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The long-term goal of this research project is the development of solution-

based inorganic dielectric and semiconductor materials for inkjet printed elec-

tronics. The main focus of this thesis involves testing of the materials and devices

under development.

A new solution-based inorganic dielectric material (HfOSO4), given the

name hafsox, is developed and shows excellent dielectric properties. Hafsox with

the addition of lanthanum, to improve film dehydration, has successfully been

demonstrated as a gate dielectric. Metal-insulator-metal (MIM) capacitance test-

ing of hafsox with lanthanum, has resulted in a low loss tangent of 0.30% at 1

kHz, a relative permittivity of 11.47 at 1 kllz, a breakdown voltage of 6.30 MV

cm1, and a leakage current density of 4.38 nA cm2 at 1 MV cm1.

Progress has also been achieved in the development of solution-based semi-

conductor materials. To date the most successful of these materials is zinc indium

oxide (ZIO), which has been demonstrated as a thin-film-transistor (TFT) chan-

nel material. This ZIO TFT is a depletion-mode device with a turn-on-voltage

of V -19 V, a threshold voltage of VT - -16 V, and a drain current on-to-off
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ratio of Mobjlities extracted from this ZJO TFT include an incremental

mobility of p, r.' 0.05 cm2 V' sec1, an effective mobility of ,uU 0.02 cm2

V sec1, and an average mobility of 0.02 cm2 V sec1 at VGS = 20 V.

The development of metal-semiconductor field-effect transistors (MES-

FET) TFTs is also investigated as a means of eliminating the need for a dielectric

material in order to reduce the complexity of fabricating circuits. MESFETs are

attempted with semiconductor materials such as CdS that is deposited by chemical

bath deposition (CBD) and Sn02 that is deposited by RF magnetron sputtering,

but with little success. The most successful MESFET-like device fabricated, em-

ploying Sn02 as the channel material, is a strong depletion-mode device with a

small amount of gate voltage modulation.
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CHARACTERIZATION OF SOLUTION-BASED INORGANIC
SEMICONDUCTOR AND

DIELECTRIC MATERIALS FOR INKJET PRINTED ELECTRONICS

1. INTRODUCTION

The idea of employing inkjet printing for thin-film deposition is an attractive

approach for the realization of low-cost electronics. The reduction in cost comes from

elimination of expensive deposition equipment, e.g., sputtering and chemical vapor

deposition (CVD), which require the achievement of a high vacuum and large amounts

of power to operate. This cost advantage extends to the patterning of the materials

with the inkjet printer rather than the use of conventional photolithography processes

to form circuits.

Even though the lower cost of producing electronics is a very attractive aspect,

there is another attribute that also makes inkjet printing attractive. This attribute

is that materials can be deposited at low temperatures, which makes it possible to

deposit them onto flexible plastic substrates. This creates the possibility of a whole

new technology: flexible electronics. Inkjet printing has already been used in the

development of flexible displays developed by companies such as Plastic Logic, [1]

Lucent, [2] and Epson. [3]

Progress in the printing of electronics onto flexible substrates is underway, but

there is a major problem with the research being undertaken in this area. This

problem is that the circuits that are being printed are fabricated using organic semi-

conductors, which typically have mobilities lower than that of amorphous silicon. Low

mobility translates into poor circuit performance, limiting the application possibilities

of low-cost electronics.

The focus of this thesis is the development of inorganic materials that can be

converted to a solution-based form which could eventually be deposited by means of
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inkjet printing. These materials are tested by fabricating structures such as a metal

insulator metal (MIM) capacitors to test dielectrics, and thin-film transistors to test

semiconductors. This work has been accomplished in conjunction with Jeremy An-

derson, a Ph.D. student in the department of Chemistry and Yu-jen Chang, a Ph.D.

student in the department of Chemical Engineering here at Oregon State University.

The main focus of this thesis is in the testing of the materials under development.

The structure of this thesis is as follows. Chapter 2 is a review of informa-

tion related to inkjet printed electronics, materials that are good candidates for this

process, and the test structures used. Chapter 3 covers processes involved in the

fabrication and testing of the materials used. Chapter 4 is a discussion of the ma-

terial development progress and testing results. Chapter 5 presents conclusions and

reconmiendations for future work.
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2. LITERATURE REVIEW

The focus of this research is on developing solution-based materials that can be

deposited by inkjet printing to form electronic circuits. This chapter reviews previ-

ously reported inkjet printed electronics work and also discusses and compares the use

of organic and inorganic materials. Different test structures including metal-insulator-

metal (MIMs), thin-film transistors (TFTs) and metal-semiconductor field-effect tran-

sistors (MESFETs), which are used to test these materials, and the equations used

to model these structures are also discussed.

2.1 Inkjet Printed Electronics

The idea of employing an inkjet to print electronics is not new. Much research

is currently being pursued in the area of organic inkjet printed electronics on plastic

substrates. [1, 2, 3] Much of this research focuses on looking for less expensive methods

for developing electronics than what exists today in the way of conventional electronics

manufacturing.

Conventional manufacturing of electronics requires the use of vacuum deposi-

tion chambers for depositing materials, as well as photolithography and etching to

pattern these materials. The equipment required to accomplish this is expensive, and

the concomitant processing is not simple. Another area of interest related to inkjet

technology is the area of flexible electronics. Conventional electronics manufacturing

is typically perfonned at high temperatures, thus making it impossible to deposit

electronics on plastic substrates. Even electronic manufacturing processes that are

considered low temperature (<450°C) are too high for plastic substrates.

Inkjet printing of electronics presents a method of depositing materials outside

of vacuum chambers and introduces an alternate method for patterning, other than

with photolithography and etching. This capability simplifies and lowers the cost of

processing. Inkjet printing also reduces the temperature that is needed to deposit
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materials and makes it possible to deposit onto flexible plastic substrates. Thus,

inkjet printing makes continuous reel-to-reel processing of large-area circuits on plastic

substrates a feasible possibility.

Utilizing inkjet printing, companies such as Epson have recently utilized their

printing technology to develop an ultra-thin 20-layer circuit board. [3] This inkjet

printed circuit board is 20 mm x 20 mm x 200 pm in size. It contains 20-layers

with line thicknesses of 2 pm and line widths of 50 pm. Plastic Logic [1] is produc-

ing flexible active-matrix displays using an organic polymer thin-film deposited by

inkjet printing onto plastic substrates. E-Ink collaborating with Bell Labs [2] is also

developing flexible displays deposited onto plastic substrates. The commitment of

these companies, as well as others, shows a high level of interest and illustrates the

tremendous progress made in this area.

Currently, inkjet printing utilizes two types of technologies for printing. The

first technology, referred to as continuous inkjet, is based on inducing an electric

charge to the liquid and ejecting a jet of conductive ink from an. orifice through a

region with an external electric field. After the jet breaks up into isolated droplets, the

charge remains on the droplets and can be used to deflect the ink toward the substrate.

[4] In the second technology, known as drop-on-demand (DOD), ink droplets are

formed only when required. The two dominant DOD technologies involve thermal

and piezoelectric printing. [4] In thermal DOD printing, droplets are generated by

heating the wall of the ink chamber to about 300CC, causing the formation of vapor

bubbles and the ejection of droplets through a nozzle orifice. In piezoelectric DOD

printing, a pressure wave in the ink chamber is generated by applying a voltage pulse

to a piezoelectric stack or plate, resulting in the formation of droplets at the nozzles.

[4]

The process of inkjet printing may sound simple at first, but many factors are

involved in controlling the process. To control the placement of the ink deposited,

inks are formulated in a narrow viscosity range and a surface tension compatible
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with the specific print head used. In addition to the ink properties, the ejection of

a droplet from a nozzle needs to be stable and reliable. Fluctuations in the droplet

volume can cause undesirable variations in line widths and the spreading and drying

of ink droplets on the substrate. [4] In order for the printed material to stick to the

substrate and produce a continuous pattern, it is also important that the contact

angle for the material being deposited be controlled. [5] This is why just putting a

solution into an ink cartridge and attempting to print it can produce non-uniform

widths and thicknesses, causing the deposition to be erratic and uncontrolled. Even

under these stringent requirements, inkjet printed electronics requires greater droplet

placement accuracy than traditional graphics art printing.

One of the major problems with direct-write inkjet printing of electronics is

the relatively large resolution of about 20 to 50 pm. [6, 7] Channel lengths of 5 to

10 pm are required to achieve adequate drive current and switching speeds. [6, 7]

For this reason most inkjet printed electronics accomplished today are not patterned

exclusively by the inkjet printer. Typically conventional methods are utilized, such as

photolithography to pattern printed materials or surface energy patterning to direct

the flow of the printed water-based conducting polymers. S. E. Burns et al. [6]

reported using a high-resolution patterning technique to produce minimum channel

lengths of 5 to 10 pm. This is achieved through the use of photolithography and

02 plasma etching of a 50 nm polyimide film, making the etched regions hydrophiic

and the un-etched regions hydrophobic. [6] Plastic Logic [1] and E-Ink [2] have also

reported using a surface-energy patterning technique, which makes the surface of the

substrate that the film is to be printed on hydrophilic and the other areas hydrophobic,

for higher resolution patterning.



2.2 Flexible Substrates

Flexible substrates include, plastic substrates, flexible stainless steel, [2, 8) Kap-

ton foil, [9] and viewfoil. [10] These flexible substrates have typically been used for

solar cell devices, but are gaining interest for use in large role-up displays. [2]

The use of flexible substrates requires that the materials being deposited be

capable of flexing rather than breaking when the substrate is bent. This is one of

the reasons why organic materials are typically used. Some inorganic materials have

been deposited onto flexible substrates. These materials include CdS, InGaZnO, [11]

Sn02, [12] indium tin oxide (ITO), and ZnO. [8, 13]

The main requirement for depositing onto plastic substrates is that the mate-

rial processing temperature not exceed the thermal stability of the plastic substrate.

Plastic substrates are sensitive to temperature, humidity, and mechanical stress. [14]

To make it possible to deposit materials onto plastic substrates, the processing tem-

perature needs to be kept low to prevent distortion. This typically means processing

at temperatures < 200°C. [15] Organic TFTs are processed at low temperatures which

makes them compatible with plastic substrates. One concern with employing an or-

ganic material is that many of the solvents used can dissolve the plastic substrate.

A plastic substrate material that has widely been used for electronics is polyethylene

terephthalate (PET). [13] PET is manufactured by Dupont and is heat-stabilized

to give dimensional stability at temperatures up to 150°C. [13] Kapton polyimide

films are also manufactured by Dupont and are dimensionally stable up to 400° C.

[16] For higher temperatures, other flexible substrates such as stainless steel foil are

used because they can withstand the high temperature processing that is needed for

conventional electronics. E-Ink [2] has reported building a display on a stainless steel

foil substrate because of its thermal stability. [2]
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2.3 Organic Materials

Most of the attention related to solution-based processed devices has been di-

rected towards organic thin-film transistors (OTFTs). OTFTs have been fabricated

via conventional processing methodologies such as thermal evaporation, as well as

by solution deposition. Organic semiconductors come in two forms, small molecu-

lar chains (usually denoted as 'small molecule') such as pentacene or long chains of

molecules known as polymers. Currently OTFTs are being developed for use in flex-

ible electronics due to their structural flexibility and low-temperature processability

making them compatible with plastic substrates. OTFTs are also popular because

they can be fabricated via low-cost solution deposition methods, such as inkjet print-

ing or spin-coating, and because they can be used in large-area applications. [17]

Organic semiconductors can be put into solution using solvents such as chloroform,

1,1 ,2,2-tetrachloroethane, tetrachioroethylene, chlorobenzene, toluene, p-xylene, 3-

methylthiophene, anisole, and Tetrahydrofuran (TEEF). [17] Different solvents pro-

duce films of different degrees of order, uniformity, and continuity. [17]

2.3.1 Organic Semiconductors

Some of the reported organic semiconductors that have been deposited from so-

lution are pentacene, polythiophene, polyacetylene, poly(3 hexylthiophene) (P3HT),

[6] poly(3 - alkyithiophene) (P3AT), poly(3 - octyithiophene) (P3OT), [18] poly(3 -

dodecylthiophene) (P3DDT), [18] poly(3 butyithiophene), [17] poly(3 - decylthio-

phene), [17] poly(9 dioctyifluoreneco - bithiophene) (F8T2), [6] polythienyleneviny-

lerie (PTV), and alpha omega - dihexyl - quinquethiophene. [17] The channel

mobilities of the OTFTs has increased from i0 cm2 V sec1 obtained from a

polythiophene OTFT in 1986 to 2.7 cm2 V sec1 obtained from a single crystal

pentacene OTFT in 2000. [17] The channel mobility of OTFTs has improved dramat-

ically in recent years, but the mobility of organic devices appears to be fundamentally

limited by weak van der Waals interactions between organic molecules, as opposed to



stronger covalent and ionic bonding found in inorganic materials. [14, 17] The upper

mobility limit for organic molecular crystals using time-of-flight experiments has been

determined to fall between 1 and 10 cm2 V1 sec1. [17] These mobilities are not

likely to be achieved through solution processing since this processing methodology

typically produces amorphous films. The highest reported channel mobility for a so-

lution deposited p-type pentacene OTFT is 0.89 cm2 V sec1. [14] This mobility

is lower than that of amorphous silicon (a-Si) which is reported to have a mobility of

1 to 2 cm2 V1 sec1. [14, 19]

2.3.2 Polymer Dielectrics

Many of the OTFTs reported in the literature are actually organic-inorganic

hybrid transistors. [18] This means that some of the layers are organic, typically the

semiconductor, but other layer(s) are inorganic, usually the metal contacts and the di-

electric. Many of these hybrid OTFTs use Si02 for the dielectric layer. Reported poly-

mer dielectrics include poly(4 vinylphenol) (P4VP) [18], poly(4 hydroxystyrene)

(PHS) [20], and poly(biphenyltetracarboxylic dianhydride - co - phenylen - ediamine)

(PBPDA - PD) [21] Y. Liu et al. [21] reported inkjet printing of PBPDA - PD (from

Aldrich corporation) as the dielectric layer of their organic inkjet printed capacitor.

