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The modeling portion of this thesis emphasizes the development of physics-

based TFT models, specifically focusing on the elucidation of non-ideal current-

voltage characteristic behavior. A 3-layer model is introduced, which includes three

current paths from source to drain via an insulator/semiconductor accumulation layer,

a bulk conduction path, and a surface conduction path. In addition, series resistance is

incorporated into the 3-layer model to account for non-ideal source/drain metal-

semiconductor contacts, yielding a non-analytical model which is solved iteratively.

In addition to TFT model development, field-effect, effective, average, and

incremental mobility trends are simulated.

The development portion of this thesis is devoted to the design, fabrication,

and testing of p-type TFTs with BaCuSF channel layers. All of the p-type TFTs

fabricated to date exhibit non-idealities in the form of high output conductance and the
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inability for the drain-to-source current to be shut off. It is concluded that the cause of

these problems is a high hole carrier concentration in the BaCuSF channel that results

in a large amount of drain-to-source current being shunted through the bulk of the

semiconductor. A new device structure is proposed to alleviate this problem and to

ensure that the source/drain contacts to the semiconductor channel are Ohmic in

nature.



©Copyright by Matthew Craig Spiegelberg

June 15, 2005

All Rights Reserved



Modeling and Development of p-type Thin-Film Transistors

by

Matthew Craig Spiegelberg

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of
Master of Science

Presented June 15, 2005

Commencement June 2006



Master of Science thesis of Matthew Craig Spiegelberg presented on June 15, 2005

APPROVED:

Major Professor, representing Engineering & Computer Science

Associate Director of the School of Electrical Engineering & Computer Science

Dean of the

I understand that my thesis will become part of the permanent collection of Oregon

State University libraries. My signature below authorizes release of my thesis to any

reader upon request.

Matthew Craig Spiegelberg, Author

Redacted for privacy

Redacted for privacy

Redacted for privacy

Redacted for privacy



ACKNOWLEDGEMENTS

I would like to thank my friends and family: Jen, Mom, Dad, Leah and Stacey,

and everyone else who helped me along the way for their support. I would also like to

specifically thank my major advisor, Dr. John Wager for his patience, guidance,

educational and financial support during the past two years. I would like to thank

Chris Tasker for his hard work that kept the lab running at all times and his help with

the design of the control and interlock system for the electron beam deposition system.

I would like to thank Manfred Dittrich for his precision-machined shadow masks and

other custom parts used in this research. A special thanks to Cheol-Hee Park and

Robert Kykyneshi for their hard work in the development of BaCuSF TFTs. Also,

thank you to all my co-workers: Hai, Rick, David H., David W., Celia, Nicci, Emma,

Jon and Ganesh for all your help. Also, thank you to the past graduate students whose

previous research provided a foundation on which this thesis is based.

This work was supported by the National Renewable Energy Laboratory under

grant number XAT-4-33624-1 1, the U.S. National Science Foundation under grant no.

DMR-0245386, and by the Army Research Office under grant number MUIRI E-18-

667-G3.



TABLE OF CONTENTS

Page

1. INTRODUCTION............................................. 1
2. LITERATURE REVIEW....................................... 3

2.1 Transparent Conductors .................................. 3
2.1.1 n-type Transparent Conductors ....................... 3
2.1.2 p-type Transparent Conductors ....................... 5
2.1.3 BaCu2S2 ......................................... 5
2.1.4 BaCuSF ......................................... 6

2.2 Thin-Film Transistors..................................... 6
2.2.1 TFT Device Structures.............................. 7
2.2.2 TFT Device Operation.............................. 8
2.2.3 Metal-Semiconductor Contacts....................... 13

2.2.3.1 Ideal Theory................................ 13
2.2.3.2 Non-Ideal Theory........................... 16

2.3 Conclusions............................................ 19
3. EXPERIMENTAL TECHNIQUE ................................ 20

3.1 Thin-Film Processing .................................... 20
3.1.1 Pulsed Laser Deposition............................ 20
3.1.2 Radio Frequency Sputtering......................... 21
3.1.3 Electron Beam Deposition........................... 22
3.1.4 Plasma-Enhanced Chemical Vapor Deposition........... 22
3.1.5 Thermal Evaporation Deposition......................23
3.1.6 Rapid Thermal Annealing........................... 23

3.2 Thin-Film Characterization................................ 24
3.2.1 Hot Point Probe................................... 24
3.2.2 Hall Measurements................................ 25

3.3 TFT Device Characterization.............................. 26
3.3.1 DC Current-Voltage Measurements................... 27
3.3.2 Carrier Concentration Extraction Technique ............ 27

3.4 Conclusions............................................ 30
4. ELECTRICAL MODELING OF THIN-FILM TRANSISTORS......... 30



TABLE OF CONTENTS (Continued)

Page

4.1 Ideal Theo. 31
4.1.1 Square-Law Model................................. 31
4.1.2 Simulation Results................................. 38

4.2 3-Layer Model.......................................... 41
4.2.1 Model Development................................41
4.2.2 Simulation Results................................. 46

4.3 Series Resistance........................................ 49
4.3.1 Model Derivation.................................. 50
4.3.2 Simulation Results................................. 54

4.4 Mobility............................................... 56
4.4.1 Effective and Field-Effect Mobility................... 57
4.4.2 Incremental and Average Mobility.................... 59
4.4.3 Simulation Results................................. 62

4.4.3.1 Ideal Mobility Extraction...................... 62
4.4.3.2 Apparent Mobility Degradation due to Series

Resistance................................. 64

4.5 Conclusions............................................ 67
5. BaCuSF p-CHANNEL TFT DEVELOPMENT...................... 68

5.1 Processing of BaCuSF p-channel TFTs....................... 68

5.2 BaCuSF Characterization ................................. 71
5.2.1 X-ray Diffraction.................................. 71
5.2.2 Optical Characterization............................ 71
5.2.3 Electrical Characterization........................... 73

5.3 Discussion of BaCuSF p-channel TFTs.......................76

5.4 Conclusions............................................ 83
6. ELECTRON BEAM DEPOSITION SYSTEM.......................84

6.1 System Overview........................................ 84



TABLE OF CONTENTS (Continued)

Page

6.2 CompactRIOTM-based Control and Interlock System . 86

6.3 Future Enhancements..................................... 88

6.4 Conclusions............................................ 89

7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK. .90

7.1 Conclusions............................................ 90

7.2 Recommendations for Future Work..........................92
7.2.1 Electrical Modeling of TFTs......................... 92
7.2.2 p-TTFT Development.............................. 93

BIBLIOGRAPHY................................................... 95

APPENDICES...................................................... 97
Appendix A Matlab code ..................................... 98



LIST OF FIGURES

Figure

2.1 The four basic thin-film transistor structures......................... 7

2.2 An energy band diagram for a p-type TFT under equilibrium conditions.
The following assumptions are employed: there is no charge present in
the insulator, 1 M > b and there is no charge present at

the surface/semiconductor interface............................... 10

2.3 An energy band diagram for a p-type TFT under a depletion condition,
i.e., VGS = +. At the insulator/semiconductor interface, the quasi-Fermi
level is near mid-gap, thereby implying that the interface is devoid of free
carriers. The same assumptions of Fig. 2.2 are applied................ 11

2.4 An energy band diagram for a p-type TFT under an accumulation
condition, i.e. VGS = -. At the insulator/semiconductor interface,
the valence band is very close to the quasi-Fermi level, implying a
high density of holes at that location. This represents the
conductive channel of the TFT. The same assumptions of
Fig. 2.2 are employed........................................... 12

2.5 Energy band diagram for a metal-semiconductor contact in which
the semiconductor is p-type and

< +
. A Schottky-barrier results

due to differences in the work functions of the metal and the
semiconductor. The height of the barrier between the metal and the
semiconductor is given by IBp The barrier preventing majority carrier

holes from flowing into the semiconductor is given by VBI.............. 14

2.6 Energy band diagram for a metal-semiconductor contact in which
E

the semiconductor is p-type and (I)M > x + -f-. Ohmic behavior is
q

observed because there is no appreciable barrier to hole transport between
the metal and the semiconductor................................. 16

2.7 Energy band diagram of a metal-semiconductor contact in which a
heavily doped p-region is placed between the metal and the
semiconductor. Bidirectional tunneling from the metal to the
semiconductor facilitates Ohmic behavior.......................... 19

3.1 A bottom-gate thin-film transistor structure......................... 28



LIST OF FIGURES (Continued)

Figure Page

3.2 The effective channel for the TFT shown in Figure 3.1 ................ 29

4.1 An equivalent circuit consisting of two nonlinear, voltage-controlled
capacitors and a nonlinear, voltage-controlled current source
corresponding to the square-law model specified by Table 4.2 .......... 38

4.2 Simulated drain current-drain voltage (ID VDS) characteristics for an

n-channel, depletion-mode TFT modeled using the square-law model.
The dashed curve identifies a locus of pinch-off points. The top curve
corresponds to a gate voltage of 9 V, with the gate voltage decremented by
2 V for each subsequent curve. Square-law model parameters employed
for this simulation are: VT -5 V, CG =70 nP/cm2, p = 30 cm2/V-s, and
Z/L=10:l ................................................... 39

4.3 Drain current gate voltage (ID VGS) transfer curve simulation results
using the square-law model for values of threshold voltage, VT -5 V and
+10 V and channel mobility, j.t = 10 and 30 cm2/V-s. For this simulation,
VDS=1V................................................... 41

4.4 A schematic of the 3-layer model for a simplified bottom-gate TFT with
an n-type channel.............................................. 42

4.5 3-layer model energy band diagram for an n-type TFT with a surface
accumulation layer............................................ 43

4.6 An equivalent circuit for the 3-layer model......................... 44

4.7 Simulated 'D VDS curves for varying values of the channel carrier

concentration n0. Plots (a)-(d) represent varying carrier concentrations of
1019, 1018, 1017, 1016 cm3, respectively. As the carrier concentration
decreases, transistor action begins to become apparent and the 'D VDS

curves begin to saturate. However, notice that even plot (d) does not
exhibit 'hard' saturation and the drain current does not fully turn off even
at a gate voltage of 0 V. Model parameters used in this simulation: ZIL =
5, h = 100 nm, CG=7 x

F/cm2, n0
= {1019, 1018, 1017, 1016 cm3],

PBULK = 0.9 cm2/V-s, LINTERFACE = 0.2 cm2/V-s ...................... 47



LIST OF FIGURES (Continued)

Figure Page

4.8 Measured ID-VDS curves for a Sn02 TTFT with a fit to the data using the
3-layer model. VGS is decreased from 20 V (top curve, showing
maximum current) to 0 V in 5 V increments. Model parameters used in
this simulation: flBULK = 1.3 x 1018 cm3, BULK= 0.5 cm2/V-s, PINTERFACE

0.505 cm2/v-s, h= 60 tim, VT= -17 V, RBULK= 200 k, Z/L 5........48

4.9 Measured ID-VDS curves for a Sn02 TTFT with a fit to the data using the
3-layer model. VGS is decreased from 20 V (top curve, showing
maximum current) to 0 V in 5 V increments. Model parameters: flBULK =
5 x /BULK= 0.3 cm2IV-s, IJWPERFACE= 0.19 cm2IV-s, h= 16 nm, Vr =
-0.1 V, RBULK= 52 M, Z/L =5.................................. 49

4.10 3-layer model equivalent circuit for a TFT which includes the effects of
source and drain series resistance. Primed quantities represent internal
voltages..................................................... 50

4.11 Simulated 'D VDS curves for varying values of series resistance. As the

series resistance is increased, less internal voltage is applied within the
TFT, thereby decreasing the total current, 'D Parameters used for this
simulation are: VGS = 30 V, RSEMES = R5 + RD and R5 = RD. RgEEs =
[0 , 10 k, 100 k, 1 M, oo ]. Z/L = 10, h 100 tim, CG 7 X iØ
F/cm2,no = 1014 cm3, .UBULK = 10 cm2/V-s, I1INTERPACE = 1 cm2fV-s....... 54

4.12 Simulated 'D VGS curves for varying values of series resistance.

As the series resistance increases, less internal voltage is applied within
the TFT, thereby decreasing the total current, 'D As the series
resistance increases, 'D decreases in a nonlinear manner with respect to

VGs. This corresponds to a decrease in mobility as discussed in Section

4.4.3.2. RSEMES =R +RD and RD =R. VD5= 1 V. RsEEs
ZIL=10,h=lOOnm,CG=7x i0

F/cm2, n0 = 1014 cm3, PBULK = 10 cm2/V-s, PINTERFACE = 1 cm2/V-s...... 56

4.13 Simulated drain current-drain voltage (ID VDS) characteristics for an

n-channel TFT generated using the square-law model. The dashed
line identifies the linear regime. Square-law model parameters employed
for this simulation are: VT = -5 V, CG = 70 nF/cm2, p = 30 cm2/V-s,
andZ/L=10................................................. 58



LIST OF FIGURES (Continued)

Figure Page

4.14 Extracted mobility (PAVG and p) for a ZnO-channel TFT test structure. 62

4.15 Average mobility, PAVG' extracted from ID-VDS curves simulated using

the square-law model. Starting with the lower PAVG curve, VDS is 1, 0.1,

0.01 V, for each subsequent PAVG curve. Significant error in the

PAVG mobility is observed for values of VDS greater than 0.01 V.

