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ABSTRACT

Amorphous oxide semiconductors (AOS) have emerged as compelling candidates for
thin film transistors due to their remarkable attributes, including high mobility(>20cm?/Vs),
low-temperature deposition, optical transparency, and electrical uniformity. However, current
solutions, such as amorphous indium gallium zinc oxide (a-IGZO), exhibit sensitivity to
moisture and wet etch processes, leading to suboptimal device performance and stability issues.
To address these challenges, this study explores Indium Tungsten Oxide (IWO), an AOS devoid
of Ga or Zn, as a potential material for fabricating high-performance and stable flexible

enhancement mode thin-film transistors (TFTs).

The experiment investigates the impact of oxygen partial pressure during the film
deposition, anneal temperature, time, and ambient conditions on TFT performance. Bottom-
gate unpassivated TFTs were fabricated with a 30 nm IWO film on a 6” silicon wafer with 650
nm isolation and 100 nm gate dielectric. Oxygen partial pressures (Poz) ranging from 2.5% to
10% were sputtered and deposited. The working metal was molybdenum for the gate electrode
and Mo/Al bilayer for source/drain contacts. The unpassivated anneals were conducted across
temperatures from 100°C to 300°C with varying durations and ambient conditions. Devices
were tested using an HP4145 Semiconductor Parameter Analyzer connected to a probe station,

with transfer characteristic measurements used to extract transconductance.

The results identified an interaction effect between oxygen partial pressure (Poz), and
the passivation anneal conditions on the transfer characteristics and associated parameters (i.e.,
V1, gm, SS). A 100 °C hotplate anneal for 1 hour established semiconducting behavior, with
distinct differences based on Poz values. All material samples experienced a transformation
during a successive anneal for another hour at 200 °C, with significantly higher conductivity
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(depletion-mode). Semiconducting behavior was restored during additional hotplate annealing
at 250 - 275 °C, with diminished residual oxygen partial pressure dependence. A furnace anneal
in Oz at 300 °C for 30 minutes resulted in a convergence of characteristics over all oxygen

partial pressure conditions, without obtaining enhancement mode operation.
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CHAPTER 1: INTRODUCTION

The evolution of display technology increases the need for rigorous manufacturing and
performance standards; requirements for these displays include large-area uniformity,
increased mobility, compatibility with low temperatures, and transparency to visible light. The
changing demands of next generation displays introduce numerous challenges, particularly in
high pixel density displays and applications requiring fast switching speeds. Therefore, the
demand for thin film transistors (TFTs), featuring high-mobility semiconductors, becomes
crucial to enhancing current drive and minimize delay times. Thus, there is a growing
significance in exploring improvement methods and investigating new material candidates for
TFT fabrication. This chapter provides an overview of TFTs, delving into their brief history

and operational principles.

1.1 Liquid Crystal Display

LCD (Liquid Crystal Display) is a type of flat panel display which uses liquid crystals
in its primary form of operation. Prior to LCD displays, there were cathode ray tube (CRT)
displays which were bulky and consumed more power. LCDs works on the principle of pixel

addressing, where pixels, consisting of RBG colors, turn on and off rapidly to display a picture.

LCDs are made with either a passive matrix or an active-matrix display grid. Passive
matrix LCDs have pixels arranged in a matrix consisting of rows and columns of electrodes,
as shown in Figure 1.1, with two glass substrates, filled with Liquid Crystal fluid, both
patterned with ITO electrodes. Pixels are formed when the rows and columns of two substrates
intersect, creating a matrix. Activating a pixel typically involves sending a voltage signal to the
relevant column and grounding the corresponding row to create a circuit. One drawback to this

approach is that it may introduce a leakage path, which could turn on the adjacent pixel (aka
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crosstalk) in the LCD matrix. Since the passive matrix has common electrodes, it requires a
special matrix drive schemes to be implemented. These schemes impose significant limitations
on the range of voltages that can be independently applied to individual pixels. Direct pixel
addressing comes with two significant disadvantages: slow response time and inadequate

voltage control !

column
electrodes
C1 Cc2 . CM
R1 pixel pixel pixel
R2 pixel pixel pixel

HEEREE
RN pixel pixel pixel | ‘ ‘ ‘

(a) (b)

electrodes

row

Figure 1.1 Passive matrix LCD: (a) schematic representation of the pixels made up of orthogonal rows and

columns of electrodes, (b) example of a displayed numeral.

An active-matrix LCD has a device such as a transistor or diode at each pixel
intersection. The active device is usually a thin film transistor (TFT) that is arranged in row
and columns on a glass substrate. In an active-matrix display (as depicted in Figure 1.2), each
pixel is equipped with a switch that manages the charging of its capacitor to the desired level.
This charge is maintained until the next frame refresh while other pixels are being addressed.
This approach effectively addresses the issue of crosstalk, which is a significant concern in
passive matrix displays. In contrast to passive matrix displays, which necessitate the charging
of all rows to address a single pixel, active matrix displays provide the benefit of individualized
control for each pixel. This leads to a decrease in the current needed to control the brightness
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of a pixel. For this reason, the current in an active-matrix display can be toggled on and off

more frequently, improving the screen refresh time.

o C, C, Cs
R, LC 1 LC - e - }c_%
SWITCH SWITCH SWITCH SWITCH s
1
R, LC L LC= LC i LC £

Swa S i N S S il
SWITCH SWITCH SWITCH SWITCH

R, o1 Loz Lot l_Cé |

SWITCH SWITCH SWITCH SWITCH

15 A o -~ -~

Figure 1.2: Active Matrix Addressing (Adapted from [?7)

1.2 Historical overview of Thin Film Transistors

The development of Thin-Film Transistors (TFTs) has emerged as a pivotal driving
force in the electronic flat panel display industry. The initial implementation attempt can be
traced back to the 1940s when Bardeen and Brattain [ introduced a thin-film field-effect device
using a germanium film in 1948. However, the first active-matrix LCD (AMLCD), using CdSe
(cadmium selenide), TFT was demonstrated in 1973, Following this milestone, the
introduction of TFTs utilizing amorphous silicon (a-Si) for AMLCD applications garnered
substantial global attention and significantly influenced research in this field for decades to

come >0,

1.3 Amorphous hydrogenated silicon (a-Si:H)
Polycrystalline and amorphous silicon are the two most used types of thin-film

transistors in the display industry. Amorphous silicon offers the advantage of being low-



temperature compatible and can be deposited using plasma-enhanced chemical vapor
deposition (PECVD) at temperatures below 350°C. a-Si:H is known to have great electrical
uniformity and is a cost-effective material for TFTs. However, it is important to note that
amorphous silicon TFT technology is primarily limited to n-channel devices due to its
electronic properties, which do not favor the production of high-quality p-channel devices. This
is attributed to the significantly lower on-current, stemming from the low mobility of holes
within the active layer.

