C1VGSqNTtS(E EN) qNJEFE= (3.7)qNt

The electron concentration near the source, n, is established by assuming the applicability of

Maxwell-Boltzmann statistics and using Eq. 3.7.

1FF E, \
fl n1exp

kT )
(3.8a)

(CVGsqNTr(EEN) qNJT'\= njexp
kTqNTt5

(3.8b)
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where n1 is the intrinsic carrier concentration.

As mentioned earlier, subthreshold conduction is typically characterized by the inverse

subthreshold slope (i.e. the inverse of the maximum subthreshold slope), S. S is obtained by

substituting n, as given in Eq. 3.8b, into ID, as given in Eq. 3.5, and then differentiating

log(ID) with respect to VGS,

(dlog(ID)1
(3.9a)

\ dVGS /
(NTqtskT"\

(3.9b)
log(e)C1[

Equation 3.9b can be rearranged to determine NT,

NT
Slog(e)C1

(3.10)
qkTt3

NT, as given in Eq. 3.10, can then be used in conjunction with Eq. 3.6b to determine NIT,

C, VGS
NIT = NTIS(EFEN) (3.11a)

q

(Slog(e)(EF_EN) " C,
GS I-. (3.11b)

kT jq
Thus, the bulk trap density, NT, and the interface state density, NIT, may be estimated from

Eqs. 3.10 and 3.1 ib, respectively, if the inverse subthreshold slope, S, the insulator capaci-

tance, C1, the semiconductor channel layer thickness, t, and the charge neutrality level, EN,

are known.

For comparative purposes, results from another subthreshold conduction analysis are

included as follows, [52]

kT
(3.12)

q log(e)

max (Slog(e) '\ C,
3 13NIT kT/q )' (. )

(Slog(e) '\ c,
2

1

314T kT/q ) ( . )

where is the dielectric constant of the semiconductor. Using Eq. 3.12, Nfl9' and N are

determined by assuming N 0 and NIT = 0, respectively. In their formulation, the energy

dependence of trap states has been neglected when determining S, IV (cm3eV'), and

A (cm2V').
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Figure 3.3: Energy band diagram considering interface states and the resultant effect of mod-
ulating the Fenni level position, EF, with respect to the the charge neutral level, EN. Three
conditions are evaluated, (a) EF = EN, resulting in a flat-band condition, (b) EF <EN, re-
sulting in a donor-like interface (or surface), and (c) EF > EN, resulting in an acceptor-like
interface (or surface).

3.1.2.1 Charge Neutral Level

The charge neutral level, EN, which is shown in Fig. 3.3, is a demarkation level, defin-

ing whether a state at a surface, interface, or grain boundary is a donor-like (i.e. neutral when

filled, positive when empty) or acceptor-like state (i.e. negative when filled, neutral when

empty). States corresponding to energy levels above EN are acceptor-like states and states

corresponding to energy levels below EN are donor-like states. Therefore, EN is the energy

level at which the semiconductor is electrically neutral, resulting in a flat-band condition, as

shown in Fig. 3.3a. [53, 54] In other words, when considering electronic states present at

the interface between a semiconductor and insulator, QIT = 0 when the Fermi level lies at

the charge neutral level. IfEF <EN, as shown in Fig. 3.3b, a net positive charge due to ion-

ized donor states is present at the interface, resulting in a donor-like interface (or donor-like

interface states, as it is typically referred). Considering charge neutrality, this net positive

interface charge is balanced by negative space charge in the semiconductor, which is evident

from the negative curvature of the energy bands. If the opposite condition is considered, i.e.

EF > EN, as illustrated in Fig. 3.3c, a net negative interface charge due to ionized acceptor



states, results in an acceptor-like interface balanced by positive charge in the semiconductor,

as is evident from the positive curvature in the energy band diagram.

Establishment of the charge neutral level of an interface is difficult, but is important

for accurate analysis of interface states. Note that for small bandgap semiconductors such as,

Si, EN is typically assumed to be approximately equal the the mtrinsic energy level, E1. [38]

This assumption is associated with the approximate symmetry of the interface state density

(with respect to the center of the bandgap) as a function of energy and the fact thatEF can be

modulated across most of the bandgap. Alternatively, it appears that E1 for Si is located near

what has been asserted to be a universal charge neutrality level, which is located at 4.5 eV

below the vacuum level. [55] Regardless of the actual justification for assuming that EN

for the case of Si, it is highly unlikely that this assumption holds for the wide bandgap TCO

semiconductors of relevance to TTFT applications. Modulation of the Fermi level across the

entire bandgap is extremely unlikely in TCO semiconductors, such as ZnO. This is reflected

in the typical n-type behavior of ZnO, with corresponding carrier concentrations on the order

of 1014 - 1021 cm3. In other words, possible electronic states are confined close to the

conduction band (< 0.15 eV from the conduction band for donor states and 0.8 eV from

the conduction band for the chemisorbed oxygen acceptor state). [56] Considering this, an

approximate charge neutrality level is crudely estimated as, Eg Ec EN Eg.

Up to this point, bulk trap states have not been considered in this charge neutrality level

discussion. Bulk trap states are considered to be uniform throughout a material that is amor-

phous. In contrast, bulk trap contributions are assumed to be localized at grain boundaries in

a polycrystalline material. This implies that for a polycrystalline material, [38]

DT
NT

Lg
(3.15)

where DT is the grain boundary trap density and Lg is the grain size. Note that each grain

boundary is modeled as an additional interface. For simplicity, analysis of bulk trap states

in this thesis assumes that EN is equivalent for all grain boundaries, as shown in Fig. 3.4.

In addition, the interface state density is assumed to be energy-independent. This, as well
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Figure 3.4: Equilibrium energy band diagram for a ZnO-based TFT including grain boundary
and interface trap states. EN represents the charge neutral level and Lg the grain size.

as the assumption of acceptor-like grain boundaries and interfaces, is reflected in the charge

neutrality relationship given in Eq. 3.6b.

3.1.2.2 Application of the Subthreshold Assessment

Figure 3.5 shows the log(ID) VGS characteristic for device number ZNSNTR8 1,

which is a staggered bottom-gate ZTO-channel (Eg 3.35 eV and m* = 0.1 6me) layer TTFT.

Note that as indicated in Fig. 3.5, is discussed in Sec. 3.1.3.1. The fabrication details

and device structure (Fig. 5.4) are discussed in Chapter 5. S, as indicated in Fig. 3.5, is esti-

mated to be 0.525 V/dec for this device. Using this value, C1 = 4.02x108 Fcm2, and t =

870 A in Eq. 3.10, NT 2.54x1017 cm3eV1. Equation 3.1 lb establishes 6.74x1011 cm2

<NIT < l.60x10'2 cm2 assuming that Eg <_ECEN Eg and VGS = lv. Finally, ITax

and Jf are assessed using the analysis of Rolland et al. [52] and found to be 3.84x1023

cm3eV and 1.96x 1012 cm2V, respectively, assuming that £ 10. The nonsensi-
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Figure 3.5: log(ID) VGS characteristic for device number ZNSNTR81, a staggered bottom-
gate ZTO-channel layer TTFT. Note that the turn-on voltage, Vturn_on, and the maximum
subthreshold slope used to detennine S 0.525 V/dec are indicated. DC I-V measurements
are performed in the dark.

cal value estimated for N indicates that estimation of N does not provide a practical

upper-bound ofNT when NIT is neglected; therefore, N should not be used.

3.1.3 Threshold Voltage Assessment

The threshold voltage can be expressed as, [38, 57]

Noq I QF + Qm + QOTVT__L ci
(3.16)

where is the contact-semiconductor work function difference (eV), N0 is the total number

of free carriers per unit area present in the film (under the gate) before application of a gate

bias, QF is the fixed oxide charge, Qm is the mobile ion charge, and QOT is the oxide trapped



23

charge. From a consideration of charge neutrality, N0 can be calculated using,

N0 NDt5 NTt5(EF EN) Thresh NIT (3.17a)

= is (ND (EF EN) Thresh) NIT, (3.17b)

where ND is the doping concentration.

If , Q, Qm, and QOT are neglected in Eq. 3.16, N0 establishes whether a de-

vice is depletion- (i.e. a channel is already fonned at zero gate bias, implying VT 0) or

enhancement-mode (i.e. a channel is not present due to a low bulk doping concentration or

a large grain boundary or interface trap density, implying VT > 0). Determination of the

device type (i.e. depletion- or enhancement-mode) can crudely be viewed as either bulk-

or interface-dominated, depending on the materials system and processing techniques em-

ployed. Assuming that determination of the TFT device type is bulk-dominated, the channel

layer resistivity before application of an applied gate voltage becomes the primary determin-

ing factor. For example, CdS TFTs with a channel layer resistivity greater than 20 cm are

found to be enhancement-mode. [58] Revisiting Figs. 3.1(b) and (c) and assuming that the

TFT device type is interface-dominated, the effect of acceptor-like and donor-like interface

states is illustrated. Figures 3.1(b) and (c) display enhancement- and depletion-mode TFT

behavior, respectively.

Figure 3.6 displays a set of VT-log(ND) curves generated using the threshold voltage

relationship established in Eq. 3.16 for a ZnO TFT (Eg = 3.2 eV, m* O.27mo) assuming

that C1=4.02x108 FCm2,NT = lxlO'7 cm3eV',EcEN = Eg, andt5 = l000Awith

NIT varying from 1x1011 to 5x1012 cm2 in half-decade steps. Although these curves are

generated using specific values, a general trend is revealed. Perhaps the most striking aspect

of this trend is the threshold voltage roll-off at high chaimel layer doping concentrations,

i.e. at ND 2x10'7 cm3 for the parameters employed in the generation of Fig. 3.6. Thus,

enhancement-mode operation requires that the channel layer doping concentration be suffi-

ciently low and that depletion-mode behavior occurs with higher doping. Additionally, mod-
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Figure 3.6: A set of VT-log(ND) curves generated for a ZnO TFT (Eg = 3.2 eV, m* = O.27mo)

using C1 = 4.02x108 Fcm2, NT 1x1017 cm3eV1, E EN and t 1000 A with

NIT varying from lx 101! to 5x1012 cm2 in half-decade steps.

erate enhancement-mode threshold voltages are obtainable as long as NIT remains relatively

low.