Model parameters used for this simulation: VT 0 V, ZIL 10, h =
100 nm, CG= 7 x i0 F/cm2, n0 = 1014 cm3, PBULK = 10 cm2/V-s,

PINTERFACE = 1 cm2/V-s......................................... 63

4.16 Simulated incremental mobility as a function of series resistance for
varying values of series resistance using the 3-layer model with
series resistance. Model parameters used for this simulation: Z/L = 10,
h = 100 nm, CG= 7 x iø F/cm2, no 1014 cm3, PBULK 10 crii2/V-s,

.1INTERFACE = 1 cm2/V-s. RsEEs = [0 , 1 k, 10 k, 100 k, 1 M, 10
MJ. RSEMES=Rg+RD and RD=Rs ............................. 65

4.17 Simulated average mobility as a function of VGS for varying values of
series resistance using the 3-layer model with incorporated series
resistance. VDS 1 V. RSEMES = [0 1, 10 kfl, 100 kl, 1 M, 10 Me].
ZIL= l0,h= lOOnm, CG=7 x 107F/cm2,no= l0'4cm3, PRULK

10 cm2/V-s, PINTERFACE = 1 cm2/V-s. RSEMES = R + RD and RD = R ..... 67

5.1 (a) Source/drain contact dimensions for a BaCuSF p-TTFT. (b)
Channel dimensions for a BaCuSF p-TTFT. Z/L 3.88............... 70

5.2 (a) Top view of BaCuSF TTFTs on an ATO/ITO/NEGOA2 substrate.
(b) 3-D view of BaCuSF TTFTs. Au is used for source/drain contacts,
and In is used to contact the ITO gate layer..........................70

5.3 BaCuSF thin film XRD (Ag K line) patterns for 650°C H2S,
550°C H2S, 300°C Ar RTA, and for a powder sample................. 71



LIST OF FIGURES (Continued)

Figure Page

5.4 (a) Transmittance and reflectance spectra and (b) (ahv)2 - hv direct
bandgap estimate for sample BCSF-40, thickness 450 nm,
BaCuSF thin-film deposited on a quartz substrate and post deposition
annealed at 650°C in H2S. The estimated band gap is 3.5 eV........... 72

5.5. (a) Transmittance and reflectance spectra and (b) (ahv)2 - hv direct
bandgap extraction for sample BCSF-38, thickness 630 tim,
BaCuSF thin-film deposited on a quartz substrate and post
deposition annealed at 300°C in Ar. The estimated band gap is 3.5 eV. . . .72

5.6 (a) ID-VDS characteristics of BaCuSF p-TTFT TR23. Deposition
parameters: h = 30 nm. Post-deposition anneal an alumina tube at 650°C
in flowing H2S. Maximum gate leakage = 100 nA. Mean gate leakage =
2.11 nA. Extracted carrier concentration,po = 1019 cm3. (b) Simulated
ID- VDS characteristics using parameters extracted from (a) in the 3-layer
model of Section 4.2. Simulation shows agreement with measured data
from (a). Differences in shape and current magnitude are most likely the
result of inadequacies in the 3-layer model such as the exclusion of
traps. Measured model ?arameters used in this simulation: Z/L = 3.88,
h = 30 tim, CG= 7 x 10 F/cm2. Estimated model parameters used
in this simulation: po= 1019 cm3, PRULK 0.01 cm2/V-s, PJ)I7PJACE =

0.01 cm2/V-s, R+ RD =2 M, Rs = RD............................ 74

5.7 (a) Transfer characteristics of BaCuSF p-TTFT TR23. VDS = -2 V.
On-to-off ratio = 1.98. (b) Incremental mobility of BaCuSF p-TTFT
TR23. VDS = -1 V. Maximum mobility = 0.057 cm2/V-s. The non-ideal
shape of Fig 5.7(b) is due to non-ideal overlapping'D- VDS curves at low
valuesof VDS................................................. 75

5.8 Simulated ID- VDS characteristics of BaCuSF-TR23 S2 using
parameters extracted from Fig. 5.6(a) in the 3-layer model of Section
4.2. Channel thickness is changed from 30 to 5 tim compared to the
simulation shown in Fig. 5.6(b). On-to-off ratio = 30. Measured
model parameters used in this simulation: Z/L = 3.88, h = 5 tim, CG
7 x 1 o F/cm2, Estimated model parameters used in this simulation:P0 =
1019 cni3, PBULK = 0.01 cm2/V-s, PINTERFACE = 0.01 cm2/V-s, R5+ RD =

2M,RS=RD................................................ 77



LIST OF FIGURES (Continued)

Figure Page

5.9 Extracted hole concentration,p0, for BaCuSF thin films subjected to
rapid thermal annealing in argon at 400, 500, 600, and 650°C. Physical
model parameters used in this extraction: Z/L = 3.88, h = 60 nm,
estimated model parameters used in this extraction: /BULK = 0.05
cm2/v-s. The carrier concentration extraction methodology is described
in Chapter 3.3.2. Notice the decreasing trend in carrier concentration
as the temperature is increased................................... 79

5.10 Simulated 'D- VDS characteristics using parameters extracted from Fig.
5.6(a) in the 3-layer model of Section 4.2. Carrier concentration is
changed from 1019 to iO'7 cm3 compared to Fig. 5.6(b). On-to-off ratio
= 50. For VGS values of 0 and 5 V, the curves are nearly on top of one
another. Model parameters used in this simulation: Z/L = 3.88, h = 30
nm, CG=7 x 107F/cm2,po= 1017 cm3, PBULK = 0.01 cm2/V-s,

PINTERFACE 0.01 cm2/V-s, Rs + RD 2 M, Rs RD.................. 82

5.11 Proposed BaCuSF p-TTFT. The channel is doped with Zn to occupy
Cu vacancies in an attempt to reduce the carrier concentration. A
heavily doped p+ injection layer is placed on top of the BaCuSF:Zn
channel. Gold contacts are placed on top of the p+ injectors............ 82

6.1 Figure 6.1. Schematic of the electron beam deposition system viewed
from the front. Abbreviation key: IS = ion source, 1W valve = high
vacuum valve, Tp = turbo-molecular pump, Tm = thickness monitor, Ts
thermal source, Es = evaporation source , Ip = ion pump, Ss = sputter
source ...................................................... 86

6.2 Figure 6.2. CompactRlO Architecture. Actual CompactRlO setup
consists of 8 I/O modules. Connector blocks indicate available
connector types. Not shown is a computer, connected via 10/1 00
Ethernet to the Real-Time processor in order to provide a user interface.
For more information, see reference htp://www.ni.comIcornnactrio/ ..... 88



LIST OF TABLES

Table Page

2.1 Summary of ideal Schottky barrier theory . 15

4.1 Summary of the square-law model................................ 36

4.2 Summary of the 3-layer model ................................... 45

4.3 Summary of the 3-layer model with series resistance incorporated....... 53

5.1 Post-deposition anneal recipes for BaCuSF TFT structures............. 69



1. INTRODUCTION

With the advent of transparent thin-film transistors (TTFTs) in 2003, much

work has gone into developing new semiconductor channel materials, but a minimum

amount of work has gone into developing physics-based models. For an ideal TFT,

square-law theory often provides a reasonable fit to measured data, but non-ideal ID-

VDS behavior cannot be modeled effectively. One of the goals of this thesis is to

elucidate non-ideal TFT behavior. A 3-layer model is proposed which accounts for

bulk and surface source-to-drain current conduction in addition to square-law

insulator/semiconductor accumulation layer current flow. This model is implemented

and compared with measured TFTs. In addition, series resistance is incorporated into

the 3-layer model in order to model non-ideal source/drain contacts.

To date, there has been no report of a p-channel TTFT. In order for transparent

electronics to develop commercially, realization of a p-channel TTFT is extremely

desirable since this would facilitate the attainment of CMOS-like transparent circuit

technology. The other focus of this thesis involves the development of BaCuSF p-

channel TFTs. Transistor-like behavior is observed, but several non-idealities exist in

BaCuSF p-channel TFTs fabricated to date. These non-idealities are manifested as a

high output conductance and an inability to completely turn the TFT off, these

problems arise from having a high hole concentration in the BaCuSF channel layer.

The structure of the thesis is as follows. Chapter 2 provides necessary

background information for the research reported herein. Chapter 3 presents thin-film

processing and characterization techniques. Chapter 4 describes several TFT physics-
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based models and investigates four types of mobilities. Model simulations are

compared to measured data. Chapter 5 presents the development and characterization

of BaCuSF p-channel TFTs. Chapter 6 describes an electron beam deposition system

built in-house at OSU by Chris Tasker and the accompanying control and interlock

system. Chapter 7 provides conclusions and recommendations for future work.



2. LITERATURE REVIEW AND TECHNICAL
BACKGROUND

This chapter provides the technical background for the research reported in this

thesis. n- and p-type transparent conductors are discussed. Thin-film transistor

structures are examined and the operation of TFTs is explained.

2.1 Transparent Conductors

Transparent conductors have been used for a number of years in flat-panel

displays, low-emissivity windows, solar cells, and numerous other applications [1].

They are characterized by both a large electrical conductivity and high optical

transparency across the visible spectrum. All commercial transparent conductors

appear to be oxides. The conductivity of these thin-films arises from both intrinsic

defects (usually oxygen vacancies) and substitutional doping (e.g., 1n203: Sn,

Sn02:Sb).

Recently, n-type transparent conductors have been used to fabricate transparent

TFTs (TTFTs) [2]. The availability of a p-type TTFT would facilitate the realization

of a complementary TTFT technology, which in turn would greatly benefit the

development of transparent circuits.

2.1.1 n-type Transparent Conductors

n-type transparent conductors (TCs) dominate commercial applications due to

their superior electrical characteristics over their p-type counterparts. Electrons are



the majority carrier in an n-type TC. The electron's effective mass is typically smaller

than the hole effective mass, which translates into a higher mobility for electrons

compared to holes. A high mobility allows for very thin, yet conductive films

because of the product of carrier concentration and mobility present in the equation for

conductivity, c.

Currently, the TC industry is dominated by just a few materials [13]. Fluorine-

doped Sn02 is most commonly used in optical coatings for energy-efficient windows.

Indium tin oxide (ITO) is used in flat-panel displays (FPDs) as an electrode. ITO

possesses several key attributes. First, it is highly degenerate; producing films with

resistivity values from 2-4 x io -cm [14]. This property makes ITO ideal for use as

a source/drain contact in a TTFT structure. Second, ITO is a wide band gap

semiconductor with a band gap of approximately 3.5 eV. The use of indium in ITO

may lead to problems in the future. Current prices, as of April 2005, are nearly

$900/kg. Because of the increasing role of flat-panel displays in personal computing

systems, indium is certain to increase in demand. This may necessitate the use of an

indium-free, transparent conductor to replace ITO.

Zinc oxide (ZnO) is an inexpensive n-TC with a multitude ofuses. ZnO is a

direct band gap semiconductor with a band gap of 3.3 eV, yielding transmission of

greater than 90% across the visible spectrum [9]. Impurity-doped ZnO is able to be

doped degenerately at carrier concentrations peaking at 1.5 x 1021 cm3 for Al [17].

This leads to resistivities on the order of i0 a-cm; approaching that of ITO. ZnO

was used as the channel material in one of the first TTFT devices [2]. It can be
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intentionally donor-doped with Al, Ga, B, or F to produce a highly conductive thin-

film.

2.1.2 p-type Transparent Conductors

p-type TCs exhibit poor electrical performance compared to their n-type

counterparts due, in large part, to the relatively large effective mass of the holes in

most materials. To give some perspective, the n-type TC 1n203:Sn has a minimum

resistivity of 100 pQ-cm [1], while BaCuSF:K, developed in the course of this

research project, has a minimum resistivity of approximately 12.2 me-cm [4]. p-type

TCs are primarily of interest due to their potential use as p-TFTs for complementary

TTFT circuits.

p-type ZnO has been investigated by several groups [15,16]. The success of n-

type ZnO TTFTs makes the prospect of a p-type ZnO TTFT very interesting as a

constituent of a fully-transparent circuit. Several issues such as low solubility,

compensation, deep impurity levels, and structural bistability, make doping ZnO p-

type difficult [16].

One of the goals of this thesis is the design and fabrication of a p-type

transparent thin-film transistor (p-TTFT). The following presents a discussion of the

material systems explored.

2.1.3 BaCu2S2

BaCu2S2 is a semi-transparent, p-type conductor with a bandgap of 2.3 eV.

This material is characterized by a dark-orange color and a transparency approaching



70% across the visible electromagnetic spectrum. The resistivity is 35 mQ-cm, with a

Hall mobility of 3.5 cm2IV-s, and a hole carrier concentration of 5 x 1019 cm3.

BaCu2S2 crystallizes in a low temperature (a) orthorhonibic form and a high-

temperature tetragonal form (3) [3]. The p-type nature of this compound is most

likely the result of copper vacancies. The ability of BaCu2S2 to be highly doped

facilitates its use in creating an Ohmic contact between a p-type semiconductor and a

metal, as discussed further in Section 2.2.3. However, the hole carrier concentration is

much too large for its use as a p-type channel in a TFT structure.

2.1.4 BaCuSF

BaCuSF is a highly transparent p-type conductor developed at Oregon State

University. Its crystal structure belongs to the space group P4/nmm which is a layered

structure with tetragonal symmetry in which (Ba2F2)2 and (Cu2Q2)2 (Q=[S,Se]) layers

are alternately stacked along the c-axis [4]. A relatively high mobility, around 2

cm2/v-s, in conjunction with a fairly low carrier concentration, on the order of 1018

cm3, makes BaCuSF a strong p-TTFT candidate. A more in-depth discussion of

BaCuSF in a p-channel TFT structure is presented in Chapter 5.

2.2 Thin-Film Transistors

The following is an overview of the fabrication of TFT structures and device

operation. In addition, the importance of creating Ohmic, injecting contacts at the

source and drain is emphasized in a discussion of metal-semiconductor contacts.
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2.2.1 TFT Device Structures

Figure 2.1 depicts several different TFT structures. The inverted-staggered

structure is widely used in the manufacturing of LCD panels [5] and it is the sole

structure used in this research. This structure is used because of its ease of fabrication

and the availability of a high-quality substrate-gate-insulator stack that necessitates the

use of a bottom-gate structure. One possible drawback to this approach is the

exposure of the semiconducting channel to atmosphere. Exposure to atmosphere can

cause significant degradation of the electrical properties of the TFT, such as the

formation of a surface accumulation layer. A surface accumulation layer can result in

a conduction path in parallel with the insulator-semiconductor accumulation layer

associated with ideal square-law current-voltage behavior. A more in-depth treatment

of the effects of such behavior is presented in Section 4 with the treatment of the effect

of a surface accumulation layer on ID VDS curves.

GLASSGLASS

Staggered Inverted Staggered

iJLASS (JL.\SS

Coplanar Inverted Coplanar

Electrode

Semiconductor Channel

LII Insulator

Figure 2.1: The four basic thin-film transistor structures.



The substrate of the mechanical stack typically consists of glass, but other

materials such as alumina, beryllia, aluminum oxide, silicon, or metals can be used.

Glass has the advantage of being over 90% transparent which aids in the optical

characterization of transparent thin-films. Coming 1737 optical glass is used in this

research due to its favorable thermal and mechanical properties. It features 93%

transparency over the visible electromagnetic spectrum, a softening point temperature

of 975°C, and a thermal coefficient of expansion of 37.6 x 1071°C [7]. When

selecting a substrate, there are several key properties necessary for defect-free growth;

they are [8]:

- Good surface smoothness (high degree of planarity)

- Coefficient of thermal expansion matched

- Good mechanical strength

- High thermal conductivity

- Inertness

- Porosity

- Low cost

- High electrical resistance

- Good uniformity

2.2.2 TFT Device Operation

As opposed to a MOSFET which operates in inversion-mode, TFTs are

accumulation-mode devices. In other words, a TFT's main mechanism of current

conduction is associated with the formation of an insulator-semiconductor



accumulation layer, where accumulation refers to the buildup of majority carriers at

the interface.

The ensuing description of the operation of a p-type TFT (p-TFT) makes use of

the following assumptions: the semiconductor is p-type, 1M > (where cI and

cI are the metal and semiconductor work functions, referenced to the vacuum level),

there is no charge present in the insulator, the TFT structure is inverted-staggered, and

the surface/atmosphere interface has no effect on the energy bands.

Consider the case when the p-TFT is in equilibrium, with VGS =0 V, where VGS

is the terminal voltage applied from gate-to-source. Figure 2.2 shows the energy

bands in the cross-section from gate to semiconductor to the exposed semiconductor

surface. When no bias is applied, the Fermi level is constant across the device.

Because IM > ci there is a slight upward bending of the valence and conduction

bands at the insulator/semiconductor surface. This implies that there is a small

accumulation of the majority carrier holes. Since there is an induced channel at zero

applied gate voltage, this device is denoted 'depletion-mode.' The depletion-mode

label is a result of the fact that there is appreciable current conduction at zero applied

gate-voltage and the channel must be depleted of mobile charge in order for

conduction to cease. An enhancement-mode device does not conduct at zero gate-

voltage and requires an applied gate voltage (negative in the case of a p-TFT), to

induce a conductive channel.

Figure 2.3 shows the same device as in Fig. 2.2, but with a positive applied

gate-voltage, VGS. By applying a positive voltage to the gate, the majority carrier
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holes are repelled from the semiconductor surface, thereby leaving it depleted of free

carriers. For an ideal p-TFT in this biasing regime, a negligible amount of current

flows from drain-to-source. In a real TFT, the dominant current mechanisms in this

regime are leakage current through the insulator, 'G, and source/drain leakage current.