BPDA - PD is used because of its reported dielectric strength of 22 kV/mm. [21] W.

Fix et al. [22] reported using an organic copolymer blend with a dielectric constant

of 2.5 dissolved in dioxane and deposited by spin coating for the gate dielectric. [22]

A polymer dielectric typically has a low dielectric constant; this is good if it is to be

used as an interlayer dielectric, but is not desirable for gate dielectric applications.

This is one reason why many OTFTs use Si02 as the gate dielectric.

2.4 Inorganic Materials

Organic semiconductors are being extensively investigated for inkjet printing

applications due to their low temperature processability and availability in solution



form. Little consideration appears to have been given to solution-based inorganic

semiconductors, presumably due to their poor solubility, as well as the fact that they

typically require high processing temperatures and are believed to have mechanical

properties incompatible with flexibility. However, the low mobilities of organic semi-

conductors leads one to conclude that it is time to more carefully consider inorganic

semiconductors. A few solution-based inorganic materials already have been devel-

oped and are being processed at low temperatures compatible with plastic substrates.

The most popular solution deposition process used for inorganic semiconduc-

tors is chemical bath deposition (CBD). Typical materials that are deposited in this

manner are CdS, CdSe, and ZnS. Although CBD is distinctively different than inkjet

printing, it provides a baseline approach for initiating solution-based synthesis of in-

organic materials. For this reason, the initial work reported in this thesis relates to

CdS deposited by CBD. CdS is reported to have Hall mobilities of 300 to 350 cm2

V sec1 and dark mobilities at room temperature of 15 to 40 cm2 V1 sec1. [23]

Successive ionic - layer absorption and reaction (SILAR) is another popular

method for depositing films from a solution. SILAR involves dipping of a substrate

into alternate aqueous solutions in order to build up a film. SIL AR-deposited ma-

terials include Cu20 and ZnO. The precursor chemistry used for SILAR could be

adapted to inkjet printing.

The sol-gel process is a versatile solution process for making ceramic and glass

films. The sol-gel process involves the transition of a system from a liquid "so!" into

a solid "gel" phase. Applying the sol-gel process, it is possible to fabricate ceramic

or glass films in a wide variety of forms. Sol-gel deposition is typically accomplished

by spin-coating or dip coating, but again the precursor chemistry could be adapted

to inkjet printing. Some of the materials that have been deposited by sol-gel include

ITO, [24] Sn02, [25] and Hf02. [26, 27]

B. J. Norris et at. [28, 29] reported the solution-based deposition of ZnO by spin

coating. The ZnO solution is formed from a zinc nitrate precursor solution prepared
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by mixing 3.6 parts by mass of 99.999% zinc nitrate hexahydrate with one part

of 99.7% glycine and 2.2 parts of 18.2 Mf cm1 deionized water, which is heated

in boiling water for 75 mm. [28, 29] The success of this work provided a primary

influence for work presented in this thesis.

2.4.1 Transparent Conducting Oxides (TCOs)

Since printing of materials will most likely be performed in the presence of

air, water, and heat, during printing oxidation of the deposited material is likely

to occur. Thus, oxides would appear to be a suitable materials family for inkjet

printed electronics applications. One class of interesting oxides is known as trans-

parent conducting oxides (TCOs). These materials are currently under investigation

for transparent electronics and are typically deposited by sputtering or pulsed laser

deposition (PLD). Some of the TCOs considered in this thesis include Sn02 with a

reported mobility of 15 cm2 V sec1, [30] ZnO with a reported mobility of 20

cm2 V sec1, [30] zinc tin oxide (ZTO) with a reported mobility of 50 cm2 V'

[31] and zinc indium oxide (ZlO) with a reported mobility of 50 cm2 V1
sec1. [32] These materials typically require annealing at high temperature to pro-

mote crystallinity and thereby improve mobility. However, TCOs have recently been

deposited at room temperature with no post-deposition annealing. [11, 32] TCOs

are also good inkjet printed electronics candidates as a consequence of work already

mentioned related to deposition of ZnO by means of spin-coating. [28, 29] A similar

precursor chemistry can be used in developing other solution-based TCOs for inkjet

printed circuit applications.

2.4.2 Dielectric Materials

Solution-based methods for depositing inorganic dielectrics are not common.

This is associated with the fact that moisture incorporation, even in negligible amounts,

can cause a sharp increase in conductivity. [33] Having a reliable dielectric is a key
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requirement for making a good transistor. The dielectric must be uniform and dense,

thereby minimizing current leakage, in order for the transistor to operate properly.

Dielectric materials may be classified as gate dielectrics or interlayer dielectrics

(ILD). A gate dielectric should have a relative dielectric constant (ic) of 3.9 (Si02) or

greater, whereas an ILD should be between 3.9 and 1 (air). The motivation for this

requirement is that the higher the dielectric constant, the higher the capacitance of the

layer. A small capacitor is desired in an ILD in order to minimize electrical coupling

between adjacent transistors and interconnects. In contrast, a large capacitance is

optimal for a gate dielectric since the purpose of the gate is to capacitively induce

charge in a channel. With decreasing transistor size, the dielectric thickness also

decreases. A high relative dielectric constant, Ic, is desirable because it makes it

possible to achieve higher capacitance without changing the physical volume of the

capacitor, as evident from

,w0Acox
('ox

(2.1)

where Cox is the capacitance of the oxide, ic is the relative dielectric constant, eo is

the permittivity of free space, A is the capacitor area, and t is the thickness of the

oxide. This means that a dielectric can be thicker and yet still provide the capacitance

required. A thicker dielectric has less leakage current. Table 21 lists properties of

some typical dielectric materials.

A great deal of research is currently devoted to the development of high-ic

dielectrics. Most of this research is centered on materials such as Hf02. Hf02 has a

dielectric constant of 16-30 and a bandgap of 5.5 eV. [36] One disadvantage of Hf02 is

its relatively small bandgap. A1203 has a much larger bandgap of 7 eV. [36] However,

the relative dielectric constant of Al203 of 8-9 is not as large as Hf02. One approach

for obtaining both a high dielectric constant and a large bandgap is to employ a

layered structure consisting, for example, of A1203 and Hf02. This approach is used

in the development of a solution-based dielectric composed of layers of Al203 and

HfO2.
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Table 2.1: Properties of typical dielectric materials. [34, 35, 36]

Dielectric

Material

Deposition

Method

Dielectric

Constant ()

©lkHz

Break Down

Voltage (VBD)

MV/cm

Thickness

(tox) nm

Ref.

Si02 Thermal 3.9 12-15 - [34]

Si02 Sputtering 4 6 - [35]

SiON Sputtering 6 7 - [35]

SION PCVD 6 7 - [35]

A1203 Sputtering 8 5 - [35]

A.1203 ALE 8 8 - [35]

A1203 ALD 8.2-9 7.6-8.3 2.5-50 [36]

SiN4 Sputtering 8 6-8 - [35]

Y203 EBE 12 3-5 - [35]

Y203 Sputtering 12 3-5 - [35]

Ta203 Sputtering 23-25 1.5-3 - [35]

Ti02 ALE 60 0.2 - [35]

11f02 ALD 16.3-18.5 6-9 10-25 [36]

Zr02 AJAD 20-29 5.6-9.5 25-100 [36]
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2.5 Device Test Structures

The best way to test a semiconductor material is to incorporate it into a device.

Initial dielectric testing is performed using metal-insulator-metal (MIM) capacitors.

The testing procedure for the dielectric materials developed is discussed in greater

detail in Chapter 3. After MIM testing, TFTs are fabricated and the TFT device per-

formance is assessed. Another test structure which is attractive for printed electron-

ics applications, due to the lack of a gate dielectric, is that of a metal-semiconductor

field-effect transistor (MESFET).

2.5.1 Thin Film Transistors (TFTs)

The first TFT was patented by J. E. Lilienfeld in 1933 [37 and the first report

of a working TFT was by P. K. Weimer in 1962. [38] The TFT is similar to the

MOSFET in many ways. Both utilize a gate dielectric that is used to capacitively

induce a conductive channel in the semiconductor.

The difference between a MOSFET and a TFT is that the semiconductor used

in a MOSFET is much thicker and is single crystalline. This means that a MOSFET

typically has a higher mobility due to the absence of defects in the crystal structure.

A MOSFET is a four-terminal device and operates in inversion-mode. Current flows

in a MOSFET due to the formation of an inversion channel due to an applied gate

voltage.

In contrast, a typical TFT has a semiconductor thickness of 30-150 nm which

is deposited onto an amorphous substrate. A TFT is a three-terminal device that

operates in accumulation-mode, and the semiconductor is either amorphous or poiy-

crystalline. An amorphous semiconductor contains defects that introduce traps into

the bandgap. [37] An amorphous semiconductor is modeled as having traps evenly

distributed throughout the material, whereas a polycrystalline semiconductor has

traps primarily concentrated at grain boundaries. [37] Traps increase the threshold

voltage and decrease the mobility of the transistor.
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To model the electrical characteristics of a TFT the square-law model is usually

employed. The drain current, 'D, of an n-channel TFT operating in the pre-pinch-off

region (V V1', VDS VGS VT) is given by

= /1COX [(VGS VT) VDS (2.2)

where Z and L are the width and length of the charmel respectively, /Ln is the mobility,

C is the capacitance of the oxide, is the source-to-gate voltage, VDS is the

source-to-drain voltage, and VT is the threshold voltage. In the post-pinch-off or

saturation region (VGS VT, VDS VGS VT), the drain current is given by

Z/LCOX
2

(VGS-VT)2. (2.3)

The TFT of primary interest to this thesis is denoted as a bottom gate struc-

ture. Two types of bottom-gate structures are used throughout this thesis. The first

structure is shown in Fig. 2.1, and consists of a glass substrate, manufactured by

the Nippon Sheet Glass Company, coated with 200 nm sputtered ITO as the gate

contact and a 220 nm atomic layer deposited super-lattice of Al203 and Ti02 (ATO)

as the gate dielectric. This bottom-gate structure has been used in the development

of transparent transistors.

The second bottom-gate structure is shown in Fig. 2.2 and utilizes a ptype Si

wafer (NA "-' 1017 cm3) with a 100 nm thick, thermally-grown Si02 insulator as the

gate dielectric. [39] The backside of the wafer is first etched in hydrofluoric acid to

remove any native oxide after which a Ta/Au metal contact is deposited. The ptype

Si wafer together with the Ta/Au metal functions as the gate contact.

The TFTs are completed by sputtering or spin-coating a semiconductor layer

onto the dielectric. The semiconductor layer is patterned by using a shadow-mask or

left unpatterned producing a blanket coat across the dielectric layer. The source and

drain contacts are deposited by sputtering or thermal evaporation.
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Figure 2.1: Bottom-gate TFT structure consisting of a glass substrate, manufactured
by the Nippon Sheet Glass Company, coated with 200 mu sputtered ITO as the gate
contact and a 220 nm atomic layer deposited super-lattice of A1203 and Ti02 (ATO)
as the gate dielectric.

Figure 2.2: Bottom-gate TFT structure that utilizes a ptype Si wafer (NA 1017

cm3) with a 100 rim thick, thermally-grown Si02 insulator as the gate dielectric.
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Figure 2.3: Structure used for the thin-film version of a MESFET.

2.5.2 Metal-Semiconductor Field-Effect Transistor (MESFET)

A conventional metal-semiconductor field-effect transistor (MESFET) is dii-

ferent from a TFT in two ways. The first is that the semiconductor is a single

crystal wafer and the second is that a gate dielectric is not employed. Rather, gate

control is achieved through the use of a Schottky barrier, which is a rectifying metal-

semiconductor contact. A perceived potential advantage of this structure is that

a gate dielectric material is not needed, thereby reducing the number of materials

and processing steps needed for its fabrication. A preferred semiconductor for con-

ventional MESFET applications is GaAs. One attribute of GaAs is that it offers a

higher electron mobility than Si and is thus used in very-high-speed digital electronics

and high-frequency analog circuits. [37]

For inkjet printed electronics a thin-film version of the MESFET is investigated.

The thin-film MESFET, like the TFT has a semiconductor thickness of 30-150 urn

and is also deposited onto an amorphous substrate. The thin film MESFET is a

three-terminal device that operates in either depletion-mode or accumulation-mode.

Like the TFT, the semiconductor is either amorphous or polycrystalline. A typical

structure for a MESFET that is used in this thesis is shown in Fig. 2.3.
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To model the electrical behavior of a MESFET, the barrier hight must first be

determined. An energy band diagram of a MESFET with zero applied bias is shown

in Fig. 2.4. Traditionally the Schottky barrier height, for an n-type semiconductor

Bn, Is determined from [37],

4Bn = (;bM xs), (2.4)

where q is the metal work function, and xs is the semiconductor electron affinity.