The expanding market for flexible and transparent display applications has led to
increased demand for large area displays with higher resolution, lower power consumption,
and lighter and faster electronic devices that are unable to be achieved with a-Si:H. To
overcome the limitations of a-Si:H the research community has been actively exploring
alternative materials to replace amorphous silicon (a-Si:H). Two promising candidates to
address these requirements are low-temperature polycrystalline silicon (LTPS) and amorphous
oxide semiconductors (AOS). The table below presents a performance comparison of these

candidates with amorphous silicon (a-Si:H).

a-Si:H LTPS IGZO(AO0S)
Microstructure Amorphous Polycrystalline Amorphous
Channel Mobility(cm?/Vs) | ~1 >100 ~10
TFT Type NMOS CMOS NMOS
TFT Uniformity Good Fair Good
Leakage Current Good Fair Excellent

Table 1: Comparison between different candidates for TFT channel materials



1.3.1 Low-temperature Polycrystalline Silicon (LTPS)

LTPS is generated by changing the properties of a-Si. Silicon molecules undergo
recrystallization through laser irradiation, transforming them into a state similar to single
crystal silicon. This characteristic imparts LTPS with higher electron mobility, contributing to
faster switching speeds and enhanced resolution. In contrast to a-Si and Metal Oxide
technology, LTPS backplanes exhibit increased off-state currents. However, this higher off-
state level leads to elevated leakage current and greater power consumption. While LTPS offers
advantages in resolution and mobility over a-Si:H, its fabrication is costly, thereby raising

production expenses.

1.3.2 Amorphous Oxide Semiconductor Devices

AOS devices are characterized by minimal leakage current and cost-effective
fabrication in comparison to LTPS. Among the AOS candidates, amorphous indium-gallium-
zinc-oxide (a-IGZO) has emerged as a promising material in the display industry. The first a-
IGZO document in literature was by Nomura, et al. in 2004, and since then has become the
most researched AOS [, The performance improvement of IGZO over a-Si:H is especially
evident in Fig. 1.3 where, when normalized by device width the IGZO TFT current drive is
approximately 1.5 times larger than the a-Si:H TFT despite being roughly 10 times longer in
channel length. This allows IGZO devices to operate at lower voltages and can result in reduced
power consumption. Yet, numerous challenges linked to AOS thin-film transistors (TFTs)
require addressing before gaining widespread acceptance in the flat panel display (FPD)

(8-10] “instability under

industry. These challenges involve issues such as gate bias instability
illumination stress [!!l, thermal instability '], and the impact of hot carrier effects ['*!. The

mobility of IGZO increases with increase in the concentration of Indium and decrease with
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Gallium. However, increasing Indium content and decreasing Gallium concentration also

causes the problem of stability due to oxygen vacancies ['4.

5 4 Y
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Figure 1.3: Comparison of ID-VGS transfer characteristics for a-Si:H and un-passivated IGZO TFTs with

dimensions W/L = 30/5 um and W/L = 100/48 um, respectively [1>:16]

1.3 IWO as a Candidate for Metal Oxide TFT

Transparent amorphous oxide semiconductors (TAOSs) have been gaining attention
owing to their notable attributes, including high mobility, low-temperature deposition, optical
transparency, and electrical uniformity. A diverse range of AOS candidates, such as InZnO, Sn-
InZnO, Hf-InZnO, Si-InZnO, Zr-InZnO, and InGaO31!"7] has been investigated to enhance
device performance. Thin film transistors associated with Zn/Ga containing channel layers
have been observed to exhibit sensitivity to moisture and wet etch processes, resulting in
suboptimal performance and stability issues !*!%). Various passivation strategies have been

employed to mitigate these stability concerns 221,

To overcome the challenges, the exploration of amorphous oxide semiconductors

devoid of Ga or Zn, such as indium tungsten oxide (IWO) is explored and investigated for
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fabricating high-performance and stable flexible TFTs. In IWO, In,O3 showcases elevated
electron mobility attributed to band conduction originating from an edge-sharing polyhedral

structure 22231, The properties of IWO are extensively discussed in Chapter 2.



CHAPTER 2: IWO LITERATURE REVIEW

Metal oxide semiconductors based on indium oxide (InOx) have been extensively
explored as potential channel materials for thin-film transistors (TFTs) due to their impressive
electron mobility, attributed to their polyhedral structure with edge-sharing !4l This enhanced
electron mobility contributes to improved electrical conductivity without compromising optical
transparency within the visible light spectrum. Consequently, transparent electronic devices

[24

can achieve high operational speeds **l. One notable variant, Indium-tungsten oxide (IWO),

produced by doping In,O3 with a minimal amount of WO3 (<5%), has been the subject of

extensive research as a channel material 23] [26],

The generation of free electrons in the n-type indium-tungsten oxide (IWO)
semiconductor film is attributed to either oxygen vacancies or activated W®" ions replacing In**
ions at specific sites [>71. In accordance with the complex theory, in IWO, W®" is expected to
contribute one carrier when it forms an association with one interstitial O, as illustrated in

Equation (2.1).
My + W03 > Wi 0" +2In,0; 420, + ¢’ (21)

Here, Oi" is interstitial oxygen with negative charge given by the (') and AB represents ion
A substituting ion B with positive charge given by the (.). Consequently, fewer electrical neutral
complexes and impurities are formed, leading to reduced neutral complexes and weakened
neutral complex scattering. This effect leads to an increase in mobility as the O2/Ar ratio rises
(28] However, as the oxygen concentration rises, oxygen vacancies can be filled and the

g [29

substituted W' ions can be deactivated by forming W-O complexes [*). Hence, optimizing the

Oo/Ar ratio is crucial in producing a suitable film for the TFT channel.