Surface

Figure 2.2: An energy band diagram for a p-type TFT under equilibrium conditions.
The following assumptions are employed: there is no charge present in the
insulator, M > c1 and there is no charge present at the surface/semiconductor
interface.
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Figure 2.3: An energy band diagram for a p-type TFT under a depletion condition, i.e.
VGS = +. At the insulator/semiconductor interface, the quasi-Fermi level is near mid-
gap, thereby implying that the interface is devoid of free carriers. The same
assumptions of Fig. 2.2 are applied.

Figure 2.4 shows the p-TFT when VGS < 0 V, i.e., under an accumulation

condition. When a negative gate-voltage is applied, majority carrier holes in the

semiconductor are attracted and thus accumulated at the insulator/semiconductor

interface. The accumulation layer provides a low-resistance conduction path for holes

to traverse the semiconductor from source-to-drain. A negative bias applied from the

drain electrode to the source electrode (VDS) results in an electric field which facilitates

hole movement from source to drain. As a larger VDS voltage is applied, the current

increases proportionally until the channel near the drain pinches off and saturation

occurs. Before saturation occurs, the accumulation channel extends continuously from

the source to the drain. As the drain-to-source voltage is decreased more negatively

(for a p-TFT), the change in potential from gate to drain causes carriers to be extracted

from the channel [6]. This results in pinch-off of the channel in which a depletion, or
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extraction region is formed at the drain. A consequence of pinch-off and the

formation of the extraction region is that the current-voltage characteristics saturate

because as a more negative VDS is applied, the extraction region at the drain grows

further, and more of the VDS voltage is dropped across the extraction region instead of

the channel. The point at which the current saturates is known as the pinch-off

voltage, given as VD,SAT = VGS V in the ideal theory model.

The three modes of operation described previously form the basis on which the

IDVDS behavior can be described numerically via a mathematical model. A more

formal analysis of both ideal "square-law" theory and non-ideal modeling is presented

in Chapter 4.

Accumulation
Layer

Surface I
Semiconductor

Ilat0nI
Metal

Bulk Gate

Figure 2.4: An energy band diagram for a p-type TFT under an accumulation
condition, i.e. VGS = -. At the insulator/semiconductor interface, the valence band
is very close to the quasi-Fermi level, implying a high density of holes at that
location. This represents the conductive channel of the TFT. The same
assumptions of Fig. 2.2 are employed.
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2.2.3 Metal-Semiconductor Contacts

The previous description of the operation of a TFT makes the assumption that

the metal-semiconductor source and drain contacts are Ohmic in nature. In practice,

this is not always the case. An improper choice of a metal contact can result in a

Schottky barrier between the metal and the semiconductor. The following describes

metal-semiconductor contacts in terms the ideal and non-ideal theories.

2.2.3.1 Ideal Theory

As a metal and a semiconductor are brought together, there is a net flow of

charge from either the metal to the semiconductor or vice-versa. For a p-type

semiconductor, if CDM <x + -, where M is the metal work function and is the
q

semiconductor electron affinity and Eg is the bandgap, there is a net flow of holes from

the semiconductor to the metal. This is the most thennodynamically favorable process

because as holes move from the semiconductor to the metal, they lower their energy.

As the holes transfer from the semiconductor to the metal, a barrier to hole transfer

(VBI) is established that prevents further hole migration. Figure 2.5 shows the

resulting energy band diagram for a Schottky barrier formed between a p-type

semiconductor and a metal.

Ideal theory states that the barrier height, 1Bp' is defmed by,

Bp1g_q(MX), (2.1)
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where Eg is the bandgap of the semiconductor, is the electron affinity of the

semiconductor, and IM is the work function of the metal [9].

In terms of a TFT, a Schottky barrier contact between the channel and the

source and/or drain has detrimental effects on the electrical behavior. The non-linear

current-voltage relationship of a Schottky barrier arises from the physics of current

flow across the barrier. For "normal," high mobility semiconductors, thermionic

emission theory is used to model current transport as opposed to the thermionic

emission-diffusion theory used for low mobility semiconductors as in this research.

An in-depth analysis of these two theories is provided in Ref. [9], Chapter 5, pgs. 258-

263.

Deon
Region

R

Me p
Semiconductor

Figure 2.5: Energy band diagram for a metal-semiconductor contact in which the
E

semiconductor is p-type and IM < + -f-. A Schottky-barrier results due to
q

differences in the work functions of the metal and the semiconductor. The height of
the barrier between the metal and the semiconductor is given by '1Bp The barrier

preventing majority carrier holes from flowing into the semiconductor is given by VBI.
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An Ohmic, or injecting, contact is desirable for a TFT source or drain. Figure

2.6 shows an energy band for a metal-semiconductor contact with Ohmic

E
characteristics, i.e., when IM > x + -f-. Hole transport from the metal to the

q

semiconductor and vice-versa is not impeded by a barrier as in the case of the

Schottky barrier. The resulting current-voltage characteristics of this junction are

linear in nature.

Type of Semiconductor Ohmic Schottky

n M<Z M>X

E E
p M>X+

q q

Table 2.1: Summary of ideal Schottky barrier theory [9].
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Ef

'LT E

Metal p-type

Semiconductor

Figure 2.6: Energy band diagram for a metal-semiconductor contact in which the
E

semiconductor is p-type and GM > + Ohmic behavior is observed because
q

there is no appreciable barrier to hole transport between the metal and the
semiconductor.

2.2.3.2 Non-Ideal Theory

Ideal metal-semiconductor contact theory states that barrier height is only

dependent on the metal work function and the semiconductor electron affinity. In

other words, the barrier height is assumed to only be a factor of the elemental

properties of the semiconductor and the metal, thereby ignoring any chemical

reactions occurring at the interface.

Bardeen addressed discrepancies between ideal theory and experimental results

by incorporating the concept of surface or interface states. Interface states have
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several important characteristics: they are localized electronic states within the

bandgap, they are chargeable, and they can be donor- or acceptor-like [10].

Physically, interface states can arise from impurities, dangling bonds, and other types

of defects. Examining charge balance for the metal-semiconductor contact yields,

QM + Qss + Qsc =0, (2.2)

where, QMiS the charge per unit area of the metal, Qss is the charge per unit area of the

interface states, and Qsc is the charge per unit area of the semiconductor space charge

region. Equation 2.2 predicts that the Schottky barrier height is dependent on the

choice of metal, semiconductor, and on the interface states.

An interface parameter, S, can be defined as a parameter which quantifies how

much of the barrier height depends on the choice of the metal. Analytically, it is given

by [11],

1
s=

1+0.l(e, _1)2
(2.3)

where e is the high frequency dielectric constant, approximated by 2, where n is the

semiconductor index of refraction.

One more parameter is necessary to formulate the non-ideal metal-

semiconductor contact theory. This is the charge neutral level, Van de Walle

and Neugerbauer theorize that this value is a universal constant equal to 4.5 eV,

corresponding to the -1+ transition energy of hydrogen [12].

Modifying the expression for the Schottky barrier height for a p-type

semiconductor, with the incorporation of interface states yields,

(2.4)
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There are two limiting cases of interest. The first is when S 0. When S 0, Eq.

(2.4) is reduced to,

Bp_(Eg+ZDCNL) (2.5)

This result is known as the Fermi-level pinning limit because the barrier height is

independent of the choice of metal. The other limit of interest is S = 1. When S = 1,

Eq. (2.4) is reduced to,

Bp_(L'g+X(1)ML (2.6)

This is the same result as given by the ideal theory.

To obtain an Ohmic contact by circumventing the problem of Fermi-level

pinning, the semiconductor surface is heavily doped [9], as shown in Fig. 2.7. A very

narrow space charge region in between the metal and the heavily doped p-region

facilitates bidirectional tunneling of holes across the interface. The current-voltage

relationship of such an interface structure is Ohmic.
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Metal p-type
Semiconductor

Figure 2.7: Energy band diagram of a metal-semiconductor contact in which a heavily
doped p-region is placed between the metal and the semiconductor. Bidirectional
tunneling from the metal to the semiconductor facilitates Ohmic behavior.

2.3 Conclusions

This chapter provides background and concepts necessary for the

understanding of the research presented in this thesis. A discussion of n-type and p-

type transparent conductors is presented with an emphasis on two p-type transparent

conductors BaCuSF and BaCu2S2. TFT structures and device operation are examined

and explained. Finally, metal-semiconductor contacts, as related to TFTs, are

discussed.
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3. EXPERIMENTAL TECHNIQUE

3.1 Thin-Film Processin2

This section describes pre- and post-deposition, thin-film processing

techniques. Pulsed laser deposition, radio frequency sputtering, and electron beam

deposition are examined. Plasma-enhanced chemical vapor deposition is explained.

Thermal evaporation is discussed. Concluding this section is a discussion of rapid

thermal annealing.

3.1.1 Pulsed Laser Deposition

BaCuSF films described herein are deposited exclusively by pulsed laser

deposition (PLD). PLD systems consist mainly of a high-vacuum chamber (< i0

Ton base pressure), a high intensity laser, a source target, and a sample substrate. The

laser is pulsed, normally between 1-10 Hz. Each pulse of the high power laser is

focused onto the solid surface of the source target which results in an evaporated

plume of the source material, directed at the sample substrate. The plume is similar to

that of rocket exhaust, with the plume expanding away from the target with a high

degree of directionality [18]. This process can take place in a pure vacuum or with the

addition of a background gas such as 02. The main advantage of the PLD system as a

research tool is its ability to deposit highly stoichiometric films. In other words, the

PLD can deposit films that are very close in stoichiometry to that of the source target.

In addition, PLD offers tight control on film thickness since deposition rate is function
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of the laser power and the number of pulses/second. Process control in the PLD

system is relatively simple due to a limited number of processing parameters such as

laser energy density, pulse repetition rate, gas flow, and target-to-substrate distance.

PLD systems are generally used only as research tools due to difficulties in high

volume manufacturing. Systems such as radio frequency sputtering are more regularly

used for high volume production.

3.1.2 Radio Frequency Sputtering

Investigatory BaCuSF and BaCu2S2 TFT injector layers used in this research

are deposited using an RF magnetron sputtering system. An RF sputtering system

consists primarily of a high-vacuum chamber, a sputter source, heating elements, and

mass flow controllers [19]. Under high vacuum, typically in the micro-Torr range, an

inert gas flow is introduced into the chamber. A throttle valve controls the partial

pressure of the chamber. Next, a large potential, typically in the kilovolt range, is

applied via an RF source to ionize the inert gas. Electrons and ions created in the

ionization process impact the source target, transferring their momentum, and

knocking out source material, thereby "sputtering" the source material. The

magnetron source allows for much greater sputtering rate through the use of magnets.

Magnets confine electrons to a circular path near the surface of the source [19] and

further ionization of the gas is achieved, resulting in high sputter yield. The CPA, RF

Magnetron sputtering system at Oregon State University features two sputter "guns,"

two mass-flow controllers, a quartz-lamp heating system capable of substrate heat
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approaching 3 00°C, and a quick load-lock system allowing for easy access to

deposited materials.

3.1.3 Electron Beam Deposition

Experimental material systems for solar cell development are deposited using

an electron beam (E-Beam) deposition system. In addition, a control and interlock

system is developed for an in-house c-beam system. As with most other

semiconductor deposition tools, the c-beam deposition system operates under high-

vacuum. The c-beam system consists of an electron source (typically a Tungsten

filament), a permanent magnet, a source target, and a sample substrate. The filament

is heated by a high voltage source, typically in the 1-10 kW range, and electrons are

effectively "boiled" off the filament. A permanent magnet is set up to deflect the

electron beam in a way that it strikes the source material. As electrons impact the

source target, the target material is superheated and evaporates. The sample substrate

is set up facing the evaporation pocket so that the evaporated source material impacts

the substrate and condenses on it. A heating element is placed in close proximity to

the sample substrates and can obtain temperatures approaching 3 50°C.

3.1.4 Plasma-Enhanced Chemical Vapor Deposition

Si02 is deposited on the surface of TFT channels using a Semi Group plasma-

enhanced chemical vapor deposition (PECVD) system for the purpose of passivating a

surface channel layer. Under medium vacuum (-' i0 Ton), 200°C substrate heat is
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applied, and SilT4 and N20 gases are flowed into the chamber. An RF plasma is struck,

radicalizing and ionizing the source gases which, in turn, deposit onto the sample

substrate as Si02.

3.1.5 Thermal Evaporation Deposition

Thermal evaporation is used in TFT development to deposit metallic source

and drain contacts in addition to the deposition of exploratory passivation layers.

Thermal evaporation features a high-vacuum chamber with a high-current boat

(typically a refractory metal such as Tungsten) which holds the material to be

evaporated. Sample substrates are positioned directly above the evaporation source so

that the maximum amount of source material condenses on the substrate. The high

vacuum allows the evaporation temperature of materials to be lowered to a much

lower temperature, compared to the evaporation temperature at 1 atm. This deposition

technique is best suited for metal evaporation.

3.1.6 Rapid Thermal Annealing

Rapid thermal annealing (RTA) is used extensively in TFT and solar cell

development. In some cases, it is used to improve crystallinity and in others it is used

to aid in the diffusion of thin layers of compositionally diverse materials. The RTA

consists of a quartz chamber surrounded by a bank of high-intensity halogen lamps.

Gases such as Ar and 02 flow over the sample as the temperature of the chamber is

quickly increased. Typically, the temperature is held constant at a relatively high



24

value and then quickly ramped back to room temperature with the aid of compressed

air flowing over a quartz tube.

3.2 Thin Film Characterization

3.2.1 Hot Point Probe

A hot point probe measurement is used to determine the majority carrier type

(n or p) in thin-film development. The hot point probe system works on the principle

that, by creating a temperature gradient in a semiconductor, a voltage is induced due to

the diffusive action of the majority carriers. A hot probe, typically a soldering iron, is

electrically contacted to a measurement probe attached to the positive lead of a multi-

meter, which is set in a DC voltage or DC current mode. The other measurement

probe is connected to the negative lead of the multi-meter which is at room

temperature. As the probes are brought into contact with the semi-conducting sample,

the majority carriers diffuse away from the hot probe and move towards the cold

probe. For a p-type sample, this results in a negative DC voltage or current because

the majority carrier holes diffusive away from the hot lead, resulting in a net negative

charge at the positive terminal of the multi-meter. In an n-type sample, a net positive

voltage and current is realized.

While the hot point measurement is seemingly straightforward, there are

problems when attempting to determine the carrier type of an insulating or near-

insulating film. The current flow, in the hot point measurement, is governed by

diffusion current which is modeled by the following equations,
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(3.1)
dx

(3.2)

where J is the current density due to electrons and J is the current due to holes. In

the case of a slightly p-type sample, the current due to the majority carrier holes may

be masked by the current due to minority carrier electrons. This is due to the diffusion

constant, D, which is proportional to mobility and thermal energy, as specified in the

Einstein relation. The result of a higher diffusion constant for electrons, and a slightly

p-type sample, can result in a false n-type reading.

