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High Performance Amorphous InGaZnQ,/Organic
Ambipolar Thin Film Transistors

Student : Yi-Hsing Chu Advisor: Dr. Han-Ping D. Shieh

Institute of Electro-Optical Engineering
National Chiao Tung University

ABSTRACT

Air-stable ambipolar thin-film transistors (TFTsaded on double active
layer of pentacene / a-IGZO (amorphous,OnGa0s-Zn0O) have been
examined on Si®/p-Si substrates. The a-IGZO exhibits n-channdialmor,
while pentacene presents p-channel characteristbsst n-type organic
materials are easily affected by moisture and omygais measuring ambipolar
devices in ambience air is difficult. However, aZlG not only has outstanding
mobility but also has good stability while beingasared in ambient air. In our
work, a CMOS-like inverter was constructed using tidentical ambipolar
transistors and the voltage gain up to 70 was obthi CMOS-like inverter
circuit was made to demonstrate the possibility d@mplay applications. The
inverter can be operated in both the first andtthel quadrants, simplifying

circuit design for active matrix flat panel displagplications.
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Chapter 1

| ntr oduction

Pentacene and a-IGZO as active layer combined e maabipolar TFTs.
These devices show both p-type and n-type charstoter
Complementary-Metal-Oxide-Semiconductor-like ineerts composed of two
ambipolar TFTs. In this chapter, ambipolar TFTs, @Mlike inverter and the
active layer material a-IGZO and pentacene, aregmted, and the motivation
and objective of the thesis will be given in théldeing. Final section is the

organization of the thesis.

1.1. Ambipolar Thin Film Transistors

1.1.1 Introduction to Ambipolar Thin Film Transistors

An ambipolar thin film transistor is one in whitloth electrons and holes
are accumulated depending on the applied voltdg&dore recently, ambipolar
organic field-effect transistors (OFETs) have beefocus of research due to

their potential applications in organic integrateidcuits (ICs). Such circuits



have many advantages, such as better immunity, rlqyeever dissipation,
simplifying fabrication and circuit design of ICsetc!”™l.  Ambipolar
semiconductors are important for CMOS-like investéhat enable robust,
low-power circuits with wide noise margins withaiging advanced patterning
techniques to selectively deposit n- and p-chammatlerials. Currently there
are three main structures of ambipolar OTFTs, shiowfigure 1-1, which ar@
blend structure® single-component structure, afftibilayer structure. Blend
structure is similar to single-component structuHawever, the difference
between blend structure and single-component sireic$ that blend structure is
composed of 2 materials for respectively providingtype and p-type
characteristics while there is only one semicongluathaterial in single
component structure. The active layer in bilayeuncttre is stacked of a p-type
material and an n-type material for hole and etectransportation, respectively.
Noticeable, it's not simple to find proper p-typeaterial and n-type material
because both the thickness and the junction pliepeaffect the characteristics

of OTFTs



Blend Structure Single-Component Structure Bilayer Structure

Fig. 1-1 (a) blend structure, (b) single-component structure,

and (c) bilayer structure.
1.1.2 Issuesof ambipolar thin film transistors

For r-type OTFTSs, electron channel cannot be formed sstally in ambiet
air so that the TFTs show only-type characteristics. Thcharacteristic o
ambipolar TFTs we¢ measured in inert gas environment in most prevworks
7 Swbility has always been an important issue for TRmlication
athough some grou| ® “had developed ambipolar OTFTs operable in aml
air. For example, Haibo Wang, al. ™ repored the bilayer structure compos
of BP2T (5, 5%-bis (4-biphenylyl-2, 2-bithiophen) and F16CuP (Copper
hexadecafluorophthalocyan) in referenc, the electron and hole mobility we

up to 0.036 cr’/Vs and 0.04 cP/Vs, respectivel Organic thin films such &

pentacene are widely studied as acchannel layers for the TF 9. Like most
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of the p-type organic semiconductors studied, meme exhibits inherent p-type
conduction when grown on a SiQate oxide. On the other hand, metal oxide
systems such as indium oxide I3) were found to be promising materials for
the n-channel TFTSY 2 However in previous studies mentioned above, the
voltage gain is small. Further, n-type materialimstable in air; the fabrication

of stable ambipolar OTFTs is hence limited to feat@nials.

1.2 Complementary-M etal-Oxide-Semiconductor |nverter

Complementary-metal-oxide-semiconductor (CMOS)erter is a major
class of integrated circuits. The words "compleragnt refer to the fact that the
typical digital design style with CMOS uses compégrtary and symmetrical
pairs of p-type and n-type metal oxide semicondubtedd effect transistors
(MOSFETS) for logic functions. CMOS is a major dad integrated circuits.
CMOS technology is used in microprocessors, miantgotlers, static RAM,
and other digital logic circuits. Two important caeteristics of CMOS devices
are high voltage gain and low static power consionptSignificant power is
only drawn when the transistors in the CMOS dewiee switching between on

and off states. Consequently, CMOS devices do romtyze as much waste heat



as other forms of logic, for example transistonsiator logic (TTL) or NMOS
logic, which uses all n-channel devices withouthpsmnel devices. The inverter
circuit and standard symbol are shown in Figs.(&)zand (b), respectively [13].
The transfer characteristic curve can be divided tregions as shown in fig.
1-2(c) and the states are listed in table 1-1. @tise, when PMOS and CMOS
both are saturation, CMOS can be an analog signalieer to amplify small

signal. (Fig. 1-2 (c)).