Aikawa, et al. reported the first ever a-IWO TFT, demonstrating a high-performance
TFT with an IWO channel deposited through DC magnetron sputtering. The TFTs
demonstrated encouraging electrical characteristics, as illustrated in Figure 2.1(a) B%. Figure
2.1(b) highlights distinct hysteresis in the transfer curves, indicating the existence of interface

traps. Furthermore, the negative threshold voltage (Vi) attributes to a relatively high number

of carriers.
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Figure 2.1 Ip-Vps characterises post anneal (2) output (b) transfer characteristics.

The conductivity of oxide semiconductors is predominantly influenced by the presence
of oxygen vacancies, which serve as the primary source of free electrons . Controlling the
oxygen vacancy concentration during the annealing process is instrumental in regulating the
film's electrical properties. Notably, as illustrated by Liu, et al.'s research 21, the electrical
performance of a-IWO TFTs is greatly affected by varying oxygen pressure (Poz). Specifically,
an increase in oxygen content within the device leads to a higher voltage threshold (AVy). In

the study, three TFTs were fabricated, each with different oxygen partial pressures (Po2) set at



7%, 10%, and 13%, shown in Figure 2.2. Subsequently, all devices underwent a passivation

annealing process at 100°C for 30 minutes in an oxygen ambient.
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Figure 2.2: A comparison of Ip-Ves characteristics for transistors of Po, 7%,10% and 13%. [

The operational parameters, such as the Vi, subthreshold swing, and hysteresis,
displayed a notable increase as the Poz increased. Conversely, the mobility of the device
exhibited a decline with the increase of Po2. This observation highlights the necessity of
optimizing the fabrication process for enhancement-mode TFTs to attain higher channel

mobility and sharper subthreshold performance.

Py, Vi (V) S.5 (V/ decade) Mobility (cm?/ V S) Hysteresis (V)
7% -34 0.39 36.7 0.06
10% 4.2 0.42 26.2 0.11
13% 8.4 0.55 224 0.29

Table 2: Comparison of various device parameters of IWO TFTs
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In the IWO literature, it has been observed that employing low-temperature annealing
processes have resulted in the development of enhancement mode devices [*'+32- Menzel, et al
1 demonstrated that for IWO films containing a combination of c-In,O3; and a-IWOx,
annealing at temperatures below 300°C maintained an amorphous state, particularly with Po>

levels ranging between 5% and 10%, as shown in Figure 2.3. Beyond this temperature range,

a tendency for crystallization was noted.

cinWO,)
cWO, § 'ta-leO, 35
+a-IWO. _—
600 = o ,_*?“. c-In,0, + a-IWO, -
} . 1
—_— L '
O
2. 400 i
)
= a-IWo,
J ]
200 - =
1 | 5
0.0 0.5 1.0

InO,-fraction, C,,

Figure 2.3: Crystallization diagram of thin-film mixtures of tungsten oxide and indium oxide, based on grazing

incidence X-ray diffraction measurements (Adapted from [32!)

Qu, et al., demonstrated that annealing ambient has an influence on the device

1331, Figure 2.4 illustrates that devices

performance by using N> and O> as anneal ambient
subjected to Oz annealing outperformed those annealed in N> or air ambient. This improved
performance is attributed to the presence of Oz in the annealing ambient, which can diffuse into
the amorphous IWO (a-IWO) channel layers, filling excess oxygen vacancies. The observed

hysteresis in device behaviour is linked to electron capture in the channel layers, interactions
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at the interface between the gate insulator and the channel **], and the trapping of charges by

water adsorbed on the semiconductor surface >3

107 F—a—as deposited
10.4 | —*— annealing in air

~ —4a— annealing in O,

S‘E/ 105 ~ —v—annealing in N,

£ 10

=

O 107 2

£ £
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g 10" & 2 -

7z 10-12 - z ' Gate\90tage(\’) ’
20 -10 0 100 20 30 40

Gate Votage(V)

Figure 2.4: Transfer characteristic curves of a-IWO-TFTs under different annealing ambient conditions
(Adapted from [33),
The goal of this investigation was to develop an understanding of the dependence of IWO
semiconductor properties and TFT operation on the initial oxygen partial pressure (Poz) of the
film and anneal conditions. The following criteria defines device operation of a viable

candidate for advanced TFT applications.

1) Higher mobility than IGZO.
2) Near enhancement mode operation of the devices.

3) Operation consistent with low level of defect states.
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CHAPTER 3: DEVICE FABRICATION AND

CHARACTERISTICS

This section details the fabrication process of bottom-gate TFTs utilizing IWO thin film
at the RIT Semiconductor Nanofabrication Laboratory. The chapter provides a comprehensive
explanation of the extraction and calculation of operational parameters, including threshold
voltage and mobility. The fabrication process and characterization methods remains consistent

for both Phase I and Phase 11 of this thesis.

