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1 Introduction 

Flat panel displays constitute a huge commercial market which has already 

reached $70 billion in 2005 [1].  The dominant flat panel display is the active-matrix 

liquid crystal display (AMLCD) in which each pixel is controlled by an individual 

thin-film transistor (TFT).  Organic light-emitting diode (OLED)-based displays 

which are expected to constitute a major part of the market in the future also employ 

active-matrix addressing.  The TFT semiconductor material used in state-of-the-art 

commercial AMLCDs is hydrogenated amorphous silicon (a-Si:H). 

Although a-Si:H thin films exhibit good uniformity over large areas, 

acceptable carrier mobility (< ~0.5 cm2/V-s) for active matrix adressing, low 

production cost, and good compatibility with the existing manufacturing technology, 

several technical difficulties are emerging as the demand for higher display image 

quality arises.  First, a-Si:H-based TFT is sensitive to visible light transmission 

because of a-Si:H’s bandgap (~1.7 eV).  The optical sensitivity requires a gate metal 

placed under the a-Si:H layer to block the visible light, limiting the pixel aperture ratio 

and degrading the display power efficiency [2].  Second, the electrically unstable 

nature of a-Si:H TFTs necessitates the use of additional circuitry to minimize issues 

such as the after-image effects, thereby enlarging the TFT occupation area [3].  Lastly 

and most importantly, the demand for faster display refresh rates increases the 

required carrier mobility to values higher than that obtainable using a-Si:H [4].  

Although polycrystalline silicon (pc-Si) exhibits higher mobility, its use in large-area-

displays is hindered by device-to-device performance variability.  As a consequence, 
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there has been considerable research activity devoted to seeking an a-Si:H 

replacement. 

Amorphous oxide semiconductors (AOSs) constitute a novel material class 

involving the use of multi-component combinations of selected post-transition cations 

from rows 4-6 of the periodic table.  They were originally proposed in 1996 for 

transparent conducting oxide applications by the research group at the Tokyo Institute 

of Technology [5].  Owning to a large inter-atomic overlap of isotropic s-orbitals, 

AOSs often possess high mobilities (~10 cm2/V-s) even in an amorphous state.  

Additionally, AOSs are usually optical transparent in the visible portion of the 

electromagnetic spectrum as a result of having wide bandgaps (>3 eV).  Furthermore, 

AOSs are electrically more stable than a-Si:H [6].  Currently indium-gallium-zinc 

oxide (IGZO) and zinc-tin oxide (ZTO) seem to be at the forefront of research of this 

class of materials.  Although IGZO appears to be on a faster track toward 

commercialization than ZTO, due primarily to its ease of integration and carrier 

density controllability [7], ZTO may have the potential to overtake IGZO in the long 

run, due to its lower material cost (indium and gallium market price are ~$500/kg 

[8][9] whereas tin is ~$32/kg [10]), safer constituent materials (a recent study raises 

the concern of toxicity of indium [11]) and manufacturability advantages (ZTO thin 

films may be prepared using reactive sputtering from metal targets, whereas this is not 

possible for IGZO due to the low melting temperature of gallium and indium) [12]. 

Typically, AOS TFTs are fabricated in the bottom-gate staggered configuration 

since this is usually employed in flat panel-display applications.  If unpassivated, the 

top surface of a bottom-gate TFT is left exposed to the environment.  Since metal 
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oxides are often used for gas sensing applications [13][14][15][16] and the thickness 

of a AOS TFT channel layer is usually ~50 nm, it should be no surprise that top 

surface gas adsorption/desorption reactions affect AOS TFT performance. A limited 

amount of research has been reported on the passivation of AOS-based TFTs, 

especially with respect to electrical stability, most of it focusing on IGZO-based TFTs 

[17][18][19][20]. 

As mentioned, a primary application of AOS appears to be in the area of 

active-matrix displays.  An important stress condition for an active-matrix liquid 

crystal display (AMLCD) involves a combination of optical stress and negative gate 

bias at the an elevated substrate temperature [19].  This combination of stresses is 

often referred as negative bias illumination stress (NBIS).  Despite intense study, the 

physical mechanism responsible for NBIS effect remains unclear [21][22][23]. 

Therefore, the central thrusts of the research reported herein are to investigate 

the impact of fabrication conditions on the TFT electrical performance, including TFT 

architectures and electrode materials, and to study the NBIS stability of IGZO and 

ZTO TFTs. 

This thesis focuses on the following topics.  Chapter 2 briefly reviews TFT 

structures, relevant TFT performance parameters, and the physics of AOS materials.  

Chapter 3 overviews device preparation, characterization, and fabrication techniques 

employed in this study.  Chapter 4 provides detailed research results related to the 

effect of fabrication conditions on ZTO-based and IGZO-based TFTs.  Chapter 5 

presents an NBIS stability study of ZTO and IGZO TFTs. Chapter 6 offers 

conclusions and proposes recommendations for future research. 
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2 LITERATURE REVIEW  

2.1 Thin-Film Transistor Types 

 

 Figure 2.1: Four thin-film transistor structures 

Four different configurations exist for thin-film transistors (TFTs), as depicted in 

Fig. 2.1: a) staggered top-gate, b) staggered bottom-gate, c) coplanar top-gate, and d) 

coplanar bottom-gate.  This classification is defined by the gate electrode location and 

the relative position of the source/drain and the gate terminals.  If the gate is on top of 

the channel layer, the device is in a top-gate configuration.  In contrast, if the gate is 

below the channel layer, it is in a bottom-gate configuration.  When the source / drain 

terminals are on the opposite side of the gate terminal across the channel layer, the 

device is in a staggered configuration.  Likewise, if the source / drain terminals are on 

the same side of the channel layer as the gate terminal, the configuration is in a 

coplanar arrangement. 
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There are four arrangement combinations of these two different gate locations and 

two different relative locations of the gate and the source/drain terminals, as shown in 

Fig. 2.1.  This notation was originally devised by Weimer [24], according to Tickle 

[25].  Advantages and disadvantages associated with fabricating different structural 

types are somewhat dependent upon the substrate type and TFT materials used.  For 

example, the bottom-gate structure is typically favored for the a-Si:H-based TFTs 

employed in liquid crystal display backplanes since the bottom gate metal protects the 

optically sensitive a-Si:H channel layer from backlight light exposure.  When low-

temperature poly-silicon (LTPS) is employed as the channel layer instead of a-Si:H, a 

coplanar bottom-gate type is usually chosen due to the accessibility of the channel 

layer for laser annealing [26]. 

TFTs may also be classified from an electrical characteristic point-of-view as either 

enhancement-mode or depletion-mode.  The criterion for this distinction involves the 

gate voltage required to turn on the device and induce conduction current.  If the 

device conducts current even when no voltage is applied to the gate terminal 

(normally-on), the device is called a depletion-mode device.  In contrast, if the device 

does not conduct current when zero voltage is applied to the gate electrode, the device 

is called an enhancement-mode device.  In other words, for an n-channel device, if the 

required applied gate voltage to turn the TFT on is positive, the device is an 

enhancement-mode device.  On the other hand, if the required applied gate voltage is 

negative, the device is classified as depletion-mode.  In practical applications, an 

enhancement-mode transistor is preferred for several reasons: lower power 
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consumption (no gate voltage is necessary to turn off the device) and simpler circuit 

configuration (no extra circuits are required to turn off the device). 

2.2 MIS Transistor Models and Operation 

There are two different types of metal-insulator-semiconductor (MIS) devices 

which utilize different current conduction mechanisms.  One exploits the creation of 

an inversion layer which electrically bridges the source and drain, giving rise to a 

drain current.  A MOSFET is an example of this type.  The other device type utilizes 

an accumulation layer to establish drain current.  A TFT belongs to this class.  Thus, it 

is not surprising that there are some differences between the device physics operation 

of a MOSFET and a TFT. 

In the following subsections, a MOSFET model is presented and then refined so 

that it is applicable to TFTs.  

2.2.1 Inversion-mode MOSFET Operation 
A simplified, long-channel MOSFET model, the conductivity modulation model 

[27], is presented in this subsection.  A more accurate long-channel MOSFET model, 

the Pao-Sah model, which incorporates diffusion current as well as drift current [28], 

is also available but is not discussed because of its additional complexity [29]. 

Several modeling assumptions should be mentioned. First, the gradual channel 

approximation (GCA) constitutes the fundamental assumption for both the long-

channel MOSFET and TFT model derivations.  The GCA was originally introduced 

by Shockley in 1952 in a derivation of a junction field-effect transistor (JFET) model 

[30].  The GCA asserts the change in the electric field along the channel is much 
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weaker than that normal to the channel. This is approximately equivalent to making 

the channel length, L, much larger than the oxide thickness, tOX.  Additionally, the 

GCA implies that the two-dimensional electric field problem in the channel may be 

separated into two one-dimensional problems. 

 

 
(a) 

 
(b) 

Figure 2.2: A simplified illustration of a long-channel MOSFET. (a) A cross-sectional 
view and (b) an enlarged view of the region identified with a dashed line in (a). 
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The second assumption, proposed by Brews [31], asserts that the inversion 

layer thickness, tCH, is infinitesimally small (tCH ~ 0).  Because of this assumption, 

Brew’s model is often referred to as the charge-sheet model.  The basic idea of this 

model was originally introduced by Loeb et al. [32] in the context of a numerical mesh 

computation to calculate the electric field distribution in the inversion layer.  

Practically speaking, the charge sheet model assumes that there is no potential drop 

across the inversion layer along x-axis.  In addition, the channel is assumed to never 

pinch-off at the drain, even after the gate-drain potential difference becomes less than 

the threshold voltage, VT, i.e., the potential drop from the drain to the source is 

“pinned” at VDS = VGS – VT when the gate-drain voltage, VDG, becomes less than VT.  

Although clearly the gradual channel approximation is violated near the region close 

to the drain, the charge-sheet model well-describes the drain current dependence on 

the gate and drain potentials. 

 The third assumption is called the depletion approximation and includes two 

simplifications: 1) no carriers exist inside the depletion region, and 2) no charge exists 

outside the depletion region.  This assumption simplifies the charge distribution to that 

of a step junction. 

Now the MOSFET model may be derived.  The following derivation mostly 

follows Sah [27].  The semiconductor is p-type and the source terminal is presumed to 

be grounded.  With the drain potential, VD, kept below the gate level minus the 

threshold level (i.e., VDS < VGS – VT), an inversion layer is created underneath the gate 

insulator when the gate voltage exceeds the threshold level.  This inversion layer 
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bridges the drain and the source, creating a path for current. The current density along 

the y-axis is given as 

! 

JN x, y, z( ) = qµN x, y, z( )n x, y, z( )" x, y, z( ) + qDN x, y, z( )#n x, y, z( ),  (2.1) 

where q is the elementary charge, 

! 

µN x, y, z( ) is the surface mobility in the channel 

which is smaller than that in the bulk, 

! 

n x, y, z( ) is the electron density, 

! 

" x, y, z( ) is the 

electric field, and 

! 

DN x, y, z( ) is the diffusion constant. 

Assuming that the device channel width, W, is much larger than the length, L, 

so that fringing effects are negligible and all functions are independent of the z-axis,  

! 

JN x, y( ) = "qµN x, y( )n x, y( )#y x, y( ) + qDN x, y( )
$

$y
n x, y( ),  (2.2) 

where 

! 

"y x, y( ) is the electric field along the channel.  Since the barrier at the source pn 

junction is lowered by the channel creation, the drain current is regulated only by the 

electric field between the source and drain when the gate-channel voltage is greater 

than the threshold voltage, VT.  This means that the dominant current mechanism is 

drift, leading to 

! 

JN x, y( ) " #qµN x, y( )n x, y( )$y x, y( ) .    (2.3) 

Applying the GCA and integrating this current density expression over the 

cross section of the channel with the assumption that all current conduction occurs in 

the channel, 

! 

ID = JN x, y( )
0

tCH

" dx
0

W

" dz # $W µN x, y( )qn x, y( )%y x, y( )
0

tCH

" dx .  (2.4) 
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Assuming that the electric field is small enough that linear transport may be 

assumed, 

! 

ID " #WµEFF qn x, y( )$y x, y( )
0

tCH

% dx ,    (2.5) 

where 

! 

µ
EFF

 is the effective mobility, as discussed in the next subsection.  Also 

applying the charge-sheet model to this expression, the electric field inside the 

insulator can be presumed to be uniform along x-axis because of its infinitesimal 

thickness.  Thus, the electric field is independent of x, and the expression becomes 

! 

ID " #WµEFF qn x, y( )$y y( )
0

tCH% dx = #WµEFF #
dV

dy

& 

' 
( 

) 

* 
+ qn x, y( )

0

tCH% dx . (2.6) 

The integration term represents the total charge induced in the channel, which 

is approximated as 

! 

qn x, y( )
0

tCH

" dx # q n x, y( )$ NB[ ]
0

%

" dx =COX VGS $VT $V y( )[ ] ,  (2.7) 

where n is the electron concentration, NB is the electron concentration in equilibrium, 

and V(y) is the channel potential as a function of the distance along the channel, y.  

Substituting Eq. 2.7 into Eq. 2.6, 

! 

ID =WµEFF

dV

dy

" 

# 
$ 

% 

& 
' COX VGS (VT (V (y)[ ].   (2.8) 

Integrating along the channel, 

! 

IDdy
0

L

" = WµEFF

dV

dy

# 

$ 
% 

& 

' 
( COX VGS )VT )V (y)[ ]dy

0

L

" =WµEFFCOX VGS )VT )V (y)dVVS

VD"  

! 

" LI
D

=Wµ
EFF
C
OX

V
GS
#V

T[ ] VD #VS[ ]#
1

2
V
D

2 #V
S

2[ ]
$ 
% 
& 

' 
( 
) 

  (2.9) 
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Since the source is assumed to be grounded, this equation is equal to 

! 

I
D

=
Wµ

EFF
C
OX

L
V
GS
"V

T[ ]VDS "
1

2
V
DS

2
# 
$ 
% 

& 
' 
( 

,   (2.10) 

where VDS is the drain potential with respect to the source.  This is the simplified drain 

current model for a long-channel MOSFET when VDS < VGS - VT.  Since an inversion 

layer exists from the drain to the source, this operational regime is referred to as pre-

saturation. 

When the drain voltage increases beyond that of the gate overvoltage (VDS > 

VGS - VT), the inversion layer close to the drain becomes depleted, causing the drain 

current to saturate.  For this reason, this operational region is dubbed saturation.  

However, as mentioned previously in the context of the charge sheet model, it is 

assumed that the channel never actually pinches off.  In other words, the voltage drop 

between drain and source stays constant at VDS = VGS – VT no matter how small the 

gate-drain voltage difference.  The situation is often referred to as ‘pinch-off’ and is 

defined by the condition that VDS = VDSAT = VGS – VT.  Thus, the drain current is 

approximated by substitution of VDS with VGS – VT in Eq. 2.10, leading to 

! 

I
D
"
Wµ

EFF
C
OX

L
V
GS
#V

T[ ] VGS #VT[ ]#
1

2
V
GS
#V

T[ ]
2$ 

% 
& 

' 
( 
) 

    

! 

=
Wµ

EFF
C
OX

2L
V
GS
"V

T[ ]
2 .     (2.11) 

This expression represents the long-channel MOSFET model in the saturation regime. 

 In reality, when the gate voltage is less than the threshold voltage, a small 

amount of drain current may flow.  This occurs because of electron injection into the 
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weakly inverted channel.  This type of injection-limited, subthreshold current is 

modeled as diffusion currents.  Starting from the drift-diffusion model which is used 

in the previous derivation, 

! 

JN x, y( ) = "qµN x, y( )n x, y( )#y x, y( ) + qDN x, y( )
$

$y
n x, y( )

,
  (2.2) 

Since conduction is assumed to be dominated by diffusion, 

! 

JN x, y( ) " qDN x, y( )
#

#y
n x, y( ).   (2.12) 

Assuming that the diffusion coefficient is independent of the direction and integrating 

Eq. 2.12 over the cross section of the channel, 

! 

ID "WDN

#

#y
qn x, y( )dx

0

tCH

$ ,      

! 

"WDN

#

#y
q n x, y( )$ NB[ ]dx

0

%

& .   (2.13) 

Integrating both sides along the channel, 

! 

IDdy
0

L

" = WDN

#

#y
QN y( )dy

0

L

"      

! 

" LID =WDN QN y = L( )#QN y = 0( )[ ] ,   (2.14) 

where 

! 

QN y = L( )  and 

! 

QN y = 0( ) are, respectively,  the total charge density at the drain 

and at the source, which are equal to 

! 

QN y = 0( ) "QN 0 exp
q

kBT
VGS #VFB #

QSC

COX

$ 

% 
& 

' 

( 
) 

* 
+ 
, 

- 
. 
/ 

 and   (2.15) 
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Table 2.1: Summary of drain current operation for a long-channel MOSFET. 

 

! 

QN y = L( ) "QN 0 exp
q

kBT
VGD #VFB #

QSC

COX

$ 

% 
& 

' 

( 
) 

* 
+ 
, 

- 
. 
/ 

,   (2.16) 

where QN0 is  a constant, 

! 

V
FB

 is the flat-band voltage, QSC is the charge density of the 

space charge region which consists of both depletion and inversion charges, and 

! 

C
OX

 

is the insulator capacitance density [27].  Substituting Eqs. 2.15 and 2.16 into Eq. 

2.14, 

! 

LID =WDN QN 0 exp
q

kBT
VGD "VFB "

QSC

COX

# 

$ 
% 

& 

' 
( 

) 
* 
+ 

, 
- 
. 
"QN 0 exp

q

kBT
VGS "VFB "

QSC

COX

# 

$ 
% 

& 

' 
( 

) 
* 
+ 

, 
- 
. 

# 

$ 
% 
% 

& 

' 
( 
( 
 

! 

" ID =
W

L
DNQN 0 exp

q

kBT
VGS #VFB #

QSC

COX

$ 

% 
& 

' 

( 
) 

* 
+ 
, 

- 
. 
/ 
1# exp #

qVDS

kBT

$ 

% 
& 

' 

( 
) 

* 
+ 
, 

- 
. 
/ 

.  (2.17) 

This expression describes subthreshold drain current for a long-channel 

MOSFET under the condition of VFB +

! 

Q
SC

C
OX

< VGS < VT.  The most important aspect of 

Eq. 2.17 is that subthreshold current depends exponentially on VGS. 

Table 2.1 is a summary of drain-current operation for a long-channel 

MOSFET.  Three regimes of operation – subthreshold, pre-saturation, and post-

Operating regime 
and range Drain current expression Conduction 

mechanism 
Subthreshold 

VFB +

! 

Q
SC

C
OX

< VGS < VT 

! 

ID =
W

L
DNQN 0 exp

q

kBT
VGS "VFB "

QSC

COX

# 

$ 
% 

& 

' 
( 

) 
* 
+ 

, 
- 
. 
1" exp "

qVDS

kBT

# 

$ 
% 

& 

' 
( 

) 
* 
+ 

, 
- 
. 

 Diffusion 

Pre-saturation 
VGS > VT  
VDS < VGS-VT 

! 

I
D
"
Wµ

EFF
C
OX

L
V
GS
#V

T[ ]VDS #
1

2
V
DS

2
$ 
% 
& 

' 
( 
) 
 Drift 

Post-saturation 
VGS > VT 
VDS > VGS-VT 

! 

I
D
"
Wµ

EFF
C
OX

2L
V
GS
#V

T[ ]
2 Drift 
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saturation – are distinguished by the threshold voltage, VT, and the pinch-off voltage, 

VDSAT = VGS – VT.  Note also that subthreshold is dominated by diffusion current, 

whereas pre-saturation and post-saturation involve drift current. 

2.2.2 Differences Between Inversion- and Accumulation–mode 

Models 
The operation and modeling of MOSFETs and TFTs are quite similar in many 

respects.  However, MOSFETs are inversion-mode while TFTs are accumulation-

mode devices.  Two fundamental MOSFET parameters – threshold voltage and 

mobility – are considered in this section from a MOSFET perspective.  Then, their 

applicability, or lack thereof, with regard to TFTs is discussed. 

First, consider threshold voltage in a silicon MOSFET with a SiO2 gate 

dielectric.  The most common definition of threshold voltage for a MOSFET, VT, is 

that it is the gate voltage at which the surface potential, ψs, reaches twice the bulk 

potential, 2ψB.  A more complete prescription for the threshold voltage also includes a 

flatband correction which accounts for charge in the insulator and at the 

insulator/semiconductor interface and also the depletion charge in the semiconductor 

space charge region. Then, assuming that the substrate is n-type and uniformly doped, 

the threshold voltage may be expressed as 
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Figure 2.3: Energy band diagram and definition of parameters for an n-type 
semiconductor.  Notice that both the surface potential, ψS, and bulk potential, ψB, 
possess signs defining their polarity.  In this case, the sign of both ψS and ψB are 
negative. 

! 

V
T

=V
FB

+ 2"
B

+
Q

SC

C
OX

,     (2.18) 

where 

! 

V
FB

 is the flat-band voltage, QSC is the charge density of the space charge 

region, and 

! 

C
OX

 is the insulator capacitance density.  QSC is expressed as 

! 

QSC = 2"SiqND#B , where 

! 

N
D
 is the donor dopant concentration of n-type substrate 

and 

! 

"
Si

 is the permittivity of silicon.  The physics underlying this definition of the 

threshold voltage is established in the following discussion [33]. 

The charge induced at the SiO2/Si interface is assessed using Possion’s equation, 

! 

d
2"

dx
2

= #
d$

dx
= #

q

%si
p(x)# n(x)+ ND

+ # NA

#( ),   (2.19) 
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where 

! 

"  is the potential, 

! 

"  is the electric field which is equal to 

! 

"
d#

dx
 , 

! 

p x( )  is hole 

concentration, 

! 

n x( )  is electron concentration, 

! 

N
D

+  is the ionized donor density 

concentration, and 

! 

N
A

"  is the ionized acceptor concentration. 

Assuming that the silicon bulk is lightly doped so that the Fermi distribution 

function can be approximated by the Boltzmann distribution and using the charge 

neutrality relation, expressions for the MOS capacitor of an n-type substrate are as 

follows, 

! 

n(x) = ND exp
q"

kBT

# 

$ 
% 

& 

' 
( ,      (2.20) 

! 

p(x) =
ni
2

ND

exp "
q#

kBT

$ 

% 
& 

' 

( 
) ,    (2.21) 

! 

N
D

+
(x) " N

A

"
(x) = N

D
"
n
i

2

N
D

.    (2.22) 

Substituting in Eqs. 2.20, 2.21, and 2.22 into Eq. 2.19 leads to 

! 

d
2"

dx
2

= #
d$

dx
= #

q

%si

ni
2

ND

exp #
q"

kBT

& 

' 
( 

) 

* 
+ #1

& 

' 
( 

) 

* 
+ # ND exp

q"

kBT

& 

' 
( 

) 

* 
+ #1

& 

' 
( 

) 

* 
+ 

& 

' 
( ( 

) 

* 
+ + . (2.23) 

Eq. 2.23 can be solved for the electric field, multiplying both sides by 

! 

d"

dx
(= #) 

and integrating in terms of the potential, ψ, from the bulk potential level, which is 

! 

" #( ) = 0 , to the surface potential, 

! 

" 0( ) ="
S
.  From Gauss’s law, the total charge 

induced in the silicon channel, QS, is obtained as follows: 
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Figure 2.4: The surface potential and the total charge inside the channel of a MOS 
capacitor and an n-type substrate and a dopant density of 

! 

4 "10
15  cm-3.  Note that 

there is no weak accumulation regime, which implies that the MOSFET threshold 
voltage definition is not appropriate for TFT operation. 

! 

QS = "#Si$S = ± 2#SikBTND

ni

ND

% 

& 
' 

( 

) 
* 

2

exp "
q+S

kBT

% 

& 
' 

( 

) 
* +

q+S

kBT
"1

% 

& 
' 

( 

) 
* + exp

q+S

kBT

% 

& 
' 

( 

) 
* "

q+S

kBT
"1

% 

& 
' 

( 

) 
* 

, 

- 
. 
. 

/ 

0 
1 
1 

. 

  (2.24) 

A numerical calculation of Eq. 2.24 for a MOS capacitor with an n-type 

substrate is plotted in Fig. 2.4. Each regime of operation indicated in Fig. 2.4 – 

accumulation, depletion, weak inversion, and strong inversion – is dominated by 

different terms within the square bracket of Eq. 2.24: 1) When 

! 

"
S

> 0 , the exponential 

term in the second parenthesis, 

! 

exp
q"S

kBT

# 

$ 
% 

& 

' 
( , dominates.  This defines the accumulation 

regime.  2) When 

! 

"
B

<"
S

< 0, the 

! 

q"S

kBT
 term in the second bracket dominates.  This 
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operational region is labeled depletion regime.  3) When 

! 

2"
B

<"
S

<"
B

, the 

exponential term in the first parenthesis, 

! 

~
ni

ND

" 

# 
$ 

% 

& 
' 

2

exp (
q)S

kBT

" 

# 
$ 

% 

& 
' , becomes appreciable 

compared to 

! 

"
q#S

kBT
"1 in the second parenthesis, so that the total charge in the channel 

is established by 

! 

ni

ND

" 

# 
$ 

% 

& 
' 

2

exp (
q)S

kBT

" 

# 
$ 

% 

& 
' (

q)S

kBT
(1.  This regime of operation is denoted 

weak inversion.  4) When 

! 

2"
B

>"
S
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From this analysis, the boundary between strong and weak inversion can be 

established in terms of the surface potential as [33] 
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This is the fundamental reason why twice the bulk potential is chosen as a 

definition of the MOSFET threshold voltage. 

Now notice that it is also clear from Fig. 2.4 that accumulation begins abruptly 

at flat-band.  This abrupt onset of carrier accumulation just beyond flat-band is 

distinctly different from the 

! 

2"
B
 potential required for a MOSFET as, in this case, the 

interface transitions between depletion towards inversion.  This difference between the 

onset of inversion and accumulation requires an assessment of the applicability of the 
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threshold voltage in the context of TFT.  This leads to a physics-based reformulation 

of the threshold voltage for a TFT, as presented in Section 2.2.3. 

A second MOSFET parameter which requires some reassessment when used in 

the context of a TFT is the mobility. 

 

(a) 

 

(b)      (c) 
Figure 2.5: Energy band diagrams for an n-type semiconductor representing (a) flat-
band, (b) accumulation, and (c) inversion.  Notice that the surface potential does not 
have to be greater than twice the bulk potential in order to reach accumulation. 
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The effective mobility represents the induced carrier mobility averaged over all 

the induced mobile carriers in the inversion layer.  Mathematically, µEFF is the 

constant that makes the following two equations equal; 

! 

ID " #W µN x, y( )qn x, y( )$y x, y( )
0

tCH

% dx  and    (2.4) 
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In a simplified expression, 
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"
.    (2.27) 

Notice that the numerator of this expression represents the sheet conductance and the 

denominator corresponds to the total induced charge density.  Therefore, the effective 

mobility is a ratio between the channel sheet conductance and the induced channel 

charge density.  However, this expression does not provide a useful value of µEFF since 

its direct assessment is difficult.  A more practical expression for µEFF can be derived 

from Eq. 2.10, 
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Dividing both sides of Eq. 2.10 by VDS and assuming the drain current to be linear 

near VDS = 0, which involves taking the limit with VDS → 0, leads to 
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where GCH is defined as the channel conductance.  Therefore, solving for the mobility 

gives 
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In this form, the effective mobility, µEFF, is easily measured.  Note that the effective 

mobility explicitly depends on the gate-source voltage. 