Voo -
@ SIIRG] 05 ruos
S | saturation saturation
PMOS | ,
D Vort |- —— - : _____ H
Input O— D—O Output ! Z/
NMOS i I
S |
e I
= Vom | :
|
|
|

N g
'—DO—. : ! Vv ! 5
0 Vi Vie ' Voo~ [Viel Voo v

Fig. 1-2 (a) CMOSinverter circuit (b) standard symbol

(c) operateregion



Table1-1 CMOS operateregin

Vin n-MOS p-MOS Vout
0 cut-off linear Voo
Vn<Vin<Vpp/2 saturation linear ~Vop
Vpp/2 saturation saturation Vop/2
linear saturation ~0
Voo- | Ve | >Vin>Vpp/2
Voo linear cut-off 0

The function of CMOS inverter can be summarizedhayfollowing table:

Table1-2 CMOSinverter characteristic

High Low
Low High

The output is the opposite of the input - this wirénverts the input. Notice
that always one of the transistors will be an opeouit and no current flows
from the supply voltage to groundiwo important characteristics of CMOS
devices are high noise immunity and low static pogasumption. Significant
power is only drawn when the transistors in the CM@evice are switching
between on and off stateSonsequently, CMOS devices do not produce as

much waste heat as other forms of logic, for exantignsistor-transistor logic

-6-



(TTL) or NMOS logic, which uses all n-channel descwithout p-channel

devices. CMOS also allows a high density of logicedtions on a chip.

1.3 Amorphous|GZO Thin Film Transistors

1.3.1 Introduction to amor phous oxide semiconductor

Recently, amorphous oxide semiconductors (AOSs) hatracted much
attention because AOS TFTs exhibit large mobilitghwiow-temperature or
even room-temperature fabricatifi*® The conduction bands of the AOSs are
derived from the ns orbital of heavy metal catisnosh as I, G&*, and zZi"
191 The electron transport path is very efficientdese of the large radii and
large overlap between adjacent ns orbital of sphesgymmetry, which leads to
insensitiveness to the distorted metal-oxygen—nutaimical bonds. However,
metal oxide semiconductors such as zinc oxide (Zaf@) polycrystalline in
nature. The grain boundaries of such metal oxidesdcaffect device properties,
uniformity and stability over large areas. To owene this issue, a new ternary
oxide material comprised of In, Ga, Zn and O hanbgroposed for use as the

channel layer in TFTs. Figure 1-3 shows the diffiees in carrier transportation

mechanism for covalent semiconductors, for examgileson (Si), and ionic



oxide semiconductors, in certain molecular orbttahfiguration, like a-IGZO.
The spatial spread of this vacant s-orbital isasgd that direct overlap between
the s-orbitals of the neighboring cations is pdssib heavy metal oxides, and
therefore an effective mass of electron is smallthese oxides. Electron
transport path is also very efficient because efléige radii and large overlap
between the adjacent ns orbitals of spherical syimym&hich is less sensitive to
the arrangement of atoms. Oxide semiconductors tsnmvn comparable
mobilities both in crystalline and amorphous phaseghile covalent
semiconductors such as silicon shows at least tmtbree orders of magnitude

smaller mobility in the amorphous phase. (Fig. 1-3)

covalent semicon. ionic oxide semicon.
crystal M:(n-1)d"ns® (n25)

~

=

n \'\‘\‘ sp3-orbital
\

/,,p gen 2p-orbital|

amorphous

Fig. 1-3 Schematic orbital drawing of electron pathway in covalent and

ionic oxide semiconductors



1.3.2 Introduction of a-1GZ0O

One of the most interesting oxide semiconductors BT application is
a-1GZO. It was proposed by Hosono ef?l Amazingly, high mobility of 7
cn’/V s and high onff§ ratio of more than five orders of magnitude were
achieved even at room temperature pro€8ssncorporating Ga ions is crucial
in a-IGZO for suppressing excessive carrier germravia oxygen vacancy.
Ga3+ is supposed to attract the oxygen ions tighily to its high ionic potential
(+3 valence and small ionic radius), and therelppsessing electron injection
which is caused by oxygen ion escaping from the tihn. Amorphous 1IGZO
semiconductor possesses three unique featuresnpasson with conventional
a-Si semiconductor, that is, high performance, lmwcess temperature and
transparency. a-IGZO film is transparent in visibght range (300~800 nm)
and near infrared range of the spectrum with tramtante greater than 80
percent. Without expensive laser apparatus like gbé/-Si TFT process,
depositing a-1GZO thin film by sputter at room tegmgture is feasible on the
large area. Room temperature sputter makes the pradsiction on flexible

plastic or cheap soda-lime glass viable.
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Fig.1-4 Transmittance of a-1GZO in visiblelight