3.1.3.1 Threshold Voltage Extraction and the Turn-On Voltage

Assessment of the threshold voltage using Eq. 3.16 can be compared to the value ofVT

extracted from DC 'D VDS measurements. As shown in Figs. 3.7(a) and (b), the threshold

voltage can be determined in the triode or saturation region by plotting, ID vs. VGS or vs.

VGS, respectively. Extrapolation of the linear portion of these curves establishes the threshold

voltage. Both methods of threshold voltage extraction show that VT 6 V for device number

ZNSNTR8 1, which is a staggered bottom-gate ZTO-channel layer TTFT.

Using Eq. 3.16, values established in Sec. 3.1.2 forNT andNIT, andND 2x10'6 cm3

to estimate the threshold voltage, 4.67V VT 12.04 V for Eg (EF EN) Eg when

t, QT, QM and QF are ignored. The value used for ND is determined from a Hall measure-
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Figure 3.7: Determination of the threshold voltage from the (a) triode and (b) saturation
region of device operation for device number ZNSNTR8 1, a staggered bottom-gate ZTO-
channel layer TTFT. DC I-V measurements are performed in the dark.

ment of a similarly processed film, as discussed in Chapter 5. The extrapolated threshold

voltage falls near the lower-end of the calculated range, thus providing some evidence for the

viability of previously estimated values ofNT and NIT.

Typically, the threshold voltage is considered to be a unique device parameter. Ac-

tually, the threshold voltage is a rather ambiguous quantity. [59] This ambiguity originates

from multiple sources including the use of different methods for threshold voltage extrac-

tion, the subjective extrapolation of curves, and the subjective fitting of data to an idealized

MOSFET model. With this in mind, introduction of an analogous figure-of-merit, denoted

the turn-on voltage, is appropriate.

Vturnon, as well as the threshold voltage, should be included when reporting device

parameters. is determined by plotting log(ID) vs. VGS. Referring back to Fig. 3.5,

the gate voltage at the onset of conduction (distinguished by a sharp increase in current)

establishes Viurn_on. [60] Vturn-on is attractive for several reasons: model fitting is not re-

quired, Vturn_on identifies the lower range of device operation, and Viurn_on is independent

of drain voltage (as long as VDS> a few kT/q), making its determination quite simple and

unambiguous. In practice, anomalous subthreshold current characteristics, possibly due to a



Table 3.1: Properties of various dielectric materials, including Eg, the bandgap, Cr, the rel-
ative dielectric constant, FBD the breakdown field, and , the electron affinity. Note that *
indicates values which are estimated.

Insulator Eg

(eV)

FBD

(MV/cm)

X

(eV)

Nmax

(10's cm2)

A1203 9.5 8 3.5-6 1* 1.55 - 2.66

BaTa2O6 22 3.5 4.26

Hf02 5.8 [47] 16 0.17-4 [61] 2.5 0.15 3.54

Si02 11 4 6 0.9 1.33

Ta205 4.6 23-25 1.5-3 3.2 1.91 -4.15

Ti02 3.75 60 0.2 3.9 [62] 0.66

Y203 5.6 12 35 2* 1.99 - 3.32

Zr02 5 19.8 [63] 2.5

displacement or gate leakage current, are sometimes seen for low VDS, so VDS> 5 V is used

when determining

3.1.3.2 Additional Considerations

Along with VT, considering Nma, the maximum possible carrier density modulation

due to the field-effect prior to insulator breakdown (i.e. the maximum carrier density which

can be injected or extracted due to the field effect), illustrates the need to reduce N0. [45, 57]

Neglecting the contact-semiconductor work function difference, Nmax is determined from an

analysis of the charge neutrality relationship, QM = Qs, where QM is the charge density on

the metal (or contact) and Qs is the charge density in the semiconductor. Therefore,

L\QS_rnax kmax C FBDIi q Nmax, (3.18)

where FBD is the insulator breakdown field, t1 is the insulator thickness, Er is the insulator

relative dielectric constant, and & is the permittivity of free space. Ignoring gross defects in
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a thin-film, Er and FBDmaX are defined by the insulator material and deposition technique.

Using Table 3.1, Nm can be estimated for various insulators and is 1.55 2.66x1013 cm2

for A1203, the material most similar to the insulator employed in this investigation.

Properties of various dielectric materials which may possibly be used as a TFT gate

insulator are summarized in Table 3.1. Unless otherwise stated, Eg is obtained from Strehlow

et al. [46] Er and FBD are taken from Ono, [64] and , the electron affinity, is obtained from

Peacock et al. [47] Note that X does not relate to Nm, but is included for the purpose of

generating energy band diagrams.

3.1.4 Mobility Extraction

The channel mobility ofa field-effect transistor (FET) is an average mobility of carriers

transported in the channel and resulting from a consideration of all applicable scattering

mechanisms, according to Mathiessen's rule. [38, 59] Typical scattering mechanisms in PETs

include phonon, ionized impurity, Coulombic, and interface roughness scattering.

There are several methods for determining channel mobility. The effective mobility,

IJeff, and the field-effect mobility, /1FE are both determined from an assessment of the lin-

ear portion of the triode region (below pinch-oft) of device operation, while the saturation

mobility, 1UsaI, is established from the saturation region (above pinch-oft).

The below pinch-off drain current relationship can be described and approximated as,

[59, 65]

kT dQ
(3.19a)

z,U7Qn(VDS_IDR*), (3.19b)

where Q, is the channel charge density, R* is the effective resistance, Z is the gate width, and

L is the gate length. Q, and can be calculated using,

Qn CI(VGSVT). (3.20)

Note that R* is composed of the source and drain series resistance, R and RD, respectively.

If the device is biased at low VDS, a uniform channel charge density can be assumed and
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the diffusive term of Eq. 3.1 9a neglected. Neglecting this term introduces error in mobility

determination when biasing the device in the diffusion-dominated subthreshold regime (i.e.

Vs < VT) and near the threshold voltage.

Differentiating Eq. 3. 1 9h with respect to V,)S or VGS determines the channel conduc-

tance, g,, or transconductance, g,,,, respectively. In practice, Xd and g,,, are typically estab-

lished through an AC small-signal measurement using a lock-in amplifier. The large-signal

equivalents of gj and g0, are G(/ and Gm, respectively. The advantage of using G(/ and G,,,

is reduced complexity, i.e. the maximum frequency of device operation does not need to

be considered and G(/ and G, do not need to be explicitly measured; they can be estimated

from typical DC 'D VDS measurements given that reasonable gate and drain voltage steps

are used. In summary, the small- and large-signal channel conductance and transconductance

are related as follows,

(3.21)
Vj VGS =Constant AVjy Vc; =Constant

JIj) AID
g,0 = G,,, = . (3.22)

)V;c VDS-Co,,vta,it AV(; Vj=Co,ista,,t

where A in the above and following expressions refers to taking differences between discrete

data points as a means of accomplishing differentiation of a discrete data set.

Differentiating Eq. 3.19b to determine gj (G(/) or g0, (G,) establishes the effective

mobility or field-effect mobility, respectively.

gd Gd

GE(VGsVT)(1 _G,R*) C1(VGsVr)(l _G(,R*)'
(3.23)

G,,,
(3.24)PFE=c.(VDs_JDR*_(VGs_VT)GR*) Gj(VDs_IDR*_(V(;s_VT)G,nR*)

Assessment Of,Uejj requires a value for VT, in contrast to ,11FF. which is not explicitly depen-

dent on VT.

Differentiating Eq. 3.23 with respect to V(;,5 alleviates the need to evaluate VT and

provides another way to estimate of the channel mobility. For the purposes of this thesis, this

estimate is denoted the extracted mobility, evtr,

etr . . (3.25)
IR*(VGS VT) GdR*)
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/Jextr can also be determined from Gm by differentiating Eq. 3.24 with respect to VDS,

Gm
LWDS/Jextr (3.26)

LWDS

Note that Eqs. 3.25 and 3.26 are equivalent, even though they arise from differing mathemat-

ical manipulations. Upon reflection, however, it is not surprising that these two procedures

yield identical results, since,

AGd A21D AGm
(3.27)

AVDSAVGS

This makes it difficult to determine whether /i is closer to/Jeff or fiFE. In the past, others

[38] have based their determination Of /Jextr on Gd and referred to the extracted mobility as

the effective mobility. In actuality, fitr is closer to ,LIFE than/Jeff; fiFE and fir both neglect

the gate voltage dependence of the mobility, i.e. both fiFE and /1extr quantify the differential

channel charge (dQfl/dVGS), whereas ,Ueff quantifies the total charge (recall Eqs. 3.20 and

3.23). When determining fitr, referencing AVDS in Eq. 3.26 to VDS = 0 equates fiFE and

fiexir. Since interpretation Of fiextr is ambiguous, only/Jeff, fiFE, and are used for mobility

estimation in this thesis.

Returning to the defining relations for ,Ueff, fiFE, and fiextr, i.e., Eqs. 3.23- 3.26, rec-

ognize that all of these expressions are affected in an identical manner by the effective resis-

tance, R*. Inclusion of a non-zero effective resistance acts as a correction factor and leads to

an increase in the mobility estimate. Since all of the mobility estimates included in this thesis

are obtained assuming that R* = 0, these estimates constitute a lower limit to the actual mo-

bility, at least with regard to parasitic resistance artifacts. In actuality, the estimated mobility

is not significantly affected unless R* > 100 1.

One method of extracting fisat (and consequently, the method used in this thesis) is to

connect the drain to the gate and measure 'DSAT This biasing configuration is only applicable

if the device under test is enhancement-mode (i.e. VT > 0). Square law theory asserts that

the above pinch-off drain current is given by,

'DSAT Cifisat(VGS_VT)2. (3.28)
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(dJIDsAT
2

(3.29)Psat =
dVGS

The approach taken to determine ,Usat is similar to that of the extracted mobility; is

first obtained by taking the square root of Eq. 3.28 and then differentiating with respect to

VGS. This methodology alleviates the need to evaluate V and reveals that Psat is determined

from the slope of the \/IDSAT vs. VGS characteristic.

Comparing the mobility determination methods discussed above, Peff is the preferred

method of assessment for several reasons. Kang et al. [66] has shown that PFE data can be

extracted from /Jeff. In addition, lIFE is viewed as unreliable; when an extracted value of

PEE is used in the fundamental FET equation to generate a simulated ID VDS curve, such

a simulated curve does not accurately fit the original experimental 'D VDS characteristic.