3.2.2 Hall Measurements

A Hall measurement system is used to characterize the resistivity, mobility,

and carrier density of thin-films. The Hall effect was discovered by Hall in 1879

while he was investigating the nature of the force acting on a conductor carrying a

current in a magnetic field [20]. It was observed that while current flows through a

conductor in a magnetic field, the magnetic field exerts a force on the charge carriers

and effectively deflects those carriers to one side of the semiconductor. By using the

relationship R = L, where R is the resistance, p is the resistivity, L is the length of

the semiconductor in the direction of current flow, and A is the cross-sectional area, a

resistivity is extracted by measuring the voltage across the semiconductor and
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knowing the geometric spacing between probes. By measuring the voltage created at

the side of the semiconductor where the charge carriers are deflected and observing

the applied current and magnetic field, it is possible to calculate Rh, the Hall

coefficient. A negative Hall coefficient signifies an n-type semiconductor while a

positive Hall coefficient signifies a p-type semiconductor. Values for carrier

concentration and mobility are tabulated by utilizing the Hall coefficient. The carrier

concentration for a p-type semiconductor is given by,

1
(3.3)

qR

and the carrier concentration for an n-type semiconductor is given by,

1
(3.4)

qR

The Hall mobility is defined by the relationship [20],

(3.5)

3.3 TFT Device Characterization

The most fundamental attribute of a TFT is its set of 'D VDS characteristics.

In this section, a discussion of the measurement system at Oregon State University is

presented.
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3.3.1 DC Current-Voltage Measurements

A Hewlett-Packard 4156 precision semiconductor parameter analyzer is used

to measure all current-voltage characteristics in this research. The 4156 offers four

source-monitor units (SMU) with a measurement range of 2 iV 100 V and a

maximum voltage resolution of 2 j.tV and current resolution of 1 fA. The measured

results mentioned herein, are taken at room temperature in complete darkness. A

custom program, written in the LabView programming language, is implemented to

control, organize, and analyze data extracted from the 4156. The use of Lab View has

greatly decreased software development time and has provided a functional base not

only for DC I-V measurements, but also in instrument control. A complete discussion

of relevant model parameters, extracted from DC current-voltage measurements, is

presented in Chapter 4.

3.3.2 Carrier Concentration Extraction Technique

The carrier concentration is one of the most important figures-of-merit in thin-

film characterization. Applied to a TFT structure, high values of initial carrier

concentration (> 1018 cm3) can result in the majority of current flow through the bulk

region, resulting in linear ID-VDS behavior. A more in-depth discussion of the effect of

initial carrier concentration on the threshold voltage and I-V characteristics of TFTs is

presented in Section IV.
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Figure 3.1. A bottom-gate thin-film transistor structure.

In Fig. 3.1, a bottom-gate TFT is pictured. If the channel region between the

source and drain is taken to be a block of semiconductor, the relationship

R=1,
A

(3.1)

can be employed, where R is resistance, p is the resistivity, L is the length in the

direction of current flow, and A is the area. For this carrier concentration extraction

technique, the following assumptions are made: the source/drain contacts to the

channel are ideal and Ohmic, zero gate-to-source voltage (VGS) is applied, and the

mobility of the channel is approximately equal to the bulk mobility. Defming p

results in,

p [q(,un + 1up)]', (3.2)

where q is the elementary unit of charge for an electron, 1u and are the electron

and hole mobilities, respectively, and n and p are the electron and hole carrier
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concentrations. Assuming the sample to be n-type, where n >> p. the resistivity

becomes,

p [qun]' (3.3)

Figure 3.2 shows the effective channel for a TFT. The area term of Eq. (3.1) for the

TFT of Fig. 3.2 is W x tchan, where W is the channel width and tch,, is the channel

thickness. The length term, L, of Eq. (3.1) is given to be the conventional gate length

as shown in Fig. 3.2. Rearranging terms to solve for n results in,

L

WXtChan xqxp XflXRmet

where Rmet is the measured resistance given by

Figure 3.2. The effective channel for the TFT shown in Figure 3.1.

(3.4)

This measurement technique provides a simple way to estimate the carrier

concentration of a TFT channel. In the modeling work of Chapter 5, this technique

provides an accurate fit to the 3-layer model parameter flo, the initial bulk carrier

concentration. It is important that the data obtained via this extraction technique be
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examined carefully because of possible non-idealities such as series resistance or

Schottky-barrier source/drain contacts, which would make the carrier concentration

numbers misleading.

3.4 Conclusions

This chapter summarizes the experimental techniques used in this research.

Several types of deposition and characterization systems are discussed. Finally, a

method to extract carrier concentration data from ID- VDS curves is presented.
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4. ELECTRICAL MODELING OF THIN-FILM TRANSISTORS

This chapter begins with a review of conventional TFT physics-based modeling

via the square-law model. Next, a 3-layer model is introduced. This model, in which

bulk and surface accumulation currents are included, is presented in order to provide a

physical explanation for "soft-saturation" in which the slope of ID-VDS curves in the

saturation regime is non-zero. Next, the effect of series resistance at the source and

drain contacts on TFT ID-VDS curves is examined. Concluding this chapter is a

discussion of ideal and non-ideal TFT mobility.

4.1 Ideal Theory

The two primary objectives of this section are to present a derivation of the

square-law model, since it constitutes the most basic, ideal TFT model, and to then

illustrate the utility of this model via basic device simulation.

4.1.1 Square-Law Model

In 1963, Borkan and Weimer [21] published their analysis of TFT device

behavior based on Shockley's gradual channel approximation analysis of the junction

field-effect transistor. The essence of this gradual channel approximation is as follows.

Field-effect transistors inherently pose a two-dimensional electric field problem,

involving electric field components both parallel and perpendicular to the flow of

current in the channel. Shockley's gradual channel approximation involves the

assumption that the lateral change in the y-component of the electric field along the

channel is much less than the change in the x-component of the electric field
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perpendicular to the channel. By making this assumption, the two-dimensional electric

field problem simplifies into two separate one-dimensional problems involving gate

voltage modulation of carriers in the channel and drain voltage-induced transport of

carriers along the channel. It is important to note that the gradual channel

approximation is only valid for long-channel devices, where the lateral electrical field

can be neglected, and for device operation in the pre-pinch-off regime, as defined in the

following discussion.

The goal is to now derive the basic drain current - drain voltage (ID- VDS)

equations describing long-channel TFT operation. This development begins by treating

the TFT gate, insulator, and semiconductor channel as an ideal metal-oxide-

semiconductor (MOS) capacitor and employing the relationship Q = C x V to

determine the total induced charge. Substituting in appropriate terms for Q, C, and V

yields,

q/j2(y)__.9_rV V(y)], (4.1)
h

where q x An(y) is the induced charge density, CG is the gate capacitance per unit area,

VGS is the gate voltage, h is the thickness of the semiconductor channel, and V(y) is the

channel voltage obtained at a distance "y" along the channel.

Assuming that mobility, p, is constant along the channel and that the channel

current is dominated by drift, the drain current, ID, is given by,

= + cT(y)]4(y), (4.2)
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where Z is the channel width, (y) is the electric field along the channel, o is the

channel conductivity at zero gate bias, and o-(y) is the incremental channel

conductivity due to the induced charge density. The drain current may be rewritten by

noting that a = q1un, resulting in,

= hZqp[n0 + An(y)J(y), (4.3)

where n0 is the initial charge density in the semiconductor (charge/cm3) and An(y) is

the gate-induced charge density. Substituting Eq. (4.1) into Eq. (4.3) and expressing the

electric field in terms of the voltage drop along the channel yields,

= Zp CG
[qhn0

+ VGS V(
1 dV(y)

[ CG
Y)J . (4.4)

Operating on both sides of Eq. (4.4) by dy and then integrating over the length of the

channel, L, yields,

ID$dY = zPcGI[Co + VGS V(Y)]dV(Y). (4.5)

Performing the integrations specified in Eq. (4.5) and dividing by L yields,

[(VGS VT)V

21
J Z1uC VDS I

D
L DS

2 j'
(4.6)

where the threshold voltage, T' is given by,

=-'bo (4.7)T ,-,

It is important to note that Eq. (4.6) is only valid when VGS VT, i.e., when a sufficient

number of carriers are present in the channel for appreciable current to flow, and when
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the drain voltage is less than that required to pinch-off the channel, i.e., when

VGS VT and TTDS V VT. Equation (4.6) is not applicable in either subthreshold,

i.e., when VGS <VT or in saturation, i.e., when VGS V and VDS VGS -VT

Saturation is specified to occur when the channel is pinched off, given by the

condition VDS = VDSAT = VGS VT, which when substituted into Eq. (4.6) yields,

(rs V
)2

(4.8)DSAT
2L

Equations (4.6) (4.8) are the central equations constituting the square-law

model. The 'square-law' designation arises from the quadratic dependence displayed in

Eq. (4.8) in which the saturation current is proportional to the square of the applied gate

voltage in excess of the threshold voltage.

A more complete description of the square-law model is given in Table 4.1.

Three regimes of TFT operation are indicated: subthreshold, pre-pinch-off (sometimes

denoted 'triode'), and post-pinch-off (often denoted 'saturation'). The corresponding

constraint relations correspond to the gate voltage with respect to the threshold voltage,

VT as given by Eq. (4.7), and the drain voltage with respect to the pinch-off voltage,

VGS VT. As indicated in Table 4.1, the subthreshold current is equal to zero according

to this version of the square-law model.

An important function of a device physics-based model, such as the square-law

model specified in the upper portion of Table 4.1, is associated with its utility for circuit

simulation. Development of a circuit simulation model requires mapping of device

physics equations into an appropriate equivalent circuit. To accomplish this mapping
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in a systematic maimer, it is useful to identify the independent and dependent model

variables (IV, DV), model parameters (MP), and physical operating parameters (POP)

and to then specify them in the following functional form,

DV(1V1 ,IV2,...;A,W2,...;POF,POP) (4.9)

Employing this procedure to square-law theory yields,

ID(VGS,VDS;Z,L,nO,h,CG,P;nbne) (4.10)

Expressing the square-law model in this functional form allows one to quickly discern

the two independent variables, six model parameters, and zero explicit physical

operating parameters. (It could be argued that n0 and p implicitly depend upon

temperature, at least in a real device, so that temperature should be considered to be an

implicit physical operating parameter.)



Variable definition Equation

Threshold voltage qhn0

TCG
Pinch-off condition VDSAT = VGS V

Regime of Equation Constraints

operation

Subthreshold 0 VGS <VT

Pre-pinch-off zpc [Gifj V
2

DS
VGS VTr - IY'GsVTP'Ds

L
T7\TT

2 <V'DS DSAT

Post-pinch-off ZPCG (
DSAT k GS

\2
TI

VGS
.-, TI T

VDS > VDSAT

Model parameters Geometrical-based Z, L, h, CG

Channel-based no, 1u

Table 4.1. Summary of the square-law model.

Note that, in general, the number of model parameters is not unique since a

model may be expressed in various forms. For example, a circuit engineer would

typically combine, p and CG into one model parameter (or if the TFT geometry is

fixed, p, CG, Z, and L would all be combined into one model parameter), thus reducing

the number of adjustable model parameters. Model parameter specification is usually

driven by the objective of the modeler. In the context of this thesis, the primary motive
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is to elucidate TFT device physics operation. Therefore, model parameter compression

is avoided since it tends to obscure the operating physics. As indicated in the lower

portion of Table 4.1, model parameters can also be subcategorized based on whether

they involve device geometry or properties of the materials comprising the device.

In order to map a device physics-based model into an appropriate equivalent

circuit, identification of independent and dependent variables in a functional format is

essential. Thus, establishing 'D (VGS ,VDS) in the square-law model facilitates

identification of a non-linear, voltage-con frolled current source as an appropriate

equivalent circuit element. Two voltages, VGS and VDS control 'D 'D is, in general,

non-linear in VGS or VDS as evident from Eqs. (4.6) and (4.8).

If a corresponding, but much more complicated, device physics-based

development is undertaken with respect to TFT capacitance-voltage (C-V)

characteristics, it would require the incorporation of two additional non-linear, voltage-

controlled capacitors into the square-law, TFT equivalent circuit. Such an equivalent

circuit is indicated in Fig. (4.1). Since the primary modeling focus involves DC

VDS and 'D VGS assessment, the C-V modeling is not included in this thesis

except with respect to specification of equivalent circuits for the models discussed

herein. However, it should be recognized that inclusion of these non-linear, voltage-

controlled capacitors are required for AC or transient modeling of TFTs.



Gate

CGS(VS,

Source

CGD(VGS,VDS)

Drain

Source

Figure 4.1. An equivalent circuit consisting of two nonlinear, voltage-controlled
capacitors and a nonlinear, voltage-controlled current source corresponding to the
square-law model specified by Table 4.2.

4.1.2 Simulation Results

The goal of this section is to demonstrate simulation results obtained by the

implementation of the ideal, square-law TFT model.

The most fundamental attribute of a TFT is its set of 'D VDS characteristics.

Figure 4.2 illustrates typical 'D VDS behavior for varying values of VGS for an ideal

TFT. Several aspects of these characteristics merit consideration.

First, this TFT operates in depletion-mode, as evident from the fact that an

appreciable current flows (sixth curve from the top) even when no gate voltage is

applied. Enhancement-mode operation, in which negligible current flows until a

sufficiently large voltage is applied to the gate, is preferable to depletion-mode behavior

since circuit design is easier and power dissipation is minimized when normally-off,

enhancement-mode devices are employed.

Second, a rough indication of the threshold voltage, VT, which is chosen to be
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-5 V for this simulation, may be directly estimated from the 'D VGS curves such as

shown in Fig. 4.3 by noting that VT is approximately equal to VGS beyond which

negligible current flows.

4
2.0

E -
1.0

0.5

PRE-PINCH-OFF

(TRIODE)

POST-PINCH-OFF

(SATURATION)

0
- -I

0 10 20 30 40

VDS(V)

Figure 4.2. Simulated drain current-drain voltage (ID VDS) characteristics for an n-

channel, depletion-mode TFT modeled using the square-law model. The dashed curve
identifies a locus of pinch-off points. The top curve corresponds to a gate voltage of 9
V, with the gate voltage decremented by 2 V for each subsequent curve. Square-law
model parameters employed for this simulation are: VT = -5 V, C =70 nP/cm2, i = 30
cm2IV-s, and Z/L= 10:1.

Third, each 'D VDS curve is comprised of a pre-pinch-off or triode regime,

described by Eq. (4.6), and a post-pinch-off or saturation regime at which the current is

constant and is given by Eq. (4.8). These two operating regimes are connected to each

other at VDS = VDSAT VGS VT which is distinguished as the minimum drain voltage at

which the entire channel thickness near the drain is depleted of free carriers.

Fourth, Fig. 4.2 exhibits "hard saturation," as witnessed by the fact that the slope

of each 'D curve is zero in the post-pinch-off or saturation regime. Hard saturation
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indicates that the entire thickness of the channel is depleted of free carriers. Hard

saturation is desirable for most circuit applications, since transistors exhibiting this

property possess large output impedance. Figure 4.3 displays simulated drain current

gate voltage (ID VGS) transfer characteristics when the square-law theory is

employed. Note the abrupt onset of current conduction and relatively well-defined

threshold voltages exhibited by both the depletion and enhancement-mode sets of

transfer curves. Additionally, it is evident from Fig. 4.3 that the transfer curve slope

increases with increasing mobility.

A fifth and final aspect of Fig. 4.2 that warrants comments involves the

magnitude of the current. A large 'D is always desirable. An assessment of Eq. (4.8)

indicates that there are three primary ways to increase 'D First, modifying the TFT

geometry by increasing the magnitude of ZIL increases 'D Second, increasing the gate

dielectric constant, and hence the gate capacitance, CG, results in more current.