In practice, (/Bn is often determined by the interface state density at the metal semi-

conductor interface, more than by the difference between the metal work function

and the semiconductor electron affinity. A more realistic estimate of the Schottky

barrier height [40, 41, 42] can be obtained from using,

Bn = S (cbM CNL) + (cbCNL xs), (2.5)

where CNL is the charge neutrality level, which is assumed to be equal to 4.5 eV

± 0.2 eV, in accordance with C. G. Van de Walle and J. Neugebauer, [47] if QCNL

is not available for a given semiconductor, and S is the interface pinning parameter

given by,

1S = (2.6)1 +0.1(E - 1)2'
where e is the high frequency dielectric constant. Typically, a is estimated from

the index of refraction, n, given by, [46]

(2.7)

For a metal and semiconductor whose interface is defined by fermi levelpinning,

Bn (cbCNL xs), (2.8)

in contrast to the interface pinning case of Eq. 2.4. Table 2.2 lists the reported metal

work functions for selected metals and measured Schott ky-barrier heights for selected

n-type semiconductors. [43, 44]
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Figure 2.4: Energy band diagram of a MESFET with zero applied bias, with q5nSchottky barrier height for an n-type semiconductor, g = semiconductor work
function, s = semiconductor electron affinity, cbM = metal work function, V1 =
builtin voltage, E9 = semiconductor energy bandgap, Ec = bottom of conduction
band, E top of valence band, EF semiconductor Fermi energy level, EFM =
metal Fermi energy level, E2 intrinsic energy level.
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Table 2.2: Reported metal work functions (q5) for selected metals and measured
Schottky-barrier heights (Bn) for selected n-type semiconductors. [43, 44]

MetalFM
(eV)

ØBn (Si)

(eV)

5Bn (GaAs)

(eV)

Bn (OdS)

(eV)

q5Bn (ZnO)

(eV)

Al 4.20 0.72 0.80 Ohmic 0.68

Au 5.47 0.80 0.90 0.78 0.65

Cu 5.10 0.58 0.82 0.50 0.45

In 4.09 - - - 0.30

Ni 5.22 0.61 0.45 -

Pt 5.64 0.90 0.84 1.10 0.75

Ta 4.25 0.85 0.30

Ti 4.33 0.50 0.84

W 4.55 0.67 0.80



Table 2.3: Reported properties of semiconductors to be used to determine Schottky
barrier heights. E9 = semiconductor energy baudgap, Xs = semiconductor electron
affinity, n = index of refraction, (I)cNL = charge neutrality level.

Semiconductor Eg

(eV)

xs

(eV)

n qCNL

(eV)

Si 1.12 [44] 4.05 [44] 3.49 U] 4.6 [40]

GaAs 1.42 [44] 4.07 [44] 3.30 [j] 4.85 [40]

CdS 2.42 [44] 4.50 [48] 2.38 [f] 4.4 [40]

ZnO 3.35 [44] 4.20 [48] 1.85 - 1.90 [49] 4.3 [40]

Sn02 3.50 [48] 4.80 4.90 [48] 1.8 - 2.2 [49]

1n203 3.00 3.60 [48] 4.30 4.40 [48] 2.0 - 2.1 [49]

ZTO 3.50 [31] 5.30 [31] -

ZIO 2.90 [31] 4.90 [31]

Table 2.3 lists some of the reported properties of selected semiconductors that

can be used to determine Schottky barrier heights. To determine the approximate

Schottky barrier heights the values of Table 2.3 and 2.2 have been used and are

reported in Table 2.4.

The equation for the drain current of an n-channel MESFET operating in the

pre-pinch-off region (VGS VT, VDS Vcg VT) is given by, [37]

'D G0 { v
2 1 Vbj + VDS) '2 Vbj 21

= DS -Vp0 i ( ( ) },
(2.9)

Vp0

where Go is the ungated conductance, Vp0 is the pinch-off voltage, and V&j is the built-

in voltage. The equation for the drain current of an n-channel MESFET operating

in the saturation region (Vg VT, VDS V VT) is,

ID
[VP0 2(V-V5)

_V+VG5]. (2.10)=
Th-+ /v;
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Table 2.4: Calculated values used to determine the approximate Schottky barrier
heights for selected semiconductor materials. Xs = semiconductor electron affinity, ii
= index of refraction, high frequency dielectric constant, S = interface pinning
factor qCNL = charge neutrality level, cbBn = Schottky barrier height for aii n-type
semiconductor utilizing the metal work function reported in Table 2.2 for the indicated
metals. a Approximated from Eq. 2.7. b Average Fermi level reported by C. G.
Van de Walle and J. Neugebauer [47].

Semiconductor xs

(eV)

n S 1SCNL

(eV)

Bn

(Ni)

(eV)

Bn

(Au)

(eV)

Bn

(Pt)

(eV)

Si 4.05 3.49 11.90 [40] 0.08 4.6 0.60 0.62 0.63

GaAs 4.07 3.30 10.89 [40] 0.09 4.85 0.81 0.84 0.85

CdS 4.50 2.38 5.27 [40] 0.35 4.4 0.19 0.28 0.34

ZnO 4.20 1.87 3.50 a 0.62 3.9 0.51 0.67 0.77

Sn02 4.85 2.00 4.00 a 0.53 b 0.03 0.16 0.25

1fl203 4.35 2.05 4.20 a 0.49 b 0.51 0.63 0.71

ZTO 5.30 1.94 3.76 a 0.57 b -0.39 -0.25 -0.15

ZIO 4.90 1.96 3.84 a 0.55 b 0.00 0.14 0.23
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Before the drain current can be determined, the ungated conductance (Go),

pinch-off voltage (Vpo), and the built-in voltage (Vj) need to be determined. The

ungated conductance is given by,

Go = (2.11)

where q is the elementary charge, ND is the donor doping concentration, and t is the

thickness of the semiconductor. The pinch-off voltage is given by,

qNt2
Vp0 = , (2.12)

2

where ES is the semiconductor permittivity. The built-in voltage is given by,

kT NDVj,j=cbB+ln - (2.13)
q (n)

where k is Boltzmann's constant, T is the temperature and n is the intrinsic carrier

concentration of the semiconductor.

2.6 Conclusions

A great deal of research is underway in the area of inkjet printed electronics. A

majority of this research is focused on organic materials for use in flexible electronics

due to their structural flexibility and low-temperature processability, making them

compatible with plastic substrates. the biggest drawback to using organic semicon-

ductors is in the low mobility, which is limited by weak van der Waals interactions

between organic molecules, as opposed to stronger covalent and ionic bonding found

in inorganic materials. For this reason this thesis research focuses on the develop-

ment of solution-based inorganic materials which have a greater potential for achiev-

ing higher mobilities, thereby facilitating the realization of high performance inkjet

printed electronics.
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3. EXPERIMENTAL TECHNIQUE

The experimental technique involved in the fabrication of thin film transis-

tors (TFTs) and the characterization process is discussed. First, material deposition

methods that are relevant to this thesis are discussed. Next, the methods for char-

acterizing these TFTs, and finally the characterization techniques used to determine

the dielectric properties of dielectric materials are presented.

3.1 Materials Deposition

This section describes different methods for depositing thin films. Typical pro-

cessing methods such as evaporation, sputtering, atomic layer deposition (ALD),

plasma-enhanced chemical vapor deposition (PECVD), and annealing, are discussed.

Chemical solution deposition methods such as, chemical bath deposition (CBD), suc-

cessive ionic layer absorption and reaction (SILAR) deposition, the dropper method,

and spin coating, are also discussed.

3.1.1 Thermal Evaporation

Thermal evaporation is a process of heating the material to be deposited until

it evaporates, and deposits onto a substrate. The process is performed in a vacuum

at < 10-6 Torr, a pressure which corresponds to the mean free path being greater

than the distance to the substrate. The increased mean free path produces a line-of-

sight transport that gives greater control of the thickness and the uniformity of the

material being deposited. The material to be evaporated is placed in a boat, that

is a thin strip of metal with a recessed area pressed into it, or a cone-shaped wire

basket that is usually made of tungsten. A current is run through this boat or wire

basket. The resistance of the boat or basket with increasing current produces heat.

When the heat is great enough the material evaporates, or sublimes, depositing onto

a substrate. A shadow mask is usually used to pattern the deposited material. Some



of the materials that can be deposited by this method include Ti, Au, Ni, Al, and

Sn02.

Two thermal evaporation systems are used for the purpose of this thesis. The

first is a Vecco thermal evaporator that consists of a large bell jar chamber where the

substrates are suspended above a boat filled with the intended deposition material.

This system employs a mechanical and a diffusion pump. The mechanical pump

is used to evacuate the chamber from atmospheric pressure to a level at which the

diffusion pump can be utilized to achieve a high vacuum state. This system also has

multiple boat holders that allow for the evaporation of multiple materials. The second

system is a Polaron thermal evaporator which is used exclusIvely for the deposition

of Al. This system consists of a small bell jar chamber where the substrates are

suspended above a wire basket filled with Al. The Polaron system also employs a

mechanical and a diffusion pump.

3.1.2 Electron Beam Evaporation

Electron beam evaporation is similar to thermal evaporation except that the

material to be deposited is not heated by resistance, but by a high energy electron

beam directed at the material. Electron beam evaporation is used when a material

requires a much greater heat to evaporate/sublimate than can be provided by the re-

sistance of a boat or wire basket. This process, like thermal evaporation, is performed

in a vacuum at 10-6 Torr. The materials to be deposited are typically pressed into

pellets, but also can be in the form of chunks or crystals, and are placed in a crucible

where the electron beam is directed. The material is heated by the electron beam

and evaporates onto the substrate.

For the purpose of this thesis the the electron beam system used utilizes a

stainless steel bell jar, and employs a mechanical and a diffusion pump. Substrates

are suspended above the crucible filled with the material to be deposited, and utilizes

a high energy (5 - 30 keV) electron beam to heat the source material. [31] The electron
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beam chamber also includes a substrate heater that can be used during deposition to

provide extra energy for the materials to form a uniform film.

3.1.3 Radio-Frequency Sputtering

Sputtering is the process of ejecting a particle from a ceramic or metal target

by bombarding the surface with energetic ions. {34} The energy transferred from the

incident ion propels the particle to the substrate where it deposits. As additional

particles are deposited, a film is formed on the substrate.

For the purpose of this thesis the process is performed in a HF magnetron

sputtering system that uses a glow-discharge to generate the energetic ions. The

glow-discharge is generated with an AC power source operating at a frequency of

13.56 MHz, typically using Ar as a process gas. 02 can also be incorporated into the

gas mixture, but not for the purpose of producing a glow-discharge, but rather as a

way of reactively incorporating 02 into the film being deposited.

RF sputtering is performed in a vacuum at a pressure of 1 30 mTorr to

increase the mean free path to the substrate. The glow-discharge is produced between

the target and the substrate by filling the chamber with Ar gas and applying a posi-

tive voltage to the anode (target) and a negative voltage to the cathode (substrate)

producing an electric field. The gas molecules pass through the electric field and are

ionized producing an Ar+ ion and a free electron. The Ar+ ion is accelerated toward

the target and sputters the target. The sputtering process can produce a film with

a great deal of lattice damage. The deposition process can also include substrate

heating that can help repair sputter damage to the lattice.

3.1.4 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is recognized for providing a high quality ultra

thin film, a high precision in thickness control, excellent step coverage, and a low

number of pinhole defects. The process of ALD uses sequential gas pulses to deposit a
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film one layer at a time. [50] The ALD process is typically performed at a temperature

of 200 to 400°C to promote chemical bonding. A precursor gas is introduced into

the processing chamber producing a monolayer of gas on the deposition surface. The

chamber is then purged of the first gas and a second precursor gas is introduced to the

chamber that reacts with the monolayer of gas producing a monolayer of the desired

film. The process can be repeated to increase the film thickness or a monolayer of a

different film could be deposited to produce a nanolaminate film, such as aluminum

titanium oxide (ATO), or a layered structure of A1203 and Hf02. A drawback to this

method is that ALD has a slow deposition rate compared to cemical vapor deposition

(CVD) and frequent maintenance must be performed on the equipment. [50]

3.1.5 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

A plasma-enhanced chemical vapor deposition (PECVD) process is typically

used to deposit low temperature insulators such as Si02 and Si3N4 for gate dielectrics

and passivation layers. The presence of the plasma during chemical vapor deposition

enhances activation of the gas species, making it possible to deposit at low tem-

peratures (200 - 400°C). Advantages of PECVD include good step coverage, fast

deposition, and low temperature. [34]

The PECVD system used in this thesis is a Semi Group PECVD System 1000

which is a parallel-plate cold-wall chamber. The plasma is produced with a RF power

of 125 W, at a frequency of 13.56 MHz. The RF power is applied to the top electrode

and the bottom electrode is grounded. The substrate is placed on the heated bottom

electrode for deposition. The chamber is pumped down to a base pressure of < 1

mTorr and during processing with gas flow the pressure is approximately 600 mTorr.

For a Si02 film, the reactant species available are diluted silane (SiH4 in He) (2%

Sill4, 98% He) and nitrous oxide (N20). The reaction formula is: Sill4 (gas) + 2N20

(gas) -* Si02 (solid) + 2N2 (gas) + 2112 (gas). For a Si3N4 film, the reactant species
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available are diluted silane (SilT4 in He) (2% SilT4, 98% He) and nitrous N2. The

reaction formula is: 3S1H4 (gas) + 2N2 (gas) -f Si3N4 (solid) + 6H2 (gas).

3.1.6 Annealing

An annealing process is typically used to improve film crystallinity after de-

position. The annealing step can repair sputter damage and make a non-conductive

film conductive. The annealing step can also be used to drive water out of solution-

based films after deposition. Annealing can be performed in a box furnace or a rapid

thermal processing (RTP) system.

The box furnace consists of a box-like oven chamber with ceramic walls for

insulation. The furnace is heated through conventional refractory coils. Annealing is

performed in air and is usually ramped to the desired temperature in a time period

of 30 to 60 ruin. The hold time at maximum temperature can be anywhere from a

few minutes to a few hours depending on the material and the amount of crystallinity

desired. The process is completed with a long cool-down cycle that allows the oven

to return to room temperature over several hours. This annealing process is typically

performed at atmosphere, but can also be performed in a vacuum chamber to reduce

the amount of exposure to the air. The benefit to this processing method is that the

long anneal time can allow for greater crystalization of the film than can be obtained

from the RTP system, since a furnace anneal is a more equilibrium-like processing

methodology.