[66] The source of this inaccuracy has been attributed to an exclusion of gate dependence in

the determination of dUFE. [66] Although lIFE is not preferred, it is still useful since there is

less ambiguity in its determination due to the fact that a value for VT is not required. With

respect to Psat, it is an average of the mobility in the channel and the mobility in the pinched-

off region of the channel. Also, in situations where the data used for extraction does not

precisely follow the square law theory, error is introduced in the estimation of ,asat.

Figure 3.8 shows a typicalp VGS characteristic for device number ZNSNTR81, which

is a staggered bottom-gate ZTO channel layer TTFT. ,Ueff is determined using Eq. 3.23,

where Gd is calculated using AVDS = 0.2 V, VT = 6 V (determination of Vr is discussed in

Sec. 3.1.3), and R* is neglected. lIFE is determined using Eq. 3.24, where Gm is calculated

using AVGS = 1 V, VDS = 0.2 V, andR* is neglected. The inset in Fig. 3.8 focuses on the linear

portion of the triode regime from which Peff and PEE are extracted. Psat is calculated using

Eq. 3.29. Perhaps the most important trend to note from this figure is that all three mobility

estimates yield similar results.

Recalling the suspected polycrystalline nature of the fabricated TFTs, the initial in-

crease in mobility with increasing gate voltage may be attributed to potential barriers within

the film due to grain boundaries (recall Fig. 3.4) or variations in stoichiometry. [67] Applica-
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Figure 3.8: Summary of mobility determination methods for device number ZNSNTR8 1, a
staggered bottom-gate ZTO-channel layer TTFT. DC I-V measurements are performed in the
dark. fleff is calculated using Eq. 3.23, where Gd is calculated using AVDS = 0.2 V, VT = 6 V

(determination of VT is discussed in Sec. 3.1.3), andR* is neglected. fIFE is calculated using
Eq. 3.24, where Gm is calculated using AVGS = 1 V, VDS = 0.2 V, and R* is neglected. /ISAT 5

calculated using Eq. 3.29. The inset focuses on the linear portion of the triode regime from
which fIeff and ,UFE are extracted; the arrow indicates the direction of increasing VGS (0 V to
40 V in 5 V steps).
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Figure 3.9: Determination of (a) the low-field mobility, po, and (b) the degradation factor, 0,
for device number ZNSNTR8 1, a staggered bottom-gate ZTO-channel layer TTFT. DC I-V
measurements used for mobility extraction are performed in the dark.
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Figure 3.10: High-field mobility curve fitting using1U0 = 55 cm2V1sec1 and 0 = 0.05 V'
for device ZNSNTR8 1, a staggered bottom-gate ZTO-channel layer TTFT.

tion of a gate voltage lowers potential barriers in the film, causing a corresponding increase

in mobility. This increase may also 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.

[60]

As VGS is further increased, a decrease in mobility is observed. This decrease may be

caused by several effects. At higher gate voltages, carriers are drawn closer to the oxide-

semiconductor interface and the mobility degrades due to enhanced Coulombic scattering,

which arises from interface states, and interface roughness scattering. [59] The mobility

decrease may also be due in part to increasing contact resistance effects with increasing gate

voltage. [60]

High-field mobility degradation is often modeled using,

P0
(3.30)Peff(VGS)

1+O(VGSVT)'
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where po is the low-field mobility and 8 is the degradation (or interface scattering) factor.

[59] Figures 3.9(a) and (b) provide an example of the determination of the high-field model

parameters, and 8, respectively. ,u is determined by plotting fleff vs. VGS VT and extrap-

olating back to VGS VT 0 V. 0 is determined by plotting po/fleff vs. VGS VT and finding

the slope. For this particular device, 1u0 55 cm2V1 sec1 and 0 0.05 V-1. These values

are then used for the curve fitting shown in Fig. 3.10.

3.2 Thin Film Processing
3.2.1 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. [61] To increase the mean free path of vaporized molecules and reduce

the amount of contamination incorporated in the thin-film during deposition, this heating pro-

cess is typically performed under high vacuum (<5x106 Ton).

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

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

tion 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.

3.2.1.1 Thermal Evaporation

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

wire basket and heated using an electrical current. When the crucible is made of an insulating

material, such as Al2 03, the crucible is indirectly heated by placing it in (or on) a conductive

element. Boats and wire baskets, which are often made of W or 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
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boat/basket, and possible physical damage to the boat/basket from overheating. For these

materials, electron beam evaporation is a possible solution.

3.2.1.2 Activated Reactive Evaporation

Activated reactive evaporation (ARE) is basically an extension of thermal evaporation.

[68] A source is heated while a gas is controllably introduced with either a leak valve or a

mass flow controller (MFC). In addition, the process is activated using a glow discharge to

break the gas into radicals, increasing the likelihood of a reaction and incorporation of the

gas into the film. The ARE system in the OSU solid state processing lab employs an electron

cyclotron resonance (ECR) source to sustain a glow discharge. Note that the rate of the

reaction can be controlled by varying the process pressure or the power applied to the ECR

source.

3.2.1.3 Electron Beam Evaporation

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. [611 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.

3.2.2 Sputtering

Sputtering is a process that results in the ejection of atoms from a compressed sput-

ter target when bombarded with high energy particles (normally ions). [69] This process is

depicted in Fig. 3.11. Impinging ions within an appropriate energy range cause elastic colli-

sions which eject atoms from the target surface. Ejected atoms traverse the target-to-substrate
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sputtering process. The likelihood of this situation occurring depends on the electronega-

tivity of the sputter gas(es) being utilized; this implies that oxygen has a high possibility of

causing negative ion resputterring due to its large electronegativity. These negative ions are

then accelerated towards the substrate and can potentially resputter atoms from the growing

thin film.

In terms of step coverage, sputtering is superior to evaporation, but inferior to chemical

vapor deposition (CVD). Sputtering is also better at producing stoichiometric alloys and

compounds than evaporation since the sputter yield for different elements does not vary as

much as the vapor pressure.

3.2.2.1 Radio-Frequency Sputtering

Returning to Fig. 3.11, during sputter deposition, electrons are emitted from the tar-

get surface when ions strike the target and are essential to sustaining the glow discharge.

For this reason, the applicability of DC sputtering is limited to conducting targets which can

sufficiently supply secondary electrons to the glow discharge. For insulating targets, radio-

frequency (RF) sputtering can be used. RF sputtering involves the application of an AC volt-

age, typically at a frequency of 13.56 MHz, to strike and sustain a glow discharge. The OSU

solid state processing lab is outfitted with two RF magnetron sputtering systems: a modified

Control Process Apparatus, Inc. (CPA) sputtering system [72] and a custom-designed high

vacuum RF magnetron sputtering system, to be discussed in Section 4.1.

3.2.2.2 Ion Beam Sputtering

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

viously discussed sputter deposition processes, with one primary difference. [7, 73] Rather

than creating a potential difference between the sputter cathode and chamber to ignite a glow

discharge, a filament is heated, causing the emission of electrons, while the chamber is pos-

itively biased. Ions from this DC discharge plasma are then extracted using an accelerating

grid assembly and strike a sputter target to initiate the sputtering process.





when heated. [43] Thorium is a radioactive material which emits alpha particles; health

hazards and precautions are discussed elsewhere. [74, 75]

A collimated multi-grid assembly is used for ion extraction and 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 electrically isolate

the grids. Over time, it is possible for a film to build up on the sapphire spheres and short

the grids. When this occurs, it is recommended that the entire grid assembly be removed and

chemically cleaned.

Since ions entering the deposition chamber have the same charge polarity, they repel

each other. 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.

3.2.3 Atomic Layer Deposition

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

with excellent step coverage and few pin-hole defects. [76] The main difference between

previously discussed thin film deposition techniques (i.e. evaporation and sputtering) and

ALD is the growth mechanism. In the previously discussed techniques, thin film growth

is dominated by nucleation, thus fonning microcrystals, whereas ALD is self-controlled,

resulting in the sequential growth of monolayers or submonolayers.

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

are separately introduced into the deposition chamber. [77] The cationic species is first intro-

duced so that several monolayers are adsorbed onto the substrate 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 precursor at the substrate surface. A subsequent anion purge com-

pletes 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 al-

ternating ALD cycle can be appropriately modified to accomplish doping or alternate atomic

engineering of the deposited layer.

3.2.4 Post-deposition Annealing

In-situ substrate heating is used during most thin film depositions, but typically, there

is only a small degree of as-deposited crystallinity since most of the deposition tools in the

lab have a fairly low maximum operating temperature ('-' 300°C). Thus, post-deposition

annealing is often used to modulate the crystallinity and stoichiometry of thin films.

As discussed in Sec. 2.1, TCO conduction often arises as a consequence of the creation

of intrinsic defects. In ZnO, 1n203 :Sn, and Zn2SnO4, oxygen vacancies are a possible source

of intrinsic donor defects. Therefore, modulation of thin film conductivity can be achieved

by selecting the appropriate post-deposition annealing ambient and temperature. Note that

the degree of conductivity control is dependent on multiple factors, including the density of

the thin film. It is shown in Sec. 5.4.3.1 that post-deposition controlled "conductivity mod-

ulation" can be used to adjust the threshold voltage of TTFTs, which ultimately determines

the transistor type (i.e. depletion-mode or enhancement-mode).

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

thermal processing (RTP) system or a Barnstead Thermolyne 62700 box 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 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 a lower ramp rate or longer soak time is required.
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3.3 Thin Film and Device Characterization

Thin film characterization can determine many material (and film-specific) parameters

that are needed for device assessment. Hall measurements can be used to determine ma-

jority carrier type and concentration, conductivity, and Hall mobility. Optical transmission

measurements can be used to determine the bandgap and transition type.

3.3.1 Hall Measurement

The Hall effect, which was discovered in 1879, can be used to determine the resistivity,

carrier type and concentration, and mobility of a sample. [59, 78] The Hall effect is based on

the Lorentz force,

Fq(7xT), (3.31)

-*
where q denotes the charge of the particle, > the velocity, and B the applied magnetic field.