1.4 Overview of Organic Thin Film Transistor (OTFT)

1.4.1 Introduction to Organic Thin Film Transistor

Organic semiconductor was discovered in 1948s The possibility of
fabricating OTFTs with small conjugated moleculessvproposed in 1989 with
sexithiophene. For a decade, their OTFT performanhaaproved continuously.
Because of their unique properties, organic mdseaee suitable to be made on
the flexible substrates. Many interesting applmadi such as flexible displays,
smart cards, radio frequency identification tagswall as light-emitting diodes

(LEDs) and lasers have been demonstrated (Fig. 1-5

-10-



Fig. 1-5 Applications of organic transistors
1.4.2 Organic Materials- Pentacene

Pentacene, £Hy4 a fused-ring polycyclic aromatic hydrocarbon,oize of
the promising candidates of organic semiconductissschemical structure is
depicted in Fig. 1.6. There are ways to fabridaés a continuous film such as

the solution process, vapor phase deposition ardhdl evaporation.

Pentacene

Fig. 1-6 Structure of n-type material pentacene
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1.5 Motivation and objective

There are few researches using metal-oxide semimbois to act as the
n-type material for ambipolar TFTs. Using a-IGZQ@ &mnbipolar TFT has not
been reported yet. Furthermore, stability in amib#n poor characteristic is the
critical issue of conventional organic n-type miglersuch as PTCDI-CS,
F16CuPc, etc. We adopted a-1GZO for this studytdués high mobility and it
IS insentivity to oxygen and moisture in air. A ebambipolar TFT composed
of active layer material a-IGZO and pentacenelustitated in Fig. 1-7. Unlike
conventional CMOS inverter, our CMOS-like invertean be operated in two
quadrants since our ambipolar TFTs have both n-#ymkep-type behavior. This
makes the circuit design simpler, and can be adopte display circuit

applications.

Ambipolar

CMOS-like
inverter

Voo Vout

[Aau] [Au] [Au]| [Au]

n n
a-1GZO a-1GZO
Sio,

Gate Si (N++)

nim v.

Fig. 1-7 Ambipolar TFT and CMOS-likeinverter diagram
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1.6 Organization of Thesis

This thesis is organized as follows: The import@arameters about
transistors and CMOS inverter, the sputter systemg,fabrication method are
presented inChapter 2. In Chapter 3, the novel fabrication process of the
ambipolar TFTs is described introduced in detaipartant parameters such as
mobility, threshold voltage, subthreshold swing and on-offorare also
described. The experimental results, includingl#aé/ps characteristic,ds-Ves
characteristic, voltage gain, dynamic behaviors @diseussed inChapter 4.

Finally, the conclusions of this thesis are presem Chapter 5.

-13-



Chapter 2

Principlesand Theories

Important parameters associated with transistor @MiOS inverter are
presented in this chapter. Besides, the principlspatter system is described

detail. Finally the operational principle for TFiBsdescribed.

2.1. Important parametersof TFTs

The quality of a transistor can be examined throsgferal parameters such
as a high mobility, a threshold voltagerf\tlose to 0, and a small subthreshold

swing (S.S).

2.1.1. Mobility ()

Under the external bias field, carriers can trarnsipothe material. It is called
mobility. The value of mobility can be defined imth linear and saturation

regions.

-14-



(i) When the gate voltage £Yis low, the transistor works in linear region.eTh
drain current @) is linear to the ¥. The b can be expressed in terms of Eq.
(2-1).

Ip = Mcox% [VG =V — VTD] Vb (2-1)
where

Cox Is the gate oxide capacitance per unit area,

W is channel width,

L is channel length,

Vr is the threshold voltage.

If Vp is much smaller thaiV; — Vi, Ip can be approximated as:

Ip = MCOX¥(VG — Vr)Vp (2-2)
The transconductancey{gis defined as

8m = SITZ |VD:const.:¥ 1CoxVp (2-3)

Therefore,p can be obtained by

L
n= WCoxVp 8m 42'

(ilWhen Vy is larger tha¥;, the characteristic of TFTs is in saturation regio

The b can be expressed as:
_ w 2
Ip = uCox 57 (V6 — V1) (2-5)

Followed by taking square of thg, Ithis term is taken differentiation to the

-15-



V¢, which can be expressed as:

oIp _  [WCox )
Ve \ 2L H (#-6
i can be expressed in Eq. (2-7).

_ | 2L 0,/Ip
= Weog < Ve (2-7)
2.1.2 Threshold voltage (V)

The Vrof a MOSFET is defined as thesWhere an inversion layer forms
at the interface between the insulating layer &edsubstrate of the transistor.
Conventionally the ¥ at which the electron density at the interfac¢his
same as the hole density in the neutral bulk nedtesi called the Y.
Practically speaking, the {Vis the voltage at which there are sufficient
electrons in the inversion layer that provides & l@sistance conducting
path between source and drain of MOSFEThe V; is below the Y, the
transistor is turned off and ideally there is norent from the drain to the
source of the transistor. As shown in Fig. 2-1hd \; is above the ¥, the
transistor is turned on, due to there being maegtedns in the channel at
the oxide-silicon interface, creating a low-resis& channel where charges

can flow from drain to source.