RTP is performed in a quartz processing chamber with halogen lamps to heat

the substrate. The process can be performed in a gas atmosphere such as pure 02

to incorporate oxygen into the film or pure Ar to exclude or remove oxygen from

the film. The process is monitored with a thermocouple sensor to ensure the desired

temperature is achieved. The ramp time is usually from 30 to 60 sec. and the hold

time is usually 5 ruin. The cool-down cycle is air cooled to reduce the cooling time



and usually lasts about 5 mm. Advantages of RTP include control over the processing

gas during the anneal process, a short processing time and reproducibility.

For the purpose of this thesis, the RTP system used is an AET Thermal RX

series RTA system. This system is controlled by a computer equipped with different

recipes that control the ramp, hold, and cool-down temperatures and times. The

maximum temperature of this system is 1200°C. This system is also water-cooled to

quickly bring the system down from elevated temperatures to room temperature.

3.1.7 Chemical Solution Deposition

The focus of this thesis is to develop solution-based materials that can eventu-

ally be deposited by inkjet printing. This means that the materials to be deposited

must be in a solution form before deposition. Solution deposition methods that have

been explored for this thesis are chemical bath deposition (CBD), successive ionic

layer absorption and reaction (SILAR) deposition, the dropper method, and spin

coating. These methods provide for rapid development without the use of expen-

sive deposition equipment. With chemical solution deposition, a high level of control

can be exercised over the materials being deposited by simply varying the solution

composition. The thickness is usually controlled by depositing several coats and the

thickness of the different coats are controlled by changing the viscosity.

3.1.7.1 Chemical Bath Deposition (CBD)

Chemical bath deposition (CBD) has been widely used to deposit semiconduc-

tor materials such as cadmium suffide (CdS), cadmium selenide (CdSe), and zinc

sulfide (ZnS), as well as others. CBD is capable of producing high-quality films at

low temperatures. For the purpose of this thesis CBD has been used to deposit thin-

films of CdS as a semiconductor material. The process of producing CdS has been

performed by Yu-jen Chang [51] of the Chemical Engineering Department at Oregon

State University. The process is performed in a 1000 ml beaker with a stirring rate

approximately 200 rpm and a hot-plate temperature of about 80°C. [51] An alkaline
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solution using ammonium hydroxide with a pH value of around 11 is used with cad-

mium salt (CdCl2) and sulfide. [51] The cadmium salt produces free cadmium ions

(Cd2+) through a dissociation reaction with the ammonia. The free cadmium ions

then react with free sulfide ions to form CdS particles. The CdS particles adhere to

the substrate, producing a CdS film. One drawback of CBD is that the process is

limited by the amount of reactant available.

3.1.7.2 Successive Ionic Layer Absorption and Reaction (SILAR) Depo-
sition

Successive ionic layer absorption and reaction (SILAR) deposition uses an alter-

nating aqueous solution (a metal salt solution, followed by a hydrolyzing or sulfidizing

solution). [52] The substrate is dipped into the metal salt solution, coating the sur-

face. The substrate is then dipped into the hydrolyzing or sulfidizing solution to

allow ion-by-ion growth of the compound film. The process can be automated with a

mechanical arm performing the successive dips into each solution, providing the de-

sired film thickness. One of the limitations to SILAR is that when working with oxide

films, the film redissolves in the solution of the metal salt during repeated treatments.

[52] For this reason metal salts in a lower oxidation state are used and the films are

oxidized during film formation. [52]

3.1.7.3 Dropper Method

The dropper method is a method for depositing a single solution, developed

by Jeremy Anderson, of the Chemistry Department at Oregon State University, as

an alternative to SILAR. [53] The process consists of tilting the substrate, so that

the solution can be dropped from the end of a pipette onto the upper end of the

substrate, and allowing the solution to run across the substrate. The excess solution

is wicked away from the lower end of the substrate and the liquid film is polymerized

into a solid film on a hotplate. [53] This process provides an increase in deposition

rate and the films are smooth, dense, and uniform over several millimeters. [53]
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3.1.7.4 Spin Coating

The process of spin coating is employed as an alternative to the dropper method

to provide for increased uniformity over a larger area and to allow for more repro-

ducible results. The substrate is placed in the center of a circular chuck and is held

in place with a vacuum. A chemical solution is deposited onto the substrate and the

substrate is spun at about 3000 rpm, distributing the film evenly across the substrate.

The substrate is then placed on a hot-plate to be dried. After the drying process,

an additional coat can be deposited to increase the film thickness. When the de-

sired film thickness is obtained, the substrate is placed in a furnace to complete the

drying process. This process provides for rapid film deposition in an easy-to-control

environment.

To promote adhesion of the chemical solution it has been found that the surface

of the substrate must be made hydrophihic or the solution does not evenly distribute

across the substrate. To accomplish this, the substrates are cleaned in a Branson 5500

ultrasonic cleaner. The cleaning cycle is 40 minutes at a temperature of 40°C. The

cleaning solution is a 5% Contrad70 in 2.5 gallons of de-ionized water. 129] After the

cleaning cycle the substrates are rinsed in de-ionized water to remove any cleaning

solution. After the final rinse the substrates are blown dry and can be used for spin

coating.

3.2 Thin Film and Device Characterization

The electrical parameters used to characterize TFTs are threshold voltage,

turn-on voltage, drain current on-to-off ratio, and mobility. All the TFT testing is

performed in the dark at room temperature with a HP 4156B Semiconductor Para-

meter Analyzer.
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3.2.1 Hall Measurements

Hall measurements are used to determine the resistivity (p), bulk carrier density

(n or p) and the bulk mobility, also known as Hall mobility (RH)- To determine these

values, a film is patterned in a symmetric lamella-type van der Pauw structure at a

known uniform thickness (t). [31] The resistivity of the film is determined based on

the van der Pauw structure defined by,

irt R12,34 + R23,41

Pin(2) 2
(3.1)

A magnetic field (B) is applied to the conductor perpendicular to the flow of current

(I) and an electric field is produced perpendicular to both the magnetic field and the

current that produces the Hall voltage (VH). [54] The Hall voltage is defined by,

VH_L, (3.2)
qtn

where q is the elementary charge, and n is the carrier concentration. The Hall co-

efficient (RH) which is used to determine the carrier concentration and mobility, is

defined by,

tVH
RH (3.3)

A negative Hall coefficient denotes that electrons are the dominant carriers, and a

positive Hall coefficient denotes that holes are the dominant carriers. The bulk carrier

density is determined for an n-type semiconductor by,

or a p-type semiconductor from,

The Hall mobility is then defined by,

(3.4)
qRH

(3.5)
qRH

RH-. (3.6)
p
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3.2.2 Threshold Voltage Extraction

The threshold voltage (VT) is recognized as the minimum required gate voltage

to produce a conductive channel, thereby enabling current to flow from source to

drain. The threshold voltage is not a unique value due to its inherently imprecise

nature and the various methods used to extract it. [39, 54] There are several widely

accepted methods for extracting the threshold voltage, but may not produce the same

value for the same device. For the purpose of this thesis one of the more common

methods, known as the linear extrapolation method, is used for extracting the thresh-

old voltage. A second method known as the saturation extrapolation technique is also

mentioned, but only in the context of a secondary example.

3.2.2.1 Linear Extrapolation Method

The linear extrapolation method is accomplished by plotting the drain current

as a function of gate voltage at a low drain voltage to ensure that TFT operation

occurs exclusively in the linear region. [54] The threshold voltage is found by extrap-

olating the linear portion of the curve to find the gate voltage intercept at zero drain

current, as shown in Fig. 3.1. Figure 3.1 shows an example of threshold extraction

for a CdS TFT using the linear extrapolation method, producing a threshold voltage

of 14 V. The curve deviates from linearity below the threshold voltage due to the

flow of subthreshold current. [54] An advantages of this method is that it can be used

to determine the threshold of a depletion-mode device. [54]

3.2.2.2 Saturation Extrapolation Technique

The saturation extrapolation technique for extracting threshold voltage is ac-

complished by plotting the square root of the drain current in saturation as a function

of the gate voltage. Like the linear extrapolation method, the threshold voltage is

found by extrapolating the linear portion of the curve to find the gate voltage in-

tercept at zero drain current, as shown in Fig. 3.2. Figure 3.2 shows an example

of threshold extraction for the same CdS TFT as shown in Fig. 3.1 using the satu-



0.6

0.5

0.4

Co
0

0.2

0.1

0.0

-10.0 -5.0 0.0 5.0 10.0 15.0 20.0 25.0

VGS (V)

33

Figure 3.1: Threshold voltage extraction for a CdS TFT using the linear extrapolation
method, resulting in an estimated threshold voltage of "-' 14 V.

ration extrapolation technique, producing a threshold voltage of 16 V. This is an

example of the imprecision of threshold voltage estimation. One of the draw backs to

this method is that it assumes negligible mobility degradation and negligible series

resistance, but at higher drain and gate voltages this assumption is not always viable.

[54]

3.2.3 Turn-On Voltage and Drain Current On-to-Off Ratio Ex-
traction

As evident from the previous discussion of threshold voltage extraction, the

threshold voltage does not correspond to the exact voltage at which the device starts

to turn on, nor is it a unique value. The actual voltage at which current begins to flow

is denoted the turn-on voltage, V. This value can be negative and yet the device

can still be considered to be an enhancement-mode device as long as the threshold

voltage is a positive voltage for an n-channel TFT.
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Figure 3.2: Threshold voltage extraction for the same CdS TFT as shown in Fig. 3.1
using the saturation extrapolation technique, yielding an estimated threshold voltage
of-.' 16V.

The drain current on-to-off ratio determines the switching capability of the

TFT. Figure 3.3 shows the log(IDS)-Vcs characteristics at VDS = 40 V, showing a

turn-on voltage of r'' -1 V and a drain current on-to-off ratio of 106. This rather

large drain current on-to-off ratio indicates that this device should function well as a

switch.

3.2.4 Mobility Extraction

Mobility in its most general sense is a proportionality constant between the

carrier velocity and the electric field at low electric fields. Five types of mobility are

employed in this thesis. The first mobility is Hall mobility, as discussed in section

3.2.1. The next four mobiities are effective mobility (pj), field-effect mobility

(PFE), average mobility (/.Lavg), and incremental mobility (p). These four mobilities
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Figure 3.3: Log(IDS)-Vcs characteristic at VDS 40 V, showing a turn-on voltage
of ' -1 V and a drain current on-to-off ratio of 106.

are extracted from DC 'DS VDS measurements that are performed in the dark at

room temperature with a HP 4156B Semiconductor Parameter Analyzer.

3.2.4.1 Effective Mobility

The effective mobility (Pef is derived from the drain conductance, [54} The

effective mobility is measured at low drain voltages consistent with the assumption of

a fairly uniform channel charge which simplifies the drain current equation, as shown

by,

'DS = JpQflVDS. (3.7)

The channel charge density (QTh) is approximated as, [54}

Qn Cox (V VT) IDS yCox (Vg VT) VDS. (3.8)
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The drain conductance is defined as the change in the source-to-drain current divided

by the change in the source-to-drain voltage,

aIDS
lid IVSrronatant G.

LWDS
JVGSConstant (3.9)

Using Eqs. 3.7 and 3.8, the drain conductance can be assessed as,

aIDS Z
lid

OVDS
= 7/LCffCVA (Vcs VT), (3.10)

and the effective mobility is equal to,

L
lid L GDPeufZC(VV) ZCOCC(VGSVT)

(3.11)

As can be seen from Eq. 3.11, the use of the approximation for the channel charge

density causes an increase in mobility as V05 approaches the threshold and a discon-

tinuity in the effective mobility calculation at VGS = VT. Since the effective mobility

is evaluated in terms of the threshold voltage, the same ambiguity that is associated

with the threshold voltage applies with respect to estimation of the effective mobility.

3.2.4.2 Average Mobility

The average mobility, avg, is a channel mobility parameter introduced by R.

L. Hoffman [39] and is given by,

L lid L GD
1avg zc(v0s V) ZC0(Vos V

(3.12)

This expression is almost identical to that used for the effective mobility given in

Eq. 3.11 except for the use of the turn-on voltage rather than the more ambiguous

threshold voltage. The average mobility is an estimate of the channel mobility of all

of the carriers injected into the channel.

3.2.4.3 Field-Effect Mobility

The field-effect mobility, PFE, is determined by the transconductance, Ym, of

the device. The transconductance defined as the change in the source-to-drain current
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divided by the change in the source-to-gate voltage,

'DS IXIDS
Ym = VDSCon8tant IVDS=Con8tant (3.13)

LS.VGS

Using Eqs. 3.7 and 3.8, the transconductance is determined as,

= 7jILFECoVDS. (3.14)

and the field-effect mobility is found as,

Lgm LGM
/2FE

ZCOVDS ZCOVDS
(3.15)

The field-effect mobility is often used instead of the effective mobility since it does

not require assessment of the threshold value. Typically, in the case of TFTs the

field-effect mobility is higher than the effective mobility.

3.2.4.4 Incremental Mobility

The incremental mobility, Inc, was first reported by H. Q. Chiang [31] as an

extracted mobility and then later refined and reinterpreted by R. L. Hoffman [39] as

an incremental mobility. The incremental mobility involves the use of an incremental

induced channel charge as specified by,

IQnd (VGS) = CLV5. (3.16)

This induced channeicharge incrementally increases as a function of the gate voltage.