Finally, a higher mobility yields higher current.

In order to extract values of mobility and threshold voltage, it is necessary to

examine the 'D VGS plot. Figure 4.3 shows several 'D VGS curves for a constant

value of VDS. It is important to recognize the importance of mobility on TFT behavior.

Not only does the mobility affect the magnitude of the current at a given VGS value, but

it also changes the slope. In the ideal model, VGS values less than VT result in zero

drain current conduction. In Fig. 4.3, this is exhibited by the abrupt turn-on specifically
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at the threshold value. For real devices, there is a sub-threshold current that results in a

transition region for VGS values near VT.

200
_1_L= lOcm2/V-s

150 t=20cm2/V-s

100

VT = -5 V V =IOVT1

-'10 -5 0 5 10 15 20

VGS(V)
Figure 4.3. Drain current gate voltage (ID VGS) transfer curve simulation results
using the square-law model for values of threshold voltage, VT = -5 V and +10 V and
channel mobility, j.i 10 and 30 cm2/V-s. For this simulation, VDS= 1 V.

4.2 3-Layer Model

The square-law model presented in Section 4.1 provides an excellent framework

for the development of more sophisticated models. In this section, two additional

model parameters are incorporated into the ideal square-law model to account for non-

ideal effects associated with bulk and surface current conduction.

4.2.1 Model Development

Figure 4.4 illustrates the essential features of the 3-layer model. Two additional

currents are included in Fig. 4.4 in addition to the 'normal' drain current component,
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which is identified as 'D,INTERFACE and corresponds to the gate voltage-induced drain

current, 'D' developed in Section 4.1.1 from the square-law model.

SOURCE DRAIN
(VD=+)

D,SURFACE

'D,BULK
4

CHANNEL
'O.INTERFACE

INSULATOR

GATE

(/c=)
Figure 4.4. A schematic of the 3-layer model for a simplified bottom-gate TFT with an
n-type channel.

The current labeled 'D,BULK represents current flowing through the 'bulk' portion

of the channel. The simplest model for 'D,BULK is to associate it with a uniform bulk

resistance of the channel, RBULK, where

Pcjannei" (4.11)RBK
hZ

where Pchnel is the channel resistance given by

Pchannel (4.12)

and where PBULK and BULK are the bulk mobility and carrier concentration,

respectively, assuming an n-type channel.

The third current included in Fig. 4.4, ID,SURJ'ACE, accounts for the possibility that

an accumulation channel is present at the channel surface, where 'surface' is used to
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denote the channel interface opposite to that of the gate/insulator interface. Figure 4.5

illustrates an energy band picture showing the formation of a surface accumulation layer

at zero-bias for a bottom-gate TFT with an n-type channel. The easiest way to account

for the effect of this accumulation layer is to model it as a simple resistor, RSUPJ'ACE, the

magnitude of which reflects the importance of 'D,SURFACE in contributing to device

performance.

Accumulation Depletion
yer

Semiconductor Ih1at0
Metal

Bulk Gate

Figure 4.5. 3-layer model energy band diagram for an n-type TFT with a surface
accumulation layer.

Since Fig. 4.4 suggests that bulk and surface accumulation current flow in

parallel with 'D,INTERFACE, an equivalent circuit appropriate for the 3-layer model is given

in Fig. 4.6. The important point to note regarding the 3-layer model equivalent circuit is

that RBULK and RSURYACE act in a deleterious manner with respect to transistor action.

This is explicitly demonstrated via simulation in Section 4.2.2.

Mapping the model parameters into an equivalent circuit, in the same way as

demonstrated in Section 4.1.1, yields,



'D (VGS, VDS; Z, L, n0, h, CG, PBULK' PINTERFACE' RSACE; none), (4.13)

where PBULK and PJNTERFACE represent the bulk and semiconductor/insulator interface

mobilities respectively, and RsAcE represents the resistance of the surface

accumulation layer.

Gate
CGD(VGS,VDS)

Drain

VGS CGS(VGS,VDS)
'surface VDS

- 'I'D,INTERFACE (VGS, VDS)
Source

Figure 4.6. An equivalent circuit for the 3-layer model.

A summary of the variables, equations, regimes of operation, constraints, and

model parameters constituting the 3-layer model is presented in Table 4.2. Only two

additional parameters, PINTERFACE and RsAcE, are required to specifr the 3-layer

model in addition to those employed in the square-law model.
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Variable definition Equation

Threshold voltage qhn0VT
CG

Pinch-off condition VDSAT = VGS V7

Bulk Resistance L
RBULK = qZpnØ

Regime of Equation Constraints
operation

Subthreshold VDS VDS VGS <VT
D

RBULK RsUAcE

Pre-pinch-off Z,UCG
[(vGS -Vi) VDS

v2 1 VDS VDS VGS VT
2] RB RSURFACE

VDS VDSAT

Post-pinch- ZpC
(V VDS VDS VGS VT

off D
2L RBULK RsUAcE VDS > VDSAT

Model Geometrical-based Z, L, h, CG
parameters

Channel-based 'PBULK

Surface/interface property
INTERFACE'

RSUPYACE

Table 4.2 Summary of the 3-layer model.



4.2.2 Simulation Results

With the addition of RBULK into the square-law model, a large initial carrier

concentration, can have a dramatic effect on 'D VDS curves, as shown in Fig. 4.7.

Plots (a)-(d) show the effect of different values of flu, and therefore RBULK, on the

VDS curves. The simulation shown in plot (a), with a carrier concentration of 1019

cm3, behaves as a simple linear resistor with a bulk resistance of 10 ki Consequently,

nearly all of the current in this device flows through the bulk instead of at the insulator-

semiconductor interface, resulting in linear 'D VDS curves with negligible gate voltage

modulation. This type of behavior is sometimes witnessed when the channel is very

thick, so that the bulk resistance is small.

Plot (b) of Fig. 4.7 displays a very small amount of gate voltage modulation of

its 'D VDS curves, whereas plot (c) is beginning to look like a transistor. However,

neither of these plots are truly characteristic of a transistor. Rather, plots (b) and (c)

exemplify device performance describable as that of a gate voltage-controlled non-

linear resistor. In the context of the 3-layer model equivalent circuit indicated in Fig.

4.6, for plots (b) and (c), the drain-source current flows through both the output port

non-linear voltagecontrolled current source, labeled as ID,INTERFACE, and the linear

resistor, RBULK. (RSURFACE is assumed to be i09 I for this simulation, such that it is

essentially an open circuit from the perspective of the output port.) Even the RBULK= 1

M resistance of plot (d) is inadequate for the attainment of 'hard' saturation of the

VDS curves and for the full depletion of the channel at a gate voltage of 0 V

(bottom curve of plot (d)) so that the device is 'off.'
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V0(V)

"O 10 20 30 40
VDS(V)

(d)

1

4:

0

VDS(V)

D

Figure 4.7. Simulated 'D VDS curves for varying values of the channel carrier
concentration flu. Plots (a)-(d) represent varying carrier concentrations of 1 19, 1018,

1017, 1016 cm3, respectively. As the carrier concentration decreases, transistor action
begins to become apparent and the 'D VDS curves begin to saturate. However, notice
that even plot (d) does not exhibit 'hard' saturation and the drain current does not fully
turn off even at a gate voltage of 0 V. Model parameters used in this simulation: Z/L =
5, h = 100 mn, CG=7 x i0 F/cm2, n0 = [1019, 1018, 1017, 1016 cni3], PBULK = 0.9 cm2/V-

S PJEFffACE = 0.2 cm2fV-s.

A second example of the utility of the 3-layer model involves the assessment of

the electrical characteristics of a transparent thin-film transistor (TTFT) with a Sn02

channel layer [23]. Figure 4.8 is representative of 'D VDS curves obtained during the

development of Sn02 TTFTs. As indicated in Fig. 4.8, the 3-layer model provides a

reasonable fit to the measured data.

The combination of a having a relatively thick channel and high initial carrier

concentration ('4Ø18 cm3), as shown in Fig. 4.8, has several implications. First, it



results in a deeply negative threshold voltage, calculated to be -17 V, using Eq. (4.7).

Second, bulk current conduction is present due to the relatively low bulk resistance, R =

200 k. As evident from Fig. 4.6, if either RBK or RsAcE is small, the drain-source

current is shunted through one of these resistors instead of being sourced through the

voltage-controlled current source associated with ID,INTERFACE. Thus, the 'D VDS

curves shown in Fig. 4.8 exhibit gate voltage-controlled, non-linear resistor

characteristics rather than transistor behavior.

0.3 _-Sn02 Measured

3-Layer Mode'

0.1

10 20 30 40

VDS(V)

Figure 4.8. Measured ID-VDS curves for a Sn02 TTFT with a fit to the data using the 3-
layer model. VGS is decreased from 20 V (top curve, showing maximum current) to 0 V
in 5 V increments. Model parameters used in this simulation: flBULK = 1.3 x 1

18 cm3,
LBULK 0.5 cm2!V-s, gINTERFACE= 0.505 cm2/V-s, h 60 nm, Vq'= -17 V, RBULK = 200

ld),Z/L=5.

The preceding assessment indicates that an increase in RB should lead to

improved TFT performance with respect to hard saturation. One way to increase RBK

is to decrease the channel thickness. Indeed, this behavior is found to be the case

experimentally as is evident from a comparison of Figs. 4.8 and 4.9, which correspond



to measured channel thicknesses of 60 nm & 16 nm and estimated bulk resistivities of

200 k1 & 52 M, respectively. A reduction in the estimated bulk electron

concentration from 1.3x10'8 to 5x10'6 cm3 leads to a change in the threshold voltage

from -17 to -0.1 V. Note that the 'D VDS curves shown in Fig. 4.8 exhibit hard

saturation, again as a consequence of having an adequately large RBK. Additionally,

as shown in Fig. 4.9, the 3-layer model provides a reasonable fit to the 'D VDS data.

30

20

10 20 30 40
V0s(V)

Figure 4.9. Measured ID-VDS curves for a Sn02 TTFT with a fit to the data using the 3-
layer model. VGS is decreased from 20 V (top curve, showing maximum current) to 0 V
in 5 V increments. Model parameters: flBULK = 5 x BULK 0.3 cm2IV-s, INTERFACE

=0.19 cm2/V-s, h= l6nm, VT= -0.1 V,RBULK=52 M,Z/L5.

4.3 Series Resistance

Building upon the square-law and 3-layer models, this section is devoted to

incorporating series resistance in the source and drain into the 3-layer model. As is

shown in the following, the addition of source and drain series resistors further



50

complicates modeling, but adds insight into non-ideal TFT behavior. In addition, the

importance of creating, ideal, Ohmic source and drain contacts is emphasized.

4.3.1 Model Derivation

The analysis of the 3-layer model begins with a TFT equivalent circuit, shown in

Fig. 4.6 of Section 4.2.1. Building on the 3-layer model, resistors RD and R are added

at the source and the drain, as indicated in Fig. 4.10.

CGD(VGS,VDS) v RD
Gate . -1% ° AN I Drain

CGS(V,VDS)
(4, ) RSuRFACE

Jvs, \
R8 1D,INTERFAC (VGS', VDS')

vs

Source

Figure 4.10. 3-layer model equivalent circuit for a TFT which includes the effects of
source and drain series resistance. Primed quantities represent internal voltages.

Internal voltages are calculated by applying Kirchhoff's current law to each node of the

3-layer model, resulting in,

'= I D and (4.14)D DS IDItD,

17' I P
'S IDItS. (4.15)

Subtracting Eq. (4.15) from Eq. (4.14) results in the internal voltage across the TIFT

from drain to source,

V '=V'V'=V ID(RD-i-RS). (4.16)DS D S DS



51

Similarly, the internal voltage across the TFT from gate-to-source is found by applying

Kirchhoffs voltage law,

V '=V -T 1? (4.17)GS GS IDItS.

It should be noted that the non-primed quantities, VDS and VGS, represent the total

external voltage applied across TFT terminals, while the primed quantities VGS' and

VDS' are the internal voltages across TFT terminals, thereby accounting for the voltage

dropped across R5 and RD.

Equations (4.16) and (4.17) provide the necessary framework from which to

begin an analysis of the effects of R5 and RD on TFT performance. Inclusion of R

and RD into the equivalent circuit reduces the internal terminal voltages to VGS' and

VDS'. Reduced values of VGS' and V,' compared to VGS and VDS result in a decrease

in the drain current and thus an apparent reduction in the channel mobility, compared to

the ideal case where R and RD are zero.

Continuing the development of the series resistance model equations, DC node

voltage analysis of node VD' yields,

V V' D S (4.18)DS D
'D,INTERFACE +

REQvRD

where 'D,INTERFACE is the insulator-semiconductor interface accumulation-layer current

and REQ, is the parallel combination of RBK and RsUAcE. Since the non-primed

variables VDS and VGS are the voltages applied to the circuit, all primed internal
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voltages are replaced by corresponding unprimed voltages as given in Eqs. (4.14)-

(4.16), which leads to

VDS ID (RD + R5)
= 'D,JNTERFACE + . (4.19)

REQ

This result represents the total current through the device. It is important to note that

'D exists on both sides of Eq. (4.19), implying that 'D is not analytic and, hence, must

be solved self-consistently.

To conclude this analysis, it is necessary to rewrite the 'D VDS equations for

the pre- and post-pinch-off regimes in terms of the primed quantities V5' and VDS'.

Substituting Eqs. (4.16) and (4.17) into for the 3-layer model equations specifying

'D,JRTERFACE for both pre- and post-pinch-off leaves 'D,INTERFACE in terms of the applied

external voltages, VDS and VGS. The resulting current-voltage equation for the pre-

pinch-off regime is given by,

'D,INTERFACE
ZCGP (VD D (R + RD)

L
GS IDRS -VT

2
jJ(VD 1D(RS +RD)), (4.20)

whereas the corresponding equation for the post-pinch-off regime becomes,

where,

'D,INTERFACE
ZCGP

(v V -1DRS), (4.21)
2L GS T

VDSAT = VGS VT + IDRD. (4.22)

In the subthreshold regime, 'D,JNTERFACE = 0 such that an assessment of Fig. 4.10 leads to

VDS (4.23)1D
REQv +RD +R
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A summary of the variables, equations, regimes of operation, constraints, and

model parameters constituting the 3-layer model with the addition of series resistance is

presented in Table 4.3. Two additional parameters, Rg and RD, are required to specify

the 3-layer model with series resistance in addition to those employed in the 3-layer

model of Section 4.1.1.

Variable definition Equation

Threshold voltage VT

Pinch-off condition VDSAT = VGS V7

L
Bulk Resistance RBULK = qZpnQ

BULK X SURFACEEquivalent Resistance AEQUIV D D
BULK + JtSURFACE

Regime of
operation Equation Constraints

Subthreshold 'B
VDS

RBULK + RD +
GS <T

Pre-pinch-off 'D Vr
1D( +RD)))

1D('S + RD))+
VD -(R3+ RD)

21S

Post-pinch- ZCii
(VGS v I0R

)2 VD ID (R5 + R0) VGS V1

off 2L REQWv VDS > VDSAT

Geometrical-based Z, L, h, CG

Channel-based fl0 , PRULK

Model
parameters

Pu VTER PA CE'

Surface/interface properties RSIJPJ?AC& R5,

RD

Table 4.3 Summary of the 3-layer model with series resistance incorporated.
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4.3.2 Simulation Results

It is evident from the model equations developed in the previous sub-section that

incorporation of R and RD into the 3-layer model leads to a reduction in the drain

current due to a concomitant decrease in effective terminal voltages. Figure 4.10 shows

an example simulation which illustrates the effect of series resistance on an 'D VDS

curve. In this simulation, RSERJES = R5 + RD and RD = R.

iJ

200

100

0 10 20 30
VDS(V)

oc
10 kc

100 kc

Figure 4.11. Simulated 'D VDS curves for varying values of series resistance. As the

series resistance is increased, less internal voltage is applied within the TFT, thereby
decreasing the total current, 'D Parameters used for this simulation are: VGS = 30 V,

RSEMES=Rs+RD and Rs=RD. Z/L10,

h = 100 nrn, CG =7 x 1 F/cm2, flo
= 1014 cm3,

PBULK = 10 cm/V-s, PEAcE 1

cm2/v-s.