-16-



2.1.3 Subthreshold swing (S.9)

Subthreshold swing (S.S in V/dec) is a typical paater to describe the
control ability of gate toward channel. It is defthas the amount ofMequired
to increase/decrease, Iby one order of magnitude. Subthreshold swing,
indicated in Fig.2-1, should be independent gfand \i. However, in reality,
S.S. might increase with drain voltage due to sbbannel effects such as
charge sharing, avalanche multiplication, and pthrdligh-like effect. The S.S.
is also related to ¥ due to undesirable factors such as serial resistamd

interface states.

10°

“Subthreshold swing

reshold voltage

Fig. 2-1 Threshold voltage and subthreshold swing diagram
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2.1.4 On-off ratio

On-current represents for thg Wwhen transistor is in on state. Contrary,
off-current means theplwhen transistor is in off stat&Vhen the on/off

current ratio is large, the leakage current caregarded as negligible.

2.2. Important Parametersof CMOS I nverter
2.2.1. Voltage Gain

In electronics, gain is a measure of the abilitaarcuit (often an amplifier)
to increase the power or amplitude of a signak lisually defined as the mean
ratio of the signal output of a system to the signput of the same system.

Voltage gain can be expressed as in Eqg. (2-8)

dVout

Voltage gain = v,

(2-8)

2.2.2. Dynamic behavior

Dynamic behavior is an important parameter for@3/inverter. Propagation
delay and power dissipation are the key analyst/imamic behavior. The delay
of the CMOS inverter is a performance metric fowlast the circuit is. Fig.2-2

shows this delay is dependent upon the RC chamyirdischarging of the load
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capacitor by the PMOS or NMOS devices respectivehd provides a
guantitative feel for the time that is taken by thetput of the inverter to

completely respond to a change at its input.

Vdd
1o

Vin=0 : Low to High Vin=Vpp : High to Low

Fig.2-2 Charging and dischar ging process

Table 2-2 lists the definitions of temporal paraengtof digital circuits. All

percentages are of the steady state values.

Table 2-2 Parameters of digital circuits

Rise Time tr Time taken to rise from 10% to
90%

Fall Time tf Time taken to fall from 90% to 10%

Edge Rate t (tr+t) /2

H-to-L propagation delay t;,,, | Time taken to fall from Vg, to 50%
L-to-H propagation delay t;,, | Time taken to rise from 50% to Vg,

Propagation delay t, (tpu + tprn) / 2
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Graphical representation of dynamic behavior @ashin Fig. 2-3.
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Fig. 2-3 Graphical depiction for dynamic behavior

2.3 Principle of Sputter Deposition

Sputter deposition is a physical vapor depositiBV) method on their
agglomerates thin films. Sputtering is a proceserefy atoms are ejected from
a solid target material due to strike of the targgtenergetic ionsn target.
Figure. 2-4 (a) shows the construction of a speystem. The primary particles
for the sputtering process can be supplied in ab@urof ways, for example by a

plasma, an ion source, an accelerator or by aaati® material emitting alpha
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particles. As shown in Fig. 2-4(b), argon (Ar) wasized under high electrical

field. The target particle is deposited on the salbs by Af striking on the

target.
m Mass flow |: l
controller

Mass flow Mass flow -

controller controller I Rotation pump I
I

= \‘V: hutter
Thermocouple }- e
Gauge ‘ | target

° | Cryo pump I
((ocrower)

(@)

Substrate of film growth

[ 1 L

Sputtering gas ——» E—

* . Sputter target

(b)

Fig. 2-4 (a) Sputter system diagram and (b) Sputter mechanism diagram.
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Sputter systenhas two operate moc, D.C. (direct arrent and RF (radic
frequency) modeThe common arrangement for a Dsputtercoater is to mak
the target materiecin negativebias state, whi the substrat is in anodic sta.
The desired operating pressureachiever by using a suitable vacut system
usuallycomprise: rotary pum|and a high vacuum pump such as turbo purn
cryo pumy. An inert gas, such as argon, is admitted to trember by a fin
control valve The sputtered atoms are neutrally charged andesunaffectec
by the magnetic trap. Charge bi-up on insulating targets can be avoided \
the use oRF sputterin where the sign of the anc-cathode bias is varied ai
high rate. RF sputtering works well to produce highsulating oxide films bu
only with the added expense of RF power supplie$ iarpedance matchir
networks Figs. 2-4(c)and (d)show DC sputt¢ system and Risputte system,

respectively

heating/cooling Substrate bias
—| }—4|; heating/cooling

|-:-.-:-:-:-subs!rale el

alew shuller
on akEew shutter
omn

13.56 MHz

|
|
coolin
g 255k = cooling

Fig. 2-4 (c) DC mode of sputter system and (d) Radio-frequency mode
of sputter system.
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2.4Operational Basicsof Field Effect Transistors

Generally, thin film transistors (TFTs) are commbsd four components:
substrate, semiconductor (also called active layasulator and electrodes.
The configuration of these elements with two difar structures, one is top
contact and the other is bottom contact TFTS, amcted in Fig. 2-5. The
electrical characteristics of TFTs can be adeguatkdscribed by models

developed for inorganic semiconductors.