The incremental induced channel charge is determined by differentiating Q with

respect to Using this incremental induced channel charge, a differential channel

conductance is defined as,

1&GD (VGS) = Pinc (V) (Vs) = I.tinc (VGS) (3.17)

Derivation of the differential channel conductance assumes that the addition of incre-

mental charge does not cause a change in the transport properties of the net channel

charge. [39] The incremental mobility is defined by,

LGD (VGS) L
(3.18)lime (Vcs)

IW0g ZCoa
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Figure 3.4: A metal insulator metal (MIM) test structure used for extracting electrical
properties of an insulator.

corresponds to the mobility of carriers as they incrementally are added to the

channel as a result of a small change in This mobility provides physical insight

into the nature of the channel carrier transport process. [39] For this reason the

incremental mobility is used instead of the field-effect mobility. Assessment of this

mobility does not require use of the threshold voltage. Typically, it is found that

values obtained for the incremental mobility are close to those obtained for the field-

effect mobility.

3.3 Dielectric Characterization

To determine if an insulating film can perform as a good dielectric, four electri-

cal characteristics need to be measured. The four electrical characteristics are relative

dielectric constant (i or Er), loss tangent (tanS), breakdown voltage (V2D), and cur-

rent density (J). To determine these values the insulator is deposited onto a substrate

covered with a metal contact layer. Metal circular dots are then deposited for top

contacts to form a metal-insulator-metal (MIM) test structure, as shown in Fig. 3.4.
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3.3.1 Dielectric Constant

The relative dielectric constant (ic) which is also known as the dielectric rel-

ative permittivity (Er), IS an important dielectric parameter. This value is used to

determine if the dielectric should be used as a gate dielectric or as an inter-layer

dielectric (ILD). A material with a high relative dielectric constant of 3.9 would

be used as a gate dielectric, where as a material with a relative dielectric constant

of < 3.9 would be used as an ILD. A dielectric value of> 6 would be considered a

high-, dielectric, and is the focus of much current research activity. The main benefit

of a high dielectric constant is that it makes it possible to achieve higher capacitance

without changing the physical volume of the capacitor as seen in,

(3.19)

To determine the dielectric constant, the capacitance of the MIM test structure is

measured at 1 kHz, using a 11P4192A LF Impedance Analyzer. Using known values

of area (A), and oxide thickness (t), the dielectric constant is determined by solving

for Ic in Eq. 3.19,

CaxtoxIc=
e0A

3.3.2 Loss Tangent

(3.20)

To determine the loss tangent (tan5) of a dielectric, an equivalent circuit corn-

prised of a parallel combination of a capacitor and a resistor is employed, as shown

in Fig. 3.5. The impedance of this equivalent circuit is given by,

z= ' (3.21)R+ -+jwC
where C is capacitance, R is resistance, w is the angular frequency, and j is an

imaginary number equal to the square root of -1. For a perfect dielectric only the

capacitor portion of the equivalent circuit is relevant. The impedance of this perfect

dielectric is given by,

Z = _L_. (3.22)
3wC



Defining a complex relative permittivity as, [55]

= Ereal 6imag, (3.23)

allows Eq. 3.22 to be generalized to,

1
, (3.24).j'Cc C0 (Ereal JEimag)

where C0 for a parallel plate capacitor is equal to,

CO =
('ox

(3.25)

where is the permittivity of free space, A is the area of the capacitor, and t is

the thickness of the dielectric. Equating Eqs. 3.21 and 3.24, and evaluating real and

imaginary terms results in,

and

C Ct0
Ereal = = -, (3.26)

Co e0A

1 t Gtox
eimag = = = (3.27)

wRC0 w&0A WE0A

where Ereal is now recognized as the relative permittivity and Eimag is associated

with the dissipation of power in the dielectric. The loss tangent is defined as the ratio

between the imaginary, Eq. 3.27, and the real, Eq. 3.26, parts of the complex relative

permittivity, [55]
Gt0

tanS Eirnag C
(3.28)---:=Ereal e0A

A large loss tangent implies a large conductance or large power loss through the

dielectric. In a similar fashion as the dielectric constant, the loss tangent is conven-

tionally measured at a frequency of 1 kfiz. Typically the loss tangent is reported as

a percentage. A high quality dielectric has a loss tangent of < 1%.

Like the dielectric constant, the loss tangent is measured using a HP4192A LF

Impedance Analyzer. The conductance and capacitance values are measured as a

function of signal frequency for a small AC signal with no DC bias. The frequency

is swept from 100 Hz to 1 MHz. Figure 3.6 shows a capacitance measurement of
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Figuie 3.5: Dielectric equivalent circuit and vector diagram of the electrical response
of a dielectric.

a RF sputtered A1203 MIM capacitor over the frequency range from 100 Hz to 1

MHz. For a high quality dielectric, the capacitance is constant until high frequencies

of about 1 MHz. Figure 3.7 shows a conductance measurement of a RF sputtered

A1203 MIM capacitor over the frequency range from 100 Hz to 1 MHz. Figure 3.8

shows a small-signal relative permittivity measurement of a RF sputtered A1203 MIM

capacitor over the frequency range from 100 Hz to 1 MHz indicating the real and the

imaginary portions of the relative permittivity. Figure 3.9 shows a typical loss tangent

measurement of a RF sputtered Al2 03 MIM capacitor over the frequency range from

100 Hz to 1 MHz.

3.3.3 Breakdown Voltage and Current Density

The strength of the dielectric is determined by performing a breakdown test.

This test is accomplished using a HP414OB pA Meter and a 182 Volt power supply.
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Figure 3.6: A capacitance measurement of a RF sputtered A1203 MIM capacitor over
the frequency range from 100 Hz to 1 MHz.
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Figure 3.7: A conductance measurement of a HF sputtered A1203 MIM capacitor
over the frequency range from 100 Hz to 1 MHz.



18.0

a
16.0

14.0

12.0

- io.o
a)
>

8.0

cc

6.0

4.0

2.0

0.0
100 1000 10000

Frequency (Hz)

/
I

e
Gç

,'imag
Awe0/

-
11111111 I I

100000 1000000

43

Figure 3.8: A small signal relative pernilttivity measurement ofa RF sputtered A1203
MIM capacitor over the frequency range from 100 Hz to 1 MHz indicating the real
and the imaginary portions of the relative permittivity.
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Figure 3.9: A typical loss tangent measurement of a RF sputtered A1203 MIM ca-
pacitor over the frequency range from 100 Hz to 1 MHz.
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Figure 3.10: The results of a breakdown voltage measurement for the 22MarO4Ml
hafsox sample, giving a breakdown of 6.6 MV cm1, and a current density of 0.45 nA
cm2 measured at an electric field of 1 MV cm1.

A voltage is applied to the top contact and the current through the dielectric is

measured with the pA meter. Breakdown occurs when the voltage across the dielectric

material becomes too great or the electrostatic field becomes too intense that a large

amount of current is conducted through the dielectric. The specifications defined

as constituting breakdown are when the leakage current density (J) reaches 10 A

cm2 or the change in current density exceeds 1000%. Figure 3.10 shows the results

of a breakdown voltage measurement obtained using the 22MarO4Ml hafsox sample,

giving a breakdown of 6.6 MV cm1, and a current density of 0.45 nA cm2 measured

at an electrical field of 1 MV cm1. The goal is to have a breakdown and leakage

current comparable to thermally grown S102. Thermally grown S102 has a dielectric

strength of about 10 MV cm1 and a leakage current of < 1 nA cm2.



45

3.4 Conclusions

In this chapter the experimental procedure involved in the process of developing

the thin-film transistors as well as the characterization process related to the research

of this thesis is discussed. An overview of conventional deposition processes such

as evaporation, sputtering, atomic layer deposition, chemical vapor deposition, and

annealing is presented. Deposition methods involved in depositing chemical solution-

based materials such as chemical bath deposition, successive ionic layer absorption

and reaction deposition, dropper method, and spin coating are also considered. FbI-

lowing these deposition processes, the procedures used for thin-film device charac-

terization utilizing tests including Hall measurements, threshold voltage extraction,

turn-on voltage and drain current on-to-off ratio extraction, and mobility extraction

are overveiwed. This chapter is concluded with a discussion of characterization meth-

ods involved in testing new dielectric materials and extracting information such as

dielectric constant, loss tangent, breakdown voltage, and current density.



46

4. MATERIAL DEVELOPMENT AND TESTING RESULTS

As inorganic solution-based materials are developed, these materials are tested

in thin-film transistors (TFTs) and metal insulator metal (MIM) capacitance test

structures to determine their electrical characteristics. The electrical parameters

used to characterize the semiconductor materials are threshold voltage, VT, turn on

voltage, V, mobility, I.ti,c, and Pavg, and drain current on-to-off ratio. The

electrical parameters used to characterize dielectric materials are loss tangent, tanS,

dielectric constant or relative permittivity, tc or Er, breakdown voltage, VBD, and

current density, J. These results are organized in the order of development, starting

with MESFETs, solution-based dielectric materials, and ending with solution-based

semiconductor materials.

4.1 MESFET Development

Initially there was a great deal of concern that it would be difficult to develop

an inorganic, solution-based dielectric material capable of performing as a gate di-

electric. In an effort to circumvent the need for a dielectric material, a MESFET

TFT structure was investigated as a means of producing transistors which do not

require a dielectric. In a MESFET, the gate is controlled by the use of a rectifying

metal-semiconductor contact as the gate which produces what is known as a Schottky

barrier. Two semiconductor materials are explored in an attempt to produce a MES-

FET. The first is CdS deposited by the process of chemical bath deposition (CBD)

and the second is Sn02 deposited by RF magnetron sputtering.

4.1.1 CdS TFTs and MESFETs

The CdS materiel chosen to be used in the development of the MESFET is

deposited by CBD by Y. -J. Chang, [51] of the Chemical Engineering Department at

Oregon State University. To begin the electrical characterization of this semiconduc-
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tor material, 4 point probe measurements are taken to determine the resistivity. Ten

samples of 200 nm thick CdS are deposited on 25 mm x 25 mm glass substrates and

are tested in the dark at room temperature. The result is an average sheet resistance

of 37.2 MT SQ', which translates to an average resistivity of 744 S-cm.

To verify that this material performs as a semiconductor, TFTs are fabricated

by depositing a continuous layer of 200 urn thick CdS onto the surface of a prefab-

ricated substrate consisting of a degenerately doped, p-type Si wafer with a 500 urn

layer of Au deposited onto the bottom as a gate contact, and with 100 urn of thermal

Si02 grown on top, for the gate dielectric. The Al source and drain contacts are

deposited last by thermal evaporation. The channel length and width are 200 jim

and 1400 jim, respectively, with a width-to-length ratio of 7. The CCIS is annealed by

RTA in an Ar atmosphere at 500°C for 5 mm.

Figure 4.1 shows the drain current drain voltage (IDS VDS) characteristics

of a CdS TFT with VGS = 0 to 40 V (top curve) in 2 V steps and VDS = 0 to

40 V in 0.5 V steps, which shows good transistor-like behavior and hard saturation.

[51] Figure 4.1 also shows a negative current offset at zero drain voltage indicating a

considerable amount of gate leakage for this device. Although this gate leakage does

not degrade the pinch-off properties of this TFT, it leads to a power loss. Initially

it was believed this leakage was due to the basic nature of the CBD CdS chemistry

employed, which partially etches the underlying Si02 during CdS deposition, but with

further investigation of the dielectric material it has been determined that the leakage

is due to the presence of a defect located in the Si02 layer. This defect is located

a distance away from the transistor, but since the semiconductor layer is a blanket

coat, any defect in the dielectric layer allows the gate to make contact with the CdS

layer, and provides a path for the gate current. When a blanket coat of semiconductor

material is placed across the majority of the substrate, linking all transistors together,

any defect in the area affects the gate leakage of all the transistors on the substrate.

Those directly on top of the defect are not usable and those close by experience
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Figure 4.1: Drain current drain voltage (IDS VDS) characteristics for a CdS TFT.
VGS = 0 to 40 V (top curve) in 2 V steps and VDS = 0 to 40 V in 0.5 V steps. This
device shows good transistor behavior and hard saturation. [51]

a greater amount of gate leakage than those further away. The way to avoid this

problem is to pattern the semiconductor material, isolating working transistors from

the defect.

The threshold voltage for this device is approximated using a linear extrapola-

tion method, with the drain current measured as a function of gate voltage at a low

VDS to ensure operation in the linear region. [54] Figure 4.2 shows the drain current

gate voltage (iDs VGS) at VDS 0.5 V for a CdS TFT showing a linear extrap-

olation method for threshold voltage estimation, resulting in an estimated threshold

voltage of VT 14 V. [51] With a positive threshold voltage, this device behaves as

an enhancement-mode device which is initially off and requires a positive gate voltage

to allow current to flow.

Figure 4.3 shows the log(IDS) VGS characteristic at VDS = 40 V for a CdS

TFT, showing a drain current on-to-off ratio of 106 and a turn-on-voltage of V
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Figure 4.2: Drain current gate voltage (IDS V) curve at VDS 0.5 V for a
CdS TFT showing a linear extrapolation method for threshold voltage estimation,
resulting in an estimated threshold voltage of VT 14 V. [51]

-1 V. [51] This rather large drain current on-to-off ratio indicates this device has

the potential to function well as a switch. Figure 4.4 shows the mobility extraction

for the CdS TFT resulting in an incremental mobility of i-.-' 1.5 cm2 V1 sec1,

a maximum effective mobility of 1 cm2 V sec1, and a maximum average

mobility of /Lavg ' 0.6 cm2 V sec1, at = 40 V.

With the success of this TFT, MESFETs were also attempted with this semi-

conductor material, but the channel resistivity was too high and the Schottky barrier

was not sufficient to produce functional MESFETs. To reduce the resistivity of the

CdS, the channel is doped with In, which introduces a donor on the Cd atomic site.