3.1 TFT Device Fabrication

The bottom gate thin film devices using IWO thin film were fabricated at RIT
Semiconductor Nanofabrication Laboratory (SNL). Devices were fabricated on 6” silicon wafers
with bottom gate staggered configuration on a thermally grown SiOz2 isolation layer, approximately
650nm thick. A 150nm Molybdenum gate electrode is sputtered and patterned using a CVC601
sputter tool with argon gas flow of 20sccm and pressure of 3.3mTorr. The gate electrode is
patterned and then etched using a Transene Type A Aluminum etchant at room temperature. It
is followed by the gate dielectric deposition of 100nm using the plasma-enhanced chemical
vapor deposition (PECVD) method with TEOS precursor. The SiO: is densified for 2 hours at
600°C in the furnace with nitrogen ambient. Following that, a 30nm IWO Film is sputtered
using an AJA Sputter Tool at Corning Inc.; the sputtering system has a chamber pressure of
SmTorr, power of 200W and a combined gas flow of 40sccm comprised of Argon and Oxygen.
The target composition used is 98% InO; & and 2% W. The IWO MESA is patterned and
etched using a dilute HCl mixture. The source drain electrodes are defined using lift off
lithography (Futurrex NR9g-1500PY -negative photoresist), with a sputtered Mo/Al bilayer
(50nm Mo, 75nm Al). The wafers were divided into four quarters, each subjected to a

passivation anneal process with different time, temperature, and ambient.
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Gate Di
Mo

Figure 3.1 (a) Cross-section schematics of bottom-gate IWO TFT (b) Fabricated TFT

3.2 Electrical Characterization

The output transfer characteristics of the transistor were measured using the HP4145
Semiconductor Parameter Analyzer connected to a probe station. The Ip-Vgs characteristics
were used to extract operational parameters such as the threshold voltage (Vi) and mobility
(). Vin was determined using the intercept of the extrapolated (Ip-Vas) linear relationship. The
mobility of the device was calculated from the maximum transconductance using the following
equation:

gmL

—_8mk g3
CoxVDSW q(3.1)

i

where L is the channel width, W is the channel width, gn is the transconductance, and Cox is
the capacitance per unit area. For the mobility calculation the Cox value was taken as 3.45 x

10%F/cm? and Vps was taken as 0.1V.
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3.3 Mobility extraction

The mobility of the fabricated devices were extracted at a consistent subthreshold current of

104 . 7.00E-07
L/W=12um/24um I
o i —ID @ Vgs=0.1V
|
! 6.00E-07 } |- - - Mobility
10 I
I
07 E 5.00E-07 F
~ I -
$ : <
g : £ 4.00E07 | >
= 1 b =
5 107 5 5
g : 3 S
8 £ 3.006-07 | 2
= 107 [
H a
10 2.00E-07 f
1012
! 1.00-07 F
0% (A}
‘h
101 " : L 0.00E+00 e
-30 2§ 20 -15 -10 -5 0 5 10 -30.00 -2000 -1000  0.00 10.00  20.00
Gate Voltage (V) Gate Voltage (V)
(a) (b)

Figure 3.2(a) Vr extraction at 100pA (b) Concave-up transfer characterises at Vgs of 0.1V

Figure 3.2(b) illustrates the concave-up transfer characteristics of the device, indicating
the inability to extract an extrapolated V't in the conducted experiment. In comparing different
parameters within this experiment, peak transconductance (gm) and maximum gate voltage are

considered due to the presence of band tail states (interface traps).
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CHAPTER 4: PRELIMINARY RESULTS (PHASE I)

This section focuses on the initial research conducted on Indium Tungsten Oxide (IWO)
thin-film transistors (TFT) with a bottom-gate configuration without passivation material at the
back channel subsequently subjected to an annealing processes. The IWO thin-film transistors
were fabricated with varying oxygen partial pressures (Po2) in the sputter ambient, specifically
at 2.5% and 5%. The operational parameters, such as the threshold voltage (Vi) and mobility,
were extracted and analyzed. The following section provides a comparative analysis and

discussion of the results obtained from these devices under different annealing conditions.

4.3 Anneal Conditions
4.3.1 Anneal Time

To explore the effect that anneal duration has on device performance and Ip-Vg
characteristics, the IWO TFTs were subjected to different anneal durations while maintaining
the Po> in the IWO film and the anneal temperature constant. Two quarter samples with IWO
Po2 of 5%, underwent a hot plate anneal in atmosphere ambient at 100°C, for 30 minutes and
60 minutes respectively. Figure 4.1 shown below compares the data from the IWO TFT, before
and after annealing, for these scenarios. There is a significant right shift in the device annealed
for 60 minutes, with a reduced separation between high drain and low drain bias; this is
presumably due to a decrease in the oxygen vacancy donors that are prevalent in oxide
semiconductors. It is worth noting that there appears to be negligible difference in the mobility
of the devices subjected to a 30-minute anneal (8.52 cm?/Vs) compared to those subjected to
an hour-long annealing process (8.77 cm?*Vs). This indicates that the extended annealing
period did not negatively impact the mobility. Subsequently, higher temperatures were explored
with a minimum of an hour long anneal with the expectation of further right shift in the device

operation.
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Figure 4.1: The 60min hot plate anneal at 100°C for Po, 5% shows a significant right shift with channel mobility

of 8.77 cm?/Vs.
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4.3.2 Anneal Temperature

To explore the impact of temperature, the IWO TFTs were subjected to different anneal
temperatures while keeping the oxygen partial pressure and anneal time constant. The first two
anneals for 5% Po> were carried out at 100°C and 200°C for one hour in ambient air
environment using a hot plate. The device subjected to a 200°C anneal exhibits significant
degradation compared to the 100°C anneal device. This is seen by noticeable shifts, separation,
and distortion. This result was unexpected for this treatment, suggesting the involvement of

another mechanism, such as oxygen trap states. [!]
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Figure 4.2: Significant degradation of Ip-Vgs characteristics is observed for Po, =5% after an hour anneal at

200°C on a hotplate.

4.4 Influence of Oxygen Partial Pressure on The Thin Film
The next stage of the experimental section focuses on the influence of Po. on the

semiconducting properties of the IWO sputtered film of the TFT.
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4.4.1 Treatment 1- 200°C hot plate atmosphere ambient anneal for one hour (60mins)
Figure 4.3 provides a comparative analysis of the Ip-Vgs characteristics for two
different oxygen partial pressures of the IWO films of 2.5% and 5, after annealing at 200°C for
one hour on a hotplate. It was seen that the IWO film with a 5% Po> exhibits a more significant
distinction between the low drain and high drain characteristics. The devices were seen to turn
off beyond -20V, which does not contribute to good device characteristics. The devices were

seen to be shallow and in depletion mode.