The Lorentz force deflects carriers (the direction of deflection is determined by the right-hand

rule) towards the top or bottom of the sample. A measurable potential, known as the Hall

voltage, VH, is created across the sample. The Hall voltage is defined as,

BI
VH -,

qtn
(3.32)

where I is the current, I is the thickness of the sample and n is the carrier concentration. The

Hall coefficient, RH, which is used for most calculations is defined as,

I VHRH=
BI

(3.33)

Note that a negative Hall coefficient indicates that electrons are the dominant carriers. [59,

78]

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

ture is used. [59] 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 in practice is

preferred. If these conditions are not met, appropriate corrections must be made.
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Film resistivity is assessed using,

itt R12,34 +R23,4i

2
(3.34)

Rab,cd is measured by forcing a current from contact a to b, then measuring the voltage be-

tween terminals d and c. The carrier concentration, n, and Hall mobility, PH. are obtained

using the following equations,
1

n=---- (3.35)
qRH'

RH
(3.36)

p

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

PH=rpn(p), (3.37)

where r, the scattering factor, and is defined as,

(r2)r=. (3.38)

't 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. [59]

3.3.2 Optical Transmission

When an incoming photon with energy,

Eph = hv, (3.39)

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. [7,

79, 80] The fundamental absorption process, which can be used to analyze bandgap 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. conduction 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.
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The first step in analyzing the bandgap is to measure the optical transmittance and

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

ficient, cx, can be determined.

a 'In 1 \
7 (i_ (3.40)

where t is the thickness andA is the optical absorptance of the film. If the optical reflectance

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

otherwise

A cci T, (3.41)

A=1TR, (3.42)

where T and R are the optical transmittance and reflectance, respectively. Although a values

are not correct when using Eq. 3.4i, no additional error is introduced from the incorrect

values when extrapolating the bandgap.

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

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

GaAs), the bandgap is considered direct. If the conduction band minimum and valence band

maximum are offset in k-space, the bandgap is considered indirect. 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 at F, but

allow transitions at k 4 0 with the probability increasing as a function of k2.

For allowed direct transitions between parabolic bands,

cccc (hv_Eg)"2, (3.43)

where h is Planck's constant, V is the frequency, and Eg is the bandgap. For forbidden direct

transitions between parabolic bands,

aoc (hV_Eg)3"2. (3.44)
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To conserve momentum in indirect transitions between parabolic bands, phonon (lat-

tice vibration) emission or absorption must accompany photon absorption. For allowed mdi-

rect transitions,

a = aa(hv)+ae(hv) (3.45a)

(hv (Eg E))2 (hv (Eg +E))2
(3.45b)

ap( kT)

oc +
1 e

where E is the phonon energy, k is the Boltzmann constant, and T is the temperature. It is

apparent from Eq. 3.45b that temperature determines the dominant process. At high temper-

ature, a is dominated by the phonon absorption process and can be approximated to,

a aa (hv (Eg _E))2. (3.46)

At low temperature, a is phonon emission dominated,

aaeoc (hV(Eg+Ep))2. (3.47)

For forbidden indirect transitions between parabolic bands,

(hv (Eg _E))3 (hv (Eg +E))3
(3.48)()_i +

kT

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

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

At low temperature,

aaaoc (hV(EgEp))3. (3.49)

aaec (hv(Eg+Ep))3. (3.50)

Assuming thatE <<Eg allows E to be neglected when extrapolating the bandgap energy.

By plotting (a)" vs hv (where n 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 bandgap can be estimated. The transition type is determined by the linearity of the fit

near the absorption edge. The bandgap is determined by extrapolating (a)" back to the x-axis
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Figure 3.13: Band structure of a degenerately doped direct bandgap semiconductor, illustrat-
ing the origin of the Burstein-Moss shift with the hatched area distinguishing filled states.

(hv). As stated earlier, there may be multiple competing absorption processes, making this

method of bandgap analysis indefinite.

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

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

in InSb, is known as the Burstein-Moss shift. [81, 82, 83] Considering a direct bandgap

semiconductor,

cxo(hv_Eg_n)'12, (3.51)

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

Fig. 3.13. 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,

1
m

ld2E'
(3.52)

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.
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3.3.3 DC Current-Voltage Measurements

DC current-voltage characteristics presented in this thesis are obtained using an Hewlett

Packard 4156B Precision Semiconductor Parameter Analyzer; measurements are executed

in the dark unless otherwise stated. The HP 4156B at OSU has four source and measure

units (SMUs) (-40 V < Vsource < 40 V, 1 fA 'source 100 mA) and is upgradable to six.

From these characteristics, subsequent plots are determined, including 'd VGS, \/7 VGS,

log(Id) VGS, and p VGS.

3.4 Conclusions

This chapter provides an overview of TFT device operation, including an analysis of

subthreshold conduction and the threshold voltage. From the subthreshold analysis, the bulk

trap density and interface state density can be estimated. Using these values, VT can be es-

timated using Eq. 3.16. The estimated value of VT is then compared to the values extracted

from device number ZNSNTR8 1, a ZTO channel-layer staggered bottom-gate TTFT. In ad-

dition, Vturn on is introduced and identified as a possible device parameter which indicates

the lower range of device operation.

Channel mobility extraction is then discussed. ,Ueff is the preferred mobility determi-

nation method for multiple reasons, but most importantly, it is preferred because it yields

the correct current-voltage characteristic when the extracted value of fleff is employed in the

relevant device physics equation and the curve-fitted trend is compared to the original data.

[59]

A summary of thin film processing techniques relevant to the fabrication of TTFTs for

this thesis is presented. Thin film processing techniques explored include evaporation, sput-

tering, atomic layer deposition, and post-deposition annealing. RF and ion beam sputtering

are discussed in some detail, as these techniques have been essential to the development of

TTFTs presented in Chapter 5.

Relevant thin-film characterization techniques including, Hall and optical transmission

measurements are presented. The Hall measurement is essential to evaluation of mobility,
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carrier concentration, and conductivity for thin-films. Optical characterization of films allows

determination of the energy bandgap and transition type.
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4. HIGH VACUUM RADIO-FREQUENCY MAGNETRON SPUTTERING
SYSTEM

This chapter describes a high vacuum RF magnetron sputtering system (hereafter de-

noted as the Tasker/Chiang (TC) sputtering system), which was custom designed and con-

structed by Chris Tasker at OSU. A system overview is presented, followed by a discussion

of potential applications, the computer-controlled interlocks, and possible modifications for

the tool. Schematics of the system are shown in Figs. 4.1(a) and (b).

4.1 System Overview

System specifications and features include:

Stainless steel chamber using Conflat seals

Two sputter guns (one 2 in and one 3 in gun)

Substrate heating to 600°C

9x109 Torr base pressure

Linear substrate translation and substrate tilting

Computer-controlled interlocks

Previous thin film deposition tools in the solid state processing lab at OSU have a

maximum operating temperature of 300 °C. Increasing the maximum operating temper-

ature grants researchers additional flexibility and capabilities when designing experiments.

For example, a capability the lab previously lacked, high temperature vacuum annealing, is

now realizable. This is capability particulary useful when fabricating oxygen-sensitive mate-

rials, such as sulfides.

There are three main aspects that can limit the maximum operating temperature: the

maximum temperature of the heater, the vacuum chamber material, and the vacuum seal

material. A Solar Products QH Series resistive coil heater, which can ramp from room tern-

perature (-'. 25°C) to 600°C in 4 minutes, is used to heat the substrate. [84] The stainless
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Figure 4.1: Schematics of the TC Sputtering System as viewed from (a) left and (b) right.
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Table 4.1: Maximum operating temperature and outgassing rates for various sealing materi-
als.

Seal
Maximum Operating

Temperature °C

Outgasing Rate

(mbarls' cm2x 10b0)

Aluminum 660 80

Copper (Mechanically Polished) 1083 47

Fluoroelastomer (Viton®) 200 15200

Polyurethane 90 6700

PTFE (Teflon®) 280 4000

steel vacuum chamber, manufactured by Nor-Cal Products, Inc. has cooling water channels

machined within the chamber walls to allow active cooling. [85] The majority of the vacuum

seals on the system use copper gaskets. The benefits of using a metal sealing material are

two-fold: an increased maximum processing temperature and a lower outgassing rate than

fluoroelastomer (Viton®) seals, which are typically used in the lab. Table 4.1 summarizes

the maximum operating temperature [86] and outgassing rates [87] of several sealing mate-

rials.

The system is configured to use dry, i.e. oil-free, pumps for the creation of vacuum,

eliminating the need for a liquid nitrogen cold trap. A Leybold DryVac 50B mechanical

pump and RuVac roots blower pumping stack, which has a maximum pumping speed of

450m3h1, is used to rough the system from atmosphere to 10 mTorr. [88, 89] Once

this crossover pressure is reached, a Varian TV1001 turbo molecular pump, backed by an

additional Leybold DryVac 50B mechanical pump, is used to reach the system base pressure.

Substrate tilting is accomplished through the use of a McAllister DPRF-450 rotary

platform. This capability allows for off-angle and glancing-angle deposition (GLAD). [90,

91] Using GLAD, columnar, inclined, semiporous structures, which are particularly useful
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Figure 4.2: Glancing-angle deposition (GLAD) schematic. a represents the substrate tilting
angle. is the angle of rotation along the axis normal to the tilted substrate.

in sensor applications, can be fabricated. [92] Due to atomic shadowing, varying the angle

of the incoming flux results in a variation of the angle of inclination and of the porosity of

the film. The size of each column is affected by the adatom mobility (which can be reduced

by minimizing the substrate deposition temperature) of the growing thin film. [93] Low

pressure ( 1 mTorr) and long throw distance processing parameters are employed during

deposition. Lowering the processing pressure increases the mean free path, reducing the

atomic scattering and angular variation of the deposited columns. Angular variation is further

reduced by using long throw distances. As shown in Fig. 4.2, some variations of the GLAD

technique use substrate rotation (), a feature that the TC sputtering system currently lacks.

4.2 Computer-Controlled Interlocks

The control system for the TC sputtering system utilizes an Adlink PCI-7248 digital

input/output (DIO) board in conjunction with a personal computer. Advantages of using
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this configuration, as compared to a microcontroller-based solution, involve flexibility and

functionality. For example, a graphical user interface (GUI) can be implemented through

use of a number of programming languages and the functionality of the program can include

experimental information logging in a database. The drawback of this configuration is that it

is more expensive to implement than the microcontroller-based solution.

Development of this control system utilizes Visual Basic to control the DIO board.

The following aspects have been considered during software development (from most to

least important):

Protection of critical components, in particular, the turbomolecular pump and linear

translator ("Z-translator").