The two limits, RsEEs =0 (top-curve) and R5EEs = c (bottom-curve), are shown,

as well as several intermediate values. At R5EE5 =0, the 'D VDS curve is equivalent

to the case of no series resistance. As RSEMES increases, an increasing fraction of the
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applied voltage is dropped across these parasitic series resistors, thereby internally

biasing the TFT at a lower effective voltage, resulting in less current drive.

Additionally, the voltage corresponding to pinch-off, which establishes the onset of

saturation of an 'D VDS curve, increases with increasing series resistance (e.g., VD,SAT

= 30, 30.15, 31.4, 38.3, 49.5, 57 V for RSERIES = 0, 1 k, 10 k, 100 k, 1 M, 10 M1

respectively); thus, 'D does not saturate over the domain of VDS used in Fig. 4.10 when

RSEMES = 1 M2. The limiting case of RsEEs = corresponds to all of the voltage

being dropped across RD and R, so that VGS' and VDS' are zero. Thus, the 'D VDS

curve shows negligible current conduction when RSERIES =

Figure 4.11 shows the effect of series resistance on 'D VGS curves using the

same values for RSERJES as employed for Fig. 4.10. It is evident from Fig. 4.11 that the

slope of the 'D VGS curve decreases with increasing series resistance. Note also that

this slope increases nonlinearly with respect to VGS. As discussed in Section 4.4.3.2,

this 'D VGS trend results in a severe degradation of the apparent mobility. Finally, it

is clear from Fig. 4.11 that the threshold voltage is not affected by series resistance.
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VGS(V)
Figure 4.12. Simulated 'D VGS curves for varying values of series resistance. As the

series resistance increases, less internal voltage is applied within the TFT, thereby
decreasing the total current, 'D As the series resistance increases, 'D decreases in a
nonlinear manner with respect to VGS. This corresponds to a decrease in mobility as

discussed in Section 4.4.3.2. RsEEs = R + RD and RD = R. VDS = 1 V. RsEEs [0, l0k, 100kf, 1 M,00L}. Z/L= l0,h= lOOnm,Ca=7 x 107F/cm2,no= 1014
cm3, I1BULK 10 cm/V-s, /-IThTTERFACE = 1 cm2/V-s.

4.4 Mobility

The previous three sections of this chapter consider both ideal and non-ideal

TFT models; non-idealities considered involve bulk or surface conduction in the

channel and series resistance. This section is devoted ideal and non-ideal channel

mobility modeling, as related to a TFT. To aid in the explanation of mobility as it

relates to the previously described models, mobility plots are generated for an ideal TFT

as well as for a TFT possessing series resistance in the source and drain
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4.4.1 Effective and Field-Effect Mobility

In its most general sense, mobility, p, is a linear proportionality constant

relating the carrier drift velocity, Vd, to the applied electric field, ,

Vd = (4.24)

Up to now, the channel mobility of a TFT has been treated as a constant. Physically,

there are various reasons why the channel mobility may not be constant, (e.g. interface

roughness scattering, velocity saturation), but can vary with VDS and especially with

VGS [20]. An ideal TFT would have a constant mobility, independent of VGS above

threshold. In contrast, the mobility of a real TFT usually increases above threshold,

peaks, and then either saturates or decreases in magnitude as VGS increases.

This channel mobility/voltage dependence leads to the definition of several

different kinds of mobilities, which are distinguished by the procedure employed for

their estimation from measured data. The effective mobility, .UEFF, and field-effect

mobility,
i11FE are the two most commonly employed TFT mobilities. The effective

mobility, PEFF' is extracted from the drain conductance, g, measured in the linear

regime of operation.
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Figure 4.13. Simulated drain current-drain voltage (ID VDS) characteristics for an n-

channel TFT generated using the square-law model. The dashed line identifies the linear
regime. Square-law model parameters employed for this simulation are: VT = -5 V, CG

70 nFIcm2, p = 30 cm2/V-s, and Z/L = 10.

Figure 4.12 illustrates the linear regime of operation for one curve of an

VDS plot. It is evident from this curve that linear is defined with respect to VDS.

Employing the pre-pinch-off square-law model of Section 4.1.1 as a starting point, if

VDS is very small (i.e., if VDS <<VGS VT), then an 'D expression for the linear regime

is as follows,

ZuC1

L
[(VGS Vr)VDS]. (4.25)

Differentiating Eq. (4.25) with respect to VDS yields,

olD ZpC1
(VGS V), (4.26)gd =

OVDS L

where gj denotes the drain conductance. Solving Eq. (4.26) for mobility and identifying

this as the effective mobility yields,



PEFF . (4.27)

CG(VGS 'T)

In contrast to PEFF' which is obtained from g, the field-effect mobility, PFE'

is derived from the transconductance, g,,, where g,, . Again starting with Eq.

(4.26), but this time differentiating with respect to VGS yields,

Z,uCG
g,

L
VDS. (4.28)

Solving for what is now denoted field-effect mobility gives,

g
PFEZ

CGVDS
(4.29)

Equations (4.27) and (4.29) constitute the defining relations for effective and field-

effect mobility, respectively. Note that the gate voltage dependence of the effective

mobility depends explicitly on the gate voltage and implicitly on the drain conductance,

whereas the field-effect mobility depends implicitly on the gate voltage via the

transconductance, i.e., PEFF (VGS )= f[VGS (VGS)] and PFE (VGS )= f[g (VGS )II.

4.4.2 Incremental and Average Mobility

Although PEFF and PEE are extensively employed in the technical literature as

estimators of TFT channel mobility, a better approach is to use average and incremental

mobility, PAVG and p, respectively, for channel mobility assessment. This

preference is based on the fact that even though numerical estimates of PAvG and p,



respectively, are often very similar to corresponding estimates of PENN and PFE' it turns

out that i11AVG and p have a precise physical interpretation, whereas /EFF and PFE

do not [22]. Furthermore, threshold assessment and TFT subthreshold current analysis

are clarified and greatly simplified when the modeling perspective underlying PEFF and

PFE is utilized.

The defining relation for the average mobility is identical to Eq. (4.27) which is

used to define PEFF except that the threshold voltage, V, is replaced by the turn-on

voltage, VON, yielding,

gd
1AVG , (4.30)

CG(VGS VON)

where VON corresponds to the onset of the flow of drain current, as assessed from a

log(ID) VGS curve. PAVG physically corresponds to the average mobility of the total

number of carriers in the accumulation channel.

In contrast to PAVG' the incremental mobility, ,u, physically corresponds to

the mobility of the carriers that are incrementally injected into the channel as the gate

voltage incrementally increases in magnitude. Analytically, the defining relation for

is identical to that of the field-effect mobility.

g,,

/-JNC
. (4.31)

CGVDS

To better appreciate the physical significance of PAVG and Pc consider the

measured mobility data of a GlO-channel TFT, as presented in Fig. 4.14. Beginning at
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VON, which is approximately equal to zero volts, the incremental mobility starts at

essentially zero. The low mobility near the turn-on voltage is a result of the fact that

most of the initial carriers injected from the source into the channel are trapped in

interlace states and/or in 'bulk' channel layer traps. As VGS increases, these traps

become more and more filled, such that subsequent carrier injection results in an

increasing amount of current flow. The incremental mobility continues to increase as

VGS increases until it either saturates or where second-order effects such as series

resistance or interface roughness scattering are no longer negligible and I-JNC begins to

decrease. The important point is to recognize that the trend with respect to VGS is

reflective of the mobility of carriers added incrementally to the channel.

The average mobility trend with respect to VGS provides an equally interesting

result. PAVG (VGS) is a running average of p from VON to VGS [22], which means that

a PAvG V curve is essentially a smoothed (low pass filtered) version of the

VGS curve. PAVG is usually lower in value than Pc because it represents the

average mobility of all of the carriers in the channel, including carriers localized in

traps. Since trapping of channel electrons is apparently significant for the GlO TFT of

Fig. 4.14, p increases rather gradually with respect to increasing VGS. Even at the

peak incremental mobility of 25 cm2/V-s, there are carriers of varying mobilities in the

channel. Averaged out, this results in a much lower mobility than the peak incremental

mobility.

As a figure of merit, PAVG provides a better predictor of device performance for

circuit applications since it takes into account all of the carriers in the channel, in
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contrast to p which is a measure of the mobility of the most recently injected

carriers. In contradistinction, the utility of p is that it is more directly correlated

with the transport physics of carriers in the channel.
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Figure 4.14. Extracted mobility (,UAVG and .LIINc) for a GlO-chamiel TFT structure.

For further consideration, Ref. [22] provides a more in-depth mathematical

derivation and explanation of u and I1AVG

4.4.3 Simulation Results

4.4.3.1 Ideal Mobility Extraction

In the square-law model, mobility is assumed to be constant with respect to VGS.

Thus, according to this model, a plot of mobility versus VGS should result in a step

function increase in mobility, from zero to its full value, occurring at VON. Figure 4.15

shows PAVG VGS curves which are extracted from ideal ID-VDS curves that are
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simulated using the square-law model with PACE = 1 cm2! V-s. The important

lesson to learn from Fig. 4.15 is that PAVG cannot be accurately extracted, even from an

ideal set of JD- VDS curves, unless this extraction occurs at a sufficiently small value of

VDS. A corresponding mobility extraction artifact is also present in a VGS curve

if VDS is too large, but is less pronounced than in a PAVG VGS curve. These mobility

extraction artifacts arise as a result of a breakdown in the assumption of linearity

employed in the mobility derivations presented in Section 4.4.1.
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Figure 4.15. Average mobility, PAVG' extracted from IjrVDS curves simulated using the
square-law model. Starting with the lower I1AVG curve, VDS is 1, 0.1 , 0.01 V, for each

subsequent PAVG curve. Significant error in the i11AVG mobility is observed for values of
VDS greater than 0.01 V. Model parameters used for this simulation: VT = 0 V, ZIL

10, h = 100 nm, CG= 7 X iO F!cm2, flo = 1014 cm3, PBULK = 10 cm2!V-s, PINTERFACE = 1

cm2!v-s.
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When VGS is near VON, the linearity condition, VDS <<VGs VON, is no longer

satisfied. Beginning with the definition of average mobility in Eq. (4.30) and noting

that g , the average mobility can be expressed as,

8 VDS

PAVG . (4.32)

CG(VGS VON)

If the linearity condition is not met, the partial derivative term constituting the

numerator of Eq. (4.32) must be assessed by differentiating the square-law model pre-

pinch-off regime 'D expression (Eq. (4.6)) with respect to VDS, resulting in,

ÔID PMODELC, W
(VGS VON VDS). (4.33)

L

Inserting Eq. (4.33) into (4.32) and canceling terms yields,

(VGS VON VDS)
PAVG = PMODEL

(VGS VON)
(4.34)

Equation (4.34) provides a quantitative means of estimating the extent of the mobility

extraction artifact. It can be seen that for values of VGS VON>> VDS, PAVG PMODEL

Also, note that when VGS VON = VDS, PAVG = 0. This analysis demonstrates that

accurate mobility extraction requires the use of the smallest possible value of VDS.

4.4.3.2 Apparent Mobility Degradation due to Series Resistance

When compared to ideal TFT mobility versus VGS curves, such as those shown

in Fig. 4.15, real TFT curves, such as those shown in Fig. 4.14, exhibit other types of
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non-idealities which are manifested as a non-abrupt increase in mobility with increasing

VGS at low VGS, or a decrease in mobility at high VGS. There are two primary potential

causes of a decrease in mobility at high VGS, interface roughness scattering and series

resistance. Series resistance, as considered within the context of the 3-layer model of

Section 4.3, leads to a reduction in the 'apparent' mobility, as discussed in this section.
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Figure 4.16. Simulated incremental mobility as a function of series resistance for
varying values of series resistance using the 3-layer model with series resistance.
Model parameters used for this simulation: ZIL = 10, h = 100 nm, CG = 7 x l0 F/cm2,
fl = 1014 cm3, /BULK = 10 cm2/V-s,PIAcE = 1 cm2/V-s. RsEEs = [0 , 1 1d1, 10

k, 100k, 1 M, 10Mg]. RsEEs =R +RD and RD =R5.

Figures 4.15 and 4.16 show the effect of series resistance on the incremental and

average mobility as a function of VGS. Figure 4.15 shows a general trend of the

incremental mobility increasing above the turn-on voltage, peaking, and then degrading.

The degradation effect is due to the fact that an appreciable fraction of the applied

voltages VGS and VDS is dropped across the series resistors R and RD so that less voltage

is available to the voltage-controlled current source shown in Fig. 4.10. As the series



resistance increases, more of the voltage is dissipated across Rs and RD and less is

effectively applied across the TFT, resulting in less current conduction and, hence, a

lower incremental mobility.

The mobility versus VGS trends shown in Figs. 4.15 and 4.16 are not

representative of the true mobility of the carriers in the channel but, rather, constitute an

artifact associated with series resistance. An example of a mobility degradation effect

where the degraded mobility is indicative of the true mobility of the carriers in the

channel would be interface roughness scattering. This mobility degradation mechanism

occurs when carriers, under a large gate-to-source voltage, are pulled close to a rough

insulator/semiconductor interface. Scattering occurs because the carriers interact with

the uneven interface, thereby lowering their velocities and, therefore, their mobilities.
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Figure 4.17. Simulated average mobility as a function of VGS for varying values of
series resistance using the 3-layer model with incorporated series resistance. VDS = 1 V.
RgEEs = [0 2, 10 kg), 100 k, 1 M, 10 M}. Z/L = 10, h = 100 nm, CG= 7 x iO

F/cm2, no = 1014 cm, I1BULK = 10 cm/V-s, I1J1'ffEPJ'ACE = 1 cm/V-s. RSEMES = R + RD

and RD = R.

4.5 Conclusions

This chapter reviews the ideal square-law TFT model and then introduces a non-

ideal 3-layer model, with and without series resistance. Additionally, ideal and non-

ideal channel mobility trends are presented.



5. BaCuSF p-CHANNEL TFT DEVELOPMENT

This chapter describes the development of a BaCuSF p-channel TFT. Non-

ideal current-voltage characteristics are observed which are more accurately described

as characteristic of a nonlinear, gate voltage-controlled resistor, rather than a

transistor. Optical, x-ray, and electrical characteristics are reported. Next, a

discussion of the non-idealities of BaCuSF p-TFTs is presented, followed by a

proposed structure to alleviate the non-idealities.