F L/W=12um/24um

105 + 5% 200C.60min -

Fl — — —2.5% 200C,60min - /

Drain Current (A)

o t—_— ‘
-40 -30 -20 -10 0 10

Gate Voltage (V)

Figure 4.3 Po, 2.5% and 5%, with a 200C anneal for an hour show distortion, degradation, and depletion mode

devices.

4.4.2 Treatment 2: 250°C hot plate atmosphere ambient anneal for one hour (60mins)
Figure 4.4 compares the Ip-Vgs characteristics for the TFT Devices of 2.5% and 5%
Po» after annealing at 250°C for one hour on a hot plate. It is seen that the film with 2.5% Po»
has better device turn-on characteristic and a lower separation between the high drain Ip; and
low drain Ip> current. The Vi is seen to be shifted right for the device with 2.5% Po> when

compared to the device with 5% Po. The mobility of the transistor with 2.5% Poz 1s 9.36
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cm?/Vs, while that of the 5% Poz is 8.71 cm?/Vs. It is observed that the mobility of the device

declines along with the subthreshold slope, as the Po» increases.

10 £
F L/W=12pm/24um
5 ]
10 F[ - — - 2.5% 250C,60min -
106 5% 250C.60min g

Drain Current (A)

-40 -30 -20 -10 0 10
Gate Voltage (V)

Figure 4.4: A comparison of Ip-Vgs characteristics for transistors of Po2 2.5% and 5%, with a 250C,60 min

anneal showing that the mobility of the device declines along with the subthreshold slope, as the Po; increases.
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In Figure 4.5, similarities between the 2.5% Po2 quarter annealed at 250°C for 60
minutes and the 5% Po2 quarter annealed at 100°C for 60 minutes are highlighted. The mobility
of the 2.5% Po; at 250°C anneal is 9.36 cm?/Vs, and that of 5% Po2 at 100°C anneal is 8.77
cm?/Vs. These similar mobility values indicate comparable material conditions [Table I11].
Despite the initial hypothesis, higher temperatures did not yield the expected improvement of

the right-shift in the transfer characteristics.
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Figure 4.5: Similarity in device operation of P2 2.5% and 5%, with a 250C,1hr anneal and 100C,1hr anneal

respectively.

4.3.2 Treatment 3: 300 °C furnace anneal for 30 minutes in oxygen.

In the subsequent experimental phase, devices with Poz levels of 2.5% and 5%
underwent annealing in an oxygen furnace ambient at 300°C for a duration of 30 minutes. As
illustrated in Figure 4.6, both devices are observed to be operating in depletion mode.
Following the furnace annealing process, both devices demonstrated comparable performance,
indicating that the annealing process dominated the variations in oxygen partial pressure of

these devices, however it is not a desirable transfer characteristics. The presence of numerous
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trap states at the back channel or gate oxide interface resulted in a shallow subthreshold slope

and significant separation. Therefore, it can be concluded that the furnace annealing performed

in an oxygen environment did not have a positive impact on the overall device performance.

L/W=12pm/24um

E | = = = 2.5% 300C,30min

3% 300C,30min

Drain Current (A)

-30 -20 -10
Gate Voltage (V)

Figure 4.6: The furnace anneal in O, ambient overrode the variations in oxygen partial pressures of the devices.

4.4 Summary of Preliminary Result

Among the various conditions tested, the most promising device performance was

observed in the IWO TFTs that underwent annealing at 100°C for one hour with a Poz of 5%,

and at 250°C for one hour with a Poy of 2.5%. These devices transitioned towards an

enhancement mode of operation with mobility approaching 10cm?/Vs (Figure 4.5 and Table 3).

Po2 Temperature, Time | Mobility (cm?/Vs)
5% 100°C, 30 min 8.52

5% 100°C, 60 min 8.77

5% 250°C, 60 min 8.71
2.5% 250°C, 60min 9.36

Table 3: Mobility values for notable PO2 2.5% and 5% at 100°C and 250°C hot plate anneals.
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Interestingly, when subjected to furnace annealing in an oxygen ambient at 300°C for
30 minutes, devices with Po, values of 2.5% and 5% exhibited similar performance, indicating
that the furnace annealing process has a dominant effect, overriding the initial influence of Poo.
Furthermore, it was noted that furnace annealing had a detrimental impact on both device
mobility and operation; thus, the strategy of higher temperature anneals for Poz of 5% did not

support the improvement in the device passivation.

Although the process flow for the device fabrication shares similarities with that of
Menzel, et al B, there is a significant difference in the device operations, potentially attributed
to the thickness of the IWO film. In summary these results indicate that lower annealing
temperatures are advantageous when a higher Po> is employed, and conversely, higher
annealing temperatures are more beneficial for lower Po2. Devices with Poz of 5% that were
subjected to a 200°C hotplate for an hour exhibit an interesting anomaly, where the devices
were seen to exhibit degradation and were operating in depletion mode. The TFTs with a Poz
of 5% at higher annealing temperatures exhibited enhanced conductivity, a left-shifted
behaviour, and more conducting characteristics. This observation led to the hypothesis that
increasing the oxygen partial pressure in the IWO film composition could reduce conductivity
and right-shift the Ip-V transfer characteristics, ultimately leading the device into an improved

semiconducting state.

Phase I yielded promising results, demonstrating that an increase in Poz in the IWO
films leads to improved enhancement mode operation. This development prompted an
investigation into higher Po2 concentrations: phase II of this research will concentrate on
investigating the impact of annealing conditions on the oxygen partial pressure in the IWO

films, expanding the range of oxygen partial pressure from 5% to 10%.
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CHAPTER 5: PHASE II RESULTS

The goal of this investigation was to further understand the influence of the factors that
lead to enhancement mode characteristics in the TFT with good mobility and optimal current
drive. The study systematically examined the impact of varying Po> and various annealing
temperatures on the electrical characteristics of TFTs. The devices were fabricated with varying
Po: from 5% to 10% in the sputter ambient, with an emphasis on Po2 values of 5% and 10%
representing lower and upper limits. The primary objective was to achieve an enhancement
mode operation in device characteristics without compromising current levels, and the

observed trends suggest that this objective may not be fully achieved.