Reliability of the software.

Usability of the software, in particular, the design of the GUI.

Functionality of the software.

Password-protected usage.

Database logging of experimental information.

E-mail-based notification of system shutdowns due to equipment-based malfunc-

tions and operator-based failure.

Programmable stepper motor controls, including position offset, scan-speeds, and

scan-lengths.

The interlock system is set in place to protect the system from operator oversights

and mistakes. In particular, cooling water flow, the chamber and foreline pressure, and the

"health" of the turbomolecular and mechanical pumps are monitored. Note that there is

no interlock for the position of the sputter cathode with respect to the z-translator, hence,

particular care should be taken during sample removal, introduction, and execution of the

depositions. Instructions for general usage are included in the Appendix. For additional

information, the manufacturers manuals for the specific components should be consulted.
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Cathode I

Substrate

Figure 4.3: Top view of co-sputtering implementation.

4.3 Future Enhancements
4.3.1 RF Power Supply and Additional Sputter Guns

Currently, the TC sputtering system supports two sputter guns. A new flange (14.5

in), which accommodates three 2 in sputter guns, has been designed and one of the current

flanges (14.5 in) will be modified to accommodate another 3 in sputter gun. This five sputter

gun configuration (i.e. three 2 in sputter guns, two of which have will have flexible cathode

heads [94], and two 3 in sputter guns) will allow researchers to fabricate complete devices

without exposing samples to atmosphere.

An additional RF power supply will significantly enhance the capabilities of the sys-

tern. Layered and doping concentration variable thin films can be fabricated. Layered films,

in particular, insulators (which will be extremely useful for TTFT fabrication) with tuned

dielectric constants and breakdown fields can be grown by translating between two simulta-

neously powered sputter cathodes. To vary the doping concentration in a thin film, the trans-

lation technique or multitarget co-sputtering may be employed. In multitarget co-sputtering,

both sputter cathodes point at the substrate via flexible head guns, as shown in Fig. 4.3. Rather
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than fabricating a multitude of targets with varying doping concentration, one target can be

used to deposit a host material (e.g. ZnS) and another target would be used to dope (e.g. Mn)

the thin film. Also, when attempting to deposit stoichiometric compounds, it is possible that

some components are preferentially sputtered or resputtered; the "dopant" could be chosen

to compensate for this effect. [95, 96, 97] Since the TC sputtering system lacks substrate

rotation capabilities, it is possible that there will be a horizontal gradient of the angularly

sputtered component; as long as the substrate is smaller than the sputter cathode, this gradi-

ent can be alleviated by substrate translation during deposition. With these considerations in

mind, co-sputtering increases process flexibility at a cost of increased complexity.

4.3.2 Addition of Mass Flow Controllers

Currently, the system uses ultra-high vacuum leak valves to control the introduction of

process gases during sputter depositions. Another powerful enhancement to the TC sputterig

system would be the addition of mass flow controllers (MFC's). This would allow for the

capability of modifying gas mixtures without having to pre-purchase specified gas mixtures.

One drawback of this arrangement, however, is the occasional need to calibrate MFC's.

4.4 Conclusions

This chapter describes a custom-designed and in-house built high vacuum RF mag-

netron sputtering system, code-named the TC sputtering system. The initial design accom-

modates two sputter guns, a 2 in and 3 in. The need for additional capabilities prompted the

design of two new flanges that will increase the total number of sputter guns to five. These

modifications will be implemented in the near future and will expand the capabilities of the

system to include co-sputtering.
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5. ZINC TIN OX1T)E-BASED TRANSPARENT THIN-FILM TRANSISTORS

This chapter presents results related to the use of ZTO as a channel layer for TTFTs.

Characterization results of ZTO thin-films (including X-ray diffraction, XRD, and optical

transmission and Hall measurements) processed under similar deposition parameters, but

with varying post-deposition annealing cycles are presented. The chapter closes with an

overview of device fabrication details, as well as optical and electrical characterization results

of ZTO TTFTs.

5.1 Zinc Tin Oxide Deposition Parameters

The ZTO is deposited using a modified Control Process Apparatus, Inc. (CPA) RF

sputtering system. ZTO depositions utilize a 2 in AJA International, Inc. cathode and an

orthorhombic ZTO (ZnSnO3) sputter target which was fabricated by Joa-young Jeong of the

OSU Department of Chemistry. The target is sputtered at 80 watts in a 90% Ar/10% 02

ambient. A throttle valve is used to control the process pressure, which is 5 mTorr. The

substrate is heated to 175°C and positioned parallel to the target surface at a 3 in throw

distance.

5.2 Zinc Tin Oxide Post-deposition Annealing Parameters

Various post-deposition annealing cycles employed in TTFT fabrication for this thesis

are summarized in Table 5.1. Cycles A-C and E utilize the AET Thermal, Inc. RTP system

described in Sec. 3.2.4. The Ar ambient used in cycle B is achieved by backfilling the process

chamber for 10 minutes prior to initiation of the RTA heating cycle. Cycle D utilizes a

Bamstead Thermolyne 62700 box furnace to employ a 60 minute post-deposition annealing

cycle in air at a slow ramp rate (2°C/mm).
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Table 5.1: Various post-deposition annealing cycles employed for device fabrication.

Cycle_____________

A B C D
J

E

300°CRTA 600°CRTA 600°CRTA 600°C Furnace 700°CRTA

(3 mm in 02) (3 mm in Ar) (3 mm in 02) (60 mm in Air) (3 mill in 02)

Zn2SnO4 (311)

Zn2SnO4 (511)

1000

Zn2SnO4 (531)

Zn2SnO4 (220)
Zn2SnO4 (222)

0

1>c2::3T
.

6020 30 40

Position 20 (°)

Figure 5.1: XRD pattern obtained from sample number ZTO-XRD2, which is a 3900A
zinc tin oxide thin film.
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5.3 Zinc Tin Oxide Characterization
5.3.1 X-ray Diffraction

XRD patterns shown in Figs. 5.1 and 5.2 are obtained using a Philips MRD system

utilizing Cu Kcx radiation. [98, 99] The pattern shown in Fig. 5.1 is taken from sample

number ZTO-XRD2, a 3900 A ZTO thin film. ZTO-XRD2 is deposited using parameters

similar to those defined in Sec. 5.1; the only difference is the process pressure employed,

which is 8 mTorr rather than 5 mTorr. ZTO-XRD2 is subjected to post-deposition annealing

cycle E, as defined in Sec. 5.2.

The pattern shown in Fig. 5.1 is consistent with that ofZn2SnO4, which is unexpected,

as the sputter source is a ZnSnO3 target. The average estimated Scherrer grain size is 178

A ± 23 A. Notice that some of the diffraction peaks are slightly offset, possibly indicating

the presence of other phases, such as ZnO, Sn02, or ZnSnO3. [98] These results may be

explained by reference to powder calcmation studies conducted by Shen et al., where powder

mixtures with stoichiometry close to orthorhombic ZTO (ZnSnO3) are found to decompose

to spinel ZTO (dizinc tin oxide, i.e. Zn2 Sn04) and 5n02 at calcination temperatures above

700°C. [25]

As shown in Fig. 5.2, XRD patterns are obtained for three additional ZTO thin films

(sample numbers ZNSNXRD-0l, ZNSNXRD-02, and ZNSNXRD-03) which are deposited

according to the deposition parameters defined in Sec. 5.1. [99] Table 5.2 summarizes the

thickness and post-deposition annealing cycles employed for these samples.

Figure 5.2 shows that the diffraction patterns measured for sample numbers ZNSNXRD-

01 03 do not exhibit distinct maxima. Note that sample numbers ZNSNXRD-01 and

ZNSNXRD-02 are subjected to post-deposition annealing at 600°C, but minimal improve-

ment in the crystallinity of these thin films is observed. However, this does not imply that

these films are entirely amorphous. Rather, it is possible that there is a small amount of

crystallinity that is indistinguishable due to low diffraction intensity. [60]

Although samples ZNSNXRD-01 03 exhibit poor crystallinity, the results presented

in subsequent sections utilize deposition and post-deposition annealing parameters similar to
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Table 5.2: Summary of thickness and post-deposition annealing cycles employed for sample
numbers ZNSNXRD-01 03.

C-)

U)

U)

C
0

400
200

0
600
400
200

0

400
200

0
600
400
200

0

Sample ID
Thickness

(A)

Post-Deposition

Annealing Cycle

ZNSNXRD-01 1800 D

ZNSNXRD-02 2100 C

ZNSNXRD-03 2200 No Anneal

Position - 20 (°)

ZNSNXRD-01

ZNS NXRD-02 I

ZNSNXRD-031

Corning 1737

Figure 5.2: XRD pattern obtained for sample numbers ZNSNXRD-01, ZNSNXRD-02, and
ZNSNXRD-03. The Corning 1737 substrate utilized is also measured.



these films for the fabrication of ZTO TTFTs. This is due to the fact that complete devices

yielding excellent electrical characteristics using these parameters were realized before the

XRD analysis was conducted. Therefore, these XRD results suggest that future work needs

to be conducted in the exploration of ZTO as a TTFT channel layer to fully understand the

results presented in this thesis research, as further discussed in Chapter 6.

In addition, although samples ZNSNXRD-0 1 02 employ deposition parameters sim-

ilar to those used in the fabrication of TTFT devices presented in this thesis, it is difficult to

equate the ciystallinity of the two for several reasons. First, fabricated TTFTs utilize glass

substrates coated with ATO (an insulator described in Sec. 5.4.1) rather than bare Coming

1737 glass substrates. Second, the films characterized by XRD are 3 times thicker than the

typical semiconductor layer thickness utilized. Finally, a growth-limiting factor (possibly

negative ion resputtering) affects film growth for longer depositions, i.e. the typical 800 A

films are deposited in 12 mm, whereas samples ZNSNXRD-01 03 required > 70 mm to

grow 2000 A.

5.3.2 Optical Characterization of Zinc Tin Oxide Thin Films

The optical bandgap is analyzed for a 1 150A thick ZTO thin-film (sample num-

ber HC-BG-01) deposited onto a Corning 1737 glass substrate. The thin-film is RF mag-

netron sputter deposited according to parameters defined in Sec. 5.1, then subjected to a

post-deposition annealing cycle D, as defined in Sec. 5.2.