A second type of mobility which is often used in device characterization is the 

field-effect mobility, µFE.  µFE was originally defined by Bardeen et al. to measure the 

effect of the surface potential on the mobility of induced carriers at the 

oxide/semiconductor interface of a germanium-based MOS capacitor [ 34 ].  

Mathematically, 

! 

µFE =
d" SQ

dQ
,     (2.30) 

where σSQ is the channel sheet conductance and Q is the total charge density induced 

in the gate material, which is positive.  Replacing the sheet conductance and the total 

charge density by equivalent integral expressions and using the chain rule, Eq. 2.30 

can be reformulated as follows, 
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Equation 2.31 for µFE is the counterpart expression to Eq. 2.27 for µEFF.  Thus, Eq. 

2.31 reveals that µFE is the ratio between the incremental channel sheet conductance 
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and the incremental induced channel sheet charge density.  Comparing Eq. 2.27 to Eq. 

2.29, leads to identification of 
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and also of 
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Using Eqs. 2.32 and 2.33 in Eq. 2.31 allows the field-effect mobility to be re-

expressed as, 
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This expression is the one developed by Hoffman [35], as discussed further in Section 

2.2.3, and is slightly different from the one normally used, 
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Note that since 
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, Eqs. 2.34 and 2.35 imply that 
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A point of divergence between MOSFETs and TFTs with respect to this 

development involves the induced charge approximation used in Eq. 2.7, 
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Use of the threshold voltage, VT, in Eq. 2.7 is based on the fact that an 

appreciable concentration of inversion electrons is induced only after VGS exceeds VT, 

which, from Fig. 2.4, means that the MOSFET is in strong inversion.  However, as 

explained previously, for TFTs, there is no corresponding situation of weak and strong 

accumulation.  Thus, some refinement of the induced carrier expression is required in 

order to modify MOSFET expressions so that they are appropriate for TFTs. 

2.2.3 Accumulation-mode Device Operation – The Hoffman 

Model 

In the physics-based treatment of accumulation-mode TFTs, Hoffman starts 

from the same assumptions as those for MOSFET models: 1) the GCA, 2) the charge-

sheet model, and 3) the depletion approximation.  The only difference is an additional 

assumption; there is no subthreshold current, i.e. drift is assumed to be the only TFT 

current mechanism.  This assumption is appropriate since the charge accumulation 

starts immediately after the surface potential exceeds flatband, as shown in Fig. 2.4. 

To develop TFT models based on these assumptions, he introduced three new 

device physics parameters: average mobility, µAVG, incremental mobility, µINC, and 

turn-on voltage, VON [36]. 

Turn-on voltage, VON, for an accumulation-mode TFT is analogous to threshold 

voltage, VT, for an inversion-mode MOSFET, but physically correlates to a flatband 

voltage condition.  As discussed previously in Section 2.2.2, VT corresponds 

physically to the onset of an appreciable density of inversion carriers as distinguished 

with respect to a background depletion charge density.  In contrast, VON corresponds 

to an onset of charge accumulation whose identification is not obscured by the 
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presence of a depletion charge background since this accumulation charge onset 

corresponds to flatband, where there is a negligible background charge density.  

Operationally, VON is estimated as the gate voltage corresponding to the onset of drain 

current on a log10(ID)-VGS transfer curve, as shown in Fig. 2.6. 

 

Figure 2.6: Location of the turn-on voltage, VON, as assessed from a log10(ID)-VGS 
transfer curve. 

Derivation of Hoffman’s model follows almost the same approach as that used 

for MOSFETs, except for the following differences.  The major difference involves 

the expression for the total charge of induced carriers, Eq. 2.7, 
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Since, as explained previously, carriers begin to be induced immediately after the gate 

voltage surpasses the flat-band voltage, Eq. 2.7 is modified to 
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Notice that the essential difference between Eq. 2.7 and Eq. 2.36 is that VON replaces 

VT.  Another trivial difference is that tCH now refers to the thickness of the 

accumulation layer rather than the inversion layer.  Therefore, the only important 
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difference between the final MOSFET and TFT drain current equations is that VON 

replaces VT. 

Inserting Eq. 2.36 into Eq. 2.6, and integrating along the channel in a manner 

directly analogous to Eq. 2.9 results in 
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 post-saturation region (VDS > VGS – VON). (2.38) 

Note in Eqs. 2.39 and 2.40 that the average mobility, µAVG, replaces the effective 

mobility, µEFF, in Hoffman’s formulations. 

All of the drain current expressions in the different operating regimes are 

summarized in Table 2.2.  Notice that no explicit TFT subthreshold current 

counterpart to that of a MOSFET is given in Table 2.2.  Rather, in Hoffman’s model 

the function 

! 

µ
AVG

V
GS( ) accounts for what is normally defined at subthreshold current. 

The fundamental definition of the average mobility for a TFT is identical to that 

of the effective mobility of a MOSFET, 
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where tCH now represents the accumulation layer thickness.  As discussed in 

Subsection 2.2.1, µAVG corresponds to the ratio between the sheet conductance of the 
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channel and the total induced channel charge density.  A more empirical expression 

for µAVG is derived in the same manner as µEFF, 
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Table 2.2: A summary of operating regimes and ranges, conduction current 
expressions, and assumed conduction mechanisms, according to Hoffman’s model.  
This table serves as a comparison between TFTs and MOSFETs, as summarized in 
Table 2.1. 
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.  According to Hoffman’s development, the 

counterpart of the field-effect mobility, µFE, is the incremental mobility, µINC, whose 

fundamental definition is identical to that of µFE, 
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The numerator of Eq. 2.41 represents a derivative with respect to VGS of the channel 

sheet conductance and the denominator is equal to a derivative with respect to VGS of 

Operating regime 
and range Drain current expression Conduction 

mechanism 
Subthreshold 
(Not defined) - - 
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the total channel sheet charge density.  In a same manner as µFE, a practical expression 

for µINC is derived as 
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µAVG represents the average mobility of all of the carriers induced into the channel, 

including both mobile and trapped carriers.  In contrast, µINC corresponds to the 

mobility of carriers induced incrementally into the channel as the gate voltage 

incrementally increases. 

A comparison between these Hoffman’s mobilities and commonly used 

formulations employed for MOSFETs is presented in Table 2.3.  The only noticeable 

difference between µAVG and µEFF is the replacement of VT with VON.  The TFT 

threshold voltage may be estimated empirically by linearly extrapolating a ID
1/2 vs. 

VGS plot to the VGS intercept (for a device operating in saturation), as shown in Fig. 

2.7 [37]. 

A significant limitation of µEFF compared to µAVG is evident from an assessment 

of Fig. 2.8.  As evident from this figure, µEFF is only defined for VGS > VT.  In fact, 

since a singularity exists at VGS = VT, it is not possible to accurately evaluate µEFF 

until VGS is appreciably larger than VT, in order to avoid mathematical problems 

associated with this singularity at VGS = VT.  In contrast, µAVG is unambiguously 

defined over the relevant range of VGS, i.e., VGS > VON. 

In summary, the accumulation-mode TFT model differs from the conventional 

MOSFET model primarily in the replacement of VT with VON and µEFF with µAVG.  A 
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consequence of replacing VT with VON is that TFT subthreshold current is implicitly 

taken into account by µAVG(VGS) over the range of VON ≤ VGS ≤ VT, rather than 

explicitly given by an expression such as Eq. 2.17 for a MOSFET.  This equation is 

applicable to injection-limited transport, whereas recent research suggests that 

subthreshold current in AOS-based TFTs of primally interest to this thesis research 

operate under bulk-limited transport conditions within the framework of space-charge-

limited current [38]. 

 

 

Figure 2.7: A plot of ID
1/2 – VGS for a TFT operating in saturaion.  Threshold voltage 

VT is estimated by extrapolating the linear part of the curve to the VGS axis. 

 

Figure 2.8: A plot of log10(µAVG) versus VGS, illustrating that µAVG is defined over the 
relevant range of VGS, i.e., VGS > VON whereas µEFF is defined only for VGS > VT. 
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Conventional mobility Mobility defined by Hoffman 
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Table 2.3: A comparison of conventional mobilities and mobilities defined by 
Hoffman [39]. 
 

2.3 Transparent Thin-Film Transistor Channel Materials 

There are several potential channel material candidates for transparent thin-film 

transistor applications which have been reported up to now, including polycrystalline 

zinc oxide [40][41], amorphous zinc indium oxide (ZIO) [42], amorphous zinc tin 

oxide (ZTO) [43], and amorphous indium gallium zinc oxide (IGZO) [44][45][46].  

Several examples of amorphous oxide materials are included in Table 2.4.  AOSs 

possess certain structural and electrical properties not found in a-Si:H, such as a 

structure-independent mobility and a normal Hall coefficient sign.  A brief explanation 

of AOS conduction mechanisms involving these two characteristics is provided in the 

next subsection.  

2.3.1 Conduction Model 

The first commercially successful amorphous semiconductor produced was 

hydrogenated amorphous silicon (a-Si:H) [47].  One problem associated with a-Si:H is 

its low mobility (~1 cm2/V-s).  The low mobility of a-Si:H is a consequence of its 
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amorphous microstructure in conjunction with covalent bonding.  In contrast, 

crystalline silicon (c-Si) possesses a large mobility (> 1,000 cm2/V-s). 

In 1996, Kawazoe et al. at the Tokyo Institute of Technology proposed a procedure 

for realizing high-mobility amorphous oxide semiconductors (AOS) [5].  A rough 

sketch of the reason why this class of materials maintains a relatively high mobility 

even with an amorphous microstructure is provided below. 

Amorphous Material Mobility 
[cm2V-1s-1] 

Band gap 
[eV] 

Reference 

In2O3 36 ~3.3 [48] 
ZnO-SnO2 (ZTO) 16-26 ~3.35 [49] 
CdO-GeO2 12 ~3.1 [50] 
In2O3-ZnO (IZO) ~50 ~3.5 [51] 
In2O3-GaO2-ZnO (IGZO) 12-20 2.8-3.0 [52] 
a-Si:H (process temp. @ 150°C) 1.1 - [53] 
Organic (pentacene) 1.5 - [54] 

Table 2.4: The approximate mobility and bandgap of several types of amorphous 
conductive materials. 

Electron conductivity is proportional to a product of the mobility, µ, and the carrier 

density, n, 

! 

" # nµ .     (2.43) 

Therefore, to make the conductivity higher, increasing the carrier density and/or the 

mobility is required.  For TFT channel applications, mobility is of primary concern 

since a well-designed TFT channel layer has a very low carrier concentration.  Thus, 

mobility will be the focus of the subsequent discussion. 

The mobility is inversely proportional to the carrier effective mass, 

! 

m
* , and 

directly proportional to the mean time between scattering events, 

! 

" , 
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! 

µ =
q "

m
*

,     (2.44) 

where q is the electron charge [55].  This relation indicates that a material with less 

frequent scattering and/or a smaller carrier effective mass has a larger mobility. 

First, the carrier scattering factor, 

! 

" , is considered.  Several different scattering 

mechanisms can dominate depending on the carrier density [56].  “Grain boundary 

scattering” dominates in poly-crystalline thin films when the carrier density is lower 

than ~1020 cm-3.  The designation “grain boundary scattering” is misleading, since it 

implies that 

! 

"  is decreased as a consequence of carriers scattering at grain 

boundaries.  This is not the case.  Rather, this type of “scattering” is a consequence of 

depletion at grain boundaries such that electrons being transported from one 

polycrystalline region to another see an energy barrier, which is modeled to resemble a 

back-to-back Schottky barrier, over which they must surmount for this transport to 

occur [57].  As the carrier density becomes higher than ~1020 cm-3, the thickness of 

grain boundary depletion barrier becomes narrow enough for electrons to tunnel 

through it.  Then ionized impurity scattering becomes the dominant scattering 

mechanism.  The primary physics associated with this type of scattering is a 

Coulombic interaction between ionized impurities/defects and electrons.  In a 

polycrystalline semiconductor, such as polycrystallized hydrogenated amorphous 

silicon (pc-Si:H) or zinc oxide (ZnO), lowering the grain boundary height and/or 

increasing the grain size are effective routes to increase the mobility for the TFT 

channel layer while maintaining the low carrier density appropriate for the active 



32 
device application.  The grain boundary scattering and ionized impurity scattering 

mechanisms are reviewed briefly in Chapter 2.3.3.1. 

Next, the carrier effective mass is assessed.  The energy band structure of an 

idealized, one-dimensional lattice in k-space near the Γ point is approximately given 

by 

E = !
nn
+ 2!

mn
cos(ka) ! "

nn
+ 2"

mn
# "

mn
(ka)

2 ,  (2.45) 

where a is the lattice constant, and εmn is expressed as !
mn
= m H n dx"  (since 

m n! dx = 1 ) and represents the magnitude of the interaction between two orbitals 

from different atoms ( m  and n ) [58].  Since the effective mass of the electron is 

described as 
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substituting the idealized, one-dimensional model equation, Eq. 2.45, into Eq. 2.46, 

leads to 

 

m
*
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2

2#
mn
a
2

.    (2.47)  

Because εmn in the denominator of Eq. 2.47 represents the magnitude of the interaction 

between two overlapping orbitals of different atoms, Eq. 2.47 indicates that a larger 

interaction between orbitals results in a smaller effective mass, which, via Eq. 2.44, 

implies a larger mobility [58]. 
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Because of the highly directional atomic structure of sp3 orbitals, a large orbital 

overlap requires an ordered microstructure in a covalent material.  Thus, amorphous 

covalent materials, such as a-Si:H, are characterized by low mobilities.   In contrast, 

the ionic bonding structure of an AOS with an outer shell electronic configuration of 

(n-1)d10ns0, where n ≥ 4, consists of large radii s-orbital cations, which are spherically 

symmetric and possess low directionality [59 ].  Thus, even in an amorphous 

microstructure, the extent of the electronic overlap of an AOS remains almost 

unaltered compared to that of a crystalline microstructure, as illustrated in Fig. 2.9 

[44].  Metal ions selected from columns 11-15 and rows 4 to 6 of the periodic table, 

which is shown in Fig. 2.10 and is called the AOS cation candidate group hereafter, 

form tetrahedral or octahedral structural units with oxygen ions at each corner.  These 

units are then “chained” together by a sharing of oxygen ions as structural units that 

are assembled to form a solid [60].  This is shown in Fig. 2.9 (a) for an octahedral 

structure unit.  However, for efficient electron transport, several structural 

characteristics are required in order to obtain a large metal s-orbital overlap, involving 

not only a large spatial size of s-orbital, but also a small metal-to-metal distances and 

small metal-oxygen-metal angles [52].  Orita, et al. studied semi-numerically the 

metal cation s-orbital overlaps of several oxides in the AOS cation candidate group 

and concluded that Ge (also As) may not be able to provide an efficient transport path 

to the free electrons as specified by the solid rectangle in Fig 2.10.  The “chained” 

structural units with large orbital overlaps, which are established in the oxides using 

the selected metal cations, are assumed to be maintained and help the conduction band 

states to disperse since the local nearest-neighbor coordination in amorphous solid is 
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almost the same as in a crystal [61].  This results in a large mobility, as evident from 

Eq. 2.46.  Examples of an edge-sharing octahedral system (two oxygen ions are shared 

by two neighboring metal cations) are the InO6 octahedra of IGZO and the SnO6 

octahedra of ZTO.  ZnO is an example of a tetragonal corner-sharing structure (one 

oxygen ion is shared by the two nearest neighbor metal cations).  Combined with the 

large isotropic s-orbital of the constituent metal cations, this structure maintains high 

mobility, despite having an amorphous microstructure. 

 

Figure 2.9: Atomic bonding configurations: a) crystalline structure of an AOS 
constructed using an octahedral “rutile chain” based on a multi-component 
combination of selected row 4-6 metal cations, b) crystalline structure of silicon, c) 
amorphous structure of AOS, and d) amorphous structure of silicon.  The inset of a) 
represents the three-dimensional chain structure of metal cation-centered octahedral.  
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Figure 2.10: Periodic table with the amorphous oxide semiconductor cation candidates.  
The elements enclosed in the dashed line were suggested first by Hosono et al. in 1996 
as possible cation options for the transparent conductive oxides [5].  Later 
consideration by Orita et al narrowed the group to those elements enclosed in the solid 
line [52]. 

Another characteristic of this AOS material class is that the sign of the Hall 

coefficient matches that of the Seebeck coefficient [62].  In contrast, the Hall 

coefficient of almost all other amorphous semiconductors exhibits a different sign 

from that of its Seebeck coefficient.  Presumably this anomalous Hall coefficient 

behavior is a consequence of the short length of the carrier mean free path, which 

invalidates assumptions made in the solution of the Boltzmann transport equation [63].  

a-Si:H is an extreme case, since its Hall coefficient changes from negative to positive 

when the carrier type changes from p-type to n-type [64].  Having a normal sign of the 

Hall coefficient indicates that the length of the electron mean free path in an AOS is 

much longer than that observed in n-type a-Si:H. This suggests that the dominant AOS 

conduction mechanism is not quantum mechanical hopping via a band-tail states, 

which is sometimes referred to as variable-range hopping (VRH).  However, in 
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contrast to this AOS Hall coeffient trend, the T-1/4 temperature dependence of the 

conductivity in single crystal IGZO for non-degenerate doping would appear to be 

strong evidence for electron transport via VRH [65]. 

Nomura et al. resolve this apparent contradiction by employing a percolation 

mechanism, which has been studied in mathematical fields such as fractal geometry 

[66] and is known to yield the same T-1/4 temperature dependence of the conductivity 

[65] for electron transport in IGZO.  According to this model, quantum mechanical 

hopping is excluded as a conduction mechanism because of the relatively long average 

distance between monoenergetic states (see Fig. 2.10).  When the Fermi level is below 

that of the highest energy barriers, which are associated with the random distribution 

of Ga3+ and Zn2+ ions in a single crystal structure InGaO3(ZnO)5, electron conduction 

is exclusively dominated by the percolation mechanism. When percolation dominates, 

electrons trickle through, between potential energy barrier valleys as shown in Fig. 

2.11.  When transport occurs via percolation, the conductivity temperature dependence 

goes as T-1/4, characteristic of disorder.  However, once the Fermi level is elevated 

above these conduction band potential energy peaks, the carrier density is high enough 

to fill all of the valleys in the tail states and electron transport is dominated by a 

temperature-independent, degenerate mechanism. Energy band and density of state 

pictures for this model are shown in Fig. 2.12 [65].  Takagi et al. also confirm that 

percolation transport dominates in amorphous IGZO, but that in this case disorder 

arises from the randomness of the amorphous microstructure in addition to Ga3+ and 

Zn2+ cation disorder [67]. 
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Figure 2.11: Energy-band diagram illustrating both hopping and percolation 
conduction mechanisms. a) Hopping conduction, or variable range hopping (VRH), 
occurs when the average distance between the closest trapping sites, <d>, is small 
enough for electrons to quantum mechanically tunnel through the energy potential 
barrier.  b) However, if <d> is large, tunneling does not occur.  Rather, electron 
transport is via percolation, a process in which electrons trickle through valleys 
defined by potential energy barriers of variable height with an assumed Gaussian 
distribution.  This means that the electron moves in a direction perpendicular to this 
page as explicitly shown in Figure 2.12. 
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(a) 

 
(b) 

 
(c) 

Figure 2.12: The conduction model suggested by Nomura, et al. [59].  The bumpy 
surface represents the conduction band edge and the flat layer represents the Fermi 
level.  The model is simplified by assuming that the temperature is close to 0 K.  (a) 
When the Fermi level is low, there are not enough electrons induced above the 
conduction band edge.  (b) As the Fermi level increases, connections between small 
pools of electrons are formed so that electrons trickle through potential valleys 
(percolation conduction).   (c) When the Fermi level is high enough, almost all 
potential barriers are immersed under the Fermi level so that electrons move almost 
unhindered (degenerate conduction). 
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Figure 2.13: Energy-band picture of the electron conduction mechanism in single 
crystal IGZO as proposed by Nomura, et al. [65].  Conduction band potential barriers 
and associated band-tail states arise as a consequence of a random distribution of Ga+3 
and Zn+2 ions in crystalline InGaO3(ZnO)5.  (a) When the Fermi level is below Eth, the 
electron conduction mechanism is dominated by percolation. (b) Once the Fermi level 
becomes higher than Eth, electron transport is not inhibited by potential energy barriers 
such that the conduction mechanism is characterized by temperature-independent, 
degenerate conduction.  A corresponding three-dimensional model is provided in Fig. 
2.11. 

An AOS can be fabricated via a low substrate temperature process, such as 

sputtering or pulsed-laser deposition (PLD).  In contrast, the normal fabrication 

process temperature used for a-Si:H is at least 250 °C and its electrical properties are 

degraded as the deposition temperature decreases [68].  Along with the directional 

insensitivity of the constituent ionic species, this low-temperature process makes it 

possible for AOSs to employ a low-temperature plastic substrate, such as PET 
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(polyethylene terephthalate), to realize flexible devices, instead of traditional high-

temperature substrates, almost all of which are rigid, such as glass or quartz.  Devices 

created upon these pliable substrates open the possibility of new applications.  One of 

the most promising applications of this class is electronic or e-paper [69], which has 

the potential of replacing traditional paper.  Although several organic materials, such 

as pentacene, thiophene oligomers, and regioregular polythiophene, have been 

explored as TFT channel layer candidates, they all suffer from having a low mobility 

[70]. 

2.3.2 Origin of Intrinsic Carriers 
The conductive oxides such as ZnO, SnO2, and In2O3 are intrinsically n-type, 

which means electrons are introduced into the conduction band without intentional 

doping.  In spite of the recent intense studies, the consensus is yet to be reached on the 

origin of intrinsic carriers in AOS.  There are two major hypotheses as to the origin of 

free electrons: the oxygen vacancy and the unintentionally incorporated hydrogen. 

An oxygen vacancy as an intrinsic donor can be expressed 

VO = VO
2+ + 2e-,    (2.48) 

where VO is an oxygen vacancy and e- is a free electron.  The carrier density of several 

oxide compounds, such as ZnO [71], In2O3 [72 ], and Sn-doped In2O3 (ITO, 

In2O3:SnO2 = 91:9 in mol% for this case [73]), has been measured as a function of O2 

partial pressure during the fabrication process.  They all concluded that the carrier 

density and the number of oxygen vacancy increase as the oxygen partial pressure 

decreases, indicating that the oxygen vacancy is the primary cause of the unintentional 

free carrier creation. 
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However, theoretical works based on first principle computational calculations 

of single crystals do not always support the idea.  Several different methods are 

employed, such as local density approximation with the strong Coulomb interaction 

(LDA/LDA+U) [74], generalized gradient approximation with systematic correction 

to the supercell errors (GGA) [75][76], and hydbrid-functional theory (HF) [77] to 

investigate the formation energy of several different types of defect in ZnO, In2O3, and 

SnO2 crystals.  Although they all agreed on the singly charged oxygen vacancy (VO
+) 

being unstable throughout the bandgap, they are inconclusive in terms of the formation 

energy of the oxygen vacancy and the trap state depth (2+/0), displaying different trap 

levels, as summarized in Table 2.5, along with experimental and calculated band gap 

energies (EG).  These differences bring about several critical physical discrepancies.  

First, LDA/LDA+U predicts the oxygen vacancy formation energy to be high for a 

ZnO crystal, implying that oxygen vacancy formation cannot account for the high 

intrinsic carrier concentration of ZnO.  In constrast, HF calculations show a low 

formation energy, leaving the possibility of oxygen vacancies as major intrinsic 

donors.  The other conflict is that the GGA predicts deep trap levels for ZnO and 

SnO2, implying that the oxygen vacancy cannot contribute to the n-type conduction, 

whereas the other two calculations exhibit a fairly shallow energy level.  

Computational results are often difficult to interpret. The most obvious discrepancy is 

EG values as shown in Table 2.1.  Several correction techniques are employed to 

minimize this discrepancy [78].  However, the reliability of these corrected calculation 

results is still in question.  Even though HF predicts the closest approximation of EG, 

there is still controversy as to the calculation accuracy [79][80].  Recently Kamiya et 
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al. reported an LDA calculation of the oxygen vacancy-related state energy level 

inside the band gap of amorphous IGZO.  This state energy level would likely be 

smeared out due to stochastic near-neighbor structure.  It is possible that the upper end 

of the oxygen vacancy-related state distribution could reach an energy close to the 

conduction band edge, even though it would be discrete and deep when in a crystal 

[81]. 

Table 2.5: Computational results of bandgaps and oxygen vacancy energy levels in 
ZnO, SnO2, and In2O3.  EG is the band gap energy, ET(2+/0) is the trap level at which 
its charge state changes from 2+ to 0, and Ef is the formation energy.  All the results 
are calculated under the metal-rich (oxygen-poor) condition.  ET and Ef values are EG-
corrected for LDA and GGA.  All values are measured from the valence band 
maximum (EV).  Notice that only HF predicts a bandgap close to what is empirically 
observed.  Also the trap level predicted by GGA are deep for ZnO and SnO2 whereas 
the other methods expect shallower levels. 

Computationally Expected Values 
LDA/LDA+U  GGA/GGA+U HF Material Parameter 

Experiment 
[79] 

Value Ref Value Ref Value Ref 
EG 3.44 1.5 0.73 3.14 
ET(2+/0) - 2.42 1.3 2.4 ZnO 
Ef(VO)  - 3.5 

74 
1.0 

75 
0.9 

EG 3.63 1.3 1.3 3.60 
ET(2+/0) - 1.3 1.2 2.9 SnO2 
Ef(VO) - 1.5 1.5 

77 
1.7 

EG ~3.1 1.2 0.94 2.67 
ET(2+/0) - 1.7 2.3 2.8 In2O3 
Ef(VO) - 0.9 

77 

1.0 
75 

1.1 

77 
79 

Another possible explanation of free electron creation is unintentional hydrogen 

incorporation.  Hydrogen is the smallest atom and is known to diffuse rapidly in 

oxides.  Hydrogen is difficult to remove from a vacuum system used for oxide 

deposition.  Furthermore, hydrogen is difficult to detect using surface analysis or 

depth profiling techniques such as x-ray photoelectron spectroscopy (XPS) or 

secondary ion mass spectroscopy (SIMS).  This idea of hydrogen as a donor was 
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proposed originally by Thomas and Lander in 1956 based on crystal ZnO annealing in 

hydrogen leading to a higher conductivity [82].  Since then, many hydrogen in ZnO 

studies have been performed experimentally [83][84] [85] and theoretically [86][87] 

[88]. 

Hydrogen can be incorporated into a ZnO crystal as a H2 molecule or a H ion 

interstitial (Hi).  In 2000, Van de Walle used LDA to deduce the lowest energy sites 

for a H2 molecule or a H ion in a ZnO crystal [87].  He considered six lattice locations 

as possible H interstitial sites as shown in Fig. 2.13 (wurtzite structure).  He found that 

the thermodynamically favored sites for H are BC⊥, BC//, ABO,⊥, and ABO,//, all of 

which have formation energies estimated to be within the range of -1.59 to -1.84 eV.  