5.1 Heat Treatment #1: 100°C, 1hour hotplate anneal in air ambient

The initial annealing process was set at 100°C for one hour, guided by the Phase I results
that showcased optimal device characteristics for Po2 5% under these conditions. Figure 5.1(a)
presents a comparative analysis of the IWO TFTs for Poz 5%, 8%, and 10% subjected to a one-
hour anneal at 100°C on a hotplate in an air ambient. The devices were seen to be operating in
enhancement mode; there was a significant right shift in the devices with the increase in Pog,
with the Po2 10% having a Vi, around 4V. However, the higher Poz resulted in a compromise

in current levels.

Given the enhancement mode operation for Pox 5% and 10%, a one-hour anneal at
100°C was extended to the Poz range of 6-9%. Figure 5.1(b) illustrates the data for IWO TFTs
with Poz ranging from 5% to 10% during this annealing process on a hotplate in an air ambient.
A noticeable right shift trend is observed as the Poz increases. While the device with Poz at 5%
exhibits higher current levels and lower Vu; a progression in Po; leads to an increase in Vi,

accompanied by a compromise in current levels.
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Figure 5.1: Ip-Vgs characterises(a) Po2 8% acting as a midpoint between Po, 5% and 10% (b) Significant right

shift trend with increase in Po, with reduced current levels when

annealed at 100°C, lhour.

Figure 5.2(a) illustrates a comparison between devices annealed at 100°C for one hour

at Po2 5%, considering both Phase I and Phase II. Phase I device exhibits higher current drive

with better mobility (8.77 cm?/Vs) compared to Phase II (7.47 cm?/Vs). Figure 5.2(b) illustrates

the variation observed in the wafer with a Poz of 5%. Notably, sample 5 of Poz 5% closely

resembles Po2 6% after the 100°C anneal for an hour, indicating a non-uniformity in the film.

In 5% Po2 device, it is observed that the same sample exhibits a significant difference in current

drive by an order of magnitude. A complex mechanism appears to be at play, leading to a

dramatic change in device characteristics. The observed change is more stable at higher Poz
levels, suggesting a potential connection to changes in film composition during the sputter

process. Despite the IWO film deposition done in the same way under same sputter conditions,

a marked performance difference is evident between the two phases.
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Figure 5.2 Comparison of Ip-Vgs characteristics at 5% Po> (a) Phase I and Phase II (b) Non-uniformity among

Phase II samples at 5% Po>.

5.2. Heat Treatment #2: 200°C, 1hour hotplate anneal in air ambient

During the 200°C annealing for one hour in Phase I, the Ip-Vgs curve displayed a
significant left shift (approximately 30V) and pronounced distortion. Consequently, the
annealing treatment was repeated to verify its stability for Poz at 5% and 10%. The results
indicate a similarity between the outcomes of Poz at 5% in both Phase I and Phase II as shown
in Figure 5.3(a). The device subjected to a 200°C anneal exhibits significant degradation
compared to the 100°C anneal device. This degradation is evident through noticeable shifts,
separation, and distortion, indicating the presence of oxygen trap states. A 200°C one-hour
anneal was also conducted for the device with Po2 at 10%. Figure 5.3(b) compares the anneals
for Po2 5% and 10%, revealing that both devices are in depletion mode and left shifted.
Following the annealing process, both devices demonstrated comparable performance,
indicating that the annealing process dominated over the variations in oxygen partial pressure
of these devices. The resulting transfer characteristics is not desirable, as both devices were

observed to turn off beyond -30V, contributing to suboptimal device characteristics.
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Figure 5.3: In-Vgs characterises at 200°C, 1 hour anneal (a) Depletion mode operation of TFTs in both Phase I
and Phase II, Po> 5%. (b) Negligible effect of initial Po, on the device performance

after annealing.

5.3 Heat Treatment #3: 250°C hotplate anneal in air ambient
In the subsequent sequential annealing, devices with Po levels of 5% and 10% underwent

annealing at 250°C for different durations of 1hr and 2hr for an hour on the hotplate in air

ambient.

a) Effect of time

A series of sequential anneals at 250°C were conducted and tested after each hour (2
times) to evaluate the performance of the devices. This is based on the optimal outcome
observed in Phase I for Poz 2.5% at, 250°C anneal for an hour. Figure 5.4(a) provides a
comparative analysis of the 250°C anneals for Po; at 5%. In the initial 250°C, 1-hour anneal,
the Vi, 1s around -10V; following the second anneal, Vi, further right-shifts to approximately -

6V.
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Figure 5.4(b) illustrates a comparison of the 250°C anneals for Poz at 10%. A device
behavior similar to that of Po2 5% at 250°C anneal is observed. In the initial 250°C, 1-hour

anneal, the Vy, is approximately -11V; with the second anneal, Vi, right-shifts to about -6V.
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Figure 5.4: The hotplate anneal for Pos> 5% (Left) and 10%(Right) at 250°C exhibits a device approaching

enhancement mode of operation.

b) Effect of Po

In this section, the outcomes of the 250°C anneal are compared for devices with Po» at
5% and 10%. Figure 5.5 presents a side-by-side comparison of device characteristics for Po; at
5% and 10% following 1-hour and 2-hour anneals at 250°C. Notably, the 1-hour anneal at
250°C results in identical device characteristics for both Po2 scenarios. However, with the 2-
hour anneal at 250°C, the device with Po» at 10% exhibits a slightly more right-shifted behavior
compared to Po2 at 5%, indicating a state of transition. The additional anneal time demonstrates
consistency between the device characteristics of Poz 5% and 10%, suggesting a weaker
dependency between Po> and anneal temperature at this higher temperature range. While the
difference effect relatively small the trend always indicate that higher Po> will support some

additional right shift.
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Figure 5.5: Ip-Vgs characteristics comparison after hotplate annealing at 250°C for 1 hour and 2 hours, showing

comparable results at both Po2 5% and 10%.