Source Drain Semiconductor
Semiconductor Source Drain
Insulator Insulator

Gate Gate
Substrate Substrate
(a) (b)

Fig. 2-5 Schematic view of (a) top contact and (b) bottom contact TFTs

The TFTs could be divided into two parts, accordioghe type of charges
transported by the semiconductor. In semiconduactotis n-type channel, the
charges transported are negative. On the other, hansemiconductors with

p-type channel, the charges transported are pesMithen the gate electrode is
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biased positively with respect to the grounded s®wlectrode, they operate in
the depletion mode, and the channel region is tegblef carriers resulting in
high channel resistance. When the gate electroda@ased negatively, they
operate in the accumulation mode and a large coratem of carriers is
accumulated in the transistor channel, resultingpwm channel resistance. For
n-type TFT operation, the electrode polarity isemsed and the majority carriers
are electrons instead of holes. For instance,\gp@-$emiconductor is shown in
Fig. 2-6 (a) When ¥=Vs=V; =0V, a negative bias is forced on the gate to form
the ohmic currentpl After that, when ¥=Vs=0V and \&<0V, the gate current
would across the insulator layer and some areansdilator-semiconductor
interface  would bend the band gap of the semicawmducThen, the
accumulation region is formed as shown in Fig. R6{The ohmic contact
between source and drain electrodes leads to additcharges. When positive
bias are applied on the gate electrode, an oppositeed band gap would occur
in the insulator-semiconductor interface. This heswnducts the depletion
region of carriers. The higher bias on the gatetedde, the larger depletion the
region expands. Finally, all of the semiconductoyelr will be depleted. The
voltage across the insulator and semiconductorsayepends on the position of

the channel which is a functional relationship witgain voltage has strongly
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negative bias effe@sshown in Fig. -6 (d).

= . I = [ 1
O W 2 o | =

Insulator Insulator ‘ Insulator
v, VA ‘ VN
(a) (b) (c)

= ] = St oo o
‘ v, L’.u;}; k> ‘;'4:» Vo ‘ { V. T - :":"‘.—: I Vo ‘

Insulator ‘ Insulator
o o ‘ vV, - -
(d) (e)

Fig. 2-6 Schematic of organic field-effect transistors operation in
accumulation mode: (a) VD=VS=VG=0V, (b) VD=VS=0V, VG <0, (c)
VS=VvD=0V,VG>0,(d)VS=0V,VG <VD<O0,and (e) VS=0V, VD

<VG<O.
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Chapter 3.
Experimental M ethod

The device fabrication and processing parametersi@scribed in detail. The
method of fabrication process of CMOS-like inverigralso presented in this

chapter.

3.1 Experimental Steps

3.1.1 Substrates Cleaning

The dimensions of substrate (si) are 2 cm x 2 dne. Jubstrate were cleaned
by DI water for 5 minutes and HF solution (HF: H2ZD4.00) for 10 seconds,
respectively. Sequentially, the cleaning was coiepleby blowing off the

moisture and baking at 1@ for 2 hours.

3.1.2 Inorganic Active Layer Deposition

The sputter system with a background pressurex<2° torr shown in Fig.

3-1 was employed to deposit a-IGZO thin films. Teposition was came out at
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RF power = 80W, pressures working at 8 x 10-6 toxggen and argon flow

rate are equal to 0.6 sccm and 0.8 sccm, resphctive

Fig. 3-1 Sputter system

3.1.3 Annealing Process

Using atmospheric anneal furnace in nitrogen andai¢o rearranga-1GZO
lattice again. After annealing process, the eleatrcharacteristic of the device
is better than the device without annealing. Big. shows the instrument of

atmospheric anneal furnace.
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Fig. 3-2 Tubefurnace

3.1.4 Organic active layer and metal electrodes deposition

The thermal evaporation system with backgrounesgure about 3 x 10
shown in Fig. 3-3 was employed to deposit the pmmta layer and gold (Au)
electrodes. The evaporation rate of pentacene wsasita0.3~0.4 A /sec.
Subsequently, the Au electrodes were deposited th@active layer with an

evaporation rate of 1~1.5 A /sec at a pressurexaf @ torr.
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Fig. 3-3(a) A thermal evaporation system and (b) the photo of thethermal

evapor ated facility.

3.2 Thefabrication process of a-| GZO/Pentacene TFTs

The bottom gate a-IGZO TFT structure was adoptetthisistudy and the
fabrication produces are depicted in Figure 3-4 Whit TFT was fabricated
on heavily doped (n++) si wafer with 100-nm thi¢letmally grown oxide
layer as the gate electrode and insulator, resfd¢tiA 40-nm-thick a-IGZO
film was deposited on to serve as the active chafi®ie) by RF sputtering

and the deposition was done in an oxygen atmosyghére 10°) without any
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intentional substrate heating. After deposited Z4GHIm, pentacene layer
was deposited by thermal coater. Finally, the Aursg/drain electrodes were
patterned through a stencil mask by thermal evajooraFinally, two

identical transistors were interconnected with eatiier to complete the
CMOS inverter. All of our device characterizationere carried out in the

dark at RT by using a semiconductor parameter aaalKeithley 4200).