For H2 molecules, the most stable site is ABZn,⊥.  The thermodynamically stable sites 

for H ions are located around the oxygen rather than the zinc due to the strong O-H 

bonding.  The formation energy is the lowest with the positively charged state (H+) 

throughout the bandgap whereas the formation energy of the H2 molecular interstitial 

stays higher and neutral throughout the band gap.  Therefore, Hi functions as a singly 

charged donor state in a ZnO crystal system.  Wardle et al. also carried out a 

calculation and reached a similar conclusion, although they contend that the lattice site 

with the lowest formation energy is different [88].  (They suggested that the lowest 

site is at BC// but that the formation energies of the sites around the oxygen are within 

0.2 eV.  Van de Walle asserts that the lowest energy site is at ABO,// and that the 

formation energies of the sites around the oxygen are within 0.25 eV).  
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Figure 2.14: ZnO wurtzite structure with possible lattice sites for H2 and H+ 
interstitials.  The small dots represent the possible hydrogen interstitial sites.  AB and 
BC indicated in the figure denote anti-bonding site and bond-center site, respectively.  
// and ⊥ represent the site parallel to the c-axis or normal to it, respectively. 

The Hi-originated shallow states have been investigated by various experimental 

techniques involving thermal desorption spectroscopy (TDS) [84], secondary ion-mass 

spectrometry (SIMS) combined with a deuterium plasma exposure [89], electron 

paramagnetic resonance (EPR) combined with photoluminescence (PL) [90], and local 

vibrational mode (LVM) detection by the infrared (IR) absorption spectrum 

[91][92][93][94][95].  The LVM detection technique is the most common and helpful 

in analyzing the chemical structure around embedded hydrogen.  Since hydrogen is the 

lightest element in the periodic table, it vibrates at a higher frequency than that of the 

crystal lattice.  As a result, the hydrogen vibration stays rather local and clearly 

distinguishes itself from the fundamental crystal lattice frequency, leading to a sharp 

absorption peak in the infrared transmission spectrum.  Observing how the absorption 

spectrum changes with tilting or rotating the crystal specimen at low temperature 
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(usually around the liquid helium temperature; ~4-8 K), the possible lattice location 

and the concentration of incorporated hydrogen can be specified.  Several empirical 

results reported thus far are summarized in Table 2.6. 

Table 2.6: Experimentally observed IR absorption frequency and possible 
corresponding lattice site of H+ ions.  VZn represents the Zn vacancy filled with 2 H+s. 

Possible Lattice Site Absorption Frequency 
[cm-1] 

Reference 

BC// 3611.3 91, 92 
VZn 3349.6, 3312.2 91 
BC⊥ or ABO,⊥ 3326.3, (6389.1) 92, 93, 94, 95 

The other form which hydrogen may take in a ZnO crystal other than Hi is to 

substitute for oxygen.  This hypothesis was proposed by Janotti and Van de Walle 

based on LDA computational calculation [96].  If a hydrogen atom replaces an oxygen 

atom in ZnO (or fills an oxygen vacancy), it shares two electrons from the surrounding 

four Zn atoms and forms symmetric bonds which consist deep states in the valence 

band, whereas the third electron which occupies the next available state located in the 

conduction band is transferred down to the conduction band minimum and eventually 

functions as a donor.  This configuration has a formation energy predicted to be only 

~0.1 eV higher than Hi, and, somewhat unexpectedly, is highly stable (the 

displacement energy required to make a neutral hydrogen atom (H0) and VO is 3.8 

eV), partially because of its comparable distance of strong H-O bonding to H-Zn 

bonding.  Although predicted theoretically, this form of hydrogen incorporation has 

yet to be confirmed experimentally. 
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2.3.3 Amorphous Oxide Materials 
As mentioned earlier, there are 15 candidate metals which may serve as cations 

in an AOS.  However, only a few oxides from this group have been confirmed to have 

an appropriate conductivity, i.e., ZnO, SnO2, In2O3, and CdO.   Although CdO 

displays the highest conductivity [97], it is abandoned from further consideration due 

to its toxicity.  Therefore, most of the research currently ongoing in the field of 

transparent electronics focuses on ZnO, SnO2, In2O3, and their compounds.  In this 

subsection, these oxides and two other AOSs which have attracted intense 

academic/commercial attention, namely In-Ga-Zn-O and Zn-Sn-O, are briefly 

reviewed. 

2.3.3.1 Zinc Oxide 
Zinc oxide (ZnO) is a direct bandgap semiconductor with a bandgap of 3.44 

eV [79] which makes it transparent in the visible range of the electromagnetic 

spectrum.  It possesses three possible crystal phases: wurtzite (hexagonal), zinc-

blende, and rocksalt (cubic).  The wurtzite structure is thermodynamically favored at 

the room temperature, whereas the rocksalt structure is metastable and is observed 

only under high pressure (> 9.8 GPa) at room temperature [98].  ZnO tends to 

crystallize easily.  Thus, ZnO is almost always crystalline or polycrystalline, no matter 

which deposition technique is employed.  ZnO thin films deposited by sputtering, 

which is the primary technique employed in this research, are polycrystalline when 

desposited.  Thus, the thin films discussed in the remainder of this subsection are 

assumed to be polycrystalline unless otherwise specified.  
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The electrical resistivity of unintentionally doped ZnO is relatively low due to 

its high intrinsic free electron concentration.  The origin of this high electron 

concentration is controversial, as discussed in Subsection 2.3.2.  The fairly high Hall 

mobility is attributed to the large inter-atomic metal cation wavefunction overlap, as 

presented in Subsection 2.3.1.  Owning to its high mobility, large-area processability 

(via sputtering, pulsed laser deposition (PLD), chemical vapor deposition (CVD), or 

solution-based deposition), economical competitiveness, and environmental/biological 

safety, ZnO thin films are attractive for electrical applications which require visible 

light transparency, such as the channel layer for a transparent thin-film transistor 

(TFT) [41][99] or a transparent conducting layer [100].  Electrical characteristics of 

ZnO are often controlled by modifying the O2 partial pressure.  This is also the case 

for ZnO-containing AOSs such as IGZO and ZTO which are employed for TFT 

channel layer applications.  The ZnO electron concentration can be increased by donor 

doping (typically aluminum or gallium) for transparent conductor applications.  Some 

examples of the TFT applications employing a magnetron-sputtered ZnO are 

summarized in Table 2.7 with some electrical parameters.  A list of extensive TFT 

applications based on ZnO and ZnO-based AOSs is provided in Ref. 101.  Al-doped 

ZnO (AZO) exhibits low resistivity (1.5 ! 3"10!4  Ω-cm), only 2-3 times higher than 

the lowest value of tin-doped indium oxide reported (ITO: 1.2 !10"4  Ω-cm) [102]. 

Electron transport in ZnO is characterized by several different scattering 

mechanisms.  When the ZnO is polycrystalline and the electron density is low (< 

~ 3!10
20  cm-3), grain boundary scattering dominates, as discussed in Chapter  2.3.1. 
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Table 2.7: A summary of ZnO-based TFT structures and performance.  BG and TG 
stand for the bottom-gate and top-gate structures.  ATO is aluminum-titanium oxide 
and AHA is the alumina-hafnia-alumina stack-structured layer.  E, FE, AVG, and INC 
in the mobility column represent the effective mobility, field-effect mobility, average 
mobility, and incremental mobility, respectively.  The definition of each mobility is 
summarized in Table 2.3. 

Channel 
Thickness 

Insulator 
Thickness 

Threshold 
Voltage Mobility Structure Substrate 

nm 

Insulator 
Material nm V 

ID on-to-
off ratio cm2/V-s 

Ref. 

BG Glass 100 ATO 220 10-15 107 0.35-0.45 (E) 41 
BG n-Si 85 t-SiO2 100 ~0 1.6×106 1.2 (FE) 103 

BG p-Si 50 t-SiO2 100 ~0 ~106 

~12 (AVG) 
@ VGS=75V 
25 (INC) @ 
VGS=68V 

36 

BG Glass 100 ATO 220 21 2×105 ~19 (E) 104 
BG Glass 200 SiNX 180 2.5 105 1.7 (FE) 105 
TG Glass 50 AHA 220 1.0 106 12 106 

Grain boundary scattering is associated with electron transfer from one grain to 

another over an energy barrier set up by electron trapping at grain boundaries.  The 

simple one-dimensional model proposed by Seto for polycrystalline silicon system  is 

thought to be applicable to polycrystalline ZnO [57].  The essence of Seto’s model is 

based on the series of the Schottky diodes connected back-to-back at the grain 

boundary and is derived as follows; Poisson’s equation at the grain boundary can be 

solved with the boundary conditions: 1) no electric field exists outside the depletion 

region set up by the grain boundary charge and 2) the potential is continuous, even at 

the grain boundary, as shown in Fig. 2.15 (a).  Solutions are derived for two cases: 1) 

LN < Nt and 2) LN > Nt, where L is the grain size in one dimension [cm], N is the 

electron density inside the grain [#/cm3] (therefore, LN represents the total number of 

the free electrons inside the grain in one dimension), and Nt is the grain boundary trap 

sheet density [#/cm2].  When LN < Nt, all the electrons inside the grain are localized 
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by traps at the grain boundary and the grain is completely depleted.  Thus, some of the 

traps at the grain boundary are left empty.  In this case, the barrier height at the grain 

boundary, ΦB, is estimated as 

!
B
=
q
2
L
2
N

8"
,      (2.49) 

where q is the electron charge and ε is the permittivity of ZnO.  If LN > Nt, the total 

number of the free electrons in a grain exceeds that of the grain boundary traps, 

leaving a portion of the grain not depleted, as shown in Fig. 2.15 (a).  In this case, ΦB 

is 

!
B
=
q
2
N

t

2

8"N
.      (2.50) 

 

(a)     (b) 
Figure 2.15: Transport mechanism in polycrystalline ZnO.  EC, EV, and EF are the 
conduction band minimum, the valence band maximum, and the Fermi level, 
respectively.  Nt is the trap density at the grain boundary, ΦB is the potential barrier 
height at the boundary, and L is the one dimensional grain size.  (a) When the electron 
density is low, thermionic emission dominates, in which case an electron needs to be 
thermally excited to overcome ΦB.  (b) When the carrier density is high, the depletion 
width at the boundary becomes narrow enough for electrons to quantum mechanically 
tunnel through the barrier. 

The subsequent expression for the mobility which accounts for grain boundary 

scattering, µGB , can be expressed in the thermionic emission model, 
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where m* is the electron effective mass, kB is Bolzmann’s constant, and T is the 

temperature [K]. 

This back-to-back Schottky diode-like potential distribution and the natural 

tendency of ZnO to establish a polycrystalline structure is exploited for varistor 

applications which exhibit a highly non-linear electric field versus current 

characteristic [107].  The barrier height may be increased in magnitude by doping 

impurities such as Bi2O3 or Sb2O3.  This gives rise to diode-like behavior, in which 

appreciable current flows only when the applied electric field is greater than ~103 

[V/cm].  A varistor is usually employed to protect electrical circuits from excessive 

transient voltages such as electrostatic discharge (ESD). 

When the electron concentration is high (> ~ 3!1020  cm-3), the potential 

barrier at the grain boundary is narrow enough for electrons to quantum mechanically 

tunnel, as shown in Fig. 2.15 (b).  The dominant scattering mechanism in this case is 

ionized impurity scattering.  This involves a Coulombic interaction between 

conduction electrons and positively charged donors.  The mobility accounting for 

ionized impurity scattering was derived by Dingle [ 108 ] and modified by 

Pisarkiewicz, et al. [109], which is expressed as 

µ
II
=

3! 2h3
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m
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1
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,   (2.52) 
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where FSC is a screening function which accounts for the electrons’ electrical self-

screening from the localized charges and for the non-ideality of the conduction band 

shape, i.e.,  the non-parabolicity, given by 

F
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ε is the permittivity of ZnO, h is the Planck’s constant, Z is the charge of the impurity 

which is 2 for the oxygen vacancy in ZnO, Ni is the impurity concentration, n is the 

electron density, m* is the effective electron mass in the non-ideal conduction band, 

m0
* is the effective electron mass at the conduction band bottom, i.e., the effective 

electron mass based on the parabolic band structure assumption, and q is the electron 

charge.  The non-parabolicity modification is necessitated due to the failure of the 

assumption of the parabolic conduction band structure which results in a constant 

effective mass, as indicated in Eq. 2.47. (As experimentally confirmed, the mobility 

which is inversely related to the electron effective mass as shown in Eq. 2.44 

decreases as the carrier density increases, due to the non-parabolic nature of the 

conduction band above the conduction band minimum [109].)  Since the mobility 

exhibits small dependence on the carrier density under degenerated conditions (µ ∝ 

~n-1/5.6 [56]), it is only weakly temperature-dependent when ionized impurity 

scattering dominates.  This weak temperature dependence is in dramatic contrast to 

grain boundary scattering, which exponentially depends on temperature (Eq. 2.51).  

Temperature dependence is often exploited to distinguish the dominant scattering 
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mechanism, and also to identify whether or not a ZnO device is operating under 

degenerate conditions [56].  

The total mobility, µ, is expressed as 

1

µ
=
1

µ
L
+
1

µ
II
+
1

µGB
,     (2.55) 

where µL is the expected lattice mobility when ionized impurity scattering is assumed 

to be negligible.  µL is usually assumed to be ~210 cm2/V-s [56].  

Another notable characteristic of ZnO is its change in electrical conductivity as 

it is exposed to several types of gas species, especially reducing ones such as H2, CH4, 

or CO [110].  The ZnO surface is also sensitive to water vapor, O2, O3, and 

hydrocarbons [110].  While this ambient gas effect is exploited for gas sensor 

applications [13], it may cause problems in other electrical applications involving 

TFTs.  Since the most common TFT structure is the staggered bottom gate type which 

exposes the top side of the channel layer to the environment as presented in the 

Section 2.1, the bare top surface may react with the ambient gas.  This can result in 

charge transfer between the surface and chemisorbed species such as oxygen atoms 

[111], leading to electrical instabilities [112].  Physical and electrical parameters for 

ZnO reported thus far are summarized in Table 2.8. 

In addition to the attractive electrical characteristics of ZnO, zinc is also the 

24th most abundant material on the Earth’s crust (75 ppm) and is the 15th most 

essential element in the human body (33 ppm) [113].  Thus, ZnO is economically 

competitive, environmentally safe, and medically benign.  The market price of Special 

High Grade zinc at the London Metal Exchange was reported to be $1.19 – 2.07/Kg in 
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2009 [114].  Thus, ZnO is the least expensive element of the three most common 

transparent conductive oxide cations (Zn, Sn, and In).  

Table 2.8: A summary of selected ZnO, In2O3, and SnO2 single crystal 
physical/electrical properties.  EG, Tm, ε(0), ε(∞), m*, me, and NC are the bandgap, 
melting temperature, low-frequency dielectric constant, high-frequency dielectric  
constant, effective mass, and conduction band effective density of states.  // and ⊥ 
represent the constants parallel and normal to the c-axis, respectively. 

Oxide 
(structure) Parameters Unit 

ZnO 
(wurtzite) 

SnO2 
(Rutile) 

In2O3 
(Bixbyite) 

Ref 

EG eV 3.44 3.63 ~3.1 79 
Density g/cm3 5.67 6.99 7.12 
ε(0)  8.75 (//), 7.8 (⊥) 9.58 (//), 13.5 (⊥) 8.9 
ε(∞)  3.75 (//), 3.70 (⊥) 4.17 (//), 3.78 (⊥) 4.6 
Tm ºC 1,975 1,620 1,910 

97 

m*/me  0.28 0.23 (//), 0.3 (⊥) 0.35 
NC 1/cm3 3.7 !10

18  3.7 !10
18  4.1!10

18  
56 

2.3.3.2 Tin Oxide 
Tin oxide has two crystal phases, SnO2 (stannic oxide) and SnO (stannous 

oxide).  SnO2 crystallizes in the rutile crystal structure and has a direct bandgap of 

3.63 eV [79].  Thus, SnO2 is transparent in the visible range of electromagnetic 

spectrum.  SnO crystallizes in the litharge crystal structure and has a direct bandgap of 

2.7 eV [115], but a narrower indirect bandgap of 0.7 eV [116].  Although other phases 

such as Sn3O4 or Sn2O3 are sometimes referred to in the literatures, they are 

considered to be metastable mixtures of oxidation states Sn2+ and Sn4+ [117].  A low 

temperature phase diagram for tin oxide  is provided in Fig. 2.16. 
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Figure 2.16: Tin oxide phase diagram in the low temperature range. 

Single crystal SnO2 exhibits a relatively high n-type conductivity due to its 

carrier density and mobility of ~1016-1018 cm-3 and ~150-260 cm2/V-s (Hall mobility), 

respectively [118].  The high mobility is due to the edge-sharing octahedral network of 

SnO2 which assures large inter-atomic overlap of empty Sn 5s orbitals that constitute 

the conduction band minimum [119].  In contrast to the n-type behavior of SnO2, the 

monoxide counterpart, SnO, exhibits p-type conductivity presumably because of 

unintentional intrinsic acceptors such as tin vacancies [120].  SnO is an intriguing p-

type metal oxide semiconductor since its valence band consists of filled spherically 

symmetric large Sn 5s orbitals.  In contrast, other p-type oxides are mostly based on 

asymmetric 3d Cu orbitals [121].  It is noteworthy that SnO has been successfully 

employed as a TFT channel layer whereas copper oxide-based semiconductors have 

failed in this application [115].  

SnO2 is often used as a transparent conductor, typically using either Sb as a 

substitutional cation donor or F as a substitutional anion donor.  However, the 
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achieved conductivity of SnO2 thin film to date is several times smaller than those 

based on ZnO or In2O3 [122]. 

SnO2 has been investigated as a TFT channel layer.  Presley et al. reported 

polycrystalline magnetron sputtered bottom-gate staggered SnO2-based TFTs [123].  

However, the SnO2 films prepared using a post-deposition anneal of 600 ºC were too 

conductive to operate in enhancement mode.  That is, the TFT threshold voltage, VTH, 

was greater than 0.  This was attributed to a high density of free unintentional 

electrons.  This is not desirable from a circuit application point-of-view, since 

enhancement-mode TFT operation leads to a simple circuit architecture.  The best 

results were obtained by making the SnO2 channel layer very thin, i.e., 10-20 nm in 

order to increase the resistance of the channel.  This result implies that the top surface 

of the channel layer, which is bare to the environment, is depleted.  

The SnO2 surface electrical conductivity is sensitive to exposure to different 

kinds of gases.  This trait is exploited as a gas sensor.  SnO2 is the most extensively 

studied oxide material for gas sensor applications due to its low material cost and high 

sensitivity to ambient gases.  SnO2-based gas sensor sensitivities can reach ppm or 

even ppb levels [110].  SnO2-based gas sensors have been studied to detect H2, 

C2H5OH, CO, NOX, CH4, SO2, H2S, and CO2 [110].  The selectivity, i.e., the 

sensitivity to one specific gas, remains problematic.  Sensitivity and selectivity can be 

improved to some extent by employing one of several techniques such as SnO2 

morphology modification, impurity doping, or operating temperature adjustment 

[110].  The morphology modification usually preferred is that of a thin/thick film with 

a controlled grain size [124].  Typical dopants employed are catalytic metals such as 
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platinum and palladium decorated at grain boundaries.  Examples of operating 

temperature windows for different gases are 150-250 ºC for H2, 50-350 ºC for CO, 

200-250 ºC for CH4, 200-400ºC for NOX, and 100-300 ºC for C2H5OH [110].  There 

are several proposed mechanisms accounting for SnO2 gas sensing.  Most of them are 

based on oxidation/reduction reactions at the SnO2 crystal system disruption point, i.e., 

electron exchange between adsorbates and SnO2 at the surface of the single crystal or 

at the grain boundary of the polycrystal [125].  Oxygen is observed to take one of 

three different forms when chemisorbed; O2
- (ionized molecular oxygen), O-, or O2- 

(ionized atomic oxygen), depending on the operating temperature [125].  The 

molecular form O2
- is observed to be the dominant adsorbate at low temperatures (< 

150 ºC).  As the temperature increases, the dominant form of chemisorbed oxygen 

changes to O- (180 to 450 ºC) and subsequently to O2- (above 500 ºC).  Adsorbed 

oxygen molecules or atoms act as acceptor sites, capturing electrons from the SnO2 

conduction band and subsequently becomes negatively charged.  By charge neutrality, 

the surface space charge region becomes positively charged with electron capture, as 

shown in Fig. 2.17 (a).  Oxygen chemisorption reactions may be expressed as follows: 
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Notice that as the temperature increases beyond ~450-500 ºC, the number of electrons 

captured by chemisorbed oxygen traps doubles.  This corresponds to a thicker 

depletion layer, which leads to an even higher resistance [126]. 
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Water vapor is another possible adsorbate.  It has been observed to increase the 

SnO2 electrical conductivity [124][125].  Physisorbed water molecules exist on an 

exposed SnO2 surface at temperatures below 200 ºC.  As the temperature increases 

above 200 ºC, water is dissociated into hydroxyl groups which are then chemisorbed 

to the surface [125].  Several different chemical reactions accounting for this 

phenomenon have been proposed [125][127].  Two of the proposed reactions are,  

 
H
2
O g( ) + SnSn +OO ! SnSn

+
"OH

! +OO"H
+ + e! , and   (2.59) 

 
H
2
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!( ) +VO2+ + 2e! ,   (2.60) 

 

 

(a) (b) 
Figure 2.17: Energy band diagrams of a SnO2 surface exposed to different types of 
reactive vapor species.  (a) As oxygen is chemisorbed onto the SnO2 surface, the 
energy band is bent upward due to electron trapping at acceptor states corresponding 
to chemisorbed oxygen molecules or atoms, i.e., O2

-, O-, or O2-, depending on the 
temperature.  (b) In contrast, the energy band is bend downward near the SnO2 surface 
as water is adsorbed.  

where SnSn denotes a Sn atom located at Sn site in the SnO2 crystalline system, OO is 

an oxygen atom located on an oxygen site, VO is an oxygen vacancy, and  ! represents 

chemical bonding at the surface.  Reaction (2.59) involves the dissociation of water 

into a hydroxyl group and a proton.  Reaction (2.60) involves oxygen vacancy 
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creation.  Infrared measurements reveal that the OH attaches to Sn.  Notice that these 

surface reactions not only introduce free electrons but also hydrogen (or protons) into 

the system.  Thus they act as a donor as discussed in Chapter 2.3.2.  Although it is not 

clear from the expressions presented above, the adsorption is thought to take place 

only at specific sites, since the surface coverage is reported to be only a few percent 

[128].  Further discussion about the metal oxide-gas reaction-related electrical 

characteristics is provided in Section 2.4. 

Inorganic tin compounds are generally considered go be non-toxic, although 

organic counterparts, such as triburyl-tin (TBT) which has been reported to cause 

infertility or unusual sexual changes in oceanic lives, are considered environmentally 

hazardous [113]. 

The market price of tin is ~$32/kg [10] in 2011.  This is the second most 

economical of the three most popular metal oxides (ZnO, SnO2, and In2O3), next to 

zinc. 

2.3.3.3 Indium Oxide 
The stable crystalline structure of indium oxide is bixbyite, but another phase, 

rhombohedral, is also known to exist as a metastable state [129].  The bandgap of 

In2O3 is approximately 2.93 eV for the bixbyite structure and 3.02 eV for the 

rhombohedral structure [129].  Although the optical bandgap is widely cited to be > 

~3.7 eV for bixbyite [130] and ~3.16 eV for rhombohedral, these values are now 

known to be unreliable due to recent reassessment [131].  In2O3 is an n-type 

semiconductor, presumably due to intrinsic defects such as oxygen vacancies (VO).  

The bulk Fermi level of bixbyite and rhombohedral In2O3 are estimated to be ~0.07 
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and ~ 0.02 eV above EC, respectively [129].  EC consists primarily of In 5s orbitals and 

EV is made of O 2p orbitals. 

Electrons are believed to accumulate at the surface of both bixbyite and 

rhombohedral In2O3 due to the downward conduction band bending which is estimated 

to be 0.40 ± 0.16 and 0.50 ± 0.16 eV for bixbyite (001) surface and (111) surface, 

respectively, and 0.46 ± 0.16 eV for the rhombohedral surface [129].  The surface 

state density is ~1.2×1013 cm-2 and the charge neutral level (CNL) is ~0.65 eV above 

EC for bixbyite and 0.48 eV above EC for rhombohedra [129].  The surface ionization 

potential (IP) is fond to depend on the nature of the termination of the crystal 

structure; the O-terminated (100) surface is calculated to have a maximum IP of 7.94 

eV whereas the (110) surface is fond to have a minimum value of 6.69 eV [132].  

Empirically, IP is measured to be ~7.1 eV for a polycrystalline surface [133].  The 

effective electron mass of In2O3 is estimated by optical measurement to be 0.26-0.3me 

where me is the electron rest mass [48].   

In a similar manner to SnO2, In2O3 is also sensitive to specific gases and has 

been studied for gas sensor applications [110].  The conductance change of the thin 

film, G/G0, is observed and ascribed to the surface potential barrier change Φ/Φ0 via 

the relation, 
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 which is valid for cases in which the grain size, L, is smaller than the Debye length 

LD [134].  Since gaseous species are assumed to chemically adsorb to the surface, 

thereby changing the surface potential barrier Φ, conductance change is utilized to 
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monitor this effect.  Ozone chemisorption is reported to be detectable by a 120 nm-

thick RF sputtered polycrystalline In2O3 thin film at a temperature as low as 40 ºC 

[135].  This temperature is significantly lower than that of other gas-sensing oxides 

which usually require an operating temperature of 200-500 ºC in order to obtain the 

appropriate sensitivity and agility in response [136].  However, the response time of an 

In2O3 thin film sensor can be improved dramatically by increasing the operating 

temperature. 

A major application of In2O3 is as a transparent electrode which involves the 

tin-doped phase (ITO), typically with In2O3:SnO2 = 90:10 in wt%.  SnO2 incorporation 

increases the free electron density, replacing In3+ with Sn4+ + e- [132].  There are three 

different phases known for a crystalline ITO, two different types of bixbyite and a 

corundum phases [137].  The IP of ITO is reported to increase as the sample 

undergoes post-deposition annealing.  IP of amorphous ITO is ~7.6 eV, whereas its 

work function is variable depending on the film preparation [133].  For an ITO 

blanket-coated glass substrate with an Ar-sputtered surface, the work function is 

estimated to be ~4.3 eV whereas the oxygen-plasma treated surface is ~4.9 eV [138].   

A serious concern related to the use of In2O3 involves the supply of indium.  

Indium is produced as a byproduct, primarily of zinc metal production.  Primary raw 

indium sources are zinc sulfide ore (sphalerite) which contains indium at concentration 

of only 1 ppm to 100 ppm.  Production of indium by itself is not economical, although 

ores containing a higher concentration of indium than that of zinc sulfide are available 

[139].  Therefore, indium production cannot be controlled by the demand for indium 

itself, but rather depends on the zinc market.  Because the demand for indium is 
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surging due to its rapidly widening applications, such as solar cells and light-emitting 

diodes (LEDs), its supply-demand imbalance is reflected on recent prices, as 

summarized in Subsection 2.3.3.5.  