As shown in Fig. 5.3(a), sample number HC-BG-0 1 transmits 80% 90% in the vis-

ible portion of the electromagnetic spectrum. Using Eq. 3.40 and the measured transmittance

and reflectance data to calculate c, the corresponding a2 hv characteristic is determined

and shown in Fig. 5.3(b). Extrapolating the linear portion of this curve near the absorption

edge yields an allowed direct bandgap (Sec. 3.3.2) of r'. 334 eV, which is in good agreement

with the reported fundamental bandgap of spinel ZTO, 3.35 eV. [21, 22]
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Figure 5.3: (a) Transmittance and reflectance spectra and (b) (a)2 (hv) characteristics for
sample number HC-BG-0l, a 1150 A ZTO thin-film deposited on a Coming 1737 glass
substrate.
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Figure 5.4: Staggered bottom-gate structure employed for TTFT fabrication.



5.3.3 Hall measurement

A Hall measurement (Sec. 3.3.1) is performed on a '- 1000 A thick ZTO van der Pauw

structure (sample number HC-HM-04) deposited onto a Coming 1737 glass substrate. The

thin film is RF magnetron sputter deposited according to parameters defined in Sec. 5.1, then

subjected to a post-deposition annealing cycle D, as defined in Sec. 5.2.

Application of a 5 to 18 kGauss field and 60 nA of excitation current yields an average

Hall mobility of 15 cm2V1 sec1. The carrier concentration and resistivity of the film are

2x10'6 cm3 and 16 Icm, respectively.

5.4 Zinc Tin Oxide Thin-film Transistors
5.4.1 Fabrication

Fabrication of the devices presented herein begins with ITO/ATO coated substrates

provided by Planar Systems, Inc. An ITO layer is RF sputter deposited followed by an alu-

minum/titanium oxide (ATO) layer, which is deposited by ALD. The ATO deposition begins

with a "thick" A1203 layer, then alternating layers of A1203 and Ti02 are grown. To com-

plete the process, an A1203 cap is deposited. The thickness of the entire stack is 2200 A and

the relative dielectric constant of the ATO has been measured to be 10. [70}

A ZTO channel layer and ITO source and drain contacts are then deposited. The com-

plete device structure is shown in Fig. 5.4. Post-deposition annealing parameters (including

ambient, temperature, and time) vary and are summarized in Sec. 5.2.

ZTO and ITO depositions are performed in the modified Control Process Apparatus,

Inc. (CPA) RF sputtering system. ZTO deposition parameters are summarized in Sec. 5.1.

ITO depositions utilize a 2 in US, Inc. Mighty Mak cathode; the sputter target is purchased

from the Kurt Lesker Company. ITO is sputter deposited at 60 watts in an Ar ambient. The

substrate is heated to 175°C and is positioned parallel to the target surface at a 3 in throw

distance. A throttle valve is used to control the process pressure, which is 5 mTorr.

Six devices with W/L = 7175pm/1524pm 4.7/1 are fabricated on the 1" x 1"

substrates utilized. Device patterns are realized through the use of shadow masks. Yield for
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Figure 5.5: Optical transmission spectrum as seen through the source/drain of device number
ZNSNTR69, a staggered bottom-gate ZTO-channel layer TTFT. The ZTO channel and ITO
source/drain are 650 A and 2500 A thick, respectively.

these devices is typically 50%. Device failure can stem from insulator breakdown, causing

shorting through the gate, or pin-hole defects. Improvement of yield can be attained through

the use of smaller shadow masks or photolithography; since ZTO is difficult to chemically

etch, a dry reactive ion etch or lift-off may need to be employed.

5.4.2 Optical Characterization of Zinc Tin Oxide Thin-film Transistors

The optical transmittance vs. wavelength spectrum as viewed through the source/drain

of device number ZNSNTR69, a staggered bottom-gate ZTO-channel layer TTFT (Fig. 5.4),

is shown in Fig. 5.5. Device fabrication parameters are given in Secs. 5.4.1 and Table 5.3. The

ZTO channel and ITO source/drain are 650 A and 2500 A thick, respectively. Device

number ZNSNTR69 exhibits an average of-...' 84% transmittance in the visible portion of the

electromagnetic spectrum (400 nm - 700 nm), which is typical of most ZTO TTFT devices

fabricated for this thesis.
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5.4.3 Electrical Characterization

Table 5.3 summarizes the fabrication parameters employed (i.e. the post-deposition

annealing cycle employed and the thickness of the ZTO channel layer) and corresponding

extracted electrical characteristics for three n-channel, accumulation-mode ZTO TTFTs (de-

vice numbers ZNSNTR69, ZNSNTR7 1, and ZNSNTR75). The structure for these staggered

bottom-gate devices is shown in Fig. 5.4.

The fabrication differences between the three devices lies in the post-deposition an-

nealing cycle(s) employed. With regard to device number ZNSNTR69, the ZTO layer is

subjected to post-deposition annealing cycle B, as defined in Sec. 5.2. After ITO is RF

magnetron sputter deposited, the entire stack endures post-deposition annealing cycle A, as

defined in Sec. 5.2. Device number ZNSNTR7 1 is subjected to post-deposition annealing cy-

cles C and A, as defined in Sec. 5.2, after the ZTO and ITO RF magnetron sputter deposition,

respectively. The ZTO layer of device number ZNSNTR75 is subjected to post-deposition

annealing cycle D, as defined in Sec. 5.2. No annealing cycle is performed after the ITO

deposition.

All plots shown in this section are generated from a single DC I-V measurement that

is performed in the dark, using a 5 second gate hold time, a 1 second drain delay time, and 1

V gate and drain voltage steps.

5.4.3.1 Threshold Voltage Control

Figure 5.6 shows the ID VGS characteristic for two devices (ZNSNTR69 and ZN-

SNTR71), illustrating the threshold voltage control realized via conductivity modulation, as

discussed in Sec. 3.2.4. The threshold voltage is estimated to be -4.6 V and 2 V for device

numbers ZNSNTR69 and ZNSNTR71, respectively. This shift in threshold voltage between

the two devices is related to the conductivity of the semiconductor layer. Processing in an in-

ert ambient (Ar is employed for ZNSNTR69) results in an increase in film conductivity. This

increase is attributed to an increase in the number of 02 vacancies, which correlates to an

increased carrier concentration prior to the application of a gate voltage, causing a decrease
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Table 5.3: Summary of fabrication parameters employed and corresponding extracted elec-
trical characteristics for three n-channel, accumulation-mode ZTO TTFTs.

ZNSNTR69 ZNSNTR7 1 ZNSNTR7S

ZTO Thickness (A) 650 780 680

ZTO Post-Deposition

Annealing Cycle
B C D

ITO Post-Deposition

Annealing Cycle
A A None

VT(V) -4.6 2 2.1

Vturn_on (V) -8 1

'D On-to-Off Ratio 5.6x106 l.3x108 9.1x107

/1eff (cm2V'sec') 14.5 13.3 107

PFE (cm2V'sec') 13 13.1 105

PSAT (cm2V'sec') 12.5 160

S (V/dec) 0.784 0.276 0.936

NT (cm3eV') 5.1x1017 1.5x1017 5.8x10'7

NIT (cm2) Ec EN Eg 1.8x10'2 3.1x1011 2.2x10'2

NIT (cm2) -* Ec EN = Eg 4.2x10'2 7.1x1011 4.6x10'2
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Figure 5.6: Determination of the threshold voltage from the triode region (VDS = 1 V) of
device operation for ZNSNTR69 and ZNSNTR71, two staggered bottom-gate ZTO TTFTs.
DC I-V measurements are performed in the dark using a 5 second gate hold time and a 1
second drain delay time.

in the threshold voltage. (Recall Eq. 3.16 and Fig. 3.6 which show the threshold voltage

dependence on channel layer doping.)

VDS curves for device numbers ZNSNTR69 and ZNSNTR71 are shown in Fig. 5.7(a)

and (b), respectively. As the gate voltage increases, an increase in channel conductivity is

observed and correlates to the gate modulation seen in both'D VDS characteristics.

As shown in Fig. 5.7a, device number ZNSNTR69 exhibits significant current flow at

VGS = 0 V, i.e. ZINSNTR69 is a depletion-mode device. The "soft" saturation exhibited in

this device indicates that the channel is not fully depleted of carriers. This is due to a large

channel layer doping density (as compared to enhancement-mode devices), which correlates

to the negative threshold voltage. Decreasing VT increases the applied drain voltage required

to pinch-off the channel ( VDSAT), which is approximated as, [51]

VDSATVGS-VT. (5.1)
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Figure 5.7: ID-VDS characteristics for (a) ZNSNTR69 and (b) ZNSNTR71, two staggered
bottom-gate ZTO-channel layer TTFTs. DC I-V measurements are carried out in the dark
using a 5 second gate hold time and 1 second dram delay time.

Therefore, saturated characteristics are not expected or observed in Fig. 5.7a at VGS = 35 V

and VDS = 40 V. One advantage of a depletion-mode device is that a higher "effective" gate

field is applied since a channel is already induced, i.e. VGS VT in Eq. 3.28 increases as VT

decreases. This implies that depletion-mode devices can be operated at lower gate voltages,

lowering the breakdown field requirement of the gate insulator.

Enhancement-mode TTFTs, such as device number ZNSNTR7 1, have a lower value of

VDSAT, as compared to depletion-mode devices, due to the increased value ofVT. This results

in the "hard" saturation exhibited by device number ZNSNTR71 in Fig. 5.7b, indicating that

the channel can be filly depleted of majority carriers (i.e. electrons) for this devices.

Figure 5.8 shows the gate leakage current and transfer characteristic for device num-

bers ZNSNTR69 and ZNSNTR7 1. Note that the gate leakage current is approximately an

order of magnitude larger in device number ZNSNTR69 than it is in device number ZN-

SNTR71. This is attributed to the variability observed in the ATO for the large devices used

for device fabrication. (Recall that W/L = 71751um/15241um.) From the transfer characteris-

tic, the drain current on-to-off ratio is determined by dividing the drain current at VGS = 40 V

by the drain current at VGS = "tziF- and is found to be 5x 106 and lxi 08 for ZNSNTR69 and

ZNSNTR7 1, respectively. Additionally, S is extracted from these characteristics and is found

to be 0.784 V/decade and 0.276 V/decade for device number ZNSNTR69 and ZNSTR71,
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respectively. NT is then determined using Eq. 3.10, and is found to be 5.1x1017 cm3eV

and 1.5x 1017 cm3eV' for device numbers ZNSNTR69 and ZNSNTR71, respectively. The

grain boundary trap density is not estimated since the grain size is not known. The interface

state density is determined from Eq. 3.1 lb (assuming that Eg E EN Eg), and is

found to be 1.8x1012 cm2 <NIT <4.2x1012 cm2 and 3.lxlO" cm2 <NIT < 7.lxlO'1

cm2 for ZNSNTR69 and ZNSNTR71, respectively.