(A)Start with n++Si / thermal oxide wafer & wafer clean

N++Si(Gate)

(B)Deposit a-1GZO thin film with sputter, no intentional heat

a-IGZO

(C) Deposit pentacene layer by thermal coater

N++Si(Gate)
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(D)Thermal evaporation of Au source/drain electrode (40nm)

N++Si(Gate)

(E)Ambipolar TFT is Composed of 2 single devices

vout

Vb ground
1 — 7

Gate Si (N++)

Fig. 3-4 Process of ambipolar TFT flow chart (A) Start with n++Si /
thermal oxide wafer & wafer clean, (B) Deposit a-1GZO thin film with
sputter, no intentional heat, (C) Deposit pentacene layer by thermal coater,
(D) Thermal evaporation of Au source/drain electrode (40nm) and

(E) Ambipolar TFT is Composed of 2 single devices
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3.3 Electical Measurement and Mor phology analyses

3.3.1 Film M orphology

An atomic force microscope (AFM) shown in Fig. 3wkas utilized to
measure the morphology of deposited active laylee. AFM was set to tapping
mode and the probe oscillation frequency was 300 He tapping mode
overcame the limitations arose due to thin layethaf condensed phase that
formed on most sample surfaces in an ambient ingagmvironment. The grain
size and shape of pentacene are critical whenght&pene crystals deposited on
the different insulator layers. Measurements ofghe@n morphology by AFM
were operated in the atmospheric conditida.shown in Fig. 3-6, pentacene
thin films with three kinds of thicknesses, 20, 30, nm, were measured by
atomic force microscope (AFM). The roughness of3M),and 40nm thick films

were 0.162 nm, 0.151 nm, 0.137 nm, respectively.
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Fig.3-5 A schematic model of AFM.

Fig. 3-6 (from left to right) AFM images of 20, 30, 40 nm thick a-1GZO

films.
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3.3.2 Electrical characteristicsof OTFT devices

The electrical characteristics of the devices, swash degradation and
hysteresis, can be evaluated by Keithley 4200 smwdiactor analyzer. In
addition, the relationship betweepVgs and bs-Vgs curves can be extracted
from measurement results.

The relationship between wafers surfaces and adsiyers will affect the
Subthreshold swing (S.S). Annealing process will cause thié@reshold voltage

(Vth) shift.
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Chapter 4.
Results and Discussion

4.1 Optimization of the Characteristicsof a-|GZO Thin Film Transistors

In order to control the electrical characteristi€ésa-1GZO film, TFT with the
channel deposited by optimized deposition condsti¢fr / O, flow rate =10
sccm/0.6 sccm) was fabricated. However, post amgegbrocess strongly
affects the electrical properties of a-IGZO filrhjd one of the key parameter to
control the characteristics of TFT behavior. As whoin Fig. 4-1(a), the
threshold voltage (Vth) shifted negatively afternaaling at 350C inN,
environment for 2 hours. Fig. 4-1(b) shows theVps characteristics of the
a-IGZO TFT after annealing at 350  fbhour. According to Figs. 4-1(a) and
(b), the transfer characteristics of a-IGZO TFTgeveptimized by adjusting
oxygen/argon ratios during RF sputter and varyiniferent post-annealing

conditions.
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Fig.4-1(a) Ips-Vgscurvesof a-IGZO TFT with different annealing time.

(b) Ips-Vpscurvesof a-1GZO TFT after annealing.

4.1.1. Discussions

In Ips-Vgs curves, the post annealing time from 0 to 2 houa ihalf hour
increment. It is noted that when the annealing ten@ver than 2 hour; TFTs do
not exhibit an appreciable electrical characteriatid thus, are omitted from this
plot. Consider the behavior of annealing time bey@nhour, the decrease of
V14 is possibly associated with crystallization (i.grain boundary-inhibited

transport).
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4.2 Characteristics of Pentacene/a-1GZO Ambipolar TFTs

In order to optimize the electrical characteristiseveral combinations of

thicknesses were investigated. First, at by fixmaGZO thickness at 40 nm,

change pentacene with thickness from 20 to 40 nme wabricated and

measured electrical property are shown in Figs.(4)2o (c). The reason for

choosing a-1GZO thickness at 40 nm is that thek#ridilms can accumulate

more carriers to attain high voltage gain.
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Fig. 4-2 Thickness effect on devices (a) pentacene =20 nm, IGZO = 40nm

(b) pentacene =30 nm, IGZO = 40nm and (c) pentaceneand |GZO =40 nm
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When thicknesses of a-IGZO and pentacene films4@renm and 20 nm,
respectively, a-IGZO layer will suppress pentacdaer's bs-Vps curves.
Increasing pentacene layer to 40 nm, the curremdtisaturated at highp¥. It is
noted that at the thickness of pentacene layeOaim and a-IGZO layer of 20

nm, p-type layer will also suppress the n-typessteical characteristics. Fig. 4-3

shows the effect obk-Vps curve.
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Fig. 4-3 1ps-Vps curves (a-1 GZO/pentacene 20nm/40nm)