2.3.3.4 Indium-Gallium-Zinc Oxide (IGZO) 
IGZO is a composite of In2O3, Ga2O3 and ZnO, usually with a stoichiometry of 

InGaO3(ZnO)m with 1 ≤ m ≤ 4.  The low-frequency dielectric constant of IGZO 

(In:Ga:Zn = 2.2:2.2:1 in at%) is approximated to be 11.5 [38].  Amorphous IGZO 

crystallizes at ~520 ºC [140].  Single crystal IGZO has a layered structure, consisting 

of alternate stacking of InO2
- and GaO(ZnO)m

+ layers, thus yielding InGaO3(ZnO)m  

[141].  For InGaZnO4, In forms a octahedron with 6 surrounding oxygen atoms and 

Zn/Ga makes tetrahedron with 4 nearest-neighbor oxygen atoms and 1 next-nearest-

neighbor oxygen atom.  The InO6 tetrahedra construct an edge-sharing chain which 

provides an effective conduction path for free electrons via large inter-atomic In 5s 

orbital overlaps which constitute the conduction band minimum [61]. Although the 

base constituent, In2O3, exhibits a high Hall mobility of ~34 cm2V-1s-1, it also exhibits 

a high conduction electron density due to the inherent tendency of oxygen vacancy 

formation.  It is difficult to control the electron density in In2O3.  Ga2O3, the second 

component of IGZO, forms strong metal-oxygen bonds.  Thus, oxygen vacancy 

creation is suppressed with the addition of Ga2O3.  This allows the IGZO electron 

concentration to be controllably decreased to below 1016 cm-3 while maintaining a 

mobility comparable to In2O3.  The third component of IGZO, ZnO, is characterized 

by small inter-atomic distances (Zn-O: 1.98 Å and Zn-Zn: 3.21 Å [52]).  This small 

Zn-Zn distance helps the IGZO conduction band to disperse.  This leads to a small 
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electron effective mass (theoretically ~0.2me [61] and experimentally ~0.34me [67] for 

InGaZnO4, where me is the electron rest mass) even in the amorphous state.  This 

helps to increase the conduction electron mobility.  In addition, including an aliovalent 

cation (i.e., Zn2+ compared to In3+ and Ga3+) with different ionic radii enhances 

amorphization [142].  Nearest-neighbor distances and the coordination number in 

amorphous IGZO is similar to its crystalline counterpart.  However, InO6 and InO5 are 

more dispersed in amorphous IGZO compared to crystalline IGZO, although they are 

close to what is expected for a random cation distribution [61]. 

The electrical and optical characteristics of amorphous IGZO thin films are not 

only affected by the chemical composition, i.e., the optical band gap is estimated to be 

~3.0-3.2 eV for InGaZnO4 and decreases as the ZnO content increases [52] [143], but 

also by post-deposition treatment.  For example, the conduction electron mobility and 

the optical bandgap increase when annealed at a temperature higher than 300 ºC for 30 

min in air.  The increase of the bandgap is mainly ascribed to a reduction of the band-

tail state density near the optical band edge.  The concomitant conduction band 

electron mobility increase suggests that the band-tail state density is the primary cause 

of mobility improvement due to post-deposition annealing [143].  This trend is more 

pronounced when the annealing is performed in a wet ambient [144].  Although post-

deposition annealing is an effective way to reduce the band-tail state density, the 

detailed physics responsible for this reduction is unclear.  For instance, a disturbance 

in the local configuration and, thus, the lack of long-range order are theoretically 

known to give rise to band-tail formation [145].  The local atomic configuration of 

IGZO constituent atoms (e.g., cation-cation and cation-anion distances and 
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coordination number) remains almost unchanged after post-deposition annealing 

[146].  This suggests a different origin of IGZO band-tail states.  One possible 

explanation involves structural relaxation around oxygen vacancy sites.  Numerical 

calculations based on density functional theory (DFT) reveal that, when oxygen is 

removed from stoichiometric IGZO model system followed by the structural 

relaxation, which is assumed to mimic post-deposition annealing, the space considered 

to be an oxygen vacancy contracts and electrons captured by the site are less localized 

than before relaxation.  Thereby, the trap depth associated with the oxygen vacancy 

becomes shallower than that predicted for the crystalline system [81][147].  In 

addition, the oxygen vacancy in the non-relaxed IGZO forms highly localized deep 

states close to EV.  This is consistent with DFT calculations for crystalline ZnO [74] 

and is experimentally observed as a deep non-Gaussian state distribution in IGZO, as 

presented later in this subsection.  Formation of this deep state makes the conduction 

band less dispersed than that of the stoichiometric IGZO, as shown in Fig. 2.18.  The 

consequent smaller dispersion in the conduction band leads to a smaller conduction 

electron mobility, as explained in Subsection 2.3.1.  Although the exact link between 

deep state formation and smaller conduction band dispersion is not clear, it is possible 

that the In 5s orbital chain giving rise to the conduction band minimum is perturbed by 

the spatially large non-relaxed oxygen vacancy site, resulting in a smaller inter-atomic 

orbital overlap and, eventually, smaller conduction band dispersion, as briefly 

presented in Subsection 2.3.1 [147]. 
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Figure 2.18: Distortion in the In 5s orbital chain caused by an oxygen vacancy and the 
consequent conduction band dispersion.  The figures on the left show the atomic 
configuration of the In 5s orbital chain and those on the right present the 
corresponding conduction band diagram based on the free electron approximation.  
The top figures exhibit a smaller VO cavity size which causes a small disturbance in 
the In chain and the In 5s orbital overlap represented by εmn remains almost unchanged.  

Therefore, the second derivative of the conduction band in k-space, 
d
2
E

dk
2 , stays 

large and the electron mobility, which is expressed  
µ =

q !

!
2

d
2
E

dk
2 , remains large (see 

Subsection 2.3.1 for more detail).  In contrast, the bottom figures are characterized by 
a severe interruption in the In chain by a large VO cavity size occupation shows 
smaller overlap.  Thereby εmn decreases and the second derivative of the energy band 
in the k-space becomes smaller.  As a result, the mobility decreases.   

The electrical characteristics of an IGZO amorphous thin film also depend on 

deposition conditions.   

Figure 2.19 shows a summary of the electrical/optical state distribution in the 

bandgap of IGZO film prepared by pulsed laser deposition (PLD), employing 2 

different powers: 2 J/cm2 (low power) and 9 J/cm2 (high power). 
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Figure 2.19: Subgap states observed in PLD-prepared IGZO films.  The solid line 
represents the state distribution of a film deposited with a high power (9 J/cm2) 
whereas the dashed line expresses that of a low-power deposited film (2 J/cm2) [140].  
The shallow state near EC and the flat state distributions are observed by C-V 
measurement [148] whereas the deep states near EV are obtained using optical 
spectroscopy and hard X-ray photoelectron spectroscopy (HX-PES) [143]. 

Several different subgap state distibutions have been reported for IGZO.  The 

first one is tail states near EC.  This state distribution is inferred from the activation 

energy estimated from Hall measurements [65][140] and is expressed as  
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where Ntot is the total band-tail state density and E0 is a characteristic width of the 

distribution.  E0 is reported to be small (< 7 meV) when the film is deposited at high 

power and is relatively large (~20 meV) when the film is deposited at low power 

[140]. 
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The second IGZO state distribution is a shallow non-Gaussian distribution 

associated with an electron trap nearby EC (0.1-0.3 eV below EC) which is observed 

for low-power deposited films by C-V measurement [148].  This state distribution is 

observed to be eliminated or significantly reduced after post-deposition annealing at 

300 ºC for 1 hour.  The same technique also reveals the states with density of 

~1.7×1016 cm-3eV-1 which distribute uniformly throughout the bandgap. 

Another non-Gaussian distribution of states in IGZO is found deep in the 

bandgap near EV.  This distribution is observed by hard x-ray photoelectron 

spectroscopy (HX-PES) [143] on films prepared at low powers and is independent of 

post-deposition annealing.  The origin of this deep state distribution is not well-

understood, but is usually attributed to oxygen vacancies. 

The last IGZO state distribution is tail-like states near EV.  This is inferred from 

optical absorption measurements and is estimated by subtraction of band-tail states 

near EC [143] from the Urbach tail which is expressed as 
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where A is a constant and Eu is the Urbach energy. 

Properties of RF sputtered InGaZnO4 also depend on the process parameters 

used.  IGZO exhibits its narrowest bandgap when deposited in pure Ar (3.04 eV).  

However, it increases to a maximum bandgap of 3.29 eV when the O2 content 

increases to 10% and then gradually decreases as the O2 content increases up to 40 % 
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[149].  Higher electron mobility may be achieved at a lower process pressure [150] 

and/or using a lower oxygen partial pressure [149][151] when sputtering is employed. 

Table 2.9: A summary of IGZO-based TFTs.  CP, ST, BG, TG, DCMS, and RFMS 
stand for co-planar, staggered, bottom gate, top gate, DC magnetron sputtering, and 
RF magnetron sputtering, respectively.  ATO is a short form for AlOX/TiOX/AlOX 
stacked structure, 1737 is for the Corning 1737 glass substrate, E2947 is for the 
Corning Eagle 2947 glass substrate.  E, FE, and S in the mobility column represent the 
effective mobility, field-effect mobility, and saturation mobility, respectively. 

Channel 
Thickness 

Insulator 
Thickness 

Threshold 
Voltage Mobility Structure Deposition 

Technieque Substrate 

nm 

Insulator 
Material nm V cm2/V-s 

Ref. 

CP-BG DCMS Glass 
1737 

30 PECVD 
SiOX 

200 0.13 9.5 (E) 152 

ST-BG RFMS p-Si 50 t-SiO2 100 12.9 
VON: 2.0 

18.7 (S) 
24.5 (FE) 

153 

ST-TG RFMS Glass 50 ALD Al2O3 190 2.5 12.2 (FE) 154 
ST-BG RFMS Glass 

E2947 
50 PECVD 

SiNX 
120 13.4 1.14 (FE) 155 

ST?-BG PLD Glass 50 ATO 220 2 11 (S) 156 
CP-TG RFMS N/A 50 SiNX:H 150 ~1 ~1.6 (FE) 157 

IGZO is the most widely studied AOS in terms of TFT applications.  Table 2.9 

summarizes some of TFT properties reported.  The primary target application of IGZO 

TFTs is a switching transistor in an active-matrix liquid crystal display (AMLCD) 

which currently employs hydrogenated amorphous silicon (a-Si:H) TFTs.  The 

mobility of a-Si:H is quite low, less than 1 cm2/V-s [158], which is insufficient when 

the display resolution is higher than the full high definition (Full HD: 1920×1080) 

with a higher refresh rate (240 Hz) [159].  As seen in Table 2.9, IGZO-based TFTs 

exhibit higher mobility by almost one order of magnitude.  IGZO is optically 

transparent.  Also, IGZO TFTs do not require S/D doping of the channel and are air-

processible.  Thus, they may be fabricated using a simple process flow.  IGZO is, 

therefore, considered to be the top choice for switching transistor applications for 

next-generation flat-panel displays. 
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2.3.3.5 Zinc-Tin Oxide (ZTO) 

Although IGZO is moving towards commercialization, several concerns 

remain, as previously mentioned in Section 1.  One is the limited supply of In and Ga 

which is reflected in the raw material price.  The average price of In and the year end 

price of Ga were $/kg 519 and $/kg 579, respectively, in 2008 [8][9], which are 

comparable to the yearend price of silver which was $/kg 478 in 2008 [160].  Data 

related to the supply and demand of In and Ga are summarized in Table 2.10 and 

Table 2.11. 

Table 2.10: Supply-demand balance and the market price of indium from 2005 to 2008.  
*: The average annual price is the averaged trade price in New York. 

Year Item Unit 2005 2006 2007 2008 Ref 

Total Supply  Ton 845 1057 1269 1438 
Consumption Ton 831 1038 1214 1439 
Net Ton +14 +19 +55 -1 

161 

Average annual Price* $/kg 961 815 637 519 9 

Table 2.11: Supply-demand balance and the market price of gallium from 2005 to 
2008. 

Year Item Unit 2005 2006 2007 2008 Ref 

Total Supply Ton 75 87 95 109 
Consumption Ton 66 82 100 116 
Net Ton +9 +5 -5 -7 

161 

Yearend Price $/kg 538 443 530 579 8 
Another potential concern is the sputter target type.  An IGZO target can be 

prepared only as a ceramic.  A metal target would be preferred because of the cost and 

process advantages.  However, an IGZO metal target cannot be prepared due to the 

low melting temperature of indium (156.6 ºC) and gallium (29.8 ºC) since the target 

surface temperature of an 80 mm (~3.15 inch) target sputtered at an RF power as low 

as 40 W is expected to be ~140 ºC [162]. 
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Also, a recent study of indium phosphide (InP) brought up the concern of the 

toxicity of In.  A study involving mice exposed to InP revealed “clear carcinogenic 

activity” inside the lung [11][163].  Although InP is used instead of In2O3 in this work, 

the hypothesis of the elemental indium as the culprit is proposed and the extensive 

research activity is currently ongoing for the indium and ITO toxicity [164]. 

Although ZTO does not have these In- or Ga-related issues, it possesses its 

own problems.  One example is that a higher process temperature above 300 ºC 

appears to be required for ZTO-based TFTs [165]. In contrast, IGZO-based TFTs have 

been reported to maintain a good transistor operation with the process temperature as 

low as ~200 ºC or below [166]. 

Another potential issue is the strong acid resistance of ZTO, especially when 

the SnO2 constituent is higher than 50 mol% [167].  This makes it difficult to wet etch 

a ZTO thin film.  In fact, Zn2SnO4 is more chemically and thermally stable than the 

single constituent ZnO or SnO2.  A SnO2 film is completely reduced when exposed to 

H2 at 350 ºC.  A ZnO film is completely etched in 36% HCl or a 15% NaOH solution, 

whereas ZTO stays intact in either environment [168].  Several key features of ZTO 

and IGZO are compared in Table 2.12. 

ZTO possesses several different phases, depending on the stoichiometry and 

pressure.  Inverse-spinel (Zn2SnO4) and perovskite (ZnSnO3) phases [169] are stable 

under atmospheric pressure.  Titanate- and ferrite-like phases are known to exist under 

high pressure for Zn2SnO4 [170].  Although both inverse-spinel and perovskite phases 

are thought to be almost equally stable, the inverse-spinel structure may be more 

thermodynamically stable than the perovskite counterpart since the ceramic ZnSnO3 
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powder was reported to be decomposed to Zn2SnO4 and SnO2 when calcined at a 

temperature higher than 700 ºC [169]. 

Table 2.12: Comparison of several key aspects of IGZO and ZTO. 

 IGZO ZTO 
Raw Material Price High Low 
Process Temperature Low Medium 
Wet Chemical Etchability Good Acid Resistant 
Safety Health Concern Good 
Target Type Ceramic only Ceramic and Metal 
Inverse spinel, the Zn2SnO4 crystal phase, is represented by A2BO4.  All of the 

A2+ cations and half of the B3+ cations are located on octahedral sites.  The other half 

of the B3+ cations are located on tetrahedral sites [171].  The normal spinel structure, 

in contrast, is specified by AB2O4.  A2+ cations occupy tetrahedral sites and B3+ 

cations occupy octahedral sites.  For the normal spinel phase, BO2 or B2O3 

components are chained together, providing an electron transport “highway.”  This 

leads to high mobility, as depicted in Fig. 2.9.  The other component, AO or AO2 

provides a framework to hold up the octahedral electron paths and to make room for 

metal interstitials which act as donors [60].  Although the basic structural units are 

well-defined for crystals, their identity becomes less clear when the cation distribution 

is distorted.  To clarify whether a structure is more similar to spinel or inverse spinel, 

the “degree of inversion” is defined as X in (A1-XBX)[AXB2-X]O4 where () and [] 

denote tetrahedral and octahedral phases, respectively.  When the structure is spinel, 

X=0, whereas X=1 when it is inverse spinel.  A spinel structure with a completely 

stochastic cation distribution exhibits X=2/3 theoretically, which implies that the 

inverse spinel structure becomes somewhat similar to the normal spinel structure when 

the structure is amorphous and vice versa for the normal spinel structure [172].  Thus, 
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amorphous Zn2SnO4 is assumed to possess more Zn tetrahedra and Sn octahedra than 

its crystalline counterpart.  As pictorially explained in Fig. 2.9, a chain of octahedra is 

hypothesized to provide the electron transport path.  Also, tetrahedra provide extrinsic 

carriers and structure support for the network.  In the case of Zn2SnO4, octahedral 

SnO2 and ZnO provide the electron pathway while tetrahedral SnO2 and ZnO support 

the structure and supply extrinsic electrons via oxygen-deficient oxide molecular 

complexes and/or cation interstitials. 

The crystallization temperature of ZTO increases as the ZnO content increases 

[173].  ZTO films usually stay amorphous as deposited, i.e., no distinct peaks are 

observed in x-ray diffraction (XRD), due to the presence of ZnO (wurzite) and SnO2 

(rutile).  Films in the range of Zn:Sn = 2:1 to 1:3 stay in amorphous at temperatures 

above 350 ºC, whereas almost all the films outside this range, i.e. Zn:Sn > 2:1 or 

Zn:Sn < 1:3, are crystallized at temperature as low as 150 ºC [173].   ZTO tends to 

contain less oxygen than expected theoretically [174].  This suggests that ZTO favors 

the creation of oxygen vacancies and/or metal interstitials.  Amorphous and crystalline 

systems are reported to have similar short-range coordination [175].  When the 

structure is amorphous, the resistivity increases as the zinc component increases [175] 

and as it crystallizes [176] [177]. 

The bandgap is reported to be ~3.35 eV [49] for Zn2SnO4 and ~3.5 eV for 

ZnSnO3 [178].  The bandgap of ZTO can increase with increasing free electron 

density due to the Burnstein-Moss effect, or can decrease due to the existence of band-

tail states [49].  The work function of ZnSnO3 is ~5.3 eV [178], while that of sol-gel-

based Zn2SnO4 is reported to be 5.02 eV [179].  The conduction band minimum of 
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ZnSnO3 is dominated by Zn 4s and Sn 5s orbitals [180].  The computationally 

estimated electron effective masses of crystal Zn2SnO4 are 0.23me, 0.26me, and 

0.26me, representing L-Γ, Γ-X, and K-Γ, directions, respectively [180].  Empirically 

the electron effective mass at the conduction band minimum is estimated to be 

~0.15me for crystalline Zn2SnO4 [49].  The electrical characteristics of both Zn2SnO4 

and ZnSnO3 are summarized in Table 2.13. 

Table 2.13: Selected physical/electrical properties of Zn2SnO4 and ZnSnO3. 
*: A sol-gel-based sample is employed for the measurement. 

Phase Property Unit Zn2SnO4 ZnSnO3 
Reference 

Crystal Structure - Inverse spinel Perovskite  
Optical Band Gap eV ~3.35 3.5 49, 178 
Work Function eV 5.02* 5.3 179, 178 
Effective Electron Mass - 0.15 me N/A 49 

The electronic states inside the bandgap of amorphous ZTO (ZnO:SnO2 = 1:1 

or 2:1) were reported, employing three different measurement [181].  The Urbach 

energy of the band-tail states near EC is ~10 meV, whereas it is ~110 meV near EV.  

The band-tail state distribution near EV becomes wider as the post-deposition 

annealing temperature increases.  The electrical performance of a ZTO-based TFT 

improves as the post-deposition annealing temperature increases, indicating a reduced 

number of trap density near EC.  The high density of deep traps located near EV makes 

it extremely difficult to move EF close to EV, implying that p-type ZTO is unlikely. 
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Figure 2.20: Sub-bandgap state distribution of ZTO films [181][182].  ZnO:SnO2=1:1 
and 2:1 post-deposition annealed at 400, 500, and 600 ºC are employed for 3 different 
subgap measurement techniques: transient photocapacitance (TCP) for deep traps, 
drive level capacitance profiling (DLCP) for mid-gap traps, and modulated 
photocurrent spectroscopy (MPC) for shallow traps.   

For RF sputter-processed ZTO films, the physical and electrical properties 

depend strongly on the fabrication parameters used, including O2 partial pressure, 

substrate temperature, and the relative substrate location with respect to the target.  

The Hall mobility of RF sputter-deposited ZTO (ZnO:SnO2 = 1:2 in mol%) increases 

monotonically as the O2 partial pressure increases whereas the carrier density reaches 

the peak at ~4 mPa and decreases elsewhere [185].  The resistivity of ZTO (ZnO:SnO2 

= 2:1 in mol%) increases as the oxygen flow ratio increases [183].  In addition, the 

optical bandgap becomes wider as the substrate temperature is increased for both 
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stoichiometries [183][185]; a ZTO film (ZnO:SnO2 = 2:1 in mol%) changes color 

from light brown to transparent when either the substrate temperature is increased to 

higher than 300 ºC or the oxygen partial pressure is increased [185].  Also the film 

resistivity is subject to the wafer location relative to the target [168] as has been 

observed for aluminum-doped ZnO (ZnO:Al) [184].  The resistivity profile of the 

deposited ZTO film is noteworthy.  The resistivity is lowest where the target center 

aligned and isotropically increases as moving away from it.  This distribution of 

resistivity becomes more pronounced as the total process pressure and/or the oxygen 

partial pressure increase and is attributed to the carrier concentration variation, 

whereas the Hall mobility remains rather constant over the wafer.  This is in contrast 

to ZnO:Al films which show similar resistivity distributions but both the carrier 

concentration and Hall mobility are geometrically dependent [184].  These electrical 

characteristics are also subject to the stoichiometry of the system.  The resistivity 

decreases as the Sn content increases.  This is attributed to an increase in the electron 

concentration [175].  The resistivity of ZTO films (ZnO:SnO2 = 1:2 in mol%) remains 

constant even when the substrate temperature is above 150 ºC, whereas both ZnO and 

SnO2 sputtered films increase in resistivity with increasing substrate temperature 

[185]. 

 The gas permeation of water vapor and oxygen in ZTO is quite low.  

Reactively sputtered ZnSnOX films show <0.05 cm3/m2d bar for oxygen permeation 

and <0.02 g/m2d  when a 200 nm-thick film is deposited on polyethyleneterephtalate 

(PET) substrate.  Al2O3 and SiO2 exhibit several times higher values for both 

parameters under identical conditions [186]. 
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2.4 Electrochemical Reaction at Oxide Surfaces 

Table 2.14: Metal oxides and detectable gaseous species [110]. 

Base metal cation Gaseous species Ga In Sn Zn 
Acetone   ✓ ✓ 
Acetaldehyde   ✓  
Ammonia ✓ ✓ ✓ ✓ 
Arsine   ✓  
Benzene   ✓  
Butane ✓ ✓ ✓ ✓ 
Butanol  ✓ ✓ ✓ 
Carbon dioxide   ✓ ✓ 
Carbon monoxide ✓ ✓ ✓ ✓ 
Chlorine  ✓ ✓  
Ethane    ✓ 
Ethanol ✓ ✓ ✓ ✓ 
Hydrocarbons   ✓  
Hydrogen  ✓ ✓ ✓ 
Hydrogen sulfide   ✓ ✓ 
Methane ✓  ✓ ✓ 
Methanol   ✓  
NOx ✓ ✓ ✓ ✓ 
Oxygen ✓  ✓ ✓ 
Ozone  ✓ ✓ ✓ 
Phosphine   ✓  
Propane ✓ ✓ ✓ ✓ 
Propanol  ✓ ✓ ✓ 
Sulfur dioxide   ✓  
Trimethylamine  ✓ ✓ ✓ 
Water   ✓ ✓ 

 

Metal oxides are sensitive to various kinds of gaseous species.  Different 

ambient gases can modify the conductance of a metal oxide in different ways.  This 

feature is exploited for gas sensor applications [110].  Selected metal oxides and their 

detectable gaseous species are summarized in Table 2.14.  It is evident that Sn and Zn-

based oxides react with the widest range of species.  In fact, SnO2 and ZnO are the 
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most popular oxides studied for gas sensing applications.  Although a complete picture 

of how gaseous species react and modulate metal oxide conductivity is not yet 

available, several hypotheses have been proposed [111][187][188].  In this subsection, 

only fairly well established mechanisms of O2 chemisorption and water 

physisorbtion/chemisorption which have been proposed for SnO2 and ZnO are 

discussed. 

   
(a)      (b) 

 
(c) 

Figure 2.21: O2 adsorption mechanism.  (a) When O2 is physisorbed onto the surface, 
it does not cause any conductivity change within oxide since physisorbed O2 is 
electrically neutral.  (b) Electron transfer from the metal oxide conduction band to the 
physisorbed O2 is an activated process with an activatio energy of ~0.72 eV.  (c) 
Electronic transfer results in chemisorption in which oxygen is negatively charged (O2

-) 
and the metal oxide is depleted of electrons. 



77 
An energy band diagram describing O2 adsorption onto an oxide surface (e.g., 

ZnO or SnO2) is provided in Figure 2.21.  An O2 molecule first physically adsorbs 

(physisorbtion) onto the metal oxide surface.  Physisorbed, O2 is electrically neutral so 

that it does not change the conductivity of the metal oxide (Figure 2.21a).  The 

physisorbed O2 surface density is a function of the partial pressure.  Physisorbtion 

sites on an oxide surface are hypothesized to involve native defects [189] and/or 

contaminants [111] since the surface coverage is quite small.  For example, the surface 

coverage of physisorbed O2 on SnO2 is reported to be < 1% [136]. 

Bonding between an adsorbate and the oxide surface becomes stronger as an 

electron is transferred from the metal oxide to the physisorbed oxygen, resulting in 

chemisorption.  This electron transfer occurs when the work function of the gaseous 

adsorbate is larger than that of the oxide surface (the work function of oxygen is 

estimated to be ~6.25 eV [190].)  Electron transfer associated with chemisorption is 

asserted to involve thermal activation (activation energy ~0.72 eV for O2 on a ZnO 

surface [111]).  The nature of this activation energy is unclear, but is believed to 

involve complex formation with surface contaminants, such as carbon [111] (Figure 

2.21b).  An energy band diagram illustrating chemisorption of O2 onto a metal oxide 

surface is shown in Figure 2.21c. 

The rate-limiting step of chemisorption is attributed to electron transfer to the 

surface.  This electron transfer rate may be modeled as [111] 
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,    (2.64) 
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where vth is the electron thermal velocity (v
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'  where EA is an activation energy (~0.72 eV for 

O2 on ZnO [111]) and MP0 is a function of the corresponding gas partial pressure.  An 

electron which is transferred from ZnO to physisorbed O2 is reported to be supplied 

from Zn+, based on electron spin resonance measurements [191].  This process is 

expressed as 
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Electron transfer results in a depletion of the metal oxide surface, as shown in Figure 

2.21c.  Since chemisorption is reported to be independent of the oxide surface 

crystallographic orientation, it has been suggested to that chemisorption involves 

contaminants rather than the native defects [111]. 

 Water adsorption is known to either be molecular in nature or to involve 

decomposition of the water molecule.  Molecular water is adsorbed onto a metal oxide 

surface without decomposition (physisorbtion).  Water molecules adsorbed in this 

form are easily desorbed at low temperature.  A desorption peak is observed at ~110 

ºC in a thermal desorption spectroscopy (TDS) measurement [128].  The surface 

coverage for this type of adsorbtion is ~5.1%, which is quite a bit higher than found 
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for adsorbed O2 (<1%) [136].  Molecular water adsorbtion is not believed to 

significantly modulate the conductivity of a metal oxide. 

Water adsorption involving decomposition of water molecule on a SnO2 

surface has been described as 

 
H
2
O g( ) + SnSn +OO ! SnSn

+
"OH

! +OO"H
+ + e! , and   (2.59) 

 
H
2
O g( ) + 2SnSn +OO ! 2 SnSn

+
"OH

!( ) +VO2+ + 2e! ,   (2.60) 

as discussed in Subsection 2.3.3.2.  This type of water adsorption is difficult to remove 

from the oxide surface.  It yields a peak in TDS at ~400 ºC. The estimated surface 

coverage of water in this form is ~7.5% [136], which is even higher than that of 

physisorbed water.  As evident from Equations 2.59 and 2.60, these reactions transfer 

electrons into the metal oxide, and therefore function as donors. 