The In diffusion process is performed by RTA at 450°C in Ar, to prevent the formation

of 1n203 on the channel surface. The doping of In does increase the conductivity, but

also produces a very conductive surface layer, which makes an Ohmic contact with
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Figure 4.3: Log(IDS) VGS characteristic at VDS = 40 V for a CdS TFT, showing a
drain current on-to-off ratio of 106 and a turn-on-voltage of V -1 V. [51]
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Figure 4.4: Mobility extraction for the CdS TFT resulting in a maximum incremental
mobility of 1.5 cm2 V1 sec1, a maximum effective mobility of neff 1 cm2
V sec1, and a maximum average mobility of I.tavg 0.6 cm2 V sec1, at VGS
= 40 V.
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the gate rather than the rectifring contact that is needed. With these difficulties

research to develop MESFETs using CdS as a channel layer has been abandoned.

4.1.2 Sn02 TFTs and MESFETs

With the lack of success of CdS as a MESFET channel, alternative, more con-

ductive materials are desired. One possibility is to employ a transparent conducting

oxide (TCO). R. E. Presley [56] in the School of Electrical Engineering and Computer

Science at Oregon State University was in the process of developing transparent thin-

film transistors (TTFTs) using Sn02 as the channel material. Those efforts resulted

in the realization of an enhancement-mode Sn02 TTFT. The greatest challenge in-

volved in fabricating an enhancement-mode Sn02 TTFT is to reduce the conductivity

of the Sn02 channel.

Sn02 TTFTs are fabricated on glass substrates, manufactured by the Nippon

Sheet Glass Company, coated with 200 nm sputtered indium tin oxide (ITO) as the

gate contact and a 220 rnn atomic layer deposited super-lattice of Al2O3 and Ti02

(ATO) as the gate dielectric. [56] The channel layer is deposited by RF magnetron

sputtering using a SnO2 target (Cerac) in Ar/ 02 (97%/3%) at a pressure of 5 mTorr,

power density of r'' 3W crn2, target-to-substrate distance of 7.5 cm, and no in-

tentional substrate heating. [56] The channel layer is 10 urn thick and the channel

length and width are 1524 tm and 7620 /tm, respectively and the channel width-to-

length ratio is 5. [56] The Sn02 layer is annealed by RTA in 02 at 600C. ITO source

and drain contacts are deposited by ion-beam sputtering.

Figure 4.5 shows the drain current - drain voltage (iDs VDS) characteristics

of a Sn02 TTFT with VGS = 0 to 40 V (top curve) in 5 V steps, VDS 0 to 40 V

in 1 V steps, which shows good transistor behavior and hard saturation. [56] Figure

4.6 shows the log(IDs) VGS and log(IGs) VGS characteristics at VDS 40 V for

a Sn02 TTFT, indicating a drain current on-to-off ratio of i05, and a turn-on-

voltage of V r'J -20 V. [56] Figure 4.7 shows the drain current - gate voltage (IDs
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Figure 4.5: Drain current - drain voltage (IDS VDS) characteristics for a Sn02
TTFT. Vg 0 to 40 V (top curve) in 5 V steps, VDS = 0 to 40 V in 1 V steps.
This device shows good transistor behavior and hard saturation. [56]

VGS) at VDS = 0.5 V for a Sn02 TTFT showing a linear extrapolation method for

threshold voltage estimation, resulting in an estimated threshold voltage of VT 10

V. [56] With VT 10 V, this transistor is considered to be an enhancement-mode

device which requires a positive voltage to be turned on. However, with a V of

-20 V this device could be considered to be a depletion-mode device which is not

completely turned off at zero bias. Figure 4.8 shows the mobility extraction for the

Sn02 TTFT resulting in a maximum incremental mobility of p r' 0.9 cm2 V

sec1, a maximum effective mobility of p '-S.' 1 cm2 V1 sec1, and a maximum

average mobility of ttavg 0.5 cm2 V sec1, at Vs = 40 V. The mobility of this

device is low, but this mobility has been reduced to allow for greater gate control by

introducing additional traps into the thin film.

To develop a MESFET TFT using Sn02, 25 mm x 25 mm 1737 glass substrates

are used. The Sn02 semiconductor layer is deposited in the same manner as the
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Figure 4.6: Log(IDs) VGS and log(Ics) Vg characteristics at VDS = 40 V for a
Sn02 TTFT, indicating a drain current on-to-off ratio of i05 and a turn-on-voltage
of V rs..20V [56]
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Figure 4.7: Drain current gate voltage (IDS V) characteristics at VDS 0.5
V for a Sn02 TTFT showing a linear extrapolation method for threshold voltage
estimation, resulting in an estimated threshold voltage of VT '- 10 V. [56]
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Figure 4.8: Mobility extraction for a Sn02 TTFT resulting in a maximum incremental
mobility of p "-' 0.9 cm2 V sec1, a maximum effective mobility of p 1 cm2
V sec1, and a maximum average mobility of Pavg 0.5 cm2 V' sec1, at VGS=40V.

TTFT mentioned above with a channel layer r' 10 nm thick and the channel length

and width are 2540 pm and 7620 pm, respectively and the channel width-to-length

ratio is 3. Al source and drain contacts are deposited by thermal evaporation and

a Au gate contact is also deposited by thermal evaporation. Figure 4.9 shows the

drain current - drain voltage (IDS VDS) characteristics for the most successful Sn02

MESFET-like TFT with VGS = 0 to 30 V in 5 V steps, and VDS = 0 to 40 V in

4 V steps. This figure shows a strong depletion-mode device with a small amount

of gate voltage modulation. Although some transistor-like behavior is evident, this

is a very poor device, better described as a gate voltage controlled resistor, rather

than a transistor. Many of the attempted Sn02 MESFET devices showed no gate

modulation at all, indicating the lack of a Schottky barrier at the gate.
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Figure 4.9: Drain current - drain voltage (IDS VDS) characteristics for the most
successful Sn02 MESFET-like TFT with VGS = 0 to 30 V (top curve) in 5 V steps,
and VDS = 0 to 40 V in 4 V steps. The graph shows a strong depletion-mode device
which caimot be turned off and only a very small amount of gate voltage modulation.

At this point in the project, serious doubts arose about the viability of the

MESFET TFT approach. Ideal Schottky barrier calculations indicated that these

materials would have sufficient Schottky barriers. However, further assessment of ex-

pected Schottky barrier heights, employing W. Mönch's [40] non-ideal theory, as sum-

marized in Ch. 2, suggests that the barrier is not sufficiently large. Table 2.4 shows

the calculated values used to determine the approximate Schottky barrier heights for

selected semiconductor materials using Ni, Au, and Pt as the gate contact. This table

shows that CdS, Sn02, ZTO, and ZIO are not suitable choices for MESFET devel-

opment. This table also shows that ZnO, and 1n203 may have a sufficient Schottky

barrier height to produce MESFETS. Even though this table indicates 1n203 would

be a good candidate for MESFET development, 111203 has not been used as a semi-

conductor before and its conductivity may be more difficult to control than Sn02.

The best candidate indicated here is ZnO, which has been used as a semiconductor
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before. With the lack of success in developing a functional MESFET and with a sig-

nificant amount of success in developing a dielectric material, the decision was made

to abandon further MESFET development.

4.2 Solution-Based Dielectrics

One of the goals of this project is to develop solution-based inorganic dielectric

materials which could be deposited by inkjet printing. To facilitate this, the process of

successive ionic layer absorption and reaction (SILAR) is employed as a development

methodology for solution-based deposition. These films are tested in metal insulator

metal (MIM) capacitance test structures. The MIM capacitance test structures are

used to determine the electrical performance of solution-based insulators in develop-

ment. These tests generate information about loss tangent, tanö, dielectric constant

or relative permittivity, ic or Er, breakdown voltage, VBD, and current density, J. The

MIM capacitance testing process is discussed in greater detail in Ch. 3. Appendix

A shows a compilation of many of the dielectric testing results obtained from MIM

capacitance testing.

The first material to be selected for investigation is MgF2, because fluorides

can be deposited directly from solution as opposed to oxides. The goal is to develop

fluorides containing multiple cations, where the presence of multiple cations should

inhibit nucleation and lead to the production of amorphous films. [53] These films

performed poorly during dielectric testing, indicating that a different material should

be investigated.

The research direction then shifted to materials containing hafnium, due to

the numerous studies and the high dielectric constant of Hf02. The first materials

containing hafnium to be investigated are HfOWO4 and HfOSO4. These films are

also deposited by the SILAR method and tested in the MIM test structures. The

HfOWO4 materials performed better than the MgF2, but still exhibited high loss

tangents. The HfOSO4 films exhibited a loss tangent of 2.76 % at 1 kHz, a relative
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permittivity of 7.42 at 1 kllz and a breakdown voltage of 0.42 MV cm1 indicating

some success. The success of the Hf0504 is believed to be related to the use of the

sulfate groups to inhibit crystallization of the hafnium material.

With the initial success of HfOSO4 films, an investigation of the hafnium-to-

sulfate ratio in determining the insulator performance started. Since the hafnium-to-

sulfate ratio is not a fixed value and the films are likely to contain water, the hafnium

sulfate composition is given a name more befitting its composition. This name is

derived based on the hafnium oxide (hydroxide) (sulfate)x composition, resulting in

the name of hafsox.

The deposition of hafsox moved from SILAR to a method referred to as the

dropper method which produces films by a single solution deposition, by dropping the

solution from a pipette onto the substrate and wicking away any additional solution.

[53] The dropper method produces smooth, uniform films and allows for an increase

in the deposition rate. To allow for additional uniformity and a more reproducible

process, the deposition process moved from the dropper method to the process of

spin-coating.

In February 2004 a sample of hafsox was obtained which gave a loss tangent

of 0.65%, a relative permittivity of 10, a breakdown voltage of 4.54 MV cm1 and

a current density of 26.09 nA cm2 at 1 MV cm1. At this point it was felt that

hafsox was ready to be incorporated into a TFT. The transistor materials chosen to

be used with hafsox are zinc tin oxide (ZTO), zinc indium oxide (ZIO), and Sn02.

During post-anneal testing, it was discovered that hafsox did not perform well after

an anneal greater than 300°C, due to oxidation of the Ta gate metal. ZTO and Sn02

are typically post-annealed at 600° C making it difficult to use these materials. It was

determined that ZTO could be annealed at 300°C and still work, giving a depletion-

mode device, but the Sn02 required a 600°C anneal to work at all. It was decided

that a top gate structure should be attempted for the Sn02 channel material and

the ZTO and ZIO should be annealed at 300°C for 5 to 10 minutes. The top gate



structure had some difficulties when it was cleaned ultrasonically prior the hafsox

deposition. During the cleaning process the Al source/drain contacts were partially

removed, so results were not obtained using Sn02.

The tested TFTs contained the channel materials ZTO deposited by D. Hong

[57] and ZIO deposited by N. L. Dehuff [32] who were in the process of investigating

these materials for transparent electronics in the School of Electrical Engineering and

Computer Science at Oregon State University. Figure 4.10 shows the drain current -

drain voltage (IDS VDS) characteristics for a sputtered ZTO TFT using hafsox as

the gate dielectric, with Vs = 0 to 20 V (top curve) in 5 V steps, and VDS = 0 to

40 V in 1 V steps, which shows transistor-like behavior and an anomalous curve at

zero gate voltage. The anomalous curve at a zero gate voltage is presumably due to

interface traps or impurities. Figure 4.11 shows the Iog(IDS) and log(Ics)

characteristic at VDS = 40 V for a sputtered ZTO TFT using hafsox as the gate

dielectric, with an estimated drain current on-to-off ratio of and showing low

gate leakage compared to drain current, demonstrating that the bafsox is performing

well as an insulator. Figure 4.12 shows the drain current drain voltage (IDS VDS)

characteristics for a sputtered ZIO TFT using hafsox as the gate dielectric, with VGS

= -5 to 0 V in 1 V steps, and VDS = 0 to 40 V in 1 V steps. It too is a depletion-

mode device, exhibiting transistor-like behavior and an anomalous curve at zero gate

voltage. Figure 4.13 shows the log(IDS) VGS and log(Ics) YGS characteristics at

VDS = 40 V for a sputtered ZIO TFT using hafsox as the gate dielectric, showing

low gate leakage compared to drain current and an estimated drain current on-to-off

ratio of r'.' iO3. The presence of the anomalous curve in both transistors indicates

the interface traps or impurities are present in the hafsox material. It was later

learned, through infrared spectroscopy assessment, that the hafsox films possessed

water, which is believed to be the source of the anomalous curve evident in Fig. 4.14.

Several methods have been employed to remove the water after deposition. The

first is to anneal the hafsox in a vacuum sealed chamber to reduce any oxidation which
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Figure 4.10: Drain current - drain voltage (IDS VDS) characteristics for a sputtered
ZTO TFT using hafsox as the gate dielectric. YGS = 0 to 20 V (top curve) in 5 V
steps, and VDS = 0 to 40 V in 1 V steps. This device exhibits transistor-like behavior
and an anomalous curve at zero gate voltage. [53]

may occur with the tantalum. This is attempted using the substrate heater in the

electron beam system and also the heated bottom electrode in the PECVD system.