The optimal thicknesses of a-IGZO layer and pem@dayer were found

to be 40nm and 30nm, respectively. The a-IGZO filim(40nm) and pentacene
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thin film (30nm) were deposited in order on thes8bstrate with a thermally
grown SiQ layer (100nm). Au was used as source and drairtretls by
thermal evaporation. Without any passivation layee TFT characteristics
were successfully measured in ambient gg-Mgs curves are shown in Fig. 4-4.
On/off current ratio is decreased wheps\s increased. Take n-type operation
for example, when }s > Vgs, holes are induced and injected into active layer
due to electric field between gate and drain ebeletr Mobility of 0.02 and 4.57

cnt V/s were estimated for holes and electrons, resmy.

10.4 L | ! | y | | | | 104
10°F e {10°
Py R —~
< ¥ig <
0 3 0,
i [ A
= 10° E =
B Vc;s=1v | VGS=1V
—-V =11V —o-V =11V
AoV =21V AV =21V
10'10 L | | T 10'10
40 30 20 -10 10 20 30 40

Vgs(Volt) Vgs(Volt)

Fig. 4-4 155V s curve of optimized thicknesses of a-I GZO /pentacene layer
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4.2.1. Discussions

There have several interesting phenomena observedgdoptimizing the
thickness of a-IGZO/ pentacene. In the Figs. 4-2f& 4-3, at low ¥s, the
current washot saturated at highpy, instead, it increased steeply. For example,
when operated in n-type region,cyand \ps are positively biased, when
VpsVes>0, Vps can be treated as 0 whilegyas negative. Thus, when the
voltage difference becomes larger than the amoentagene film can sustain,
holes accumulate under the drain electrode. Battrains in n-type region and

holes in p-type region contribute to the currerth& moment.

4.3 Complementary M etal-Oxide-Semiconductor-Likeinverter

A CMOS-like inverter was fabricated combining twaenl@polar TFTs

containing a-lIGZO/pentacene layers. The crossamati view of this

CMOS-like inverter and equivalent circuit are shawifrigs. 4-5 (a) and (b).
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Fig. 4-5 CMOS-likeinverter (a) planar structurediagram (b) ssimplified

circuit diagram

In the inverter circuit, the gate served as an timmde and was shared
botl transistors. The input voltage (Vin) range was 0\6O¥ while Vpp was
constantly biased at £50V. Our inverexhibits a high gain value-dV,/dVi,)
about70. In Fig.4-6, maximum gain up to 70 was obtained when operatie:
inverter in I1-type regionIn p-type region the maximum gain up to Previous
studies® #!reported thevoltage gain of deviceabou 10. Higher voltage gail
for CMOS and small hysteresiswere observec Smal hyseresisimplies small
grain boundar in the surface between active layer ainsulato. Unlike
conventional CMOS inverter, our CMtlike inverter can be operated in

guadrant, because the ambipolar TFTs have bc-type and -type behavior
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This makes the circuit design simpler, and can depted for display circuit

applications.
T T T T 80 0 T T T T 60
40 170 s Vogtput'50
A . \'/OUtput A =1=(ain _»—
—1=Gan 1% B '
150 _ ol =
e = ‘
02 00 +30 @)
> 0 2 D
~ ) (335 3 — 3
) >° 20
> 120 2 .
; 0 10
0 0
0 10 20 30 40 50 50 -40 30 -20 -10 0
Vin(Volt) Vin(Volt)

Fig. 4-6 Voltage transfer curve and their corresponding gains of ambipolar

TFTsoperated in the (a) first and (b) third quadrant

Dynamic response was performed by measuring theubstgnal \4,; with
respect to the input signal,Wusing an oscilloscope with 1®input impedance.
At the frequency of 1 Hz, the input 30 V can invest~15 V. Until to the
frequency of 20 Hz, the inverting action showsttéeliRC delay at on and off

switching. Figure 4-7 shows the dynamic behavior ooir inverter when
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operating in the frequency range of 1Hz and 20 He rising (f) and falling
times () at 20 Hz in our inverter was measured to be ab@uats and 0.9 ms,
respectively. Previous study published in ABfreported that the devices only
can operate in the frequency less than 10 Hz. ®uicds hence have the fastest

frequency response in previous resedf¢h’!

30 —— —_—

= input waveform

® output waveform
20 -
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Fig. 4-7 The dynamic behavior of CMOS-likeinverter. Thetop diagramis

at 1 HZ. Thebottom diagram isat 20 HZ
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4.3.1. Discussions

In section 4.2, another interesting phenomenon rgbde during the
optimization of thickness is the relationship betwehickness and voltage gain.
Figures. 4-8 (a) and (b) show the voltage gain rdiag. In Fig. 4-8 (a),
pentacene layer and a-IGZO thin film are both atr2@. In Fig. 4-8 (b)
pentacene layer and a-IGZO thin film are both bath0 nm. TheirJs-Vgs
characteristic has no obviously different. Howeuwbe voltage gain is higher
because the thicker active layersThe reason is that thicker films can

accumulate more carriers to attain high voltage.gai

60 : ; . — 50 0 T T T T 60
= Voutput = — Voutput
—=—Gain |, _ ﬂl--—Gain 150
. 140
o 40r ' 430 = 20+
© ° ®
> g = o)
= \ 120 5 5 =
o (o]
> >
20 + 410
-] L]

0 10 20 30 40
V_(Volt)

(a) (b)
Fig. 4-8 Voltage gain of CMOS-likeinverter. Pentacene/a-lGZO filmsare

(@) 20nm and (b) 40nm.
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The other important parameters of CMOS invertelyisamic behavior. To

make a faster inverter (work at high frequencyppagation delay #} is a key.