2.5 Fabrication Process 

There are several ways to deposit thin films onto a substrate, but the most 

widely-employed semiconductor-based techniques are chemical vapor deposition 

(CVD) and physical vapor deposition (PVD).  Sputtering and thermal evaporation, the 

primary major methods used to make TFTs in the research described herein, are 

categorized as PVD. 

The basic procedures of PVD process are: 1) vaporizing target materials via a 

physical process, 2) transporting the vaporized materials across the gap between the 

target and the substrate, and 3) forming a thin film on the surface of the substrate.  In 

the remainder of this subsection, sputtering is discussed. 
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2.5.1 Sputtering 

  
Figure 2.22: Plasma discharge architecture typical of that used for sputter deposition. 

Sputtering is a dominant technology employed in modern large-area electronic 

manufacturing, such as flat-panel displays and thin-film solar cells, mainly because of 

controllability over parameters, such as thickness and stoichiometry [192].  Sputtering 

tends to yield poor step coverage compared to CVD. This is because atoms deposited 

by CVD move freely on the surface and incorporate into the film at stable, low-energy 

atomic sites. In contrast, sputter-deposited species tend to immediately stick to the 

surface upon which they land [193].  Another drawback of sputtering compared to 

CVD is the low efficiency of the target material usage.  Since most of the particles 

sputtered from a target come from a small area where a high density of secondary 

electrons are magnetically confined, the efficiency of target usage is limited to ~20-30 

% for a conventional magnetron sputtering gun with circularly placed magnets [194].  

Several improvements are possible, but the efficiency of target usage is still around 70 

% at best [194].   
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There are two primary reasons why sputtering is preferred to CVD for TFT 

fabrication: 1) CVD usually requires a higher process temperature than sputtering.  

Since it is desirable that transparent oxide materials be deposited onto low-temperature 

substrates such as plastic, a low process temperature is preferred.  2) CVD equipment 

is usually more elaborate than that used for sputtering. 

Sputtering is a process in which atoms, ions, and clusters thereof are ejected 

from the surface of a target as a consequence of accelerated ion bombardment and 

deposited onto the surface of the substrate, thereby resulting in the deposition of a thin 

film.  A simplified image of the plasma structure is shown in Figure 2.22, which 

consists of a glow discharge with sheaths at the edge near the target and substrate.  

This glow discharge consists of a plasma with equal concentrations of working gas 

ions and electrons.  Typically, argon (Ar) is chosen as the working gas because of its 

relatively reasonable price and chemical inertness.  Inside the glow-discharge bulk, Ar 

atoms are ionized and excited as a result of their interaction with energetic electrons.  

Excited Ar atoms relax, emitting photons, which causes the plasma to glow with a 

characteristic color.  Ar ions inside the glow discharge move by diffusion and are not 

energetic enough to ionize or dissociate other gas species, since the electric field that 

exists inside the glow-discharge plasma bulk is relatively weak.  However, once an Ar 

ion reaches the edge of the plasma and enters into the region between the edge of the 

glow discharge and the target, which is called the sheath, the ion is accelerated by a 

strong electric field present in the sheath and impinges upon the surface of the target.  

Consequently, target atoms, ions, and/or clusters thereof are ejected from the target 

surface typically with an energy of ~10-40 eV [192].  However, because their mean 
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free path is usually less than the spacing between the target and the substrate, 

collisions that sputtered species may experience reduce their energy to an average of 

~1-2 eV [192].  These collisions not only reduce the kinetic energy of the sputtered 

atoms but also cause atoms with smaller atomic mass than Ar to be more completely 

randomized in terms of momentum.  For the work described herein, the element with 

the least mass is oxygen, which is 16, almost half that of Ar, while gallium (Ga) has 

almost double the mass and In has approximately three times the mass of Ar.  Thus, 

from these considerations, it is possible that the stoichiometry of the deposited film is 

altered from that of the target [46][195].  The atomic mass for each constituent is 

tabulated below. 

Table 2.15: The atomic mass, work function, and vapor pressure of atomic 
constituents employed in the sputter deposition of several types of AOS. 

Element Atomic mass 
[196] 

Work function 
[197] 

Vapor pressure 
[Pa] 

Ar 39.948 - - 
O 15.9994 - - 
In 114.818 4.08 1.42×1017 @ 

156.76°C 
Zn 65.39 4.30 19.2 @ 419.73°C 
Ga 69.723 4.25 9.31×10-36 @ 29.9°C 
Sn 118.710 4.35 5.78×10-21 @ 

232.06°C 
Upon particle collision with the target, electrons are also ejected.  These 

secondary electrons are energetic due to the strong electric field inside the sheath and 

the momentum transfer of Ar ion bombardment.  Therefore, their energy transfer to Ar 

atoms leads to more Ar ion and excited Ar atoms, which sustains the glow discharge.  

In magnetron sputtering, most of secondary electrons are captured by the magnetic 

field created by the magnets implemented in the sputter gun.  The increased density of 
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secondary electrons increases the possibility of electron-Ar atom collision, and thereby 

the sputtering efficiency. 

Up to now, DC sputtering has been implicitly assumed in this discussion.  

However, when an insulating target, which is exclusively employed in the fabrication 

of the AOS channel layers studied in this thesis, is used, the glow-discharge cannot be 

sustained once the substrate that is connected to an electrode which is covered with a 

layer of insulating channel material.  Hence, RF sputtering instead of DC is employed 

for this study. 

RF sputtering is different from its DC counterpart in the way in which the 

potential difference is applied: RF sputtering uses an AC voltage, while DC sputtering 

uses a DC voltage.  The reason why RF is applied for the name instead of AC is that 

the actual AC signal frequency used is 13.56 MHz.  The specific frequency, 13.56 

MHz, is employed because it is the center frequency of one of the internationally 

reserved bands as the industrial, scientific, and medical (ISM) radio band.  There are 

several other frequencies available for RF power supplies such as 17.12 and 40.68 

MHz [194], although they are not as commonly used.  In the US, this frequency band 

is reserved by the Federal Communication Commission (FCC) rule Title 47, Part 18. 

Ion bombardment of the target requires a DC electric field strong enough to 

accelerate ions from the glowing discharge to dislodge constituent species from the 

target.  Although the applied voltage is AC, a DC potential difference builds up at the 

sheath after several cycles of the applied AC voltage.  This is brought about by the fact 

that negative charge accumulates on the electrode surface because the mass of an 

electron is much smaller than that of an ion and, therefore, more electrons are attracted 
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to the electrode surface than ions in the same waveform period.  This phenomenon is 

called self-bias.  The self-bias voltage is almost as large as the AC voltage, as depicted 

in Figure 2.23. 

  
Figure 2.23: DC level shift of the applied AC voltage: a) the initial AC signal of the 
applied voltage signal, which is sustained for the first few cycles.  b) The steady-state 
substrate potential, illustrating the development of a self-bias voltage. 

The reason why ion bombardment occurs preferentially on the target side rather 

than the substrate side can be explained as follows [192]:  The current flux of ions 

flowing through the sheath can be expressed using the Child-Langmuir equation, 
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where V is the potential difference across the sheath, D is the distance across the 

sheath, m is the mass of the ion, and K is a constant.  Setting up two equations, one for 
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each sheath, namely one for the space between the glow discharge and the target, the 

other for the discharge and the substrate, and recognizing that the current densities 

through both sheaths are equal and that the constants K and the ion mass are common, 

one can derive the following equation, 
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Modeling the sheath as a capacitor, and realizing that the two capacitors representing 

each sheath are in series, 
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Using the basic formula for a capacitor, 

! 
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A

D
, where A is the area of the electrodes, 

with the permittivity ε common for both sheaths, one can modify Eq. 3.4 as follows: 
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Then plugging Eq. 3.5 to Eq. 3.2 yields 
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This equation indicates that the smaller the area of the electrode, the stronger the 

electric field close to the electrode.  The stronger electric field close to the electrode 

leads to higher energy ion bombardment, which results in more pronounced sputtering.  
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Although the exponent of four has never been confirmed experimentally, the principle 

that the smaller area electrode possesses a larger sheath potential is still valid [192].  

Thus, the size of the electrode on which the target is attached is minimized to 

maximize the sputtering flux.  On the other hand, the electrode on the substrate side is 

made as large as possible, usually the whole inner surface of the chamber is 

connected, in order to minimize unwanted ion-bombardment onto the substrate [192]. 

2.5.2 Post-Deposition Annealing 
Thermal treatment after the AOS channel layer deposition is known to improve 

the thin film transistor performance [165], althought the exact mechanism behind it is 

still not clear.  Several hypotheses have been proposed to explain the observed 

electrical characteristic improvement after the post-channel layer deposition annealing.   

One invokes the annihilation of small cavities created inside the material during the 

deposition.  Vapor deposition of certain materials onto unheated substrates has been 

reported to cause the creation of minute voids, which are less than ~6 Å in diameter 

for a-Ge, for example [63].  These cavities may constitute electrical traps or scattering 

centers, leading to a reduction in mobility.  Thermal annealing after film deposition 

may drive the material system towards the thermodynamic equilibrium, thereby 

increase the density of cavity-related traps. 

A second hypothesis to explain channel layer improvement due to post-

deposition annealing is structure relaxation.  Oxygen vacancies are believed to give 

rise to deep traps located near the valence band edge (EV) in crystalline IGZO [81].  

This oxygen vacancy cavity also hinders electron transport as a consequence of having 

a less dispersed conduction band as depicted in Fig. 2.18.  However, when amorphous, 
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the structure is rather flexible and relaxes around the oxygen vacancy cavity, 

decreasing the size of the cavity, and leading to shallower oxygen vacancy-induced 

states. 

Another structure relaxation mechanism which may be responsible for channel 

layer improvement due to post-deposition annealing is associated with improvements 

in short-range atomic order.  As observed by several different groups, the x-ray 

diffraction pattern of an AOS-based film shows several broad peaks 

[67][177][165][198].  These broad x-ray diffraction peaks do not sharpen with post-

deposition annealing.  Thus, post-deposition annealing does not appear to lead to 

appreciable crystallization of the AOS film.  Rather, post-deposition annealing seems 

to involve short-range bond rearrangement on an atomic scale. Evidence for this is 

indirect, involving an increase in the optical bandgap and improvement in the channel 

layer electron mobility, both of which, in turn, are attributed to a modification in the 

band-tail state density.  For IGZO, the trap density decreases after a post-deposition 

anneal at 300 ºC for 1 hour [148].  

Another possible explanation for improvements in an AOS channel layer due to 

post-deposition annealing is the stoichiometric cluster formation inside the material 

system after annealing.  Non-stoichiometric amorphous gallium oxide (a-GaOX) 

behaves as an insulator as deposited.  However, at a specific temperature slightly 

above where the broad peak appears in XRD, it abruptly transforms into a conductor 

[199].  This is explained by the formation of stoichiometric β-Ga2O3 clusters, which 

leave the oxygen-poor regions behind.  Therefore, the film becomes more conductive 

with the majority of area having the higher density of oxygen vacancy as the oxygen 
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atoms are concentrated in the small cluster area.  Although the authors of this research 

paper attributed the increase in conductance to gallium interstitials (GaI) based on the 

generalized gradient approximation (GGA) calculations, oxygen vacancies may be 

more likely as discussed in Subsection 2.3.2. Since gallium oxide is one of the 

constituents of IGZO and belongs to the oxide group which is characterized by the 

large s-orbital inter-atomic overlap as discussed in Section 2.3.1, this idea may have a 

correlation to the increase of mobility of AOS after the post-deposition annealing. 
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3 EXPERIMENTAL TECHNIQUES 

3.1 Thin-Film Transistor Preparation 

 
Figure 3.1:  Thin film transistor structures employed in this research.  (a) and (c) 
illustrate the staggered structure, (b) and (d) show the coplanar structure. 

Two different structures are employed for the TFTs in this research: staggered 

and coplanar.  The staggered structure is the configuration in which source and drain 

electrodes are placed on the other side of the channel layer from the gate electrode.  

The coplanar structure has the all electrodes on the same side of the channel layer.  

TFTs are fabricated on top of a 100-nm-thick silicon dioxide which is thermally grown 

on a p-type silicon wafer provided by the Hewlett-Packard Company.  The silicon 

wafer thickness is ~675 µm with the doping density of ~

! 

3"10
16 cm-3 and a resistivity 

of about 1.5 Ω-cm.  A tantalum/gold alloy is deposited on the bottom, which functions 

as the gate electrode. Zinc-tin oxide (ZTO) with ZnO:SnO2=2:1 in mol% or indium-

gallium-zinc oxide (IGZO) with In2O3:Ga2O3:ZnO = 1:1:2 in mol% is employed for 

the channel layer with a thickness adjusted to be ~50 nm.  Tin-doped indium oxide 
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(ITO) with In2O3:SnO2 = 9:1 in wt% or aluminum is employed for the source and 

drain electrode.  The thickness is adjusted to be ~150 nm in the case of ITO, but is not 

clearly defined for the case of Al.  The source and drain electrodes are aligned so that 

the channel dimension is maintained at W/L = 2000 µm/200 µm. TFT structures of 

both staggered and coplanar configurations are shown in Fig. 3.1. 

 

Figure 3.2: TFT fabrication processes of both staggered and coplanar configurations.  
Both structure fabrications start with surface-cleaned p-Si substrates with 100-nm-
thick thermal SiO2.  All depositions are done via a set of 2-layered shadow masks.  
The post-deposition temperature varies, depending on the material deposited: 300 ºC 
or 400 ºC for IGZO and ZTO, and 200 ºC for ITO. 
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The fabrication process starts with substrate cleaning.  All the Si wafers with a 

thermal SiO2 layer are rinsed with isopropyl alcohol and de-ionized water, followed by 

200 ºC dehydration on a hot plate for >30 min.  Thus prepared, 9 substrates are placed 

in an Al substrate holder in 3×3 configuration, topped with 2-layered shadow masks 

bolted to the holder.  The first layer to be deposited is an IGZO or ZTO channel layer 

for the staggered structure and an ITO source/drain electrode layer for the coplanar 

structure, both of which are completed via an RF magnetron sputtering.  The 

substrates are removed from the holder and placed in a furnace for the post-deposition 

annealing at 300 ºC or 400 ºC for IGZO and ZTO channel layers, and 200 ºC for an 

ITO source/drain electrode layer for 1 hour.  Then the second layer is deposited on top 

of the first layer, which is an electrode layer for the staggered structure or a channel 

layer for the coplanar structure.  For the coplanar structure, another cleaning is 

performed prior to the channel layer deposition.  The Al source/drain electrodes are 

deposited by thermal evaporation.  If ITO is selected, RF magnetron sputtering is 

used.  A brief description of each employed fabrication technique and conditions are 

given in the following subsections. 

3.1.1 Sputtering 

The sputtering systems used for TFT channel layer/passivation layer deposition 

are the AJA Orion 5 system and/or a customized magnetron sputtering system 

developed and constructed by Chiang and Tasker [200].  A Control Process Apparatus 

(CPA) sputtering system is employed for the tin-doped indium oxide (ITO) electrode 

deposition. 
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The AJA Orion 5 system is based on a stainless steel vacuum chamber with a 

load-lock.  Both the vacuum chamber and the load lock are pumped by the turbo 

molecular pumps (a Pfeiffer HiPace 700 for the main chamber and a Pfeiffer 

TMH1000MP for the load-locked chamber) which are backed up by dry pumps 

(Alcatel Adixen Pascal 2010 50 and Edwards RV12).  The system is equipped with 

five 2-inch sputtering guns with an RF power supply unit (AJA 100/300 / Seren 

Industrial Power Systems R301) and an automatic RF matching network (Seren 

Industrial Power Systems MC2).  The system has the RF bias capability to the 

substrate with a manual RF power matching network (AJA 100/300 MM3X / Seren 

Industrial Power Systems MM-Series) and a RF power supply unit (AJA 100/300 / 

Seren Industrial Power Systems R301).  A quartz lamp-based substrate heater (AJA 

SHQ15A) with a temperature control unit (Ogden ETR-9300) is also installed, which 

is capable of varying the substrate temperature from room temperature up to ~900 ºC. 

Two mass-flow controllers (MKS Type M100B) are employed for the sputtering gases 

(Ar and O2).  The < ~4×10-8 Torr background pressure of the Orion 5 main chamber is 

the lowest of all the sputtering systems employed in this research. 

The chamber of the customized system is a stainless steel vacuum chamber made 

by Nor-Cal Product, Inc. with a load lock.  A McAllister DPRF-450 rotary platform is 

employed for substrate tilting and a Solar Products QH series resistive coil heater for 

substrate heating.  The system also equips two 3-inch Mighty Mak L300A01L, three 

2-inch L200A01L sputter guns manufactured by US Inc. with a RNI OEM-25A 

2500W RF power supply unit.  The pumping system for the load lock consists of a 

Leybold DryVac 50B oil-free mechanical pump for rough pumping. The main 
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chamber has an Alcatel Adixen ATH 1300MT maglev turbo-molecular pump with an 

ACT 1300M controller and an Ebara A10S dry pump for backing up.  The sputtering 

system is computer-controlled by a personal computer with a graphical user interface 

via an Adlink PCI-7248 digital input/output board.  The background pressure of the 

main chamber is < ~5-6×10-8 Torr. 

The CPA sputtering system has a rectangular aluminum-based chamber with a 

load lock.  The system is equipped with a diffusion pump (Norton Company NRC 

3342 modular pumping system) for the main chamber backed up by a dry mechanical 

pump (Welch Scientific Company 1397) and a dry mechanical pump (Welch 

Scientific Company 1402) for the load-lock chamber.  The background pressure of the 

main chamber is ~10-6 Torr. 

A TFT channel layer is sputter deposited using an ambient gas pressure of 5 

mTorr.  The RF power employed is 75 W and the spacing between the target and the 

wafer is 4 inches for the customized sputter system, but unknown for the Orion 5.  The 

substrate holder in the Orion 5 system rotates during deposition.  Substrates in the 

customized sputtering tool moves horizontally in front of the target in both forward 

and backward directions in order to achieve a better film uniformity.  A zinc-tin oxide 

(ZTO) 2-inch ceramic target (ZnO:SnO2 =2:1 in mol%) provided by Cerac Inc. or 

Kamis Inc. is employed for the ZTO channel layer deposition.  A 2-inch ceramic 

indium-gallium-zinc oxide (IGZO) target (In2O3:Ga2O3:ZnO=1:1:2 in mol%) provided 

by AJA international is employed for the IGZO channel layer deposition.  A 

configuration of the targets and the installed sputtering tools is summarized in Table 

3.1.  The deposition time is adjusted so that the channel layer thickness is maintained 
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at approximately 50 nm unless otherwise specified.  Chamber gas purging is 

performed for at least 30 minutes before the pre-sputtering at Ar/O2 = 9/9 sccm for the 

Orion 5 system and 20/2.2 sccm for the customized sputtering tool in order to clear 

contamination in the gas supply lines.  Pre-sputtering is performed for about 15 

minutes with an Ar/O2 composition of 90/10 % of the gas flow ratio. 

3-inch and 2-inch ceramic tin-doped indium oxide (ITO) targets 

(In2O3:SnO2=90:10 in wt%) are provided by Kurt J. Lesker Company.  A 3-inch target 

is installed in the CPA system and a 2-inch target is placed in the customized 

sputtering tool.  A pre-process gas purge is performed for 5 minutes for the CPA 

system with pure Ar of 40 sccm and for at least 30 minutes with pure Ar of 20 sccm 

for the customized sputtering tool.  The deposition is accomplished using pure Ar 

sputtering gas at a flow rate of 20 sccm for the customized sputtering tool and 40 sccm 

for the CPA system.  The sputter pressure is maintained at 5 mTorr.  The deposition 

time is adjusted so that the channel layer thickness is maintained at approximately 150 

nm. 

A 2-inch ceramic zinc-tin-silicon oxide (ZTSO) target is fabricated at the 

Department of Chemistry at Oregon State University or provided from AJA 

International.  The chemistry-made target is installed in the customized sputtering tool 

and the one provided by the AJA International is in the Orion 5 system.  The target 

thickness is 0.25 inches for the OSU chemistry target and 0.188 inches for the AJA 

target.  The target materials and the installed system are summarized in Table 3.1 and 

the process parameters are tabulated in Table 3.2. 
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The AJA-provided targets are bonded at AJA to copper backplates.  The other 

targets are bonded to aluminum backplates using a silver epoxy provided by Cerac, 

Inc., at Oregon State University. 

All layer depositions are accomplished with two-layered shadow masks. 

Table 3.1: The sputtering systems and the installed targets.  

Target Sputtering 
System Material Stoichiometry Size Manufacturer 

IGZO In2O3:Ga2O3:ZnO=1:1:2 in 
mol% 
ZnO:SnO2=2:1 in mol% ZTO ZnO:SnO2=2:1 in wt% 
ZnO:SnO:SiO2=1:1:1 in 
mol% 

AJA Orion 5 

ZTSO ZnO:SnO2:SiO2=1:1:1 in 
mol% 

AJA 

ZTO ZnO:SnO2=2:1 in mol% Cerac or 
Kamis 

ITO In2O3:SnO2=9:1 in wt% Kurt J. Lesker 
Customized 
Sputtering 
System 

ZTSO ZnO:SnO2:SiO2=1:1:1 in 
mol% 

2 

OSU 
Chemistry 

CPA ITO In2O3:SnO2=9:1 in wt% 3 Kurt J. Lesker 

Table 3.2: A summary of the standard fabrication parameters.   These values are 
employed for the TFT fabrication throughout this research work unless otherwise 
specified.  CST and CPA stands for the customized sputtering tool and  

Parameter Unit Value 
Process Pressure mTorr 5 
Gas Flow Rate sccm IGZO (CST): Ar/O2 = 20/2.2 

ZTO (AJA Orion 5): Ar/O2 = 9/1 
ZTSO (CST): Ar/O2 = 20/1.05 
ITO (CPA): Ar = 40 

Substrate-Target Distance inch CST and CPA: 4 
AJA Orion 5: Unknown 

Power Density W/cm2 IGZO and ZTO: 0.93 
ITO: 0.41 
ZTSO: 0.99 

Substrate Movement during Depostion - CST: Horizontal 
AJA Orion 5: Rotational 
CPA: N/A 
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3.1.2 Thermal Evaporation 

Some of the samples tested have aluminum (Al) contacts instead of ITO 

contacts.  For those samples, the Al electrodes are deposited by thermal evaporation.  

Thermal evaporation is a much simpler method than sputtering.  It consists of three 

basic processes: 1) sublimation of the target material, 2) transport of sublimed species 

to the substrate, 3) deposition onto the surface of the substrate.  Thermal deposition is 

inexpensive and the deposition rate is high.  In spite of these advantages, however, it is 

only applicable to the deposition of aluminum for TFT fabrication since each 

constituent of a compound material such as ITO or IGZO has a different vapor 

pressure.  Because constituents with higher vapor pressures sublime more rapidly than 

those with lower vapor pressures, an evaporated compound thin film typically has a 

poor stoichiometry [201].  For the case of ITO, the vapor pressures of In2O3 and SnO2 

at 500 ºC are 10-6 and 5×10-9 Torr [117]. 

The thermal deposition system used for Al evaporation is a Polaron model 

E6100, which has a basket-shaped resistive filament in a glass chamber.  The base 

pressure of the system is 2-4×10-5 mbar, which is equal to ~1.5-3.0×10-2 mTorr. 

3.1.3 Post Deposition Annealing 
As discussed in Subsection 2.5.2, the channel mobilities of several types of 

AOSs, including IGZO and ZTO, have been reported to improve its mobility and 

become comparable to its crystalline counterpart after annealing at several hundred 

degrees Celsius [165][202][203].  Thus, the post-deposition annealing is performed 

after the deposition of each amorphous oxide semiconductor layer.  The annealing 
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temperatures selected are 300 ºC and 400 ºC for ZTO and IGZO channel layers, and 

200 ºC for the ITO source/drain electrode layer. 

A difference in the coefficient of thermal expansion (CTE) may lead to the 

interfacial defect creation.  Since the amorphous oxide film is deposited on top of the 

thermally-grown SiO2 layer, whose CTE is reported to be ~10 times smaller than the 

average CTE of an AOS, a careful temperature ramping during the annealing process 

is required.   Therefore, a slow temperature ramp rate (2 ºC/min) is selected for this 

research.  A summary of CTE of several related materials are compiled in Table 3.3. 

Table 3.3: Coefficients of thermal expansion of related materials.  //c stands for the 
direction parallel to c axis and ⊥c is for the direction normal to the c axis. 

SiO2 [204] In2O3 [56] ZnO [56] SnO2 [56] Al [205] 
0.56 6.7 //c: 2.92 

⊥c: 4.75 
//c:3.7 
⊥c:4.0 

23.1 

Unit: ppm/K 

  
Figure 3.3: Temperature-time profile for the post-deposition annealing process.  The 
dashed line is the parameters set for the furnace control, whereas the solid line is the 
probable actual furnace tempeature. 

The temperature-time profile of this post-deposition annealing process is shown 

in Fig. 3.3.  Since there is no active cooling implemented in the annealing system 

used, the temperature slope of the decreasing part of the profile is more gradual than 
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two degrees per minute.  The oven used for this process a Neytech Qex vacuum 

furnace for all the TFT fabrication except for the wet and dry O2 annealing.  Tempress 

Sola Basic tube furnace with digital temperature controller model 261 is employed for 

dry- and wet- O2 annealing process.  Water vapor for wet-O2 annealing is introduced 

by a bubbler in which water temperature is kept above 95 ºC and O2 flow is adjusted 

to 1 litter per minute.  O2 flow for dry-O2 annealing is also adjusted to 1 litter per 

minute. 

3.2 Device Performance Assessment 

Device performance is evaluated based on two electrical characteristic curves, 

i.e., transfer curve and output curve.  Parameters such as turn-on voltage (VON), 

subthreshold swing (S), drain current on-to-off ratio (ID
ON-OFF), incremental mobility 

(µINC), and average mobility (µAVG) are extracted from transfer curves measured at 

different VDS‘s.  Both transfer and output curves are also qualitatively analyzed.  In the 

following subsections, the method to extract parameters and the techniques used to 

evaluate them are presented.  

3.2.1 Transfer Curve Assessment 

The electrical characteristics of TFTs used in this research are assessed via 

transfer and output curves.  A transfer curve is a plot of drain current (ID) on a 

logarithmic scale as a function of linear gate-to-source voltage (VGS).  The transfer 

curve measurement employs a double sweep technique.  A negative VGS sweep (VGS: 

20 V → -10 V) is followed by a positive sweep (VGS: -10 V → 20 V) using a step size 

of 0.1 V.  Two transfer curves are acquired, at VDS = 0.1 V and at VDS = 10 V. 
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Test parameters of importance are hold and delay times.  Hold time is the time 

before the onset of the initial measurement step.  Delay time is the time before the 

onset of each measurement step.  As reported previously [206], transfer curves may 

differ, depending on the hold and delay times used.  The off current (ID
OFF) decreases 

and the extent of hysteresis increases as the hold and delay times increase.  Longer 

hold and delay times help to achieve equilibrium.  However, required hold and delay 

times for real equilibrium may be impractically long, e.g., several hundred seconds 

[206].  As a tradeoff between achieving equilibrium and performing practical 

assessment, the hold and delay times are set to 1 second and 0.2 second, respectively.  