The electron beam system is ramped from 22 to 300° C in the period of 2 hours and

held for 15 minutes and allowed to slowly cool back to room temperature during a

time period of 3 hours at a pressure of r'.I I x 10-6 Torr. The PECVD system is

ramped from 100 to 350°C in the period of 1 hour and held for 15 minutes and

allowed to slow cool to 100°C in 1 hour at a pressure of "-. 9 x i0 Ton. In both

annealing processes, the tantalum does not show any visual signs of oxidation, but

no improvement is seen during breakdown testing. Attempts are also made using a

microwave to remove the water from the hafsox film. Visually, the tantalum does

not show any signs of oxidation after the annealing process, but again the breakdown

testing results show no improvement.
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Figure 4.11: Log(IDS) VGS and log(Ics) Vs characteristics at VDS = 40 V for
a sputtered ZTO TFT using hafsox as the gate dielectric, with an estimated drain
current on-to-off ratio of i05, and showing low gate leakage compared to drain
current, demonstrating that the hafsox is performing well as an insulator. [53]
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Figure 4.12: Drain current - drain voltage (IDS VDS) characteristics for a sputtered
ZIO TFT using hafsox as the gate dielectric. = -5 to 0 V (top curve) in 1 V
steps, and VDS = 0 to 40 V in 1 V steps. This device exhibits transistor-like behavior
and an anomalous curve at zero gate voltage. [53]

In an attempt to improve dehydration of the hafsox films, lanthanum has been

incorporated into the solution. Breakdown testing shows that the presence of Ian-

thanum improves the consistency of higher breakdown values between samples. The

process of producing hafsox films with the incorporation of lanthanum begins with a

precursor solution made by dissolving La2 03 iii a solution of HfOCl2, then combining

a portion of this cation containing solution into a portion of H2SO4. [58] The final

relative molar concentrations of Hf:La:SO4 are 20:6:21. [58] This solution is then

spin-coated onto a Si substrate coated with Ta for 30 sec. at 3000 rpm. [58] The

liquid film is heated at 130°C for 90 sec., followed by 325°C for 10 sec. [58] The

deposition process is repeated to achieve a desired film thickness of approximately

200 urn. [58] When the desired thickness is achieved, the films are annealed at 325°C

for 4.5 miii. [58]
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Figure 4.13: Log(IDS) and log(Icg) VGS characteristics at VDS = 40 V for
a sputtered ZIO TFT using hafsox as the gate dielectric, showing low gate leakage
compared to drain current, and an estimated drain current on-to-off ratio of i0.
[53]
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Figure 4.14: Infrared spectroscopy assessment of a hafsox film which indicates that
the film possess water, which is believed to be the source of the anomalous 'D VDS
curve at zero bias. [53]

With the improvement of breakdown due to the improved dehydration process,

hafsox is again employed as a gate dielectric. Figure 4.15 shows the drain current

drain voltage (IDS VDS) characteristics for a sputtered ZTO TFT using hafsox

as the gate dielectric, with VGS = 0 to 20 V (top curve) in 2 V steps, and VDS

= 0 to 40 V in 1 V steps. The TFT shown is a depletion-mode device showing

transistor-like behavior and no anomalous curve at zero gate voltage, as present for

previous TFTs with hafsox insulators. Figure 4.16 shows the log(IDS) Vs and

log(IGS) VGS characteristics at VDS = 40 V for a sputtered ZTO transistor, using

hafsox as the gate dielectric, showing low gate leakage compared to drain current

and an estimated drain current on-to-off ratio of iO3. This demonstrates that

hafsox performs well as an insulator. Figure 4.17 shows the mobility extraction for
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Figure 4.15: Drain current drain voltage (IDs VDS) characteristics for a sputtered
ZTO TFT using hafsox as the gate dielectric. VGS = 0 to 20 V (top curve) in 2 V
steps, and VDS = 0 to 40 V in 1 V steps. This device exhibits transistor-like behavior
and no anomalous curve at zero gate voltage. [58]

a sputtered ZTO transistor, using hafsox as the gate dielectric showing a maximum

incremental mobility of 10 cm2 V sec' at VGS = 20 V.

Using MIM capacitance testing, hafsox with lanthanum has exhibited a low loss

tangent of 0.30% at 1 kHz, a relative permittivity of 11.47 at 1 kllz, a breakdown

voltage of 6.30 MV cm1, and a current density of 4.38 nA cm2 at 1 MV cm1.

Thus, MIM capacitance testing of hafsox has demonstrated that it is possible to

produce a reliable solution-based inorganic dielectric with a high dielectric constant,

high breakdown fields, and a low current density.

4.3 Solution-Based Semiconductor Device Development

At this time there are two solution-based semiconductor materials being in-

vestigated, ZTO and ZIO. These materials are usually deposited by sputtering, but
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Figure 4.16: Log(IDS) VGS and log(IGS) characteristics at VDS = 40 V for a
sputtered ZTO transistor, using hafsox as the gate dielectric. This device possesses
low gate leakage compared to the magnitude of the drain current and has an estimated
drain current on-to-off ratio of ". iO3. [581
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Figure 4.17: Mobility extraction for a sputtered ZTO transistor using hafsox as the
gate dielectric, and showing an incremental mobility of 10 cm2 V1 sec1 at VGS

20 V. [581
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have also been deposited from solution. To deposit oxide films by solution methods,

crystallization of the precursor solution must be inhibited until the solution is con-

verted into a thin film. Gluconic acid has been chosen for this purpose. [58] At this

time, ZIO is the most successful of the two semiconductor materials. An aqueous

ZIO precursor is formed by combining indium and zinc with gluconic acid. The ratio

of indium to zinc is varied, with the total metal concentration of about 0.5M. [58]

The gluconic acid concentration is 0.9M to 1.3M. [58] The precursor is deposited by

spin-coating and hot-plate heating at 130°C. [58] Additional heating and burn-off

utilizing a furnace is employed at temperatures in the range of 300 575°C. [58]

To test these materials a degenerately doped p-type Si wafer is used with a

layer of Au deposited onto the bottom as a gate contact, with 100 rim of thermal

Si02 grown on top, for the gate dielectric. Solution-based semiconductor materials

are deposited as a blanket coat by spin coating, and Al source and drain contacts are

evaporated onto the semiconductor. The channel length and width are 200 tm and

1400 tm, respectively, with a width-to-length ratio of 7.

Figure 4.18 shows the drain current - drain voltage (IDS VDS) characteristics

for a solution-based ZIO TFT with VGS = -20 to 20 V (top curve) in 4 V steps,

and VDS 0 to 40 V in 1 V steps, showing poor saturation and some anomalous

behavior, but still showing transistor-like behavior. [58] This TFT is a depletion-

mode device with a threshold voltage of -16 V. Figure 4.19 shows the log(IDS)

and log(IGs) VGS characteristics at VDS = 40 V for a solution-based ZIO

transistor showing a drain current on-to-off ratio of r'.i iO3 and a turn-on-voltage of

V -19 V. [58] Figure 4.20 shows the mobility extraction for a solution-based ZIO

TFT showing an incremental mobility of p 0.05 cm2 V sec1, a maximum

effective mobility of 11ff 0.02 cm2 V sec1, and a maximum average mobility of

pavg ' 0.02 cm2 V sect at VGS = 20 V. [58]

it is obvious that the mobilities of this solution-deposited ZIO TFT are very

small, similar to those of organic TFTs and smaller than those reported for a-Si,
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Figure 4.18: Drain current - drain voltage (IDS VDS) characteristics for a solution-
based Z1O TFT. VGS -20 to 20 V (top curve) in 4 V steps, and VDS = 0 to 40 V in
1 V steps, showing poor saturation and some anomalous behavior, but still showing
transistor-like behavior. [58]
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Figure 4.19: Log(IDs) VGS and Iog(Ics) V8 characteristics at VDS = 40 V for
a solution-based ZIO transistor showing a drain current on-to-off ratio of iO3 and
a turn-on-voltage of V '- -19 V. [58]
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Figure 4.20: Mobility extraction for a solution-based ZIO TFT showing an incremen-
tal mobility of r- 0.05 cm2 V sec, a maximum effective mobility of Iff
0.02 cm2 V sec1 and a maximum average mobility of Pavg 0.02 cm2 V sec1
at = 20 V. [58]

but this is an early result. It is believed that the performance of solution-based ZIO

can be greatly improved due to the high mobilities of ZIO deposited by sputtering.

Improvements in mobility are likely to be accomplished through additional chemical

processing and post-deposition annealing.

4.4 Conclusions

In this chapter, research is reported related to the development of solution-

based inorganic semiconductor and dielectric materials. CdS TFTs deposited by

CBD are successfully realized and CdS MESFETs are attempted. MESFETs are also

attempted using Sn02 deposited by RF magnetron sputtering, but with little suc-

cess. MESFET TFT development has ceased as work performed to date appears to

hold little promise compared to MISFET TFTs. Solution-based dielectric materials



consisting of hafnium and sulfate (HfOSO4), given the name of hafsox, have been

developed and lanthanum has been incorporated into hafsox to dehydrate the film.

MIM capacitance testing of hafsox with lanthanum insulators has confirmed the ex-

cellent dielectric quality of this insulator, with a low loss tangent of 0.30% at 1 kHz,

a relative permittivity of 11.47 at 1 kllz, a breakdown voltage of 6.30 MV cm1, and

a current density of 4.38 nA cm2, and has successfully been demonstrated as a gate

dielectric. Progress has also been made in the development of solution-based semi-

conductor materials. To date, the most successful of these materials is ZIO which is

demonstrated as a TFT channel material. This ZIO TFT is a depletion-mode device

with a turn-on-voltage of V -19 V, a threshold voltage of VT -16 V, and a drain

current on-to-off ratio of iO3. Maximum mobiities extracted for this ZIO device

include an incremental mobility of 0.05 cm2 V sec1, a maximum effective

mobility of r'.d 0.02 cm2 V1 sec1, and a maximum average mobility of ILavg

0.02 cm2 V sec1 at VGS = 20 V. It is believed this mobility can be improved

with additional research, based on the high mobulities obtained from RF magnetron

sputtered ZIO.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

This chapter summarizes the accomplishments demonstrated in this thesis and

provides recommendations for future work in the continued development of solution-

based inorganic semiconductor and dielectric materials for printed electronics.

5.1 Conclusions

The focus of this thesis is the development of inorganic semiconductor and

dielectric materials that can be converted to a solution-based form which can be

deposited by inkjet printing. This work is accomplished in conjunction with Jeremy

Anderson, a Ph.D. student in the department of Chemistry and Yu-jen Chang, a

Ph.D. student in the department of Chemical Engineering at Oregon State University.

The main focus of this thesis involves testing of the materials and devices under

development.

The development of MESFET TFTs is also investigated as a means of eliminat-

ing the need for a dielectric material in order to reduce the complexity of fabricating

circuits. MESFETs are attempted with two semiconductor materials, CdS that is

deposited by CBD and Sn02 that is deposited by RF magnetron sputtering, but with

little success. The most successful MESFET-like device fabricated employs Sn02 as

the channel material. This MESFET-like TFT Is a strong depletion-mode device with

a small amount of gate voltage modulation; it is more accurately classified as a gate

voltage controlled resistor than as a transistor. MESFET TFT research has ceased

due to the lack of success in developing a functional MESFET, and due to recent

success in the development of solution-based dielectric materials.

A solution-based dielectric material (HfOSO4), given the name hafsox due to

the variability of the ratio of hafnium to sulfate, is developed and possesses excellent

dielectric properties. Hafsox with the addition of lanthanum, to improve film dehy-
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dration, has successfully been demonstrated as a gate dielectric. MIM capacitance

testing of hafsox with lanthanum insulators has resulted in a low loss tangent of 0.30%

at 1 kHz, a relative permittivity of 11.47 at 1 kllz, a breakdown voltage of 6.30 MV

cm1, and a current density of 4.38 nA cm2 at 1 MV cm1.

Progress has also been achieved in the development of solution-based semicon-

ductor materials. To date the most successful of these materials is ZIO, which has

been demonstrated as a TFT channel material. This ZIO TFT is a depletion mode

device with a turn-on-voltage of V -19 V, and a threshold voltage of VT f" -16 V,

and a drain current on-to-off ratio of Maximum mobilities extracted from this

ZIO device include an incremental mobility of '-s.' 0.05 cm2 V1 sec1, an effective

mobility of iaey 0.02 cm2 V sec1, and an average mobility of /1avg 0.02 cm2

V sec1 at VGS = 20 V. It is believed that this mobility can be improved with

additional research due to the high mobilities obtained from RF magnetron sputtered

zio.

As evident from the results reported herein, the use of solution-based inor-

ganic materials for inkjet printed electronics shows promise. With further research,

mobilities for these semiconductor materials can be improved and a new technology

involving high performance inkjet printed electronics can be realized.

5.2 Recommendations for Future Work

At this time the research to develop solution-based inorganic materials for

printed electronics continues and additional progress has already been made. Current

goals are to find a p-type material to complement the n-type materials developed, to

reduce processing temperatures to below 300°C, and to improve the mobility of the

solution-based semiconductor materials. Continued improvements have been made

with hafsox and an additional dielectric using zirconium named zIrcsox has been pro-

duced. Additional semiconductor materials such as Sn02 have also been developed
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and tested in TFT structures. Some of these materials have also successfully been

printed using an inkjet printer.

The next logical step would be to produce a complete solution based-TFT using

hafsox and one of the solution-based semiconductors. This would help to establish

the integration potential of these two solution-based materials. Next, circuits should

be developed. The best way to accomplish this would be to utilize complementary

devices, but this requires a solution-based inorganic p-type semiconductor.

Another possible avenue of future research would be to attempt to fabricate

MESFET TFTs using ZnO as a channel material. Research involving CdS and Sn02

yielded little success, but with the further assessment of expected Schottky barrier

heights, employing W. Mönch's [40] non-ideal theory, and summarized in Ch. 2, it

appears that ZnO, with an Au gate contact, could produce a Schottky barrier of 0.67

eV.

A final recommendation for future work involves microstrip transmission lines.