5.4 Heat Treatment #4: 275°C, 1hour hotplate anneal in air ambient

The next step of sequential anneal involved the devices with Poz 5% and 10% being
subjected to a hotplate anneal at air ambient for 275°C for an hour. There is a subtle right shift
in the device characteristics of the Po2 at 10% compared to Po2 at 5% as seen in Figure 5.6.
This observation indicates that the device with Po> at 10% responds more favorably to

annealing, resulting in an approximately 1V right shift towards enhancement mode operation.

When comparing the anneal at 275°C for 1 hour with the 250°C for 2 hours, Po2 at 5%
exhibits nearly identical device characteristics, as depicted in Figure 5.6. While, for Poz at 10%,
there is an approximate 1V right shift, it is not particularly substantial. It is reasonable to assert
that the anneal at 275°C for 1 hour on both Po2 5% and 10% has minimal impact on the Ip-Vgs

characteristics, as it does not have significant differences from the 250°C anneal for 2 hours.
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Figure 5.6: Po2 10% shows the Ip-Vgs characterises moving right after consequent higher temperature anneal
with a compromise in current level; showing the device approaching
enhancement mode of operation.

In the next step of the anneal process, a 275°C hotplate anneal was performed for an
hour on all Poz levels. The results indicated that the In-Vgs characteristics of 6% and 7% closely
resemble those of 5%, with almost no discernible difference. The device with Po2 at 8% acts
as a midpoint between the characteristics of 5% and 10%. In Figure 5.7, a comparison of device
characteristics for Poz levels of 5%, 8% and 10% is presented. The devices are seen to still
depend on the Po2 for the Ip-Vgs at 275°C, which establishes that the anneal response is still

dependant on P2 of the devices under these conditions
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Figure 5.7: Ip-Vgs characterises in depletion mode, displayed a right ward shift with a compromise in current

level after 275°C, 1hr anneal.

5.5 Heat Treatment #5: 300°C anneal
The next stage of the experimental section focuses on understanding how a 300°C anneal at

different ambient impacts the IWO TFTs with different Poz levels in the IWO film.

a) Hotplate Anneal at 300°C, 2hours

In Figure 5.8, a comparative analysis of Ip-Vgs characteristics is presented for two IWO
films with different Po> at 5% and 10%, subjected to annealing at 300°C for two hours on a
hotplate vs 275C,1 hour anneal. The device characteristics appear similar for both Po, 5% and
10%, with the 10% Po> device exhibiting a lower current level than the Po2 5% device at 275C,

lhour anneal.
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Figure 5.8: Comparative analysis of hotplate anneal at 275°C, 1 hour versus 300°C, 1 hour (a) Similar device
operation observed at Po; 5% after both anneals with a Vi, shift of 1V

(b) Similar device characterization noted for Po, 10%.

b) Furnace anneal at 300°C, 30 minutes in oxygen ambient

Figure 5.9 shows a comparison between Po levels of 10% and 5% after furnace anneal
in oxygen ambient at 300°C for a duration of 30 minutes. Post-annealing, both devices
exhibited comparable performance, with subthreshold distortion. This indicates that the
annealing process dominated the variations in oxygen partial pressure of these devices,

however it is not a desirable transfer characteristics.
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Figure 5.9: The furnace anneals in O, ambient overrode the variations in oxygen partial pressures of the devices.

¢) Hotplate Anneal vs Furnace Anneal

In Figure 5.10(a), a comparison is drawn between hotplate anneals at 300°C for 2 hours
and furnace anneal at 300°C for 30 minutes in an oxygen ambient for the Po> 5% IWO TFT.
Interestingly, the furnace anneal further reduces the current range for the Po2 5% device, while
the Vi remains consistent at around -5V. Figure 5.10(b) presents a comparison among hotplate
anneals at 300C, 2-hour and a 300°C, 30-minute furnace anneal in an oxygen ambient for 10%
Po2 IWO TFT. Following the furnace anneal, there is minimal difference in the Ip-Vgs
characteristics between the 2-hour hotplate anneal and the furnace anneal, with the Vi being

right shifted by about 1V

The impact of furnace annealing in an oxygen ambient appears more pronounced on
devices with lower Po>. When comparing the outcomes of furnace annealing for P at 5% and
10%, it is evident that the current levels are low for both devices. However, the hotplate

treatment favoured the device with Poy at 5%, exhibiting better current levels.
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Figure 5.10 (a) Device operations for Po; 5% remain similar after both hotplate and furnace anneals, with lower
current levels observed after each anneal. (b) Poz 10% demonstrates comparable device performance following

both hotplate and furnace anneals

In the subsequent experimental phase, devices with Po> levels of 6% to 9% underwent
annealing in an oxygen furnace ambient at 300°C for a duration of 30 minutes. As illustrated
in Figure 5.11, all the devices demonstrated comparable performance with low current drive;
some device characterises overlapping better than the other, indicating the presence of some
oxygen trap states. Devices exhibit subthreshold distortion and separation consistently across
all Po2, suggesting the presence of remaining defect states within the IWO film or its associated
interfaces (gate dielectric and back channel). The annealing process dominated the variations
in oxygen partial pressure of these devices; however, it is not a desirable transfer

characteristics. The results of the furnace anneal are consistent throughout Phase I and Phase

IIL.
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Figure 5.11: The furnace anneal in O, ambient overrode the variations in oxygen partial pressures of the devices

for all the Pox(5%- 10%)

5.6 Summary

The Phase II experimental investigation commenced with a low temperature anneal at
100°C for one hour. A peculiar observation emerged where the devices demonstrated a
transient improvement which appears to be linked to the initial Po2 in the IWO film of the TFT.
Notably, current levels exhibited degradation with increasing Poz. The anneal at 100°C yielded
inconsistent results, with some devices appearing more promising than others. A pronounced
drop was observed between devices with Po2 at 8% and 9%, showing a significant decrease in
current levels. Thus, it can be inferred that there is a significant reduction in donor-like defects,
and the right shift is associated with lower current. In Phase II of Po2 5% devices, notable
inconsistencies were observed, revealing a bimodal behavior. Some devices exhibited a

significant right shift, while others were notably positioned to the left of OV.