- _ AV c = C, [V, _ C.
P | W 2 W
kaT(vdd Vo |) Ky 07V
tHL:AVC_ C, IV, _ C.
P | w 2 W
kn DT(Vdd |VTN |) kn DTVdd
C 1 1
tp: 2(tpLH +tpLH )_ WL (k +k ]
2DL—Vdd n P

So to reduce the propagation delay, (t is necessary increasg k k, ~ W/L
and \Lp and reduce the load capacitance)(C

Another important issue of CMOS inverter is powensumption. The power
consumption can be expressed in Eq. (4-2).
E = Energy / transition—;:x CL X V4 (4-1)
P =Power 2 X fxE =fx C, X V& (4-2)
f:cycle/sec

The output is the opposite of the input is an iadeablel of inverter. However,
in order to make a low power consumption inveltsad capacitance ({, work
frequency and M, need to be reduced. However, the povwgen function of

frequency, as shown in Eqg. (4-2). So considered tthde off of power
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consumption and time delay, increase of W/L impties larger size, andpy
increase results in more power dissipation.

NMOS logic also can be the CMOS inverter. Howevke, resistance cause
more power consumption whenyVis high, as shown in Fig. 4-9. For our
devices, increasing W/L of the ambipolar TFT negird side can reduce the

resistance achieve low power consumption.

- Power consumption

Output vV

Fig. 4-9 Power consumption issue from NM OSlogic and

CMOS-ikeinverter
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Chapter 5
Conclusion
And FutureWorks

5.1 Conclusions

In this study, we fabricated ambipolar TFTs throwglinybrid route by
combining organic/oxide semiconductors. These aol@pTFTs can be a
CMOS-like inverter circuit. The contributions ofigshstudy are: (1) Largest
gain and fastest operation frequency are achiav€&MOS-like inverter. (2)
leading the researches regarding to the CMOS-hikerter composed of

a-1GZ0O and pentacene.

First of all, in order to control the electrical ashcteristics of a-1IGZO
TFTs, optimization by adjusting oxygen/argon ratitsing RF sputter and
adjustment of post-annealing conditions were regliAnnealing time over
than 2 hour; TFTs do not exhibit an appreciablerattaristic. One hour is
the best time duration of annealing process fordawice with 100-nm thick
thermally grown oxide layer as the insulator. Botishannel and p channel

behaviors of the ambipolar TFTs were analyzed togetwith their
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corresponding inverter circuits. The optimal thiekses of a-1IGZO layer and
pentacene layer were found to be 40nm and 30nmpecésely. The initial
inverter showed a high voltage gain about 70 utiteeisupply voltage (M)

of 50V. Dynamic behavior of the inverter at 20 Hgirrg (t,) time and
falling times (t) were measured to be about ~2ms and 0.9 ms, resgect
The largest gain and fastest dynamic behavior wakieved in our

COMS-like inverter.

= Ambipolar i
bentacendll @D
" CMOS-like
— inverter =
oo one N

Gain:
70 in 1st quadrant
52 in 3@ quadrant

Fig. 5-1 CMOS-ikeinverter achievements

Overall, a-IGZO/pentacene TFTs exhibits an ambipddehavior with

balanced field effect mobility and qualifies thetwes as promising candidates
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for the applications in AMFPDs. Table 5-1 compavas latest results (the gain
value of 70) and similar studies reported elsewh&ré?

Table5-1 Summary & comparison for ambipolar TFTsand inverters

Inverter APL 2008 APL 2008 2008
Comparison Vol. 93, 033306 Vol. 93, 213505 Submitted to SID09
NCKU U. of Tokyo NCTU

TFT type Ambipolar P-type + N-type Ambipolar
Inverter CMOS-like CMOS CMOS-like
P- type TFT pentacene pentacene pentacene
N-type TFT In,0, a-1GZo a-1GZ0
Gain (dV,,,/dV,,) 9 56 70
Operationquadrant 1+3 1 1+3
Process Easy Complex Easy

5.2 FutureWorks

Using platinum (Pt) as the electrodes and buffgerddetween active layer
and insulator is a way to enhance hole’s transpdetatinum enables both
n-type and p-type characteristics for a-IGZO atdhee time. The fabrication
process can be simplified.

Operating voltage, output frequencies, and gainesabf CMOS-like inverter
will be further studied and optimized. These aml@pdFTs open a viable way
to fabricate high performance logic devices withchamnical flexibility and good

reliability in air ambient.
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