From a log10 (ID) - VGS transfer curve plot at VDS = 0.1 V, VON and mobilities are 

extracted.  VON is defined as VGS at which the forward sweep of the transfer curve 

exhibits an abrupt ID increase from the noise floor, as shown in Fig. 3.4.  

Average mobility (µAVG) and incremental mobility (µINC) are calculated, according 

to 
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where GCH is the channel conductance which is estimated from ID/VDS, W is the gate 

width, L is the gate length, and CINS is the capacitance density of the gate insulator, 

which is estimated to be 3.45×10-8 F/cm2 for a 100 nm-thick SiO2 layer. A detailed 

discussion of these mobilities is provided in Subsection 2.2.3. 

Several other parameters are extracted from a transfer curve obtained using VDS 

= 10 V, i.e., the subthreshold swing, S, drain current on-to-off ratio, ID
ON-OFF, and 

hysteresis, HVGS. 

Subthreshold swing, S, is measured as the reciprocal of the maximum slope of 

the log(ID) – VGS transfer curve for a positive sweep in the subthreshold range (the 

regime where the exponential ID increase is observed), and expressed as 
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Figure 3.4:  Transfer curve and corresponding parameters.  Note that the transfer curve 
exhibits clockwise (CW) hysteresis. 

Drain current on-to-off ratio, ID
ON-OFF, is defined as a ratio of the maximum ID 

to minimum ID measured, 
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where ION is approximated as ID at VGS = 20 V and IOFF is established by the gate 

leakage / noise floor at VGS < VON or ID at VGS = -10V. 

 

        (a)            (b) 

 

       (c)             (d) 

Figure 3.5: Examples of different transfer curve behaviors.  (a) clockwise (CW) 
hysteresis and (b) counter-clockwise (CCW) hysteresis.  A “kink” may be observed (c) 
in both sweep directions or (d) in only one sweep direction. 

Hysteresis, HVGS, is the maximum VGS difference of the positive and negative 

sweeps at the same drain current level.  Hysteresis is categorized as one of two types; 

clockwise (CW) or counterclockwise (CCW).  CW hysteresis (Fig. 3.5a) is a VON shift 

in the same direction as the gate stress, viz., a positive VON shift when VGS is positive 
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and vice versa.  In contrast, CCW hysteresis (Fig. 3.5b) is a VON shift in the opposite 

direction to that of the gate stress, i.e., a positive VON shift when VGS is negative and 

vice versa.  Although hysteresis is often considered as a VON shift between positive 

and negative sweeps, it is not always this simple as illustrated in Fig. 3.5c. 

Qualitative analysis of hysteresis sometimes reveals whether or not the 

measurement is performed appropriately [207].  If the amount of hysteresis changes 

each time the measurement is performed, it is considered to be in an “unstable state” 

and no further assessment should be performed.  In contrast, if hysteresis stays almost 

unchanged over multiple sweeps, the TFT is considered to be in “steady state” so that 

further assessment may be warranted. 

Sometimes a transfer curve exhibits unusual features.  One of the most 

frequently observed anomalous features is a “hump” or a “kink” (see Fig. 3.5c).  

Although the physical origin of this “kink” is often not clear, a discrete acceptor-like 

trap was proposed as a possible explanation [208].  A “kink” sometimes appears only 

in one sweep direction, making hysteresis categorization as simply CW or CCW no 

longer valid, as shown in Fig. 3.5d. 

3.2.2 Output Curve Assessment 

An output curve is a linear ID plot as a function of linear VDS with VGS kept 

constant.  Typically multiple curves at a different VGS are measured and overlaid 

together, as shown in Fig. 3.6a. 
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     (a)          (b) 

 

     (c) 

Figure 3.6: Three output curves.  (a) A normal output curves.   (b) An output curve 
exhibiting appreciable gate current leakage.  The extrapolated lines from the output 
curves with different VGS’s converge at a negative VDS.  (c) An output curve 
displaying current crowding.  Notice in the enlarged image that the curves show a 
positive curvature deformation in the area close to the convergence point, although all 
curves appear to converge at a more positive VDS.  

Two reasons for measuring an output curve are to evaluate if there is a non-

negligible amount of gate leakage and to test for current crowding (series resistance).  
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Gate current leakage appears as a negative convergence of output curves at a non-zero 

VGS, as shown in Fig. 3.6b.  Current crowding is observed as an apparent positive VDS 

convergence of the multiple output curves and/or a deformation of the curves in the 

linear regime (VDS < VGS – VON), as shown in Fig. 3.6c. 

3.3 Stress Test Assessment 

The stress test employed in this research is performed using a probe station 

(Alessi KEL-4800 with a Mitutoyo microscope (FS60-FC) and the probes (Alessi 

MH-4658-80, MH-4658-47, and MH-2699-107) with tungsten probe tips) and 

accomplished primarily in three stages, i.e., pre-stress, stress, and post-stress, followed 

by 2 thirty-minute-long 0 V stress stages (Fig. 3.7).  A transfer curve with VDS = 0.1 V 

is measured in the pre-/post-stress stages and after each 0 V stress stage.  Three 

different types of stress (optical, thermal, and electrical) are employed.  Each test 

sequence is accomplished automatically using a SCPI command program loaded onto 

an Agilent 4155C semiconductor parameter analyzer.  Transfer curves measured in the 

pre- and post-stress stages are compared and assessed quantitatively by extracting 

selected parameters (VON and µAVG at a different saturation voltage) and qualitatively 

with respect to the curve shape (hysteresis and “kink.”)   

3.3.1 Pre- and Post-Stress Stage and Post-0 V Stress Stage 

Assessment 

Only a transfer curve obtained using VDS = 0.1 V is measured in the pre- and 

post-stress stages to minimize the unintentional sample aging during this test 
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sequence.  The substrate is placed in a dark box at a substrate temperature of 60 ºC 

during this measurement. 

Selected parameters – VON, µAVG at an overvoltage (VGS - VON) of 10 V 

(µAVG
+10), and the maximum µAVG which is usually measured at VGS = 20 V 

(µAVG
MAX) – are extracted and analyzed by comparing their pre- and post-stress 

values.  Subthreshold slope and hysteresis are observed qualitatively. 

 

Figure 3.7: The stress test sequence.  Each test is accomplished automatically using a 
SCPI command script loaded onto a semiconductor parameter analyzer (Agilent 
4155C).  The measurement time of a transfer curve is not clearly defined. 

3.3.2 Stress Stage Assessment 

In the stress stage, three types of stress may be applied to the sample, i.e., 

optical, thermal, and electrical stresses.  A light source with three light-emitting diodes 

(LEDs) (Prizmatix FC3-LED) is employed for the optical stress.  The peak wavelength 

of each LED are 410, 535, and 635 nm, corresponding to blue, green, and red, 

respectively.  The LED spectra is presented in Fig. 3.8.  Thermal stress is applied 

using a heater installed in a probe station sample stage (Temptronic Corporation 
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Model TP03010B ThermoChuck System) and the substrate temperature is maintained 

at 60 ºC throughout the test sequence.  Electrical stress is applied using a 

semiconductor parameter analyzer (Agilent 4155C) at a constant negative voltage of 

VGS = -30V and both drain and source are grounded.  The procedure starts after the 

LED output and the substrate temperature are equilibrated: ~15 minutes for LEDs and 

5 minutes for the stage temperature. 

 
Figure 3.8: LED output spectra.  The LED light source is equipped with three LEDs 
with different peak wavelengths.  Blue, green, and red LEDs have peaks at 410, 535, 
and 635 nm, respectively.  Although the blue and red LEDs exhibit rather narrow 
bandwidths, the green LED possesses a wide tail, overlapping with the other two LED 
bands. 

3.3.3 0 V Stress Recovery Stage Assessment 

Two 30-minute-long 0 V stress recovery periods follow the post-stress transfer 

curve measurement, coupled with a transfer curve measurement at the end of each 
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period.  During this 0-V stress period, all electrodes, gate, source, and drain, are 

grounded while the substrate is heated at 60 ºC in the dark box. 
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4 Impact of Fabrication Parameters/Conditions on TFT Electrical 

Performance  

An unpassivated TFT with a bottom gate structure has its top surface of the 

channel layer exposed to the external environment, as delineated in Subsection 2.1.  

Several issues arise with respect to the use of an unpassivated TFT.  One involves TFT 

fabrication.  TFTs with small dimensions usually employ a photolithography process 

to define electrodes.  This step comes after channel layer definition with a staggered 

structure and involves wet chemical etching of IGZO and is usually accomplished by 

DC sputtering, which exposes the channel layer to a plasma.  AOS is reported to be 

susceptible to plasma damage [209], effecting the electrical characteristics of a TFT.  

Therefore, a protection layer is required for fabrication of a bottom-gate TFT. A 

protection etch-stop layer is also widely employed in current a-Si:H technology [210].  

Another unpassivated TFT issue of concern is device stability [211].  The electronic 

properties of oxides such as AOS are known to be sensitive to the presence of a 

variety of different gaseous species [110] such as oxygen and water [19][20][212].  

Unpassivated AOS TFTs can exhibit electrical instabilities due to 

chemisorption/desorption, depending on the nature of ambient gases to which the 

unpassivated TFT channel layer surface is exposed.  Electrical instabilities and 

possible mechanisms are discussed in Chapter 5. 

To circumvent problems associated with ambient gas interactions with 

unpassivated surfaces, method for passivating channel layer surface have been 

investigated [213][214][215][216][217].  However, despite much work by many 
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research groups, only a few materials and techniques have been reported to be viable 

for the passivation of IGZO or ZTO TFTs [213][214][217][218][219].  Zinc-tin-

silicon oxide (ZTSO) is an AOS-TFT-compatible passivation material developed 

recently at OSU [219].  This chapter is devoted to an investigation of the impact of 

several fabrication-related factors on the electrical characteristics of unpassivated or 

ZTSO-passivated IGZO and ZTO TFTs, including structure, electrode material, 

substrate preparation, and the effect of prolonged unstressed rest. 

4.1 Unpassivated/ZTSO-Passivated TFT Structure/Material 

Investigation 

The purpose of the research work focused on in this subsection is to investigate 

the effect of TFT structure/electrode material combination in terms of the TFT 

electrical performance.  Aluminum (Al) and indium-tin oxide (ITO) are selected for 

the electrode study while staggered and coplanar bottom gate structure are selected for 

the structure study. 

4.1.1 Unpassivated TFTs 
First, the structure/electrode combination and the consequent electrical 

performance are investigated for unpassivated TFTs.  Transfer curves are measured at 

VDS = 0.1 V and 10 V, from which electrical parameters such as the turn-on voltage 

(VON), average mobility at VGS = VON + 10 V (µAVG
+10), and hysteresis are extracted.  

Methods of parameter extraction are provided in Subsection 3.2.1.  The structure 

employed is staggered or coplanar.  TFT structures and their fabrication are considered 

in Subsection 2.1 and 3.1. 
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(a)      (b) 

 
(c)      (d) 

Figure 4.1: Transfer curves of unpassivated IGZO TFTs with two different structures 
and two different electrode materials: (a) staggered with Al electrodes, (b) staggered 
with ITO electrodes, (c) coplanar with Al electrodes, and (d) coplanar with ITO 
electrodes.  Solid blue lines represent drain current (ID), whereas meshed red lines 
represent gate leak current (IG). 
Table 4.1: Selected electrical parameters extracted from transfer curves of 
unpassivated IGZO TFTs using two different structures (staggered/coplanar) and two 
different electrode materials (Al/ITO). 

Structure Electrodes # of Samples VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

Al 18 1.32 10.4 0.15 Staggered 
ITO 12 < -10 N/A N/A 
Al 9 N/A N/A N/A Coplanar 
ITO 13 0.82 7.80 0.21 
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(a)      (b) 

 
(c)      (d) 

Figure 4.2: Transfer curves of unpassivated ZTO TFTs with two different structures 
and two different electrode materials: (a) staggered with Al electrodes, (b) staggered 
with ITO electrodes, (c) coplanar with Al electrodes, and (d) coplanar with ITO 
electrodes.  Solid blue lines represent drain current (ID), whereas meshed red lines 
represent gate leak current (IG). 

Table 4.2: Selected electrical parameters extracted from transfer curves of 
unpassivated ZTO TFTs using two different structures (staggered/coplanar) and two 
different electrode materials (Al/ITO). 

Structure Electrodes # of Samples VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

Al 11 1.03 9.27 0.23 Staggered 
ITO 5 < -10 N/A N/A 
Al 3 N/A N/A N/A Coplanar 
ITO 18 2.53 8.55 0.51 

 

As evident from Figure 4.1 and Figure 4.2 and Table 4.1 and Table 4.2, the best 

combination of structure and electrode material is staggered with Al electrodes for 

both IGZO and ZTO TFTs; µAVG
+10 is the highest (IGZO: 10.4 cm2/V-s and ZTO: 9.27 
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cm2/V-s) and the hysteresis is the smallest (IGZO: 0.15 V and ZTO: 0.23 V) among all 

combinations.  This may be attributed to the fact that this is the only structure which 

does not suffer from plasma damage.  ITO is deposited onto the channel layer via RF 

sputtering for the staggered structure, which may cause channel layer damage.  The 

coplanar structure has a channel layer deposited onto the electrode via RF sputtering, 

which may result in electrode damage.  Sputtering is an energetic method to deposit 

films, due to high kinetic energies of deposited species.  In contrast, thermal 

evaporation of Al electrodes is a low energy process.  The average kinetic energy of 

deposited specie is ~1-2 eV for sputtering and less than 0.1 eV for thermal evaporation 

of Al as estimated from the evaporation temperature of Al under high vacuum at ~810 

ºC [220].  This higher kinetic energy of the deposited specie causes surface damage of 

the underlying layer due to the incoming particle flux. 

 

Figure 4.3: Transfer curves of staggered IGZO TFTs with ITO electrodes deposited at 
an RF power of 50 W (blue solid curve) and 75 W (meshed red curve).  The TFTs are 
annealed at 150 ºC.  The TFTs utilized in this plot are fabricated in the same run 
except for the ITO deposition. 
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As shown in Figure 4.1b and Figure 4.2b, staggered TFTs with ITO electrodes 

exhibit poor performance due to RF sputtering-induced plasma damage.  Staggered 

TFTs with ITO electrodes show strongly negative VON in the transfer curve.  As 

shown in Figure 4.3, VON becomes more negative and subthreshold characteristics are 

less ideal with increasing RF power.  This indicates that plasma damage is the primary 

cause of this VON negative shift.  Plasma damage to IGZO is reported to cause a higher 

conductance [209], which is attributed to an oxygen deficiency of the plasma-exposed 

surface, resulting in an increased electron concentration in the channel.  In Ref. 209, 

the exposure time of the Ar plasma is only 30 seconds.  This is long enough to 

increase the electron density from 1014 cm-3 to 1020-1021 cm-3.  Since the duration of 

the ITO sputtering employed herein is 13 minutes and is performed in a pure Ar 

environment, it is reasonable to attribute the strongly negative VON observed to plasma 

damage.  To heal plasma damage, TFTs with ITO electrodes need to undergo a post-

electrode deposition annealing.  The lowest temperature effective for this purpose 

appears to be ~200 ºC, as evident from Figure 4.4.  As observed in Figure 4.5, after 

post-electrode deposition annealing at 200 ºC for 1 hour, VON approaches 0 V and 

subthreshold current becomes more abrupt and ideal.  These plasma-damage-healed 

TFTs exhibit VON (IGZO: -0.1 V and ZTO: 3.5 V), µAVG
+10 (IGZO 7.70 cm2/V-s and 

ZTO: 6.65 cm2/V-s, and hysteresis (IGZO: 0.28 V and ZTO: 0.47 V) comparable to 

those of coplanar TFTs with ITO electrodes (VON: 0.82 V for IGZO and 2.53 V for 

ZTO), µAVG
+10: 7.80 cm2/V-s for IGZO and 8.55 cm2/V-s for ZTO, and hysteresis: 

0.21 V for IGZO and 0.51 V for ZTO), as shown in Table 4.3. 
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(a)      (b) 

 
(c) 

Figure 4.4: Transfer curves of IGZO TFTs with ITO electrodes deposited at an RF 
power of 75 W before and after a thermal anneal at (a) 100 ºC, (b) 150 ºC, and (c) 200 
ºC.  All TFTs are fabricated in the same run except for the post-electrode deposition 
annealing process. 

 
(a)      (b) 

Figure 4.5: Transfer curves of 200 ºC post-electrode deposition annealed TFTs with 
ITO electrodes deposited at an RF power of 75 W for (a) IGZO and (b) ZTO TFTs. 
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Table 4.3: Selected electrical parameters extracted from transfer curves of the 
staggered IGZO and ZTO TFTs with ITO electrodes after post-electrode deposition 
annealing at 200 ºC. 

Channel  # of Samples VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

Kink 

Coplanar 13 0.82 7.80 0.21 No IGZO 
Staggered 5 -0.1 7.70 0.28 No 
Coplanar 18 2.5 8.55 0.51 No ZTO 
Staggered 6 3.5 6.65 0.47 No 

 

Coplanar TFTs with either Al or ITO electrodes suffer from plasma damage 

since the electrode surface is exposed to the plasma during the channel layer 

deposition.  This is most clearly observed for coplanar TFTs with Al electrodes, as 

evident from Figure 4.1c and Figure 4.2c.  This problem is attributed to plasma 

oxidation of Al metal contacts during channel deposition, which significantly 

increases the contact resistance.  Although oxidation of these Al metal contacts is also 

possible during post-deposition annealing of the channel, this does not appear to be the 

main problem since blanket-coated Al metal thin films exhibited no appreciable 

increase in resistivity for annealing in air up to 500 ºC, as shown in Table 4.4. 

Table 4.4: Aluminum thin film resistivity change after annealing in air at various 
temperatures.  The average thickness of the film is 440 nm.  The aluminum thin films 
are deposited onto the 100-nm-thick thermal SiO2 layer by thermal evaporation.  The 
number of samples employed for this assessment is 4 for 500 ºC annealing and 3 for 
600 ºC annealing.  Reported resistivities are averaged. 

Annealing Temp. 
[ºC] 

Average 
Resistivity Before 
Heat Treatment 
[Ω-cm] 

Average 
Resistivity After 
Heat Treatment 
[Ω-cm] 

Resistivity Change 
[%] 

500 3.13×10-6 3.03×10-6 -3 
600 3.37×10-6 1.65×10-5 389 
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Plasma damage may also account for the lower µAVG

+10 of coplanar TFTs with 

ITO electrodes compared to staggered TFTs with Al electrodes, as presented in Table 

4.1 and Table 4.2.  

An intriguing trend is observed in Table 4.1 and Table 4.2.  Coplanar ZTO TFTs 

show a higher VON (~2.5 V) than coplanar IGZO TFTs (~0.8 V), while staggered ZTO 

and IGZO TFTs have comparable VON’s (ZTO: ~ 1 V and IGZO: ~1.3 V).  This VON 

difference becomes even more obvious as the channel becomes thinner, as evident 

from Table 4.5 and Table 4.6.  This is especially true for the staggered structure (ZTO: 

~1 V @ 50 nm → ~4.5 V @ 25 nm and IGZO: ~1.3 V @ 50 nm → ~1.9 V @ 25 nm).  

ZTO TFTs have a significantly higher VON for a thinner channel layer than a thicker 

channel layer, compared to IGZO TFTs 

Table 4.5: Selected electrical parameters extracted from transfer curves of staggered 
ZTO TFT with 25 nm and 50 nm-thick channel layers. 

Channel thickness 
[nm] 

# of Samples VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

25 13 4.49 9.22 0.62 
50 11 1.03 9.27 0.23 

Table 4.6: Selected electrical parameters extracted from transfer curves of the 
staggered IGZO TFT with 25 nm and 50 nm-thick channel layers. 

Channel thickness 
[nm] 

# of Samples VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

25 5 1.88 7.75 0.08 
50 18 1.32 10.4 0.15 
 

Table 4.5 and Table 4.6 also show that the hysteresis of a ZTO TFT is larger for 

the thinner channel layer.  Hysteresis of an IGZO TFT is negligibly small, comparable 

to the measurement step size (0.1 V), for both channel layer thicknesses. 
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Many unpassivated AOS TFT electrical trends may be explained as a 

consequence of chemisorption at the channel layer top surface in conjunction with 

shallow traps in the channel layer.  As reviewed in Chapter 2.4, the electronic 

properties of oxides such as ZnO and SnO2 are reported to be sensitive to the ambient 

gas.  Consider O2 adsorption with respect to ZnO [111][187].  O2 molecules are first 

physisorbed onto the ZnO surface.  Then, chemisorption occurs via electron transfer 

from ZnO to O2.  O2 can be considered to be an acceptor, since physisorbed O2 is 

electrically neutral, whereas chemisorbed O2 is negatively charged.  Note that electron 

transfer to O2 results in depletion of ZnO.  This acceptor-like O2 adsorption 

mechanism is believed to also be applicable for understanding AOS surface [39]. 

   

Figure 4.6: Equilibrium energy band diagram for an unpassivated AOS TFT. 
Chemisorbed acceptor-like O2 molecules are indicated as a Gaussian-like distribution.  
Empty donor-like states are partially filled and partially empty, depending on the 
extent of the depletion within the AOS channel layer. 

Figure 4.6 is an energy band diagram for an unpassivated AOS channel layer.  

Adsorbed, acceptor-like O2 molecules are indicated as a Gaussian-like distribution.  
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The positive curvature of the channel layer energy bands means that positive charge 

exists within this layer.  A single, discrete donor-like state is included in Figure 4.6 in 

order to account for this positive charge in a highly simplified manner.  Since the 

Fermi level crosses this donor-like state, this state is partially neutral and partially 

ionized.  One possible mechanism for hysteresis would involve electron transfer 

between electrons in the accumulation layer at the insulator/channel interface and 

empty donor-like traps.  The occupancy of those donor-like traps depends on the 

extent of band-bending in the channel layer which, in turn, depends on the 

chemisorbed O2 density.  As shown in Figure 4.6, empty traps exist primarily near the 

top surface of the channel layer.  However, a higher chemisorbed O2 density could 

fully deplete this donor-like state.  In contrast, a lower chemisorbed O2 density could, 

in principle, lead to a flat band situation in which all of the donor-like states are filled 

with electrons and hence neutral.  If it is postulated that the number of empty donor-

like states correlated with hysteresis, a flat band situation would lead to negligible 

hysteresis (i.e., IGZO TFTs) whereas a large amount of bandbending (due to a high 

concentration of chemisorbed O2) would result in more hysteresis (i.e., ZTO TFTs).  

In conclusion, the best combination of structure (staggered or coplanar) and 

electrode (Al or ITO) is staggered with Al electrodes with respect to the electrical 

performance.  Coplanar and staggered structures with ITO electrodes both show good 

performance although post-electrode deposition annealing is required for staggered 

TFTs to eliminate plasma damage during ITO RF sputtering.  For further assessment, 

passivation of the channel layer top surface is required. 
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4.1.2 ZTSO-Passivation 

Next, structure/electrode combinations for ZTSO-passivated TFTs are 

investigated.  Since unpassivated coplanar TFTs with Al electrodes do not exhibit 

transistor behavior, they are eliminated from further consideration.  

100-nm-thick ZTSO layers are deposited on top of TFTs with 3 different 

structures (staggered with Al or ITO electrodes and coplanar with ITO electrodes) via 

RF sputtering.  These TFTs undergo post-ZTSO-passivation annealing at 400 ºC for 1 

hour.  Detailed sputtering and annealing conditions for ZTSO passivation are provided 

in Subsection 3.1.1 and 3.1.2, respectively. 

As shown in Figure 4.7 and Figure 4.8, both staggered and coplanar structures 

with ITO electrodes exhibit good subthreshold behavior and small hysteresis in their 

transfer curves.  In contrast, a staggered structure with Al electrodes displays a kink in 

the subthreshold current (IGZO TFT) or no transistor function (ZTO TFT).  Also, the 

surface texture of the Al electrodes changes after ZTSO passivation, showing bubble-

like features.  This is ascribed to oxidation during the post-passivation anneal since a 

similar texture appears on blanket-coated Al thin films annealed at 400 ºC.  Parameters 

extracted reveal that the best combination of structure and electrode for ZTSO-

passivated TFTs is coplanar with ITO electrodes for both IGZO and ZTO TFTs, as 

shown in Table 4.7 and Table 4.8; µAVG
+10 is the highest for IGZO TFTs and 

hysteresis is the smallest for ZTO TFTs.  Other parameters are comparable or better 

than for other structure/electrode combinations.   
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(a)     (b) 

 
(c) 

Figure 4.7: Transfer curves of ZTSO-passivated IGZO TFTs (a) staggered with Al 
electrodes, (b) staggered with ITO electrodes, and (c) coplanar with ITO electrodes. 
 

Table 4.7: Electrical parameters extracted from transfer curves of ZTSO-passivated 
IGZO TFTs. 

Structure Electrodes # of 
Samples 

VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

Al 9 -0.57 5.28 2.31 Staggered 
ITO 5 0.26 4.96 0.26 

Coplanar ITO 5 0.42 7.40 0.30 
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(a)      (b) 

 
(c) 

Figure 4.8: Transfer curves of ZTSO-passivated ZTO TFTs: (a) staggered with Al 
electrodes, (b) staggered with ITO electrodes, and (c) coplanar with ITO electrodes. 
Table 4.8: Electrical parameters extracted from transfer curves of ZTSO-passivated 
ZTO TFTs. 

Structure Electrodes # of 
Samples 

VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hysteresis 
[V] 

Al 9 N/A N/A N/A Staggered 
ITO 2 2.65 6.50 1.10 

Coplanar ITO 10 2.66 6.34 0.38 
 

The subthreshold slope of ZTSO-passivated TFTs (Figure 4.7b and c and Figure 

4.8b and c) is larger than that of unpassivated TFTs (Figure 4.1d and Figure 4.2d and 

Figure 4.5a and b).  Also, the mobility appears to decrease after ZTSO passivation 

(Table 4.7 and Table 4.8 for passivated and Table 4.1, Table 4.2, and Table 4.3 for 

unpassivated).  Similar trend such as subthreshold slope degradation and a decrease in 
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mobility are observed when the channel thickness is simply increased to 150 nm, 

which is the identical to the total thickness of ZTSO passivation and channel layers 

combined (100-nm-thick ZTSO and 50-nm-thick IGZO or ZTO). 

Table 4.9: Parameters extracted from ZTO and IGZO TFTs with and without ZTSO 
passivation.  S is the subthreshold swing.  All unpassivated TFTs are staggered with 
Al electrodes and all ZTSO passivated TFTs are coplanar with ITO electrodes. 

Material ZTSO 
passivation 

Channel 
thickness 
[nm] 

Number of 
samples 

S 
[V/dec] 

µAVG
+10 

[cm2/V-s] 

50 11 0.29 9.27 No 
150 8 0.65 7.71 

ZTO 

Yes 50 10 0.63 6.34 
50 18 0.24 10.4 No 
150 6 0.66 7.45 

IGZO 

Yes 50 5 0.42 7.40 
 

 

(a)      (b) 
Figure 4.9: Output curve for a ZTSO-passivated IGZO TFT for a (a) coplanar IGZO 
TFT and for a (b) staggered IGZO TFT exhibiting current crowding. 