Beyond the 100°C anneal, higher temperature anneals altered device behavior. The

200°C anneal caused a reversal of defect passivation resulting in significant left shift
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(approximately -30V). The transfer characteristics of the devices annealed at 200°C resembled
those of the un-annealed devices, possibly indicating a reconfigured defect state. The 250°C
anneal re-established the donor state passivation and exhibited a continued right shift. Devices
annealed at 275°C for 1 hour exhibited similar behavior to those annealed at 250°C, indicating

stability.

At 300°C anneal, all devices exhibited similar behavior, maintaining a consistent
threshold voltage, but experienced a loss of current. However, furnace anneals in an oxygen
ambient led to the degradation of all devices, with a reduced current drive and subthreshold,
with little correlation to the Poz. While Phase II furnace anneal has better transfer characteristics
without any distortion, the device's mobility encounters challenges in both phases of furnace
anneals. The presence of numerous trap states at the back channel or gate oxide interface
resulted in a shallow subthreshold slope and significant separation. Therefore, it can be
concluded that the furnace annealing performed in an oxygen environment did not have a

positive impact on the overall device performance.

Notably, with a Po, of 10%, the device characteristics consistently right shifted after
each annealing treatment, but with lower current levels. The lower density carriers at Poz 10%
seem insufficient to support the on-state current level, indicating a complex relationship

between the annealing process and the initial oxygen partial pressure.
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CHAPTER 6: CONCLUSIONS

IWO has been shown, in literature, to be a potential contender for future display
applications due to its electrical characteristics and high electron mobility with lower operating
voltage when compared to IGZO. The early phases of this study demonstrated good
performance of IWO TFTs during low temperature anneals at higher Po2, prompting an in-
depth exploration into the influence of oxygen partial pressure, anneal temperature, ambient

conditions, and duration on the IWO film TFTs.

The devices annealed at 100°C in air ambient demonstrated towards enhancement mode
operation but with reduced mobility, which appears linked to the initial Po; in the IWO film.
There is a significant reduction in donor-like defect and pronounced dependence on the initial
Po2 of the devices. The anneal at 100°C yielded inconsistent results, with some devices
appearing more promising than others. The devices after 100°C anneal supports behavior

closest to enhancement mode, but with a trade-off between Vr vs mobility and Imax.

The devices annealed at 200°C anneal in air ambient caused a reversal of defect
passivation resulting in significant left shift (approximately -30V). The transfer characteristics
of the devices annealed at 200°C resembled those of the un-annealed devices, possibly
indicating a reconfigured defect state. The devices annealed at 250-275°C in air ambient

demonstrate minor dependence on the initial Poz of the devices.

Figure 6.1(a) and (b) presents a comparison of furnace anneals at 100°C, 275°C, and
300°C for Poz concentrations of 5% and 10%. In this experiment, the best parametric annealing
condition for all Po2 scenarios is observed to be around 275°C, with varied sub-optimal
amounts of improvement in device operation exhibited over the 250°C treatment. The donor
state passivation is successfully re-established, with the interaction between Po, and anneal

temperature less pronounced than at 100°C. While the O furnace anneal at 300°C offers some
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additional characteristic right-shift, there is an unfortunate drop in on-state current even when

considering the higher threshold voltage; this is especially pronounced in the 5% Po2 sample.
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Figure 6.1: Comparison of anneals at 100°C, 275°C, and 300°C for P> of 5%(Left) and 10%(Right).

Table 4 compares the operating parameters of samples with Poz at 5% and 10%, with
anneal temperature at 100 °C and 275 °C. With the exception of the 10% Po> annealed at

100 °C, mobility and current values listed have been extracted at Vgs= Vr+ 10V for an

appropriate comparison.

Po2, Temp

Vr (V) MOblllty SS Imax(adj) Imax(adj)
(cm?/Vs) (V/dec) (Low drain) (High drain)
(A) (A)
5%, 100°C -1.5 1.4 0.5 50nA 1.7u
10%,100°C 6.5 0.06 ~1.0 0.5nA* 10nA*
5%, 275°C -4.5 1.7 0.6 59nA 2.2u
10%, 275°C -3.0 1.5 0.9 48nA 1.6u

Table 4: Operating parameters of Poz 5% and 10% at 100°C and 275°C anneal

* Imax value listed; V1 + 10V is beyond the measured Vgs range.
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Figure 6.2: (a) Comparison at different anneal temperatures of Vr vs Po, (b) Comparison at different Po, of Vr
Vs temperatures

Figure 6.2 shows a comparison of threshold voltage over changes in Po, and anneal

temperature. Threshold voltage values exceed +6V on high Poz devices annealed at 100°C,

however the associated mobility and current values are very low. The annealing process at

100 °C does not serve any practical purpose, but it demonstrates an interesting metastable

condition. The V1 response of annealing at T > 250 °C appears somewhat random; however, in

general the values continue to increase with increasing temperature and Poo.

Figure 6.3 shows a current comparison of 5% and 10% Po> samples annealed at T >
250 °C. Annealing at 275°C in air appears to exhibit a balanced, but not sufficient condition
for both Vt and current drive over the oxygen partial pressure values investigated; however,
the existence of remaining trap states suggests incomplete passivation. Furnace annealing in
O at 300 °C lead to degradation in device operation, which was more pronounced in the lower

Po2 sample.
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Figure 6.3: Comparison of Imaxdj) Vs Po2 for T > 250 °C samples.

The various treatments examined in this experiment yielded TFT performance that
would be considered unsatisfactory namely a carrier mobility of more than 20cm?/Vs and
enhancement mode operation (based on the criteria outlined in Chapter 2). The combined
results from this experiment emphasize the sensitivity of the IWO film to compositional non-
uniformity. The most favorable outcomes was observed at 10% Po2, indicating the potential
benefits of exploring higher oxygen partial pressures in future studies. The extended research
can include variations in sputter process parameters such as target specifications, pressure,
power, among others, for a more comprehensive understanding of the impact on device
performance. In addition, a thinner IWO semiconductor film should help address the challenge
of achieving electron depletion and support enhancement-mode operation, i.e. more positive

threshold voltage.
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