These could be produced with existing pre-fabricated substrates of copper and alu-

mina. The microstrip lines could be printed via inkjet onto the surface using one of

the conductive inks that already exists, producing functional microstrip transmission

lines.
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Sample ID:
Sample

Material:

Thickness

(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

@ 1 kHz
(%):

Relative
Pennittivity

1 kHz:

Breakdown
Strength

(MV/cm):

Current
Density @ 1

MV/cm

(nA/cm2):

C2OJunO3 HIOWO4 8600 Silar 0.079 136.69 241.23 N/A N/A

aO7julO3 HfOWO4 10000 Silar 0.079 171.73 387.15 N/A N/A

14jul03 HIOSO4 1000 Silar 0.079 2.76 7.42 0.42 N/A

B16ju103 HfOSO4 1200 Silar 0.079 7.46 10.24 N/A N/A

27ju103a Hf0504 900 Dropper 0.079 15.78 9.34 N/A N/A

27ju103b Hf0504 900 Dropper 0.079 5092.96 77.20 N/A N/A

27ju103c HfOSO4 900 Dropper 0.079 159.01 57.54 N/A N/A

27ju103d HIOSO4 900 Dropper 0.079 6.99 13.19 N/A N/A

28ju103a Hf0504 900 Dropper 0.079 0.77 5.34 1.01 874.68

28ju103b HfOSO4 900 Dropper 0.079 0.65 6.32 2.48 6.24

O7augO3a HfOSO4 1250 Dropper 0.079 0.49 11.69 0.33 N/A

O7augO3b HtOSO4 1250 Dropper 0.079 0.26 11.10 0.89 N/A

O7augO3c Hf0504 2000 Dropper 0.079 0.25 18.56 0.46 N/A

2OaugO3a HfOSO4 1075 Dropper 0.079 14.19 9.65 N/A N/A

2OaugO3b HIOSO4 1610 Dropper 0.079 5.06 11.58 0.68 N/A

22augO3a HfOSO4 2000 Dropper 0.079 0.92 14.87 0.77 N/A

22augO3b HJOSO4 1600 Dropper 0.079 0.55 6.68 2.60 12

C

r-1

C.)

t1
C,.)

C#.)

C

T1



Sample ID:
Sample
Material:

Thickness

(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

@ 1 kHz
(%):

Relative
ermittivity

@ 1 kHz:

Breakdown
Strength
(MV/cm):

Current
Density@ 1

MV/cm

(nA/cm2):

28sept03 HfOSO4 1400 Dropper 0.079 3.56 9.85 2.09 0.93

a29septO3 HfOSO4 1400 Dropper 0.079 0.22 14.55 0.36 N/A

29septo3a HfOSO4 1600 Dropper 0.079 0.35 10.43 0.45 N/A

29septo3b HfOSO4 1400 Dropper 0.079 0.31 10.33 0.36 N/A

14oct03 Hafsox 1000 Dropper 0.079 2.39 13.35 2.84 0.11

l9octO3A Hafsox 1400 Dropper 0.079 66.68 13.95 N/A N/A

24oct03 Hafsox 1600 Dropper 0.079 29.21 7.23 N/A N/A

lOnovO3a Hafsox 1170 Dropper 0.013 0.59 8.22 3.28 34.38

lOnovO3c Hafsox 1400 Dropper 0.013 0.64 9.41 3.46 2.04

2lnovO3a Hafsox 1050 Spin-coat 0.013 0.79 9.19 1.45 3676.92

2lnovO3b Hafsox 1580 Spin-coat 0.013 1.04 8.41 2.76 148.46

O3decO3c Hafsox 1800 Spin-coat 0.011 2.83 9.37 0.40 N/A

l2janO4a Hafsox 1150 Spin-coat 0.011 2.26 12.46 0.44 N/A

l2janO4b Ilafsox 1500 Spin-coat 0.011 2.56 11.50 1.48 1972.73

l2janO4c Hafsox 1500 Spin-coat 0.011 1.04 9.44 0.47 N/A

l2janO4d Hafsox 1150 Spin-coat 0.011 3.24 12.20 0.89 N/A

23janO4a Hafsox 1300 Spin-coat 0.011 3.82 26.16 0.16 N/A
00



Sample ID:
Sample

Material:

Thickness
(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

@ 1 kHz
(%):

Relative
Permittivity

@ 1 kHz:

Breakdown
Strength

(MV/cm):

Current
Density @ 1

MV/cm

(nA/cm2):

23janO4b Hafsox 1300 Spin-coat 0.011 3.12 15.66 0.24 N/A

23jan04c Hafsox 1300 Spin-coat 0.011 3.29 16.15 1.40 2545.45

28janO4a Hafsox 1600 Spin-coat 0.011 0.95 11.04 0.26 N/A

28janO4b Hafsox 1600 Spin-coat 0.011 0.78 10.00 0.76 N/A

28jan04c Hafsox 1600 Spin-coat 0.011 1.03 10.19 2.21 216.36

3OjanO4a Hafsox 1050 Spin-coat 0.018 4.82 11.35 1.54 1422.22

3OjanO4c Hafsox 1500 Spin-coat 0.011 0.02 11.78 0.48 N/A

04feb04 Hafsox 1150 Spin-coat 0.011 1.06 10.60 0.18 N/A

O4febO4a Hafsox 1350 Spin-coat 0.011 3.99 77.48 0.01 N/A

Bl7febO4 Hafsox 1975 Spin-coat 0.011 0.65 10.00 4.54 26.09

Dl7febO4 Hafsox 1975 Spin-coat 0.011 0.32 10.18 0.61 N/A

Fl7febO4 Hafsox 1825 Spin-coat 0.011 0.73 12.24 0.23 N/A

AOlMarO4 Hafsox 2350 Spin-coat 0.011 0.48 9.63 2.58 5.7

BOlMarO4 Hafsox(A1) 2300 Spin-coat 0.011 0.86 8.71 0.09 N/A

COlMarO4 Hafsox(Al) 1900 Spin-coat 0.011 0.73 8.47 0.17 N/A

AO8MarO4 Hafsox 2375 Spin-coat 0.011 0.72 11.39 1.53 26

BO8MarO4 Hafsox 2300 Spin-coat 0.011 0.36 10.34 3.54 3.7
00



Sample ID:
Sample

Material:

Thickness
(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

@ 1 kHz
(%):

Relative
Permittivity

@ 1 kHz:

Breakdown
Strength

(MV/cm):

Current
Density @ 1

MV/cm

(nA/cm2):

CO8MarO4 Hafsox 2375 Spin-coat 0.011 0.72 11.27 0.22 N/A

DO8MarO4 Hafsox 2375 Spin-coat 0.011 0.69 11.85 0.13 N/A

EO8MarO4 Hafsox 2200 Spin-coat 0.011 1.44 10.01 0.14 N/A

FO8MarO4 Hafsox 2300 Spin-coat 0.011 1.25 12.02 1.36 903

GO8MarO4 Hafsox 2375 Spin-coat 0.011 0.73 10.63 0.60 N/A

HO8MarO4 Hafsox 2300 Spin-coat 0.011 1.21 12.37 0.18 N/A

IO8MarO4 Hafsox 2625 Spin-coat 0.011 0.47 9.11 5.22 18.8

JO8MarO4 Hafsox 2500 Spin-coat 0.011 0.04 9.55 1.38 1515

l6MarO4Ll Hafsox 1600 Spin-coat 0.011 0.26 9.99 0.13 N/A

l6MarO4LAl Hafsox 1750 Spin-coat 0.011 0.33 10.26 0.12 N/A

22MarO4Ml Hafsox 1750 Spin-coat 0.011 0.37 7.76 6.60 0.45

22MarO4HI Hafsox 2300 Spin-coat 0.011 0.34 10.91 4.07 15.9

xO4MayO4 Zn borate 400 Spin-coat 0.011 39.30 10.64 N/A N/A

Pl2MayO4 Hf phosphate 775 Spin-coat 0.011 2.74 6.47 1.06 5718

xl2MayO4 Hafsox 2450 Spin-coat 0.011 0.51 9.46 0.83 N/A

lAl8MayO4 Hafsox 1900 Spin-coat 0.011 0.57 10.91 1.12 27.3

2Al8MayO4 Hafsox 1900 Spin-coat 0.011 0.59 10.55 3.18 33



Sample ID:
Sample

Material:
Thickness

(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

1 kHz
(%):

Relative
ermittivity

@ 1 kHz:

Breakdown
Strength
(MV/cm):

Current
Density @ I

MV/cm

(nA/cm2):

3Al8MayO4 Hafsox 1600 Spin-coat 0.011 0.50 10.38 0.20 N/A

4Al8MayO4 Hafsox 1600 Spin-coat 0.011 0.27 9.64 0.13 N/A

B 18May04 Hafsox 2050 Spin-coat 0.011 0.35 9.70 0.10 N/A

Cl8MayO4 Hafsox 2100 Spin-coat 0.011 0.32 10.67 4.88 1.32

Dl8MayO4 Hafsox 2400 Spin-coat 0.011 0.73 10.82 7.62 33

A213un04 Hafsox 2100 Spin-coat 0.011 0.34 10.18 5.72 2.05

B2lJunO4 Hafsox 2125 Spin-coat 0.011 0.78 8.86 3.08 151

C2lJunO4 Hafsox 2250 Spin-coat 0.011 0.77 9.56 3.22 115

D2lJunO4 }lafsox 2250 Spin-coat 0.011 0.67 10.90 2.64 68

E2lJunO4 I-lafsox 2000 Spin-coat 0.011 0.62 10.53 0.71 N/A

F2lJunO4 Hafsox 2000 Spin-coat 0.011 0.86 11.44 0.21 N/A

2H22Mar04 Hafsox 1850 Spin-coat 0.011 0.54 11.13 3.00 139

2M22Mar04 Hafsox 1950 Spin-coat 0.011 1.05 9.13 0.11 N/A

2Ll6MarO4 Hafsox 1650 Spin-coat 0.011 1.62 11.64 0.07 N/A

2LAI6MarO4 Hafsôx 1750 Spin-coat 0.011 0.61 9.43 0.12 N/A

TO8MarO4 Hafsox 2100 Spin-coat 0.011 0.71 10.16 0.20 N/A

A25JunO4 Hafsox 2050 Spin-coat 0.011 0.97 10.31 1.14 819



Sample ID:
Sample

Material:

Thickness
(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

1 kHz
(%):

Relative
ermittivity

@ 1 kHz:

Breakdown
Strength

(MV/cm):

Current
Density @ 1

MV/cm

(nAicm2):

C25Jun04 Hafsox 1500 Spin-coat 0.011 1.53 7.99 0.41 N/A

E25JunO4 Hafsox 2100 Spin-coat 0.011 0.75 9.21 0.77 N/A

A15Ju1O4 Hafsox 2300 Spin-coat 0.011 0.37 10.25 4.25 4.8

2B15Ju104 Hafsox 2100 Spin-coat 0.011 0.68 10.63 0.58 N/A

bl5Julo4 Hafsox 2075 Spin-coat 0.011 0.38 9.03 0.73 N/A

EJ5Ju1O4 Hafsox 2250 Spin-coat 0.011 0.78 9.91 0.14 N/A

1A26Ju104 Hafsox 2100 Spin-coat 0.011 0.93 14.77 4.52 83.64

2A26Ju104 Hafsox 2100 Spin-coat 0.011 0.54 12.79 2.07 13.99

2B26Ju104 Hafsox 2050 Spin-coat 0.011 0.85 15.79 2.95 923.64

AOlAugO4 Hafsox 1900 Spin-coat 0.011 10.35 9.60 0.06 N/A

BOlAugO4 Hafsox 2050 Spin-coat 0.011 0.58 11.51 5.34 9.59

lCOlAugO4 Hafsox 2250 Spin-coat 0.011 1.08 10.23 3.36 618.18

2COlAugO4 Hafsox 1800 Spin-coat 0.011 1.07 11.00 3.64 29.09

D25JunO4 Hafsox 1950 Spin-coat 0.011 1.31 9.75 2.07 7.23

AO5AugO4 Hafsox 2125 Spin-coat 0.011 0.69 10.08 4.96 462.73

CO5AugO4 ZircSox 2250 Spin-coat 0.011 0.30 12.11 0.59 N/A

AO9AugO4 Hafsox 2075 Spin-coat 0.011 0.35 9.82 3.16 29.55



Sample ID:
Sample

Material:
Thickness

(A):

Deposition
Method:

Device
Area

(cm2):

Loss
Tangent

@ 1 kHz
(%):

Relative
Permittivity

@ 1 kI{z:

Breakdown
Strength

(MV/cm):

Current
Density @ 1

MV/cm

(nA/cm2):

BO9AugO4 Hafsox 2150 Spin-coat 0.011 0.34 10.27 5.46 125.09

CO9AugO4 Hafsox 2100 Spin-coat 0.011 0.76 9.01 6.25 250.91

EO9AugO4 Zircsox 2125 Spin-coat 0.011 0.66 10.49 5.24 88.54

FO9AugO4 Zircsox 2275 Spin-coat 0.011 0.69 10.67 4.03 121.73

2Bl7AugO4 Hafsox 2100 Spin-coat 0.011 0.44 9.27 2.45 42.64

2Fl7AugO4 Zircsox 1975 Spin-coat 0.011 0.82 11.84 1.55 22.91

3Cl7AugO4 Hafsox 2050 Spin-coat 0.011 1.09 9.22 3.05 172.73

3Dl7AugO4 Hafsox 2000 Spin-coat 0.011 0.70 9.28 1.16 368.18

3A23Aug04 Hafsox 2075 Spin-coat 0.011 0.69 9.78 4.55 160.91

2B23Aug04 Hafsox 2100 Spin-coat 0.011 0.30 11.47, 6.30 4.38

2C23Aug04 Hafsox 2100 Spin-coat 0.011 0.97 10.95 4.74 40.64