A comparison between unpassivated and ZTSO-passivated TFT electrical 

characteristics is provided in Table 4.9.  Two trends are evident from Table 4.9.  First, 

for an unpassivated TFT, increasing the channel layer thickness from 50 to 150 nm 

leads to an increase in subthreshold swing and a slight decrease in mobility.  Second, 
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ZTSO passivation results in an increase in subtheshold swing and a slight decrease in 

mobility. 

Figure 4.9b displays an output curve exhibiting current crowding.  This is 

observed for some of the staggered IGZO TFTs with ITO electrodes.  It is never 

observed for the ZTSO-passivated coplanar TFTs with ITO electrodes such as the one 

shown in Figure 4.9a.  Considering that no such effect is observed before ZTSO 

passivation and only two extra process steps are employed for passivation (ZTSO 

sputter deposition and post-ZTSO deposition annealing at 400 ºC), two possible 

mechanisms may account for current crowding: chemical reaction between ZTSO and 

ITO during the post-ZTSO deposition annealing at 400 ºC and/or plasma/energetic 

particle damage of ITO during ZTSO sputtering. 

Table 4.10: Resistivity of ITO layers with various thicknesses deposited onto a 100-
nm-thick thermal SiO2 or ZTSO layer before and after heat treatments at 400 ºC. 

Bottom Layer ITO Thickness 
[nm] 

Resistivity 
Before Heat 
Treatment 
[Ω-cm] 

Resistivity 
After Heat 
Treatment at 
400 ºC 
[Ω-cm] 

Resistivity 
Change 
[%] 

50 7.68×10-4 1.24×10-3 61.5 
100 5.36×10-4 1.07×10-3 99.6 Thermal SiO2 
150 4.62×10-4 1.02×10-3 120.8 
50 6.41×10-4 1.65×10-3 157.4 
100 5.07×10-4 1.55×10-3 205.7 ZTSO 
150 5.66×10-4 1.51×10-3 166.8 

 

To assess the possibility of the first option, a simple experiment is carried out.  

ITO layers with various thicknesses are deposited onto two different layers, thermal 

SiO2 and ZTSO, both of which are 100 nm thick.  The resistivity of ITO is measured 
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using a 4-point probe before and after the 1-hour-long anneal at 400 ºC.  The 

resistivity changes are summarized in Table 4.10. 

While the resistivity increases less than ~120 % for all of the ITO layers 

deposited onto thermal SiO2, it is higher than 150% for those deposited onto ZTSO.  

This indicates the possibility of some chemical reaction between ZTSO and ITO 

during post-deposition annealing.  However, the post-annealled ITO resistivity of 

ZTSO is comparable to that of thermal SiO2, especially for the 150-nm-thick ITO.  

Therefore, this resistivity increase does not appear to be a primary cause of current 

crowding. 

 
(a)     (b) 

Figure 4.10: Structural differences in (a) a staggered TFT and (b) a coplanar TFT.  
Notice that there is direct contact between ZTSO and ITO in a staggered structure, 
whereas a channel layer separates ZTSO and ITO in coplanar configuration. 

Plasma damage during ZTSO sputtering, is a more likely mechanism for current 

crowding.  This seems plausible since it has never been observed for coplanar TFTs.  

A possible reason why current crowding occurs only for staggered TFTs and not for 

coplanar TFTs is the relative location of the channel layer, as shown in Figure 4.10.  In 

a staggered structure, the channel layer is placed below the ITO electrode layer, 

exposing a portion of the ITO electrodes to the plasma during the ZTSO deposition 
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process.  In contrast, the coplanar structure has the channel layer between the ZTSO 

and ITO layers, protecting the ITO electrodes during ZTSO sputtering. 

4.1.3 Conclusion 

The staggered structure with Al electrodes appears optimal for unpassivated 

TFTs while the coplanar structure with ITO electrodes seems best suited for ZTSO-

passivated TFTs. 

4.2 As-Deposited TFT Performance and Aging 

TFTs fabricated using identical process parameters exhibit some variability in 

their electrical performance.  Most TFTs exhibit good electrical characteristics, with a 

close-to-0 VON and a relatively abrupt, kink-free subthreshold current.  In contrast, 

some TFTs show very poor electrical performance, characterized by a large hysteresis, 

a strongly negative VON, and a kink in the subthreshold region of the transfer curve.  

However, the electrical characteristics of these poor quality TFTs are observed to 

improve over time, if they are simply stored in the dark at room temperature without  

being subjected to electrical stress.  This improvement typically consists of a decrease 

in hysteresis and a shift in VON towards 0 V or a slightly positive voltage.  In this 

subsection, as-deposited TFT electrical characteristics and their change with time, 

denoted as aging, are reported.  A possible cause of non-ideality and an aging 

mechanism are also discussed. 

4.2.1 As-Deposited TFT Performance Variability 
IGZO and ZTO TFTs are fabricated as described in Subsection 3.1.  Transfer 

curves and output curves are measured initially within 5 days of device fabrication.  
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Room temperature and relative humidity of the clean room where the TFTs are 

fabricated are recorded by an auto-logger (Dataq DataView DVTH: Temperature 

accuracy: ±0.5 ºC and relative humidity accuracy: ±2 % in the range of relative 

humidity from 10 % to 90 %).  IGZO TFTs with different structures including 

unpassivated staggered with Al electrodes, unpassivated coplanar with ITO electrodes, 

and ZTSO-passivated staggered are selected to assess the variability of as-fabricated 

electrical performance.   

 
(a)      (b) 

 
(c)      (d) 

Figure 4.11: Transfer curves for TFTs in which the channel layers are prepared at 
various relative humidities.  (a) coplanar IGZO TFT with ITO electrodes, prepared at a 
relative humidity of 49.6%.  (b) identical to (a) except that the relative humidity is 
53.8%.  (c) a staggered IGZO TFT with Al electrodes, prepared at a relative humidity 
of 30.5%.  (d) identical to (c) except that the relative humidity is 53.6 %. 
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Figure 4.11 shows as-fabricated transfer curves of selected TFTs.  A TFT with a 

channel layer prepared at a lower relative humidity exhibits a “good” transfer curve 

characterized by the close-to-0 VON, a relatively small hysteresis, and no observable 

kink.  Figure 4.11a and c show good TFTs with coplanar and staggered structures 

which are prepared at relative humidity of 49.6% and 30.5%, respectively.  In contrast, 

Figure 4.11b and d display poor quality TFTs which are prepared at higher relative 

humidities of 53.8% and 53.6%, respectively.  These devices display a large amount of 

hysteresis, a kink, and a high degree of distortion compared to what is expected from a 

high-performance TFT.  Note that humidity, not device structure, appears to establish 

the quality of the transfer curve. 

The clear trend of as-fabricated IGZO TFT performance is that a TFT with a 

“good” transfer curve, characterized by negligible hysteresis, a close-to-0 or slightly 

positive VON, and no kink, is obtained when the relative humidity at the time of 

channel layer preparation is lower.  In contrast, a TFT with a “bad” transfer curve, 

having appreciable hysteresis, a negative VON, and a kink is obtained when the relative 

humidity is higher when the channel layer is prepared.  This trend is clarified by Table 

4.11.  As specified by the thick dashed line in Table 4.11, there is a clear threshold in 

the relative humidity which separates “good” and “bad” TFTs, independent of 

structure.  Note that room temperature is found to be almost constant with an average 

of 18.81 ºC and a standard deviation of 0.72 ºC throughout all of the TFT fabrications 

considered in this subsection.  Therefore, the partial pressure of water vapor is 

considered to be proportional to the relative humidity. 
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Table 4.11: A summary of good/bad TFT classification as a function of relative 
humidity at the time of a channel layer deposition.  A good TFT is characterized by 
negligible hysteresis, a positive (usually close-to-0) VON and no obvious kink in the 
transfer curve.  ST and CO in the table represent staggered and coplanar, respectively.  
The dashed line represents the threshold value of relative humidity, separating “good” 
from “bad” TFTs. 
Relative 
Humidity 

30.47 34.37 41.81 49.60 52.46 53.64 53.84 54.08 54.36 54.75 

Structure ST CO ST CO ST 
Good/bad Good Bad 
 

  
(a)      (b) 

Figure 4.12: Possible location of water incorporation for (a) an unpassivated and (b) a 
ZTSO-passivated TFT: 1 is at the insulator/channel interface, 2 is within the channel 
layer bulk, and 3 is at the channel layer top surface for an unpassivated TFT or the 
channel/passivation interface for a ZTSO-passivated TFT. 

Negative VON, which all of the “bad” TFTs exhibit in common, implies the 

existence of free electrons in the channel at zero bias.  These electrons could originate 

from shallow, donor-like states which are ionized.  Adsorbed water is known to 

function as a donor [221][222][223][224].  Since TFTs with “bad” transfer curves are 

only observed at relative humidities higher than ~50 %, water is a likely candidate. 

There are three likely water incorporation locations, as depicted in Figure 4.12: 

at the insulator/channel interface, within the channel layer, and/or at the top channel 

surface when unpassivated or at the channel/passivation interface when ZTSO-
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passivated.  Contamination at the top channel surface is ruled out since measurements 

of unpassivated TFTs are found to be independent of the relative humidity at the time 

of measurement.  To investigate contamination at the insulator/channel interface is a 

likely mechanism, additional experiments are carried out.  Surfaces of several 

substrates are intentionally contaminated with water (substrates are boiled in DI water) 

and assessed electrically.  Only a small negative VON shift for the intentionally water 

contaminated substrates is observed, but the transfer curves are still classified as 

“good”.  These experiments suggest that how water is incorporated into the TFT may 

be as important a consideration as where it is incorporated.  Water incorporation could 

occur by water vapor desorption from the substrate holder or shadow masks used 

during sputtering.  If this occurs, water incorporation could occur at the 

insulator/channel layer interface and/or within the channel layer.   

In conclusion, a TFT with a “bad” transfer curve is obtained when the channel 

layer is prepared at a relative humidity higher than ~50%.  Details of how and where 

water is within the TFT have not yet been conclusively established. 

4.2.2 Aging 

The electrical characteristics of as-fabricated TFT with a “bad” transfer curve 

are observed to improve over time when the device is stored in the dark at the room 

temperature without an applied bias.  This improvement in electrical performance is 

termed aging. 

Figure 4.13 shows changes in transfer curves with aging for several IGZO TFT 

structures.  Figure 4.13a is a 20-day-long aging study of an unpassivated staggered 

IGZO TFT with ITO electrodes.  Note that hysteresis diminishes and VON moves close 
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to 0 V after 20 days.  A similar trend is observed for a staggered IGZO TFT with Al 

electrodes, as shown in Figure 4.13b for 5-day-long aging.  In general, as-deposited 

unpassivated TFTs with poor quality transfer curve characteristics are observed to 

improve dramatically - i.e., negligible hysteresis, close-to-0 VON and no kink - within 

2 weeks. 

 

(a)      (b) 

 
(c) 

Figure 4.13: Transfer curve of selected TFTs.  (a) an unpassivated staggered IGZO 
TFT with ITO electrodes after a 20 days of aging.  (b) an unpassivated staggered 
IGZO with Al electrodes after a 5 days of aging.  (c) a ZTSO-passivated staggerd 
IGZO TFT with ITO electrodes after 173 days of aging.  A circle on a transfer curve 
specifies a step-like structure that is observed for all aged TFTs which exhibit a “bad” 
transfer curve as fabricated. 

A ZTSO-passivated coplanar IGZO TFT displays a similar improvement in 

performance with aging as those of unpassivated TFTs (Figure 4.13c), although this 

improvement is not as dramatic as witnessed with the unpassivated devices.  In 
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addition, the period required for improvement is considerably longer than that of any 

unpassivated IGZO TFT.  For a ZTSO-passivated device, the improvement is almost 

negligible for the first few weeks and becomes perceivable only after a few months. 

All of the aged TFTs which exhibit a “bad” transfer curve as fabricated show a 

step-like feature at the base of the transfer curve for the negative sweep (VGS: 20 → -

10 V), as indicated by a dashed circle in Figure 4.13.  This feature is observed only at 

VDS = 10 V and not observed at VDS = 0.1 V.  Since “good” as-fabricated TFTs do not 

have this characteristic, it is assumed to be a kink remnant.  However, the mechanism 

behind it is unclear. 

Table 4.12: Parameters extracted from transfer curves measured 1 day, 7 days, and 14 
days after TFT fabrication.  Hyst. in the table stands for hysteresis. 

1 day 7 days 14 days  
VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hyst. 
[V] 

VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hyst. 
[V] 

VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hyst. 
[V] 

IGZO -0.53 6.97 1.36 0.3 7.96 0.43 0.6 8.20 0.3 
ZTO -0.2 3.07 2.3 1.7 4.83 1.0 2.3 5.14 0.4 

 

(a)      (b) 
Figure 4.14: Three transfer curves of a unpassivated staggered TFT with ITO 
electrodes with a channel layer of (a) IGZO and (b) ZTO which are measured 1 day, 7 
days, and 14 days after device fabrication. 

Table 4.12 and Figure 4.14 present aging results for IGZO and ZTO staggered 

TFTs with ITO electrodes at 1, 7, and 14 days after device fabrication.  Aging clearly 
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improves TFT electrical performance; mobility increases and hysteresis diminishes. 

VON of the ZTO TFT shifts more positively than that of the IGZO TFT which stays 

close to 0 V. 

 
(a)    (b)    (c) 

Figure 4.15: Proposed “aging” mechanism.   (a) Water is incorporated into the channel 
layer during the channel layer deposition.  (b) Water diffuses out the channel layer 
after 1-2 weeks, improving TFTs’ electrical performance.  (c) If the TFT is ZTSO-
passivated, the ZTSO layer functions as a diffusion barrier.  Water is trapped inside a 
ZTSO-passivated TFT for a longer period than for an unpassivated TFT. 

 “Aging” appears to be associated a reduction in the amount of water 

incorporated into the channel layer, as shown in Figure 4.15.  Water is unintentionally 

introduced during channel layer deposition may be incorporated throughout the 

channel layer (Figure 4.15a).  Water incorporation yields a “bad” transfer curve.  This 

incorporated water apparently diffuses out of the channel layer over time (Figure 

4.15b). 

The water vapor transmission rate (WVTR) of a 50-nm-thick sputtered ZTO 

film (ZnO:SnO2 = 1:1) is reported to be approximately 0.085 g/m2-day at a relative 

humidity of 90 % and a temperature of 38 ºC [186][225].  This corresponds to 

~1.2×1012 molecules per cm2-day based on an ideal gas approximation.  No WVTR 
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has been reported for IGZO.  The ZTO used in the WVTR study is different than the 

ZnO:SnO2 = 2:1 ZTO (2:1) ZTO or the IGZO used in this research. ZTO (1:1) is 

considered to be one of the best oxides for blocking water permeation [225].  

Therefore, the ZTO (2:1) and IGZO films used herein probably have a higher WVTR.  

The charge density required to shift VON by 10 V (~VON shift observed during aging) 

is approximately to be 1.8×1012 per cm2, if this charge exists at the insulator/channel 

interface or 1.2×1013 per cm2 if this charge exists at the top channel layer surface.  The 

100-nm-thick ZTSO passivation layer appears to function as a water diffusion barrier, 

which explains why ZTSO-passivated TFTs require a longer aging time to improve 

the electrical performance (Figure 4.15c). 

4.2.3 Conclusion 

Water incorporation into a TFT channel layer, probably during channel layer 

deposition, leads to “bad” TFT electrical performance, characterized by negative VON, 

hysteresis, and a kink in the transfer curve. Water appears to diffuse out of the TFT 

channel layer, leading to an improvement in the TFT electrical performance.  When a 

ZTSO passivation layer is present, water out-diffusion from the channel requires a 

longer duration. 

4.3 Wet Oxidation 

Wet oxidation is a widely employed technique in the semiconductor industry to 

grow silicon dioxide on a silicon surface more rapidly than with dry oxidation [226].  

Recently, the same technique was proposed to improve physical characteristics and 

electrical performance of IGZO TFTs more effectively than dry O2 or air annealing.  
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This is attributed to more efficient oxidation using water [144][166].  However, there 

is no literature available regarding wet oxidation or annealing of ZTO TFTs.  In this 

section, IGZO and ZTO TFTs are prepared by dry O2 and wet O2 annealing at 200 and 

300 ºC.  TFTs air-anealed at 300 ºC are also prepared as a reference. 

4.3.1 Dry-O2 and Wet Oxidation of IGZO and ZTO 
Staggered IGZO TFTs with Al electrodes are prepared by dry- and wet-O2 

annealing at 200 and 300 ºC in a tube furnaces (Tempress Sola Basic).  To minimize 

unintentional water introduction, dry-oxidation is performed in a different tube of the 

same system used for wet-oxidation.  Staggered ZTO TFTs with Al electrodes are 

prepared by wet-oxidation at 200 and 300 ºC.  Several extra IGZO and ZTO TFTs are 

also fabricated at 300 ºC in air, using a top-lift furnace (Neytech Qex).  Detailed 

annealing conditions are provided in Subsection 3.1.3. 

Table 4.13: Electrical parameters of ZTO and IGZO TFTs both wet-annealed and dry-
O2-annealed. 

Annealing Material Number 
of samples Type Temp. 

[ºC] 

VON 
[V] 

µAVG
+10 

[cm2/V-s] 
Hyst. 
[V] 

Kink 

ZTO 3 Wet 200 N/A N/A N/A N/A 
 6  0.43 4.278 0.55 Yes 
 9 Air 

300 
0.05 10.2 0.71 No 

3 Wet ~20? N/A N/A N/A 
3 Dry 

200 
N/A N/A N/A N/A 

3 Wet -0.40 7.487 0.27 Yes? 
3 Dry -0.23 8.945 0.3 No 

IGZO 

3 Air 

300 

-0.33 9.32 0.17 No 
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(a)      (b) 

 
(c) 

Figure 4.16: Transfers curves of (a) a wet-annealed IGZO TFT, (b) a dry-O2-annealed 
IGZO TFT, and (c) a dry-O2-annealed ZTO. Annealing temperature is 300 ºC. 

 
(a)     (b) 

Figure 4.17: Transfer curves of (a) a wet-annealed ZTO TFT and (b) an air-annealed 
ZTO TFT.  Annealing temperature is 300 ºC. 
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As shown in Table 4.13, none of the TFTs fabricated at 200 ºC function as 

transistors. Although some of the wet-oxidized IGZO TFTs give evidence of VON, it is 

too high and hysteresis is too large for the device to be considered to be a functional 

transistor.  This suggests that wet-annealing is not an effective strategy for reducing 

the annealing temperature.  300 ºC-annealed IGZO TFTs exhibit similar performance 

in terms of VON, µAVG
+10, and hysteresis, independent of annealing method.  Figure 

4.16 provides transfer curves of IGZO TFTs prepared with wet, dry, and air annealing 

at 300 ºC.  All transfer curves appear to be similar in shape.  However, as shown in 

Figure 4.16a, a transfer curve of a wet-anneald IGZO TFT exhibits a step-like feature 

at the base of a transfer curve.  This is the same feature that is observed for the aged 

water-contaminated IGZO TFT, as reported in Subsection 4.2.2.  As evident from 

Figure 4.16b, this feature is not observed for dry-annealed TFTs. 

ZTO TFTs wet-annealed at 300 ºC exhibit only half the µAVG
+10 and a higher 

VON than that of TFTs air-annealed at 300 ºC.  If an increase in VON was the only 

effect, this may be ascribed to overoxidation of the ZTO channel layer since ZTO 

TFTs with a channel layer sputter deposited in pure O2 exhibit insulator-like behavior 

(VON > 20V).  However, wet-annealed ZTO TFTs also show smaller µAVG
+10.  This 

cannot be explained by overoxidation.  Thus, wet-annealing appears to offer no 

advantage in the processing of a ZTO TFT.  Figure 4.17 provides transfer curves of 

ZTO TFTs prepared with wet and air annealing at 300 ºC.  A step-like feature is 

observed for the wet-annealed ZTO TFTs, as shown in Figure 4.17.  This could be 

interpreted as water contamination.  In fact, wet-annealed ZTO TFTs initially exhibit 
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poor transfer curves similar to those presented in Subsection 4.2.2.  Thus, wet-

annealing appears to degrade the electrical performance of a ZTO TFT. 

 It is asserted in the literature that wet-annealing improves the performance of 

an IGZO TFT [144][166].  This conclusion is not born out by the studies undertaken 

herein, for both IGZO and ZTO TFTs.  The reason for this discrepancy is unclear.  It 

may have to do with differences in the amount of water introduced and/or 

contamination of the tube furnace. 

4.3.2 Conclusion 
Wet annealing is neither an effective method for enhancing the electrical 

performance of an IGZO or a ZTO TFT nor for reducing the process temperature.  

Similar VON and µAVG
+10 are obtained for IGZO TFTs when they are wet-annealed at 

300 ºC.  However, transfer curves are found suffer from a large off current, a large 

hysteresis, and/or deformation in subthreshold.  These trends are similar to those 

observed for water-contaminated, poor quality TFTs presented in Subsection 4.2.  

µAVG
+10 of a ZTO TFT wet-annealed at 300 ºC is almost half the µAVG

+10 of a ZTO 

TFT air-annealed at 300 ºC.  Also, VON is appreciably larger than that of a ZTO TFT 

which is air-annealed at 300 ºC.  A ZTO TFT wet-annealed at 300 ºC also exhibits 

poor performance. 

4.4 Conclusions 

The impact of TFT structure and electrode material is investigated for both 

unpassivated and ZTSO-passivated TFTs, employing ZTO or IGZO for the channel 

layer.  The best structure/electrode combination for an unpassivated TFT is staggered 
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with Al electrodes for an unpassivated TFT, and coplanar with ITO electrodes for a 

ZTSO-passivated TFT.  Water contamination is proposed as a primary cause of the 

initial poor performance of a TFT prior to aging.  Wet annealing is investigated as a 

possible route for improving TFT performance and/or reducing process temperature.  

However, wet annealing is found to be ineffective in achieving these goals. 
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5 Negative Bias Illumination Stress (NBIS) Stability Assessment 

AOS TFTs are targeted for use in active-matrix liquid crystal displays 

(AMLCDs) as a replacement for hydrogenated amorphous silicon (a-Si:H) TFTs [158] 

[227].  In AMLCDs, a-Si:H TFTs are located between the backlight and the LCD 

panel.  Since a-Si:H TFTs are sensitive to light, a metal electrode shield is employed 

for the bottom gate [228].  This optical blockage decreases the aperture ratio, thereby 

lowering the screen brightness. 

Even though an AOS has a larger bandgap (~3.0-3.2 eV for IGZO [52][143] 

and ~3.35 eV for ZTO [49]), AOS TFT stability issues have arisen due to a 

combination of thermal, electrical, and optical stress [19][22][23][229][230][231].  

Mechanisms responsible for these instabilities are under intense debate [21][22][23].  

The focus of this chapter is AOS TFT stability with respect to thermal, electrical, and 

optical stress. 

5.1 Experiments and Proposed Mechanisms 

Negative bias illumination stress (NBIS) [22][23][230][231][ 232 ] is 

accomplished using three LEDs with peak wavelengths located at 410, 535, or 635 

nm, as discussed in Figure 3.8 in Subsection 3.3.2, at an intensity of 1 mW/cm2 for a 

duration of 3 hours at a gate voltage VG = -30 V.  The substrate temperature is 60 ºC. 

All the tests in the following subsections are accomplished under the conditions 

summarized in Table 5.1, employing staggered TFTs with Al electrodes, unless 
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otherwise specified.  Detailed information about the testing conditions is provided in 

Subsection 3.3. 

Table 5.1: NBIS test conditions.  The stress duration is 3 hours and the temperature is 
maintained at 60 ºC throughout the entire test sequence. 

Stress type Parameter Value Unit 
Wavelength 410 Nm Optical stress 
Intensity 1 mW/cm2 

Electrical stress Gate voltage -30 V 
Thermal stress Stage temperature 60 ºC 

 

 
(a)      (b) 

 
(c)      (d) 

Figure 5.1: Transfer curves of unpassivated staggered IGZO TFTs with Al electrodes 
under NBIS with optical wavelengths of (a) 410 nm, (b) 535 nm, and (c) 635 nm, and 
(d) in the dark. 
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Table 5.2: NBIS tests of unpassivated staggered IGZO TFTs with Al electrodes.  
Wavelength 
[nm] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

410 4 -18.4 -10.9 -1.6 
535 5 -10.3 -7.57 -0.44 
635 6 -8.03 -2.19 -0.32 
Dark 4 -2.50 -0.509 -0.35 

 

 
(a)      (b) 

 
(c)      (d) 

Figure 5.2: Transfer curves of unpassivated staggered ZTO TFTs with Al electrodes 
under NBIS with optical wavelengths of (a) 410 nm, (b) 535 nm, and (c) 635 nm, and 
(d) in the dark. 

Table 5.3: NBIS tests of unpassivated staggered IGZO TFTs with Al electrodes. 
Wavelength 
[nm] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

410 5 -17.4 -11.4 +0.02 
535 4 -7.3 -3.91 -0.30 
635 4 -10.5 -1.54 -0.48 
Dark 5 -1.90 +0.246 -0.26 
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Figure 5.1 and Figure 5.2 present NBIS results for on IGZO and ZTO TFTs 

under 410, 535, 635 nm light illumination or in the dark.  Comparing NBIS and 

unilluminated (NBS) trends, illumination clearly leads to poorer TFT performance, 

characterized by a large negative VON shift and formation of a kink in the subthreshold 

current.  These trends are quantitatively summarized in Tables 5.2 and 5.3.  Notice 

that values employed in Tables are averaged over the number of samples specified.  

Thus, they do not necessarily coincide the values observed in the corresponding 

figure.  Only a slight VON shift is observed for NBS (-2.50 V for IGZO TFTs and -1.90 

V for ZTO TFTs).  The VON shift is much larger than after NBIS, greater than -7.0 V.  

Note that values for the mobility evaluated at +10 V above VON (µAVG
+10) and the 

average of hysteresis change (∆Hysteresis) are included in Table 5.2 and subsequent 

tables in this chapter.  This data is included for completeness, but is not discussed 

explicitly since it was found that the essential NBIS trends are best elucidated by 

focusing on ∆VON and distortion of the transfer curve due to the presence of a kink. 

 
(a)      (b) 

Figure 5.3: Transfer curves of unpassivated staggered IGZO TFTs under NBIS with an 
electrical gate stress of (a) -30 V and (b) +30 V. The light wavelength and intensity 
employed are set to 410 nm and 1 mW/cm2, respectively. 
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Table 5.4: NBIS tests of unpassivated staggered IGZO TFTs with an electrical gate 
stress of -30 and +30 V.  The light wavelength and intensity employed are set to 410 
nm and 1 mW/cm2, respectively. 
Gate Voltage 
[V] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

-30 4 -18.4 -10.9 -1.58 
+30 5 -0.76 -1.16 -0.08 

 
(a) 

 
(b) 

Figure 5.4: NBIS and post-stress recovery.  The TFT employed is an unpassivated 
staggered IGZO TFT with Al electrodes.  (a) NBIS @ 410 nm (arrow 1) leads to a 
large negative shift in VON with appreciable transfer curve distortion.  (b) NBIS @ 635 
nm and post-stress recovery.  A kink is not observed in the NBIS @ 635 nm transfer 
curve.  Other NBIS parameters are specified in Table 5.1. 