Note that NT and NIT are both larger for ZNSNTR69. Additional devices need to be

fabricated to identi1,' whether the increased trap densities for ZNSNTR69, as compared to

ZNSNTR7 1, are due to the device type (i.e. depletion-mode, rather than enhancement-mode),

process variation, or a combination of both. Recalling the nature of TCO semiconductors, the

increase in channel-layer conductivity seen in depletion-mode devices is realized through an

increase in intrinsic defects, which act as donor states. It is possible that ionized donor states

may act as electron traps, increasing the bulk trap density and increasing the inverse sub-

threshold slope. Process variation, including variation in the ITO/ATO substrates provided
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Figure 5.9: IL-VGS characteristics for device numbers (a) ZNSNTR69 and (b) ZNSNTR71,
two staggered bottom-gate ZTO-channel layer TTFTs. DC I-V measurements used in mobil-
ity determination are performed in the dark using a 5 second gate hold time and a 1 second
drain delay time.

by Planar Systems, Inc. and the variation in processing conducted on the substrates at OSU

may also cause the increased bulk trap density in ZNSNTR69 (as compared to ZNSNTR71).

The 4U-VGS characteristics for device numbers ZNSNTR69 and ZNSNTR71 are shown

in Fig. 5.9(a) and (b), respectively. /.1SAT is not determined for ZNSNTR69 since the method

employed to estimate PSAT does not apply to depletion-mode devices. (Recall that JLSAT is

determined by connecting the drain and gate of the TFT together and assuming that this

configuration results in saturated drain current characteristics when a gate voltage is applied.

Therefore, it is only applicable to enhancement-mode devices.) The peak values ofPeff and

fiFE are 14.5 cm2V1sec1 and 13 cm2V1sec1 for device number ZNSNTR69 and 13.3

cm2 V1sec1 and 13.1 cm2V'sec' for device number ZNSNTR71, respectively. Peff and

fiFE are both fairly constant over VGS; therefore, 0 is not determined.

5.4.3.2 High Mobility Thin-Film Transparent Transistors

Furnace annealing the ZTO-channel layer according to cycle D, as described in Sec. 5.2,

results in a considerable improvement in TTFT electrical performance. In terms of channel

mobility, up to an order of magnitude increase in performance is observed, although typi-

cally, the mobility increases by a factor of two to five. Multiple substrates are fabricated

under these conditions; data for the best performing device is presented.
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JD-VDS characteristics are shown for device number ZNSNTR75 in Fig. 5.10. Note

that the maximum gate bias shown is VGS = 15 V (as compared to VGS = 35 V and VGS = 40

V for device numbers ZNSNTR69 and ZNSNTR7I, respectively). Figure 5.11(a) and (b)

show that the extrapolated threshold voltage is 2.1 V and 2 V, from the triode and saturation

region, respectively.

The L1-VGS characteristics for ZNSNTR75 are shown in Fig. 5.12. eff and 1uFE exhibit

, _i _i ,, 1 Ipeak values of 107 cmV sec and 105 cmV sec , respectively, and decrease with the

application of VGS. Using the high-field mobility model discussed in Sec. 3.1.4, the low-

field mobility and degradation factor are estimated to be 110 cm2V' sec_i and 0.043 V',

respectively. Note that 11at displays an artificially large peak mobility of 160 cm2Vsec,

which may be due to inaccurately assuming that the device is biased in saturation when VDS =

VGS. The square points in Fig. 5.10 indicate the drain current at VGS = VDS and reveal that

the drain current is not saturated under this biasing condition. In addition, Fig. 5.Ilb shows
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Figure 5.11: Determination of the threshold voltage from the (a) triode region (VDS 1 V)

and (b) saturation region of device operation for device number ZNSNTR75, a staggered
bottom-gate ZTO-channel layer TTFT. DC I-V measurements are performed in the dark.

a "smeared" \/'DsAT VGS characteristic, rather than the abrupt current increase ("ideal"

behavior is seen in Fig. 3.7).

Figure 5.13 displays the transfer characteristic and gate leakage current for device

number ZNSNTR75. From the transfer characteristic, the ID on-to-off ratio is determined

to be 9.1x107, Vturnon = 5 V, S = 0.936 V/dec, NT = 5.9x10'7 cm3eV', and 2.2x1012

cm2 NIT 4.6x1012 cm2 (assuming that Eg Ec EN Eg).

The cause of the increased inverse subthreshold slope for this device, as compared to

device numbers ZNSNTR69 and ZNSNTR7 1 is not apparent. Upon examination of electrical

characteristics of other similarly processed devices, it appears that the inverse subthreshold

slope varies from 0.25 to 1 V/dec. This may be due in part to variation in the gate

insulator capacitance. The relative dielectric constant of the ATO has been found to vary up

to 20%. This variation leads to an inaccurate assessment of the gate capacitance, leading

to inaccuracy in the estimation of NT and NIT, as well as other device parameters, including

the channel mobility. To reduce the degree of inaccuracy in estimated parameters, shadow

masks used for device patterning should be modified to allow measurement of the relative

dielectric constant of the gate insulator for each substrate.
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5.5 Conclusions

In this chapter, a study ofZTO TTFTs fabricated using an orthorhombic ZTO (ZnSnO3)

target is presented. XRD analysis of several ZTO thin films reveals that films subjected to

a 600° C post-deposition annealing cycle show little or no crystallinity. In contrast, a film

which endured a 700°C post-deposition annealing cycle exhibited diffraction peaks consis-

tent with Zn2Sn04, although, several diffraction maxima are offset, indicating the possibility

of other phases in the film, including ZnO, Sn02, and ZnSnO3. Note that XRD analysis was

conducted after many of the experiments for this thesis had already been performed; thus, the

presented device data utilizes the lower temperature annealing cycle without prior knowledge

of the non-crystalline nature of thin films processed under this condition. In addition to vari-

ation of the post-deposition annealing temperature, two other parameters have been adjusted:

the post-deposition annealing ambient and time. The post-deposition annealing ambient has

been varied to control the threshold voltage, i.e. when Ar is utilized, the resulting TTFT is

depletion-mode; when 02 is utilized, the resulting TTFT is enhancement-mode. Perhaps the

most striking result achieved is the observed increase in the estimated channel mobility (up

to an order of magnitude) of TTFTs subjected to a 60 mm furnace anneal rather than a RTA.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions

The primary focus of this thesis has been development of highly transparent, n-channel,

accumulation-mode thin-film transistors employing a zinc tin oxide (ZTO) channel layer.

Fabricated TTFTs exhibit controllable depletion- and enhancement-mode behavior through

variation of the post-deposition annealing cycle. Specifically, an inert post-deposition an-

nealing ambient increases the conductivity of the thin film, thus, yielding a depletion-mode

device. Utilizing an oxidizing post-deposition annealing ambient is found to result in an

enhancement-mode device.

Enhancement-mode ZTO TTFTs typically exhibit a drain current on-to-off ratio> i07

(although, a typical drain drain current on-to-off ratio for all devices, including depletion-

mode, is> 106). In addition, the estimated peak effective mobility for these devices is as high

as 100 cm2V'sec1, although effective mobilities in the range of 20-50 cm2V'sec1

are more common. This inconsistency in substrate-to-substrate mobility may be due, in

part, to the large device dimensions employed in the development test structures used and/or

to shadow mask misalignment. Optical characterization of these devices indicates 84%

transparency in the visible portion of the electromagnetic spectrum as viewed through the

source/drain.

Perhaps the most interesting aspect of this result is not the high channel mobility,

which appears to be comparable to that of the single-crystal TTFTs fabricated by Nomura

et al., [3] but the results from XRD analysis of similarly processed ZTO thin films. This

analysis indicates that ZTO thin films subjected to a 600°C post-deposition anneal identical

to that used in the fabrication of TTFTs, exhibit poor crystallinity. It is not yet understood

how poorly crystalline quality ZTO films can be used to fabricate TTFTs with mobilities as

high as those witnessed in this thesis research.
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A secondary focus of this thesis is to provide guidance in the design and optimization

of future TFTs. This is accomplished through the utilization and extension of quantitative

polycrystalline TFT device models. Specifically, subthreshold conduction is discussed to

estimate bulk trap (and possibly grain boundary trap) densities and interface state densities.

Threshold voltage estimation, leading to introduction of the turn-on voltage, Vturn_on, and

channel mobility extraction are explored and clarified.

The final focus of this thesis research involves development of a new radio-frequency

(RF) magnetron sputtering system. Of particular interest is the design and implementation of

computer-controlled interlocks for this system.

6.2 Recommendations for Future Work

Although high-mobility ZTO TTFTs have been fabricated, many questions remain

unanswered. This section presents recommendations for future work in the field of TTFT

development.

6.2.1 Reproducibility and Optimization

The process used to fabricate TTFTs presented in Chapter 5 exhibits a large amount of

device performance variation. Device performance variations affect the subthreshold slope,

the threshold voltage, and the channel mobility. Several likely sources of process variability

can be identified, including, the ITO/ATO substrates, both the ZTO and ITO depositions, the

large device dimensions, and shadow mask misalignment.

Although the ITO/ATO substrates provided by Planar Systems, Inc. provide a source

of high-quality gate insulator, they can be viewed as an uncontrollable aspect of the process.

The relative dielectric constant of the ATO has been found to vary up to ' 20%. [7] For

the purpose of process controllability, an insulator process should be developed at OSU. A

layered insulator utilizing two of the materials summarized in Table 3.1 to tune the relative di-

electric constant and maximum breakdown field is recommended. In addition, development

of an insulator process will facilitate device optimization. Particularly, the gate insulator
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capacitance should be increased by decreasing the insulator thickness or by choosing mate-

nals with a high relative dielectric constant (> 10). This will reduce the voltage required for

device operation.