5.1 Processin2 of BaCuSF p-channel TFTs

BaCuSF films are deposited using a Lambda Physik laser and a Thermionics

PLD system by Robert Kykyneshi of the OSU Physics department. Patterning of the

semiconductor channel is accomplished via use of an aluminum shadow mask. The

deposition parameters are as follows: laser power = 2 J/cm2, repetition rate = 10 Hz,

target-to-substrate distance = 2", background gas = none, substrate temperature =

ambient. It is experimentally determined that for the BaCuSF PLD target each pulse

produces approximately 0.67 A of deposited material. BaCuSF targets developed for

this research are fabricated by Cheol-Hee Park of the OSU Department of Chemistry

and are i" in diameter.

Following deposition of BaCuSF by PLD, TFT structures are annealed. Table

5.1 summarizes the annealing recipes used for the BaCuSF TFT structures in this

research. The RTA anneals utilize an AET associates RTA. The ambient gas flows



10 minutes prior to application of heat in order to flush the chamber of any residual

oxygen. Next, the chamber is heated at a rate of 25°C/s until the desired temperature

is reached. The samples are held at the maximum temperature for 5 minutes and then

quickly cooled back to room temperature after annealing. Temperature control is

accomplished by flowing compressed air over the outside of the quartz deposition

chamber. An argon ambient is used in order to attempt to create more insulating films

compared to films that undergo H2S annealing. The most likely cause of the decrease

in conductivity under Ar annealing films is sulfur leaving the film. A sulfur donor

vacancy compensates the copper acceptor vacancy, thereby rendering the film more

insulating.

The other types of anneals take place in an alumina tube. H2S flows as the

tube is heated at a rate of 500°C/hr. Samples are held at the desired temperature for up

to 2 hours and then cooled at 500°C/hr until room temperature is reached. H2S is used

to prevent sulfur from leaving the BaCuSF film since this would result in

compensation to the Cu vacancies which are believed to be the cause of the p-type

conductivity in BaCuSF.

Anneal Type Temperature Ambient gas

RTA 300°C Ar

Sealed Tube 650°C H2S

Sealed Tube 300°C H2S

RTA 300°C H2/N2(6.7/93.3%)

Table 5.1. Post-deposition anneal recipes for BaCuSF TFT structures.



70

Following a post-deposition anneal, 100 nm of gold (Au) is deposited via thermal

evaporation in order to form source and drain contacts. Gold is chosen because of its

high work function (5.1 eV). As discussed in Section 2.2.3, a high work function

metal is desired for creating an Ohmic contact for a p-type semiconductor.

The p-TFT dimensions and physical layout on the ATO/ITO/NEGOA2

substrate are shown in Figs. 5.1 and 5.2.

(a) (b)

Figure 5.1. (a) Source/drain contact dimensions for a BaCuSF p-channel TFT. (b)
Channel dimensions for a BaCuSF p-channel TFT. Z/L = 3.88.

Ba

1"

(a) (b)

Figure 5.2. (a) Top view of BaCuSF TTFTs on an ATO/ITO/NEGOA2 substrate. (b)
3-D view of BaCuSF TTFTs. Au is used for source/drain contacts, and In is used to
contact the ITO gate layer.
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5.2 BaCuSF Characterization

5.2.1 X-ray Diffraction

Figure 5.3 shows XRD patterns of BaCuSF thin films annealed at 300°C in Ar

and at 550 and 650°C in H2S, as well as that of the powder. An anneal in Ar is shown

to produce a more crystalline film, as indicated by sharper peaks in Fig. 5.3.
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Figure 5.3. BaCuSF thin-film XRD (Ag K line) patterns for 650°C H2S, 550°C H2S,
300°C Ar RTA, and for a powder sample.

5.2.2 Optical Characterization

Figures 5.4 and 5.5 show the transmittance/reflectance and the direct bandgap

estimation of BaCuSF thin films annealed at 650°C in H2S and 300°C in Ar. These

annealing recipes both result in an estimated band gap of 3.5 eV. This is in close

agreement with previously published work on BaCuSF which reports a bandgap of 3.2

eV [4]. An anneal at 650°C in H2S produces an optical transmittance in the visual
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portion of the electromagnetic spectrum from 0% to 65%, as shown in Fig. 5.4a. An

anneal at 300°C in Ar produces an optical transmittance in the visual portion of the

electromagnetic spectrum from 0% to 80%, as shown in Fig. 5.5a.

2 3 4 5 6
hv (eV)

(b)

Figure 5.4. (a) Transmittance and reflectance spectra and (b) (ahv)2 - hv direct
bandgap estimate for sample BCSF-40, thickness - 450 mn, BaCuSF thin-film
deposited on a quartz substrate and post deposition annealed at 650°C in H2S. The
estimated band gap is 3.5 eV.
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Figure 5.5. (a) Transmittance and reflectance spectra and (b) (ahv)2 - hv direct
bandgap extraction for sample BCSF-38, thickness 630 nm, BaCuSF thin-film
deposited on a quartz substrate and post deposition annealed at 3 00°C in Ar. The
estimated band gap is 3.5 eV.
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5.2.3 Electrical Characterization

The current-voltage (ID- VDS) characteristics of the best BaCuSF p-channel TFT

are shown in Fig. 5.6. The 'D VDS curves show several non-ideal characteristics which

are the result of a high bulk hole concentration in the BaCuSF channel. The first non-

ideality is soft-saturation, evident from the non-zero slope in the post-pinch-off

regime. As VDS is applied, current is shunted between an interface accumulation layer

at the insulator/semiconductor interface and a bulk conduction path, as described in

the 3-layer model of Chapter 4.2. For an ideal saturating TFT, the bulk conduction

path is completely off.

The second non-ideality may be noted by observing that the bottom curve of

Fig. 5.6(a) shows resistor-like behavior in the form of linear ID-VDS behavior. The

channel shows no indication that it can be shut off as more positive gate voltage is

applied (not shown past +5 V). As VGS increases more positively, there is no

modulation of subsequent ID-VDS curves. In other words, subsequent ID-VDS curves

after VGS = 5 V lie on top of one another. This is clearly a result of the high intrinsic

bulk carrier concentration. Using the carrier concentration extraction method

developed in Chapter 2, analysis of the VGS = 5 V ID-VDS curve yields an extracted

carrier concentration of approximately 1019 cm3.

In addition to previously mentioned non-idealities, there is degradation in

transconductance, observable by noting that the space vertically between each constant

VGS curve decreases as VGS becomes more negative. This is most likely due to either

series resistance at the source and drain contacts, created by a Schottky-like barrier

between the gold contact and the BaCuSF channel, or it is due to mobility degradation.
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Mobility degradation is the result of increased scattering at a rough

insulator/semiconductor interface as VGS is increased. Both series resistance and

mobility degradation show identical degradation trends in ID-VDS behavior so it is

difficult to discern the true cause of transconductance degradation.
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Figure 5.6. (a) ID-VDS characteristics of BaCuSF p-channel TFT TR23. Deposition
parameters: h = 30 nm. Post-deposition anneal in an alumina tube at 650°C in flowing
H2S. Maximum gate leakage = 100 nA. Mean gate leakage = 2.11 nA. Extracted
carrier concentration, p0 = 1019 cm3. (b) Simulated ID-VDS characteristics using
parameters extracted from (a) in the 3-layer model of Section 4.2. Simulation shows
agreement with measured data from (a). Differences in shape and current magnitude
are most likely the result of inadequacies in the 3-layer model such as the exclusion of
traps. Measured model parameters used in this simulation: Z/L = 3.88, h 30 nm, CG
= 7 x 1 0 F/cm2. Estimated model parameters used in this simulation: p0 = 1019 cm3,

PBULK = 0.01 cm2/V-s, PINTERFACE = 0.01 cm2IV-s, R5+ RD = 2 M, R5 = RD.

Simulated 'D VDS characteristics, shown in Fig. 5.6(b), are generated from the

extracted parameters of BaCuSF-TR23S2. The addition of series resistance to the

simulation shown in Fig. 5.6(b) is used to approximate the shape of the measured

characteristics of Fig. 5.6(a). The effect of series resistance on ID-VDS curves is to not

only decrease the applied internal voltages, and therefore the current drive of the TFT,



75

but also to "smear" the pre-pinch-off regime by extending the pre-pinch-off regime as

demonstrated by the equation VDSAT = VGS VT + IDVGS, established in Chapter 4.

The simple 3-layer model employed in this simulation is inadequate to precisely fit the

BaCuSF p-channel TFT measured data. The purpose of the simulation, shown in Fig.

5.6(b), is to demonstrate that the 3-layer model can emulate general trends observed in

a non-ideal device in order to elucidate the physics of non-ideal ID-VDsbehavior.

-20 -15 -10 .5 0 5

VGS (V) VGs (V)

(a) (b)

Figure 5.7. (a) Transfer characteristics of BaCuSF p-channel TFT TR23. VDS = -2 V.
On-to-off ratio = 1.98. (b) Incremental mobility of BaCuSF p-channel TFT TR23.
VDS = -1 V. Maximum mobility = 0.057 cm2/V-s. The non-ideal shape of Fig 5.7(b) is
due to non-ideal overlapping ID- VDS curves at low values of VDS.

Figure 5.7 shows both a transfer curve (log ID- VGS) demonstrating the drain

current on-to-off ratio and the extracted incremental mobility for BaCuSF-TR23S2.

The low drain current on-to-off ratio of 1.98 is indicative of the fact that the BaCuSF

TFT is unable to be turned-off. In comparison to the BaCuSF TFT, a TFT that is

considered "turned-off' typically show off currents on the order of several nA and

drain current on-to-off ratios approaching i07. The unusual shape of the incremental
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mobility is a result of non-ideal ID behavior at low values of VDS in the form of

overlapping ID- VDS curves. Because of this non-ideal ID- VDS behavior at low values of

VDS, little insight is gained by examining the mobility behavior with respect to VGS.

Future 'D VDSmeasurements should use longer measurement hold and delay times in

order to minimize these effects.

5.3 Discussion of BaCuSF p-channel TFTs

This section examines different methods for circumventing the non-ideal ID-

VDS behavior observed in Fig. 5.6(a) by decreasing the bulk carrier concentration. The

ID-VDS trends shown in Fig. 5.6(a) can be elucidated via application of the 3-layer

model theory developed in Section 4.2. The estimated carrier concentration,po = 1019

cm3, extracted from the measured data of BaCuSF-TR23S2, is shown via simulation

in Fig. 5.6(b), to be too large to facilitate "hard" saturation. The bulk resistivity

resulting from this high bulk carrier concentration is low enough that a large amount

of current is shunted through the bulk conduction path.

Thus, the next logical step towards obtaining a saturating TFT is to shut off the

bulk conduction path, thereby forcing all of the current to flow via the

insulator/semiconductor accumulation layer. As the bulk channel resistance is given

L
by RB

hZ(q,up0)'
the simplest way to increase the bulk resistance is to reduce

the channel thickness, h. By reducing the thickness of the channel of the BaCuSF-

TR23S2 device from 30 nm to 5 nm, it is possible, theoretically, to increase the bulk

resistivity from 5.6 M to 32.2 M, thereby shifting the threshold voltage from 6.85



to 1.14 V, as calculated using Eq. (4.7). The resulting simulated ID-VDS curves

generated using a channel thickness of 5 nm are shown in Fig. 5.8. It is important to

note that even though the channel is made very thin, the bulk carrier concentration is

so large that the JD-VDS curves still exhibits soft saturation and the TFT cannot be

completely turned off.

Actual BaCuSF TFTs fabricated with a channel thickness of 5 nm show non-

uniformities in the channel after a 650°C H2S anneal. This makes further reduction of

the channel impractical. Therefore, the only practical approach for improving the

performance of BaCuSF TFTs is to reduce the channel hole concentration.

[1

0

2

VGS

-15

-10

-5

0

o,.,.,..,.
0 10 20 30 40

VDS (V)

Figure 5.8. Simulated ID-VDS characteristics of BaCuSF-TR23S2 using parameters
extracted from Fig. 5.6(a) in the 3-layer model of Section 4.2. Channel thickness is
changed from 30 to 5 nm compared to the simulation shown in Fig. 5.6(b). On-to-off
ratio = 30. Measured model parameters used in this simulation: ZIL = 3.88, h = 5 nm,
CG= 7 x 1 0 F/cm2, Estimated model parameters used in this simulation: P0 = 1 19 cm

ItBULK = 0.01 cm2/V-s, /INTERFACE = 0.01 cm2/V-s, R5 + RD =2 M, Rs = RD.
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One possible method for decreasing the hole carrier concentration of the

BaCuSF channel is through the use of an argon RTA. Figure 5.9 shows the extracted

hole carrier concentration, po, for four different Ar RTA recipes involving annealing

temperatures of 400, 500, 600, and 650°C. Notice that the hole carrier concentration

steadily decreases as the temperature increases, but never reaches a low enough carrier

concentration for the fabrication of a high-quality TFT. Additionally, as the RTA

temperature increases, TFTs fabricated exhibit less modulation between neighboring

ID-VDS curves (not shown), i.e., less transconductance, and hence poorer performance.

This is not surprising since Ar annealing presumably leads to the creation of anion

vacancies, most likely sulfur vacancies, which are donors that compensate copper

acceptor vacancies. However, it is likely that these sulfur vacancy donor energies are

sufficiently deep in the bandgap to act as traps. Electron trapping in the channel

would degrade the transconductance. Annealing in Ar is concluded to be an

ineffective method for making BaCuSF thin films more insulating.
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Figure 5.9. Extracted hole concentration, po, for BaCuSF thin films subjected to rapid
thermal annealing in argon at 400, 500, 600, and 650°C. Physical model parameters
used in this extraction: Z/L = 3.88, h = 60 tim, estimated model parameters used in this
extraction: PBULK = 0.05 cm2/V-s. The carrier concentration extraction methodology
is described in Chapter 3.3.2. Notice the decreasing trend in carrier concentration as
the temperature is increased.

In order to fabricate a BaCuSF p-channel TFT which exhibits "hard"

saturation, where there is negligible slope in the saturation regime of the ID-VDS

curves, it is necessary to decrease the bulk hole concentration in the channel.

Simulation, via the 3-layer model, shows that hard saturation can be achieved,

assuming the same parameters used for the BaCuSF TFT of Fig. 5.6(a), by reducing

the carrier concentration to iO'7 cm3, as shown in Fig. 5.10. However, with a carrier

concentration of 1017 cm3 the drain current on-to-off ratio is not very large,

approximately 50. In order to achieve an on-to-off ratio approaching i05, it is found in

simulation, that the hole concentration needs to be on the order of 1014 cm3.

Simulation indicates that at a hole concentration of 1014 cm3, ID is approximately 10h1



A, close to the expected gate leakage/noise floor, and that the drain current on-to-off

ratio is dominated by the low mobility of BaCuSF.

To date, no successful method has been found to fabricate BaCuSF p-channel

TFTs with hole concentrations of less than 1019 cm3. However, the very large hole

concentrations appear to be at least partially associated with a degradation of the

BaCuSF PLD target, resulting in more conductive films. A new target is currently in

development and more insulating films are expected. The BaCuSF channel will be

annealed at 650°C in an H2S furnace. The thought behind the H2S anneal is that, as

deposited, BaCuSF is amorphous and sulfur deficient, resulting in a completely

insulating film. Thus, the purpose of the H2S anneal is to incorporate sulfur back into

the lattice and also to improve the crystallinity BaCuSF thin-film.

Another possible method for decreasing the BaCuSF hole concentration that is

worth exploring is intentional donor-doping to compensate the Cu vacancy acceptors.

By doping BaCuSF with an element such as Zn, copper vacancies are filled since Zn

would sit on a Cu site and donors are introduced into the lattice. Both donor doping

and Cu vacancy suppression should lead to a reduction of the BaCuSF hole

concentration.