Although the optical stress appears to be the dominant effect, NBIS 

degradation of TFT performance requires a combination of optical stress and negative 

gate bias, as shown in Figure 5.3 and Figure 5.4.  When the electrical stress polarity 
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changes from negative to positive (VGS: -30 to +30 V), NBIS degradation of TFT 

performance is suppressed significantly, as shown in Figure 5.3b and Table 5.4.  

Figure 5.4 provides zero-bias, post-stress recovery testing results in which all 

three electrodes (gate, source, and drain) of post-NBIS TFTs are grounded and TFTs 

are kept in the dark at an elevated temperature of 60 ºC immediately after NBIS.  

Detailed testing conditions are provided in Subsection 3.3.3.  After the large negative 

NBIS shift (arrow 1 in Figure 5.4), the transfer curve rapidly moves towards its pre-

NBIS state during the first 30 minutes of the zero-bias post-stress recovery (arrow 2 in 

Figure 5.4).  Then, the rate of recovery slows (arrow 2 in Figure 5.4a) or completely 

ceases during the next 30 minutes of recovery (Figure 5.4b).  The rapid recovery 

observed in the first 30 minutes of the zero-bias post-stress recovery test is termed a 

“rapid” process, while the subsequent sluggish recovery observed next is termed a 

“slow” process. 

 

(a)      (b) 

Figure 5.5: Transfer curve of (a) an unpassivated staggered IGZO TFT and (b) a 
ZTSO-passivated coplanar IGZO TFT under NBIS. 
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Table 5.5: NBIS tests of unpassivated coplanar IGZO TFTs and ZTSO-passivated 
coplanar TFTs.  
Structure # of samples Average ∆VON 

[V] 
∆µAVG

+10 
[cm2/V-s] 

Average ∆Hysteresis 
[V] 

Unpassivated Coplanar 4 -14.1 -6.50 +2.08 
Passivated Coplanar 3 -2.00 -1.84 -0.97 
 

 
(a)      (b) 

Figure 5.6: Transfer curve of (a) an unpassivated coplanar ZTO TFT and (b) a ZTSO-
passivated coplanar ZTO TFT under NBIS. 
Table 5.6: NBIS tests of unpassivated coplanar ZTO TFTs and ZTSO-passivated 
coplanar TFTs. 
Structure # of samples Average ∆VON 

[V] 
∆µAVG

+10 
[cm2/V-s] 

Average ∆Hysteresis 
[V] 

Unpassivated Coplanar 4 -17.7 -10.2 -0.15 
Passivated Coplanar 6 -6.0 -1.87 +0.65 

 

NBIS instabilities are significantly suppressed by passivation of the top channel 

surface, as presented in Figures 5.5 and 5.6, Tables 5.5 and 5.6.  An IGZO TFT 

passivated with a 100-nm-thick ZTSO layer is shown in Figure 5.5b and a ZTO TFT 

passivated with a 100-nm-thick ZTSO layer is presented in Figure 5.6b.  Both TFTs 

underwent standard NBIS testing as specified in Table 5.1.  For comparison, NBIS 

results for unpassivated TFTs with corresponding channel layers and identical 

structures (except for the ZTSO layer) are shown in Figures 5.5 and 5.6, Tables 5.5 
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and 5.6.  The extent of NBIS suppression by ZTSO passivation is more pronounced 

for IGZO TFTs than for ZTO TFTs, as shown in Tables 5.5 and 5.6.  Degradation in 

electrical characteristics observed for ZTSO-passivated IGZO TFTs is comparable to 

unpassivated IGZO TFTs measured in the dark (∆VON: -2.00 V for ZTSO-passivated 

IGZO TFTs and -2.50 V for unpassivated IGZO TFTs in the dark.)  A possible reason 

for this improvement in NBIS performance due to ZTSO is that the ZTSO layer could 

be functioning as a photon absorbing filter, reducing the illumination intensity within 

the channel layer, thereby making a ZTSO-passivated TFT more stable with respect to 

NBIS than an unpassivated TFT. 

 

Figure 5.7: Tauc plots for IGZO and ZTSO thin films [233].  Notice that there is a 
non-negligible amount of tail state absorption within the ZTSO bandgap.   

To assess weather ZTSO is indeed functioning as a photon absorption filter, 

ellipsometry is employed to investigate the optical characteristics of IGZO and ZTSO 

films.  Both IGZO and ZTSO are prepared as a blanket-coated films on a fused silica 

substrate using identical fabrication processes as employed for the ZTSO-passivated 
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TFTs except that the film thickness is 150 nm for both ZTSO and IGZO.  Absorption 

spectra for IGZO and ZTSO thin films are shown in Figure 5.7.  The optical bandgap 

of ZTSO, estimated to be ~3.9 eV, is wider than that of IGZO, which is approximately 

3.3 eV.  Even though the optical bandgap of ZTSO is larger than that of IGZO, Figure 

5.7 shows that ZTSO is characterized by a significant amount of sub-bandgap 

absorption.  This sub-bandgap absorption could, in principle, mean that ZTSO 

functions as a photon absorbing filter, if this sub-bandgap absorption is significant.   

 A quantitative estimate of the effectiveness of ZTSO as a photon absorbing 

filter is obtained beginning with the Beer-Lambert law, 

I = I0 exp !"x[ ] ,      (5.1) 

where I is the transmitted photon flux intensity, I0 is the incident photon flux intensity, 

x is the photon penetration distance from the layer surface, and α is the absorption 

coefficient.  The incident photon flux density can be estimated by scaling up the 410 

nm LED spectrum to fit the 1 mW/cm2 power density employed for this experiment. 

Thus, the absorbed photon density within the IGZO layer, Iabs, as a function of photon 

energy, Eph, is given by 

Iabs Eph( ) = I0 Eph( ) 1! exp !" Eph( ) x#$ %&{ } .    (5.2) 

The calculated absorbed photon spectrum is provided in Figure 5.8.  As clearly seen in 

Figure 5.8, the difference in the IGZO photon absorption density is negligible for an 

unpassivated and a ZTSO-passivated IGZO TFT. As shown in Table 5.7, this 

difference is only 2 % over the full photon spectrum. 
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Figure 5.8: The estimated absorbed photon density in the IGZO layer for both an 
unpassivated (solid dark blue line) and a ZTSO-passivated TFT (dashed red line).  The 
difference is very small, indicating that the absorbed photon density in the ZTSO layer 
is negligible compared to that absorbed in the IGZO layer. 
Table 5.7: The estimated absorbed photon density in the IGZO layer integrated over 
the full photon spectrum for unpassivated and ZTSO-passivated TFTs.  The difference 
is insignificant, only 2 %. 

Number of photons absorbed in 
the IGZO layer 

Difference  

#/s-cm2 % 
Unpassivated IGZO TFTs 4.96×1011 - 
ZTSO-passivated IGZO TFTs 4.86×1011 2 

 

The idea of ZTSO functioning as a photon-absorbing filter is even less plausible 

when the NBIS illumination power density is reduced to 0.1 mW/cm2, as shown in 

Figure 5.9.  This order-of-magnitude decrease in illumination power yields only a 

slight decrease in NBIS instability.  Clearly, ZTSO is not functioning as a photon 

absorbing filter. 
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(a)      (b) 

Figure 5.9: Transfer curves of unpassivated staggered IGZO TFTs under NBIS with an 
optical intensity of (a) 0.1 mW/cm2 and (b) 1 mW/cm2.  The peak wavelength of the 
incident illumination is 410 nm. 

 Another possible mechanism to explain the stabilization of electrical 

characteristics by ZTSO passivation is that ZTSO could be functioning as diffusion 

barrier, protecting the IGZO top surface from adsorbed gas interactions.  As explained 

in Subsection 2.4, many oxides are employed to detect ambient gas due to the 

chemical/electrical sensitivity to a specific gaseous specie.  SnO2 and ZnO are among 

the most popular oxides employed for gas sensors [110].  The conductivity of ZnO is 

known to decrease when the surface is in contact with O2 [82].  Electron transfer from 

the ZnO conduction band to physisorbed O2 leads to the formation of a strong 

chemisorbed O2 bond in which the chemisorbed oxygen is negatively charged and the 

ZnO surface is depleted of free electrons [111][187].  The detailed mechanism of O2 

adsorption at a ZnO surface is discussed in Subsection 2.4.  SnO2 follows a similar 

trend.  Conductivity decreases when the surface is in contact with O2 and increases 

when the surface is in contact with water vapor, as discussed in Subsection 2.3.3.2 and 

2.4.  This is observed even at room temperature [212].  In2O3 is also sensitive to the 

ambient gas at a reduced temperature, as discussed in Subsection 2.3.3.3.  Because 
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ZTO is a compound of the two most common gas sensing oxides and IGZO contains 

ZnO and In2O3, it is plausible that the channel top surface of an unpassivated TFT 

reacts with gaseous species, inducing an electrical effect on the TFT performance.  In 

fact, there are several reports claiming that the electrical performance of an IGZO TFT 

is affected by O2 [18] and water vapor [17][19]. 

 In addition to gas adsorption, the existence of oxygen vacancies, VO, is also 

possible, particularly at the channel top surface.  VO functions as a double donor in an 

oxide since removal of a neutral oxygen atom from a lattice leads to the loss of six 

valence electrons, two more than half of eight bonding electrons required to satisfy the 

octet rule; the removal of two extra electrons gives rise to the double donor nature of 

VO [234].  Although the donor ionization energies of VO are controversial [74][235], it 

has been reported that in an amorphous microstructure [81] at least a fraction of VO 

may behave as shallow donors.  Oxides such as In2O3 tend to favor oxygen vacancy 

creation especially at the surface [236], which could be why these oxides are 

intrinsically n-type and are impossible to dope p-type.  In summary, the channel layer 

top surface of an IGZO or a ZTO TFT likely possesses a significant concentration of 

oxygen vacancies. 
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(a)     (b) 

 

 
 (c)     (d) 

Figure 5.10: Energy band diagram illustrating NBIS and recovery mechanisms.  (a) 
Prior to NBIS.  The channel top surface is depleted due to electron transfer to 
adsorbed O2.  Some of the positive charge due to the donor-like state ascribed to VO is 
balanced by the negative charge associated with chemisorbed O2.  (b) NBIS @ 410 nm.  
Electrons are created in conduction band tail states due to the 410 nm illumination.  
The negative gate bias applied during NBIS accelerates electrons to the top surface.  
This electron flux desorbes negatively charged chemisorbed O2 from the surface, 
exposing positive surface charge due to VO ionized donors.  (c) After NBIS, during the 
rapid recovery.  O2 chemisorption is rapid as long as an accumulation layer exists at 
the channel layer top surface since electron transfer is the rate-limiting step for 
chemisorption.  (d) After NBIS, during the slow recovery.  Elimination of the channel 
layer top surface accumulation layer and subsequent depletion of this surface slows 
down the rate of electron transfer to the physisorbed O2. 
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Figure 5.11: NBIS transfer curve shift and recovery.  a, b, c, and d correspond to the 
energy band diagram provided in Figure 5.10. 

Figures 5.10 and 5.11 present energy band diagram illustrating NBIS and its 

recovery.  In Figure 5.10a, oxygen vacancies (VO) are represented as a discrete donor 

( o
+

) while adsorbed oxygen (O2) is shown as a discrete acceptor ( !
o

).  In reality, these 

states are more likely distributed in energy rather than discrete.  Discrete states are 

shown for simplicity.  The key feature of Figure 5.10a, showing the unpassivated top 

surface prior to NBIS, is that the [O2]- density is large enough to fully ionize VO’s and, 

additionally, deplete the channel such that VON is near-zero.  Figure 5.10b corresponds 

to NBIS @ 410 nm.  The 410 nm illumination fills conduction band tail states with 

electrons.  These electrons drift to the channel layer top surface as a consequence of 

the large negative gate voltage applied.  The energetic flux of electrons impinging 

upon the channel layer top surface is assumed to lead to desorption of chemisorbed 
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[O2]- from the surface.  After NBIS termination, VON is expected to shift negatively 

due to the reduction in the [O2]- concentration and the exposure of the positive VO 

donor charge.  By charge balance, the positive VO donor charge induces an equivalent 

amount of negative, accumulation layer charge.  Figure 5.10c shows an energy band 

picture of the channel layer after NBIS and at the beginning of recovery.  Initially, O2 

rapidly re-adsorbs to the surface due to the existence of an accumulation layer at the 

channel layer top surface.  The rate-limiting step for O2 chemisorption most likely 

involves electron transfer from the channel layer conduction band to physisorbed O2.  

Thus, O2 chemisorption is expected to occur rapidly when electrons are accumulated 

at the channel layer top surface and are available for transfer to physisorbed O2.  

Figure 5.10d shows an energy band diagram for the channel layer after NBIS and 

during the slow portion of the recovery.  As chemisorption proceeds, the accumulation 

layer at the channel layer top surface is eliminated.  As chemisorption proceeds even 

further, the channel layer top surface becomes progressively more depleted.  This 

means that electron transfer to adsorbed O2 will become more and more difficult since 

electrons transferred from the channel layer to the surface have to surmount an energy 

barrier of increasing magnitude. 

As discussed previously (in conjunction with Figure 5.4) and as shown in a 

more simplified picture (Figure 5.11), the NBIS recovery appears to occur in two 

stages, “rapid” and “slow.”  The “rapid” process is observed during the first ~30 

minutes of the recovery.  It is ascribed to rapid O2 chemisorption due to facile electron 

transfer from the channel layer top surface accumulation layer to physisorbed O2.  The 
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“slow” process is attributed to O2 chemisorption in which an energy barrier to electron 

transfer arises as a consequence of depletion of the channel layer top surface.  

The extent of the NBIS-induced VON shift is determined by 1) the conduction 

electron flux from the channel layer which is established by the illumination photon 

energy (photon energy limited) and photon flux density (photon flux density limited), 

and 2) the ionized VO surface density (surface reaction limited).  In a sense, 

conduction electrons function as a “fuel” and the channel top surface act as an 

“engine,” giving rise to NBIS.  The magnitude of the NBIS-induced VON shift depends 

on how many electrons (fuel) are supplied to the surface (engine), and also on the 

capability of the channel top surface (engine) with respect to induced [O2]- desorption. 
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(a)      (b) 

 
(c) 

Figure 5.12: Transfer curves of unpassivated staggered IGZO TFTs subject to NBIS 
with an optical intensity of (a) 0.1 mW/cm2, (b) 1 mW/cm2, and (c) 10 mW/cm2.  The 
wavelength of applied light is 635 nm.  

Table 5.8: NBIS tests of unpassivated staggered IGZO TFTs with optical intensities of 
0.1, 1, and 10 mW/cm2.  The light wavelength is 635 nm. 
Intensity 
[mW/cm2] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

0.1 5 -4.28 -0.878 -0.140 
1 6 -8.03 -2.19 -0.317 
10 6 -11.9 -5.04 -0.117 
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(a)      (b) 

 
(c) 

Figure 5.13: Transfer curves of unpassivated staggered IGZO TFTs subject to NBIS 
with an optical intensity of (a) 0.1 mW/cm2, (b) 1 mW/cm2, and (c) 5 mW/cm2.  The 
wavelength of applied light is 535 nm. 

Table 5.9: NBIS tests of unpassivated staggered IGZO TFTs with optical intensities of 
0.1, 1, and 5 mW/cm2.  The light wavelength is 535 nm. 
Intensity 
[mW/cm2] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

0.1 5 -3.24 -0.872 -0.260 
1 5 -10.3 -7.57 -0.440 
5 4 -13.8 -8.06 +0.450 
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(a)      (b) 

 
(c) 

Figure 5.14: Transfer curves of unpassivated staggered IGZO TFTs subject to NBIS 
with an optical intensity of (a) 0.1 mW/cm2, (b) 1 mW/cm2, and (c) 9 mW/cm2.  The 
wavelength of applied light is 410 nm. 

Table 5.10: NBIS tests of unpassivated staggered IGZO TFTs with optical intensities 
of 0.1, 1, and 9 mW/cm2. The light wavelength is 410 nm. 
Intensity 
[mW/cm2] 

# of samples Average ∆VON 
[V] 

Average ∆µAVG
+10 

[cm2/V-s] 
Average ∆Hysteresis 
[V] 

0.1 4 -13.7 -9.17 -0.435 
1 4 -18.4 -10.9 -1.58 
9 4 -19.0 -10.5 +0.08 

 

Figures 5.12, 5.13, and 5.14 and Tables 5.8, 5.9, and 5.10 summarize the results 

of NBIS tests in which the illumination wavelength and intensity are varied.  The 

important trends are as follows.  For the three wavelengths employed (410, 535, and 

635 nm) at constant illumination intensities, a shorter wavelength yields a larger 
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NBIS-induced negative shift in VON.  Also, for a constant wavelength, a higher 

intensity leads to a larger NBIS-induced negative shift in VON. These trends follow 

from the fact that density of photoexcited conduction band electrons during NBIS 

illumination depends simply upon the illumination intensity and a joint density of 

states given by a convolution of filled sub-bandgap states and empty conduction band 

states. 

 

Figure 5.15: Sub-bandgap state distribution in IGZO and relative photo-excited 
electron densities at different photon energies. 

During NBIS, conduction band electrons are assumed to be supplied by photo-

excitation since the channel layer bulk is depleted by a negative gate bias.  Figure 5.15 

provides a correlation between photon energy and the sub-bandgap density of states 

giving rise to conduction band electron photoexcitation.  Since IGZO is reported to 

possess deep sub-bandgap states [158][227], as shown on the right of Figure 5.15, 
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photons with energies lower than the bandgap are able to excite trapped electrons into 

the conduction band.  This type of photoexcitation is indicated in Figure 5.15 for  535 

and 635 nm illumination.  However, due to the limited density of accessible traps, only 

a small density of electrons are excited to the conduction band.  When the wavelength 

is 410 nm, the photon energy is large enough to excite electrons from valence band tail 

states as well as from sub-bandgap trap states.  Thus, the photoexcited conduction 

band electron density increases with decreasing photon wavelength.  In turn, a shorter 

wavelength leads to a larger NBIS-induced shift in VON to more negative voltages.  In 

several respects, the photon wavelength and intensity dependent post-NBIS curves in 

Figures 5.12, 5.13, and 5.14 are complementary to the NBIS recovery curves shown in 

Figure 5.4.  In both sets of experimental data, transfer curves with and without kinks 

are obtained.  Figure 5.16 provides a charge neutrality perspective on how to interpret 

these two types of transfer curve trends. 
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Figure 5.16: Equilibrium charge neutrality assessment of transfer curves for an 
unpassivated TFT.  (a) Prior to NBIS, charge neutrality is established by equating the 
negative charge due to chemisorbed oxygen (Q[O2]-) with positive charge due to 
shallow donors within the channel (Q[ND]+) and ionized oxygen vacancies at the 
channel layer top surface (Q[VO]+).  (b) After NBIS, the positive Q[VO]+ and Q[ND]+ 
charges are balanced by negative charge at the insulator/channel interface (Q[nIS]-) and 
at the channel layer top surface (Q[nSS]-) accumulation layers.  (c) During the slow 
stage of NBIS recovery, charge balance involves all of the charges mentioned 
previously except for Q[nSS]- since an accumulation layer is not present at the channel 
layer top surface during the slow stage of recovery. 
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(a)      (b) 

 
(c) 

Figure 5.17: Energy band diagrams corresponding to the transfer curves shown in 
Figure 5.16.  (a) Equilibrium.  (b) Negative gate bias of a sufficient magnitude to 
extinguish the insulator/channel accumulation layer.  (c) Negative bias of large enough 
magnitude to completely eliminate both accumulation layers at the insulator/channel 
interface and at the channel top surface. 
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First, consider Figure 5.16a.  VONa is typically near zero.  This means that the 

channel layer is fully depleted of free electrons and that the energy bands at the 

insulator/channel interface are near flat band.  This can be accomplished if the 

negative charge associated with chemisorbed oxygen (Q[O2]-) fully depletes the 

channel layer by balancing the positive charge which exists in the channel.  Assuming 

that this charge is due to a single ionized shallow donors (ND), this charge is specified 

as Q[ND]+.  This is clearly an idealization since positive charge within the channel 

layer is likely due to a distribution of positively charged band tail states and/or 

multiple donor traps.  In addition to Q[ND]+, another source of positive charge is 

postulated.  This charge is ascribed to positively charged oxygen vacancies, Q[VO]+, 

which are assumed to be located at the channel layer top surface. 

Next, Figure 5.16b illustrates a transfer curve after NBIS.  VONa shifts strongly 

to negative voltages compared to VONb.  The origin of this strong negative shift can be 

inferred by considering the equilibrium charge balance situation.  If chemisorbed 

oxygen is completely desorbed from the channel layer top surface, there is no charge 

balance reason for the channel layer to be depleted.  In fact, the transfer curve 

indicates that at zero bias the channel layer is strongly accumulated with free electrons 

in the channel.  This negative accumulation charge must be balanced by some sort of 

positive charge.  This required positive charge is attributed to Q[VO]+ and Q[ND]+ as 

introduced above.  In turn, these positive charges are balanced by negative charge in 

accumulation layers formed at the insulator/channel interface (Q[nIS]-) and the channel 

layer top surface (Q[nSS]-).  For the NBIS transfer curve shown in Figure 5.16b, the 

equilibrium energy band diagram at a zero gate bias is sketched in Figure 5.17a.  
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Accumulation layers are present at both the insulator/channel interface and at the 

channel layer top surface.  Applying a moderate negative gate voltage leads to the 

energy band diagram of Figure 5.17b.  Note that the gate voltage extinguishes the 

insulator/channel accumulation layer.  This corresponds to the kink voltage shown in 

Figure 5.16b.  Application of an even more negative gate voltage eventually results in 

the elimination of the channel layer top surface accumulation layer, as indicated in 

Figure 5.17c.  This energy band diagram corresponds to VONb in Figure 5.16b. 

 Finally, return to Figure 5.16c.  No kink is present in this negatively shifted 

transfer curve.  This is taken as evidence that an accumulation layer is not prensent at 

the channel layer top surface.  Presumably, an appreciable concentration of 

chemisorbed oxygen is present at the channel layer top surface which suppresses the 

formation of an accumulation layer at the channel layer top surface. 

A kink in a transfer curve can also arise from a donor-like trap near the 

conduction band minimum that  is physically located at the insulator/channel interface.  

Such kinks are often observed as a consequence of poor gate insulator cleaning.  

TCAD device simulation of such traps has demonstrated transfer curve kink trends 

similar to those found experimentally [237].  However, the NBIS trends discussed in 

this chapter do not appear to be explainable by invoking such donor-like traps at the 

insulator/channel interface. 

5.2 Conclusions 

A model is proposed for negative bias illumination stress (NBIS)-induced effects 

based on O2 chemisorption/desorption at the channel top surface of an unpassivated 



164 
IGZO or ZTO TFT.  ZTSO-passivation dramatically improves the NBIS stability of 

IGZO and ZTO TFTs.  This improvement is ascribed to ZTSO protection of the 

surface from gas adsorption and also due to the low density of oxygen vacancies at the 

channel layer/ZTSO interface. 
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6 CONCLUSIONS AND RECOMMENDATION FOR FUTURE 

WORK 

The primary focuses of this research work involve an in-depth assessment of the 

effects of fabrication variation on the electrical performance of indium-gallium-zinc 

oxide (IGZO) and zinc-tin oxide (ZTO) thin-film transistors (TFTs) and an electrical 

stability investigation of both unpassivated TFTs and TFTs passivated with zinc-tin-

silicon oxide (ZTSO) under negative bias illumination stress (NBIS). 

6.1 Conclusions 

Two structures (coplanar and staggered) and two electrodes (aluminum (Al) and 

indium-tin oxide (ITO)) are considered in order to investigate the electrical 

performance of both unpassivated and ZTSO-passivated TFTs.  The staggered 

structure with Al electrodes for unpassivated TFTs and the coplanar structure with 

ITO electrodes are chosen as the best combinations with respect to the electrical 

performance. 

As-fabricated TFTs are sometimes observed to exhibit poor quality transfer 

curves, characterized by a large-off current, large hysteresis, and non-abrupt  

subthreshold behavior.  The primary cause of this poor performance is proposed to be 

water contamination when TFTs are prepared at a relative humidity higher than ~50 % 

This poor initial electrical performance is improved with time if these devices are 

simply left in the dark without thermal or electrical stress.  This improvement in TFT 

performance with time is ascribed to water out-diffusion. 
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 Dry- and wet-annealing are considered as possible options for the post-

channel-layer-deposition annealing.  Neither dry- nor wet-annealing appears to be 

effective for improving IGZO TFT performance, compared to the conventional air-

annealing.  Wet-annealed ZTO TFTs show worse electrical performance than when 

air-annealed and processing similar transfer curves to those obtained with water 

contaminated TFTs prepared in high humidity. 

 Electrical stability under NBIS is studied for unpassivated and ZTSO-

passivated TFTs. Dramatic suppression of NBIS-induced instabilities is observed for 

ZTSO-passivated TFTs, especially for IGZO TFTs.  NBIS ininstabilites in 

unpassivated TFTs are ascribed to chemisorption/desorption of oxygen in conjunction 

with surface oxygen vacancies.  ZTSO protects the top channel layer surface from gas 

esposure and suppresses oxygen vacancies. 

6.2 Recommendations for Future Work 

1. Electrode metals: Only Al and ITO electrodes were investigated.  Other 

electrode materials could be explored, such as titanium, chromium, 

molybdenum, and copper for non-transparent electrodes, and aluminum-

zinc oxide (AZO) and zinc-indium oxide (ZIO) for transparent electrodes.  

Although metal work function differences and annealing protocols have 

been studied for IGZO TFT electrodes [153][ 238 ], other fabrication 

variations have yet to been reported. 

2. Optimization of ZTSO passivation layer:  The ZTSO layer employed in 

this research was fabricated exclusively using one specific set of process 
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conditions, as presented in Subsection 3.1.  It is not clear that this process is 

optimal.  In addition, despite its compatibility with IGZO and ZTO, ZTSO 

passivation is observed to cause some damage to the TFT during the 

sputtering process, thereby lowing the yield of working TFT. The yield 

decreases dramatically as the post-channel-layer-deposition annealing 

temperature decreases, especially below 400 ºC.  Therefore, further 

investigation and optimization of fabrication parameters is recommended, 

such as sputtering power, target-substrate distance, off-axis deposition, etc.  

3. Further study of water contamination:  Water contamination is correlated 

to the poor electrical performance of as-fabricated TFTs when they are 

prepared at a high relative humidity.  However, detailed physical and 

chemical mechanisms clarifying the nature of water contamination would be 

helpful.  Further investigation employing analytical methods such as Fourier 

transform infrared spectroscopy (FTIR) or device simulation are 

recommended. 

4. Further study of wet-annealing:  Although wet annealing did not show 

promise for IGZO and ZTO TFTs in terms of electrical performance 

enhancement and annealing temperature reduction, other researchers have 

reported better electrical performance [144] and lower annealing 

temperature [166].  Since only one specific set of annealing parameters was 

employed in this research, further investigation may be recommended.    

5. Comparison to other passivation schemes: Top channel surface 

passivation by ZTSO appears to dramatically suppress NBIS-induced 
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instabilities.  However, it is not yet clear how ZTSO passivation compares 

to other passivation approaches [217][239][240].  Therefore, it is suggested 

that a comparative study of NBIS stability be undertaken.  

6. Simulation:  Numerical device simulators such as Silvaco Atlas are 

powerful tools for correlating the electrical device performance to physical 

mechanisms.  Undertaking such simulations to clarify the detailed nature of 

NBIS instabilities is recommended. 
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