The ZTO and ITO depositions utilize the power supply on the CPA sputtering system,

which is not in good condition. The power fluctuates at times, affecting the thin film growth

rate and possibly crystallinity. A new power supply has been ordered; devices need to be

fabricated using the new power supply to monitor the reproducibility of device performance.

Other possible sources of irreproducibility are the large device dimensions and pos-

sible device misalignment due to the use of shadow masks for patterning. Device pattern-

ing using photolithography will solve both these problems. Additionally, decreasing device

dimensions will improve yield. One drawback of using photolithography is increased com-

plexity of the process through the addition of new process steps and considerations regarding

the etch chemistry and their effect on deposited layers.

Once device performance reproducibility has been achieved, device performance trends

can be observed and the process can be optimized. Initial optimization should focus on the

insulator and channel layer processing, including thickness optimization of both layers and

exploration of differing deposition temperatures and post-deposition annealing cycles. Par-

ticularly, post-deposition annealing at 700°C should be further explored for ZTO TTFTs due

to the XRD results reported in Ch. 5.

To increase the marketability of these devices from a commercial perspective though,

a low-temperature process (< 350°C) should be developed. This will expand the application

scope of TTFTs and allow their fabrication onto cheaper glass substrates. If the maximum

processing temperature is further reduced (below 150° C), fabrication on flexible plastic sub-

strates, which are light-weight and cost-effective, may be accomplished. Based on encour-

aging work presented by Carcia et al. [41] and ZnO XRD analysis not included in this thesis

[100], ZnO is the recommended channel layer for initial development of a low-temperature

process. A low-rate sputter deposition and/or hydrothermal annealing [101] may need to be

employed to realize this process.
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Finally, device electrical passivation should be explored for multiple reasons. First,

passivation should be explored as a means to reduce TTFT device light sensitivity (expo-

sure to light increases the ZTO TTFT "oft" current by three orders of magnitude, but only

increases the "on" current by 10%, drastically reducing the drain current on-to-off ratio).

Second. a passivation layer may be utilized to protect the device from contamination and

damage. Finally, a passivation layer is required for the fabrication of integrated circuits.

6.2.2 Exploration of Materials and p-channel TTFTs

A plethora of sputter targets which may possibly be utilized as channel layer materials

are available in the OSU solid state processing lab. These sputter targets include recently

purchased Zn2SnO4, ZnSnO3, and Zn21n205 sputter targets from Cerac, Inc., and 1n203,

ZnO:Cu, and Sn02, which were previously purchased from other vendors, p-type materi-

als are also available, including NiO and BaCu2S2. This thesis has illustrated that ZTO is

a viable candidate for extended exploration of n-channel TTFTs. In particular, Zn25n04

seems to be the appropriate choice for channel layer exploration due to the XRD analysis

presented for a thin film utilizing a high temperature post-deposition annealing cycle (i.e.

700°C). Additionally, exploration of p-channel TTFTs is recommended as a means of realiz-

ing a transparent complementary circuit technology, analogous to silicon CMOS technology.

Potential channel materials include NiO and BaCu2 S2, although NiO is preferred for its su-

perior optical transparency. Note that hole injection may pose a more difficult challenge than

channel formation for p-channel TTFTs.

In addition to channel layer exploration, alternative source and drain contact materials

should investigated due to the limited supply of In and as a means to optimize device perfor-

mance. Possible n-TCOs are listed in Table 2.1. Substitutionally doped ZnO (e.g. ZnO:Al) or

SnO2 (e.g. Sn02:F) should be explored first due to the extensive literature available for these

materials. Intrinsic TCOs should not be utilized since their processing typically utilizes an

inert or reducing ambient, which may (depending on device structure) unintentionally reduce

the threshold voltage of devices.
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General Information

1. System startup can vary depending on the state the system is found. Assuming that the

system is found at atmosphere and all valves/relays are closed, the following startup

procedure will apply.

2. Administrative access is required to startup the system. Contact the system adminis-

trator, Chris Tasker (chris@ece.orst.edu), for assistance.

Startup Procedure

1. Verify that the control system (DIO input/output board, vacuum gauge controllers, etc.)

is powered.

2. Check that the RS-232 cable for the stepper motor controller is plugged into the back

of the PC. Leaving the RS-232 unplugged can cause the control program to stall.

3. In the control program, enter the "System Startup/Shutdown" area. A login prompt

will appear when the button is clicked.

4. Energize the 120 V coolant relays by clicking on the "Coolant Relay" button. The

color of this button should change from red to green.

5. Open the cooling water supply/return valves.

6. Provide 120V to the backing and load lock pump by clicking on the "Backing Pump"

and "Load Lock Pump" buttons.

7. The chillers and dry mechanical pumps are located in the storage closet. Turn on the

chillers. In the current setup, there are 2 chillers, one supplying cooling water to the

system and the other supplying cooling water to the dry mechanical pumps. The load

lock pump has an additional RuVac in series. First, turn on the load lock pump (which

is the left control box), wait several seconds, and then turn on the RuVac. Turn on the

backing pump.
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8. Verify that the Turbo Pump blades are not spinning by placing your hand on top of

the pump. Next, verify that the regulator supplying nitrogen to the leak/vent valve of

the turbo pump is set to 0.5 Bar. If the blades are not spinning, vent the turbo pump.

Venting the pump will provide positive pressure, preventing backflow from the backing

pump once the foreline is open. If the blades are still spinning, wait until they stop (if

the pump is isolated, it can take several hours for the blades to spin down from full

rpm, which is 38k for this particular pump.) before venting the pump.

9. Open the foreline valve. Note that the foreline interlock will be engaged approximately

30 seconds after the valve is open, giving sufficient time for the foreline pressure to fall

below the setpoint, which is currently set at 100 mTort

10. Open the turbo pump bearing leak valve.

11. Verify that the chamber pressure (cap man) and load lock pressure are in the same

relative state. The VAT valves that are used for load lock and turbo pump isolation

have a maximum differential pressure that can be present when opening and closing

the valve.

12. Open the load lock isolation valve.

13. Open the roughing valve.

14. Rough the chamber to 1 mTorr.

15. Close the load lock isolation valve, then roughing valve.

16. Open the turbo isolation valve.

17. Start the turbo molecular pump. This is done by closing the turbo pump "interlock"

switch and "start" switch. The pump should start to spin; the turbo controller display

should say "Soft Startup". Soft startup slowly increases the rotational speed of the

blades; it will take approximately 40 minutes to reach full rpm.



18. Wait several minutes. Now, it should be safe to turn on the BA Ionization gauge. To

do this, hit the "CHAN" button on the Multigauge Controller until the BA Ion Gauge

reading is showing, then hit the "EMIS" button.

19. Calibrate the z-translator. First click on "Calibrate Z-Translator". The calibration form

should popup; click on "Extend Z-Translator". Allow the z-translator to move to the

end of its stroke, i.e. allow the z-translator to extend until it hits the limit switch.

Reset the stepper controller. Click on "Retract Z-Translator"; this should move the

z-translator to the load position.

20. Click the "OK" button. This will exit the Startup/Shutdown area, and return the pro-

gram to the main page.

21. Allow the system to pump down to base pressure, 1E-7.

Sputter a Film

1. Log User/Sample Info

2. Load substrate

(a) Vent the load lock and load the substrate. When loading the substrate, take care

not to scratch the sealing surfaces.

(b) Secure the load lock door by LIGHTLY tightening screw knob; once the rough

valve is open, the door should close tightly and make a good seal, so there is no

need to overtighten the door lock.

(c) Close the turbo isolation valve and use the leak valve to leak up to 1E-2.

(d) Rough the load lock. Although the load lock thermocouple (TC 1) is only accurate

to 1E-3, the DryVac/RuVac pumping stack should be able to bring the load lock

down to 1E-4. This will create positive pressure between the chamber and load

lock.

(e) Open load lock isolation valve



(f) Set the shim in place and extend the load lock translator. The shim will provide

the clearance needed to successfully retract the z-translator.

(g) Retract 1" translator

(h) Remove the shim.

(i) Retract z-translator

(j) Retract load-lock translator

(k) Close load lock isolation valve

(1) Close the rough valve

(m) Throttle the turbo isolation valve and allow the system to pump down to 5E-5.

(n) Fully open the turbo isolation valve and allow the system to pump to base pres-

sure.

(o) Set angle of incidence.

(p) Retract z-translator.

(q) Before continuing, the load lock isolation valve must be closed, the z-translator

must be retracted, and the 1" translator must be retracted.

3. Igniting the plasma and programming the stepper motor

(a) Open the shutter and extend the gun that will be used for this deposition. Verify

that the throw distance and the angle of incidence, set earlier, are valid. NOTE:

There is no interlock that prevents the z-translator from moving into an extended

sputter gun, it is the responsibility of the operator to ensure that this does NOT

happen.

(b) Preheat the substrate.

(c) Throttle the turbo isolation valve.

(d) Open the leak valve and adjust it to reach the desired pressure. Typical sputtering

pressures range from 10 to 50 mTorr. Strike a plasma by increasing the power on
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the RF supply. Note that the AE RFX600A has a "Plasma" LED indicates when

a plasma is present.

(e) Allow the target to presputter. Place the shutter in front of the target, this will

help keep the process chamber clean.

(f) Program stepper controller and start the sputtering run.

4. Substrate cooling and sample Retrieval

(a) Extinguish the plasma by decreasing RF input power and pressing the "RF" but-

ton.

(b) Extend the z-translator and set angle of incidence back to 0.

(c) Close the turbo isolation valve and leak up to 1E-3.

(d) Rough the load lock.

(e) Retract z-translator to "pre-load" position.

(f) Open load lock isolation valve

(g) Extend Load lock translator

(h) Extend the z-translator.

(i) Extend 1" translator.

(j) Retract load lock translator.

(k) Close load lock isolation valve.

(1) Allow the substrate to cool in the load lock.

(m) Close the rough valve.

(n) Vent the load lock.

(o) Retrieve substrate.

(p) Rough the load lock (close the rough valve once the load lock is below 1E-3).

(q) Must retract guns/shutter, extend z-translator, extend 1" translator, close load lock

iso, rough load lock, and open turbo iso valve.



Change a Target

1. Close Turbo Iso valve.

2. Vent chamber.

3. Change target after vented.

4. Open Rough Valve.

5. Open load lock iso valve.

6. Close load lock iso valve.

7. Open Turbo Iso valve.

Change a Gas Cylinder

1. Log new cylinder information.