In addition to reducing the bulk carrier concentration, consideration should

also be given to the source and drain contacts. It turns out that it is very easy to make

an injecting or Ohmic source and drain contact in an n-channel TTFT. In contrast, in a

p-channel TFT, a metal with a very large work function (> 5 eV) is necessary to form

an Ohmic metal-semiconductor contact. This limits the choice of contacts to high

work function metals such as Au (5.1 eV) and Pt (5.7 eV). Instead of making a metal



contact directly to the semiconductor channel, an alternative approach is to heavily

dope the region under the metal contact in order to facilitate formation of an Ohmic

contact via tunneling between the contact metal and the heavily doped region.

A proposed BaCuSF p-channel TFT structure is shown in Fig. 5.11. The

channel of the proposed BaCuSF TFT is doped with Zn to occupy Cu vacancies in an

attempt to reduce the carrier concentration. After deposition, the channel layer is

annealed at a high temperature in a sealed tube containing H2S or by RTA in H2/N2. A

heavily doped p+ injection layer is created by depositing BaCuSF (not doped with Zn)

and performing an RTA in Ar at a low temperature (3OO°C). Gold contacts are placed

on top of the highly doped BaCuSF injector layers. The purpose of the proposed

structure is to facilitate hard saturation through the formation of an insulating channel

layer and to ensure that the source and drain contacts are Ohmic via the use of heavily

doped tunnel contacts.
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Figure 5.10. Simulated 'D VDS characteristics using parameters extracted from Fi.
5.6(a) in the 3-layer model of Section 4.2. Carrier concentration is changed from 10
to 1017 cm3 compared to Fig. 5.6(b). On-to-off ratio = 50. For VGS values of 0 and 5
V, the curves are nearly on top of one another. Model parameters used in this
simulation: Z/L = 3.88, h = 30 nm, CG= 7 x iO F/cm2, po = 1& cm3, PBULK = 0.01
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Figure 5.11. Proposed BaCuSF p-channel TFT. The channel is doped with Zn to
occupy Cu vacancies in an attempt to reduce the carrier concentration. A heavily
doped p+ injection layer is placed on top of the BaCuSF:Zn channel. Gold contacts
are placed on top of the p+ injectors.



5.4 Conclusions

BaCuSF at its present state of development is shown to be a non-ideal p-

channel TFT material. The challenge remaining to overcome is the soft-saturation and

the inability to completely shut the device off, both of which are a direct result of a

channel hole concentration that is too large. Several unsuccessful annealing

methodologies are attempted in hope of decreasing the carrier concentration. The best

performing BaCuSF p-channel TFT has an extracted carrier concentration of 1019 cm3,

a drain current on-to-off ratio of 1.98, a peak average mobility of 0.055 cm2/V-s, and a

threshold voltage of +6.85 V. A modified TFT structure is proposed, as shown in Fig.

5.11, which involves the use of an insulating channel layer in conjunction with heavily

doped tunneling source and drain contacts, which attempts to overcome the

deficiencies of current-state BaCuSF p-channel TFTs.



6. ELECTRON BEAM DEPOSITION SYSTEM

This chapter describes a high vacuum electron beam deposition system, which

is designed and constructed by Chris Tasker at Oregon State University. A system

overview is presented, followed by a discussion of the CompactRlO-based control and

interlock system and potential future upgrades of the tool.

6.1 System Overview

System specifications and features include:

Stainless steel chamber using Conflat ® seals

Four-pocket rotary electron beam source

Three thermal evaporation source

Substrate heating to 600°C

- 1 x 108 Ton base pressure

Adjustable source-to-substrate distance and substrate tilt

FPGA-based, National Instruments CompactRlO for controls, interlocks,

and data logging

Rasterable electron beam capable of programmable raster patterns

The previous electron beam evaporator system at OSU has a vacuum system

capable of pressures on the order of 106 Ton, a heating element with a 300 °C

maximum temperature, three pockets for evaporation (with two in service), and a

static electron beam. The new e-beam system presents several key advantages that



result in higher quality depositions. The first advantage of the new system is the 2000

b's, magnetic levitation turbo-molecular pump capable of evacuating the chamber to

pressures down to 9 x 1 0 Ton. The three orders of magnitude improvement in base

pressure of the new system results in a lower amount of residual gas incorporated into

a thin-film, thereby reducing unwanted gas adsorbtion. Another key advantage of the

new electron beam system is the rasterable electron beam. By rastering the beam, a

more uniform deposition is possible compared to that of a static beam because, with a

static beam, the evaporation is initially localized around single point corresponding to

the point where the electron beam strikes the source material. Rastering the beam

allows for a more uniform deposition, characteristic of that of the source material as a

whole. Also, rastering the electron beam allows for more uniform heating of a source

material; an important consideration for processing of ceramic targets due to cracking

if a target or pellet is not heated slowly enough.
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Figure 6.1. Schematic of the electron beam deposition system viewed from the front.
Abbreviation key: IS = ion source, 1W valve = high vacuum valve, Tp = turbo-
molecular pump, Tm = thickness monitor, Ts = thermal source, Es = evaporation
source , Ip = ion pump, Ss = sputter source.

6.2 CompactRIOTM - Based Interlock and Control System

The interlock and control system for the electron beam is based on a National

Instruments FPGA-based CompactRTOTM. This system uses a cRIO-9002 real-time

controller which features a 200 MHz Pentium processor, 64 MB of CompactFlash

storage, a 10/100 Ethernet port with embedded Web and file servers, 32 MB DRAM

memory, a RS-232 serial port, and a 1 M gate Xilinx FPGA. Integrated into the

controller chassis are 8 input/output (I/O) modules including digital inputs, relays,

analog outputs, digital outputs, and thermocouple inputs. The CompactRlO has the

advantage over other systems of using the LabviewTM programming language. The



high level, visual-based code is automatically compiled to VHDL and transferred via

Ethernet for implementation in the built-in FPGA.

The interlock and control system consists of two individual, interrelated

programs. One resides on the CompactRlO and contains input and output specific

commands while the other program resides on a computer and contains the user

interface. Care is taken to make sure the two programs communicate bi-directionally

in order to remain synchronous.

The interlock and control system is written in order to allow the end-user to

operate the electron beam system in a safe manner, with an emphasis on making the

interface user-friendly. The graphical user interface (GUT) features an automatic

mode in which the user only needs to push one button, "Start", in order for the

electron beam system to go from atmosphere to deposition. In addition, the user has

a visual display of all 17 interlocks and whether they are satisfied or not satisfied on a

real-time basis. Also, when in auto-mode, the condition of all 11 valves and pumps

are displayed in real-time.

In addition to auto-mode, service mode allows for single-stepping from

atmosphere to high vacuum. Operation of the valves and buttons is interlocked as

long as any of the pumps are running. The pumps-off service mode is not interlocked

explicitly, but there is inherent protection written to prevent damage to equipment

such as limiting the user's ability to start the turbo-molecular pump in the pumps-off

service mode.

A computer provides an interface for the end-user to control the electron beam.

One advantage of the CompactRlO-based system compared to a traditional computer
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based-system where I/O cards reside physically on the computer, is that the program

resides and runs exclusively on the CompactRlO. This allows for a highly reliable,

dedicated, and much more stable platform for the program.

Due to its parallel nature and the number of unused I/O's, the CompactRlO has

the capability of controlling multiple machines simultaneously, as well as adding

additional functionality such as PID temperature control as need be.
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Real-Time High Speed Reconfigurable Digitizers Attenuation Connector Sensors
Processor Bus FPGA and Isolation and Filters Block and Actuators

Figure 6.2. CompactRlO Architecture. Actual CompactRlO setup consists of 8 I/O
modules. Connector blocks indicate available connector types. Not shown is a
computer, connected via 10/100 Ethernet to the Real-Time processor in order to
provide a user interface. For more information, see reference
http://www,ni.conilcompactrio/ [24].

6.3 Future Enhancements

The CompactRlO-controllecl interlock and control system implemented in the

first version has several I/O modules unused, including the analog output, digital

output, one digital input, and thermocouple input modules. With the aid of the built-in

PID functions in Labview, the thermocouple module, and the analog output, effective



temperature control of the substrate heater should be relatively simple. Due to the

parallel nature of the CompactRlO, a temperature control routine is easily

implemented by creating a "while" loop running in parallel with the main interlock

and control program. With the available unused I/O modules and processor overhead,

the CompactRlO has the potential to control multiple systems at once.

The electron beam deposition system is designed so that hardware upgrades

can be easily made. Possible hardware upgrades include the addition of a sputter

source, an ion source and an ion pump.

6.4 Conclusions

This chapter describes a custom-designed and in-house fabricated electron

beam deposition system. The initial design includes a four pocket rotary electron

beam source, three thermal evaporation sources, a rasterable electron beam, substrate

heating to 600°C, and an interlock and control system built using a National

Instruments FPGA-based CompactRlO system. These features provide a much

improved development platform compared to the previous electron beam system at

Oregon State. Many open inputs/outputs on the CompactRlO provide for the

opportunity to create additional electron beam functionality. For future

improvements, hardware upgrades such as a sputter source, an ion source, and an ion

pump are made possible in the initial design.



7. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

7.1 Conclusions

One of the primary goals of this thesis is the development and exploration of

physics-based TFT models, specifically focusing on modeling non-ideal ID-VDS

behavior. Building upon the square-law model which assumes that all current from

drain to source flows through an insulator/semiconductor accumulation layer, a 3-

layer model is introduced which incorporates two additional current terms, 'D,BULK

and 'D,SURFACE , into the overall current, 'D. The addition of these two current

contributions allows for the modeling of TFTs exhibiting soft-saturation, where the

slope of an ID-VDS curve in the saturation regime is non-zero. In addition, insight is

gained by incorporating electrical parameters (i.e., bulk carrier concentration,

estimated mobility) of potential TFT materials into the 3-layer model. To provide a

proof-of-concept for the 3-layer model, a Sn02 TTFT is analyzed and the 3-layer

model provides a reasonable curve-fit to measured data.

Also incorporated into the 3-layer model are two series resistance terms that

model source and drain contact resistances. This results in a non-analytical model

that must be solved iteratively. Insight is gained into the effect of these series

resistances on 'D VDS behavior and therefore on mobility as well. The importance of

creating Ohmic source and drain contacts is emphasized by observing the output of

this model.
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In addition to the TFT models explored, field-effect, effective, average, and

incremental mobilities are derived, compared and simulated. It is shown in Chapter

4.4.3.2 that care must be taken when extracting mobility. Mathematically, it is

proven that significant error is induced in the mobility calculation when VGS VON.

Average and incremental mobility are preferred to field-effect and effective mobility

due to their physical relevance.

The other focus of this thesis is the development of BaCuSF p-channel TFTs.

The devices fabricated show current-voltage characteristics more typical of a non-

linear gate-voltage controlled resistor than that of a typical TFT. Due to the high

intrinsic carrier concentration, the devices fabricated cannot be effectively "turned-

off." This results in a very small drain current on-to-off ratio of 1.98. Another

consequence of the high intrinsic carrier concentration is the high output conductance

which is manifested as a non-zero slope in the saturation portion of Jo- VDS curves.

Extracted carrier concentrations of BaCuSF p-channel TFTs show hole

concentrations on the order of 1019 cm3. Simulation, via the 3-layer model, shows

that the intrinsic bulk carrier concentration must be reduced to 1017 cm3 for the TFT

to show hard-saturation ofID- VDS curves. However, the carrier concentration must be

reduced to i0 cm3 to obtain an on-to-off ratio of i05.



7.2 Recommendations for Future Work

7.2.1 Electrical Modeling of TFTs

While the 3-layer model with series resistance provides a good framework

from which non-ideal TFT behavior can be explored, there are several areas of the

model which can be improved to make it more complete.

The first deficiency in the 3-layer model is the lack of gate-voltage

dependence of the bulk resistance. Ideally, the TFT bulk resistance is modeled using

Lthe relationshipRBK
hz(qpp0)'

with L, h, and Z being the static channel

dimensions. In actuality, L, h, and Z should be "effective" quantities, reflective of

actual dimensions which include the effect of depletion near the drain contact. This

deficiency is most evident when comparing actual devices showing non-zero output

conductance with devices modeled using the 3-layer model. At low values of VGS,

the 3-layer model shows a dominance of bulk current conduction over interface

accumulation current in the form of linear ID-VDS curves. Actual devices typically

show ID-VDS curves with saturating characteristics at low values of VGS above

threshold. A gate-voltage dependence of the bulk carrier concentration could create a

physics-based model useful for curve-fitting measured data.

Another feature worth exploring is the incorporation of Schottky source/drain

contacts. The current 3-layer model models the source and drain contacts as simple

resistors. In a p-TTFT, it is likely that the source/drain contacts behave as Schottky

barriers since a very high metal work function is required for an Ohmic contact.

Modeling source/drain metal-semiconductor contacts as Schottky barriers could
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provide device physics insight into the operation of p-TTFTs. By varying the

Schottky barrier height, p-TTFTs could be more effectively modeled and understood.

7.2.2 p-TTFT Development

The most important problem to be addressed with respect to the BaCuSF p-

channel TFT is the issue of its high intrinsic bulk carrier concentration. In order to

create a hard-saturating device which can be turned-off, simulation, via the 3-layer

model, shows that the hole carrier concentration needs to be < 1017 cm3. It appears

that the best solution to this problem is to compensate BaCuSF with a donor dopant

such as Zn. In conjunction with doping, a high temperature H2S tube-furnace anneal

or a high temperature H21N2 RTA is required in order to obtain a sufficiently

insulating channel. As discussed in Chapter 5.5, careful consideration should also be

given to the source and drain contacts. In order to ensure that the contacts are

injecting, a highly doped BaCuSF layer should be placed in between the contact

metal and the insulating channel. Also, the addition of a highly doped BaCuSF layer

should make it possible to use a transparent conductor, such as ITO as a source/drain

contact, in order to create a fully-transparent p-TFT.

For TTFTs to develop commercially, it is advantageous to produce p-TTFTs

in order to create CMOS-like circuits. Due to its low mobility, BaCuSF is unlikely to

be integrated into any commercial CMOS-like circuits. However, a proof-of-concept

demonstration of a fully transparent circuit can be accomplished if the carrier

concentration of BaCuSF can be reduced so that the TTFT channel can be effectively

turned-off. For a first-cut design, an inverter circuit is the most simple to process.



Careful process design is necessary when integrating a BaCuSF p-TTFT with an

oxide-based n-TTFT. The use of a passivation layer is necessary in order to provide

device isolation. A passivation layer encapsulating an n-TTFT could possibly protect

it from a H2/N2 RTA that would make it more conductive, since the conductivity of

most oxide-based TFTs is based on oxygen vacancies. ITO would make an excellent

transparent conductor for use as an interconnect between devices. Realization of a

TTFT CMOS-like circuit would be an important initial step towards the development

of transparent circuits for commercial applications.
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APPENDICES



A. MATLAB CODE

Due to the length of the Matlab code used in the simulations contained this

thesis, it is impractical to place the entire code in this appendix. The rn-files are

placed in the ECE directory under, /nfs/guille/ufsl/idoitlMatlab Code. The pertinent

.m files are TFT3LAYERMODELSERIESRF1NAL.m, carrier extraction.m,

and mobility v3.m, for the 3-layer model, the carrier concentration extraction

technique, and the mobility extraction, respectively.




