N

N

Realization and characterization of Organic Field Effect
Transistors and nano-floating gates memories on rigid
and flexible substrates
Shuo Li

» To cite this version:

Shuo Li. Realization and characterization of Organic Field Effect Transistors and nano-floating gates
memories on rigid and flexible substrates. Micro and nanotechnologies/Microelectronics. Université
de Lille, 2018. English. NNT: 2018LILUIO11 . tel-03132222

HAL Id: tel-03132222
https://hal.science/tel-03132222v1
Submitted on 29 Mar 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/tel-03132222v1
https://hal.archives-ouvertes.fr

N° d’ordre :

L'UNIVERSITE LILLE 1 - SCIENCES ET TECHNOLOGIES
These

pour obtenir le grade de
Docteur de I'Université des sciences et technologies de Lille

Spécialité : Electronique, microélectronique, nanoélectronique et micro-ondes

Présentée par

L1 Shuo

Realization and characterization of Organic Field Effect
Transistors and Nano Floating Gate Memories on rigid
and flexible substrates

Soutenance le 23 Mars 2018 devant la commission d’examen

Composition du Jury :

M. Kamal LMIMOUNI Professeur a 1I’Université de Lille, Directeur de thése

Mme. Laurence VIGNAU  Professeur a 1I’Université de Bordeaux, Rapporteur

M. Bernard RATIER Professeur a I’Université de Limoges, Rapporteur

M. Tuami LASRI Professeur a I’Université de Lille, Examinateur

M. Christian LEGRAND  Professeur a Université of Littoral Cote d’Opale, Examinateur

M. Marc TERNISIEN Maitre de conférences & Université of Toulouse, Examinateur






Acknowledgements

First and foremost, | would like to express my deep and sincere appreciation to my
supervisor Prof. Kamal Lmimouni for continuous support of my Ph. D study and research, | am
grateful for his patience, kindness, expertise and excellence guidance. | still remember the first
day that he introduced me to the group members and showed me the instruments in our
Laboratory, which encouraged me to start and insist my research work in IEMN. With his

supervision and constant help, it has been possible for me to achieve this doctoral thesis.

| am grateful to Prof. Bernard Ratier and Prof. Laurence Vignau for their great
contribution to review this thesis. | also wish to thank Prof. Tuami Lasri, Prof. Christian
Legrand and A. Prof. Marc Ternisien for participating to the jury in my defense and examining

my research work.

My sincere thanks to my NCM group members and my dear friends in the same office.
Dr. David Guérin, Dr. Bilel Hafsi, Dr. Sébastien Pecqueur, Dr. Tianchen Zhang, Dr. Stéphane
Lenfant, who gave me a lot of assistance for device fabrication in cleanroom and introduced
me the characterization in our department. Mr. Louis Thomas helped me do the AFM
measurements. Also, | am grateful for Dr. Dominique Vuillaume, Dr. Fabien Alibart, Ms.
Khaoula Ferchichi et. al., their friendly help and suggestions during my work made me feel |

was in a big warm unity with great friendship.

During the last three years, as | worked a lot in the cleanroom for device fabrication and
characterization, | would also like to express my gratitude to all the IEMN cleanroom staffs for
their constant technical support. Many thanks to Mrs. Annie Fattorini and Mr. Marc Dewiit for
metal deposition, Mr. Frangois Vaurette and Mr. Pascal Tilmant for the lithography technique,
and Mr. Jean-Louis Codron for his help in XPS measurement.

Thank Ms. Nora Benbahlouli, Ms. Malika Habbas, Ms. Emmanuelle Gillmann for

helping me deal with many things.

Besides, I have also to thank all my friends: Natalia, Jianping Hao, Di Zhou, Wei Wei,
Tianjun Lin, Tiangi Zhu, Sijia Gu, Xiaoping Hou, Haifeng Yuan, Stanislav, Sarah,

Abderrahmane et.al. for their help, emotional support and entertainment in the last three years.

Last but not the least, | would like to express my appreciation to my family members,

who always give me endless love, encouragement and spiritual support throughout my life.






Table of content

Table of content

TabIE OF CONTENT ..ot I
LiSt Of @bDreVIations............cooiiiiii \Y
LISt OF SAMPIES. ...ttt Vil
General INEFOAUCTION ........ccvoiiiiiiciee et 1
Chapter 1 State 0f the art ..o 3
1.0 BACKGIOUNT ...ttt bbbttt e s 3
1.2 Overview of organic field-effect transistor (OFET) ......ccccovvevieiiiiie i 5
1.2.1 Synthesis of organic SEMIiCONAUCTONS ...........ccceiieviieieeieese e 5

1.2.2 Structures and operations 0f OFET ........cccooiiiiiiiiiiiceee e, 6

1.2.3 Extraction of electrical parameters.........ccoeviriiiiiiineicse e 8

1.2.4 High mobility p-type organic semiconductors...........cccceevveveeieieeniecrie s, 11

1.2.5 Pentacene hased OFET ..o 14

1.3 Overview of OFET based nano-floating gate memory ..........cccccceevenineneninieennn, 21
1.3.1 Structure and OPEIAtIONS. ........ccuiiririiieie e 21

1.3.2 Nano-floating gate laYers ........ccocvveiveiiiieceece e 22

1.3.3 Pentacene hased NFGM ..ot 24

1.4 CONCIUSIONS ...ttt bbbttt bbbt bt 27
RETEIBINCES ... bbbttt bbbt 28
Chapter 2 Preparation and optimization of organic transistors............cccccevveviveenennn, 37
2.1 INEFOTUCTION ..ot bbbttt bbb 37
2.2 Fabrication of pentacene Dased OFETS.........cccoiiiiiiiiineieeeeie e 38
2.2.1 Electron-Beam Lithography technology .........ccccceieviiieiieinccc e 38

2.2.2 Self-assembled monolayer (SAM) modification...........cccoccovveienienienciinnnn, 42



Table of content

2.2.3 Thermal VAPOTatION .........cceiiiiiiiieieiee e 43

2.3 INSETUMENTALIONS ...ttt bbbttt 44
2.3.1 Contact angle MeasUreMENTS ........c.civerueiierierie e see et e e eeesneas 45
2.3.2 AtOMIC TOrCE MICIOSCOPY . .vevverrieiieiieeiesee st esie e e e te e ste e e e e e e e nreas 46
2.3 4 XPS ANU UPS ...ttt nne s 47
2.3.5 Electrical charaCteristiC SYSteM ..........coooveeieiiieiiseseeeee e 48

2.4 CharaCteriZatION .........ccveiiiieiieiesiee ettt 48
2.4.1 PhySICal PrOPEITIES ...c.veeieieie ettt ettt re e nne s 48
2.4.2 EIECIICAl PrOPEITIES. ....cvveieeeieteiee st 51
2.4.3 Analysis of physical MechaniSms ..., 56

2.5 CONCIUSIONS ...ttt ettt 61
RETEIEINCES ...ttt bt 62
Chapter 3 Preparation and characterization of NFGM ..........c.cccooviiviiiiienie e, 66
S L INEFOTUCTION ..ttt et 66
3.3 The memory electrical ProPertiesS........ccvcveiieieirie i 73
3.3.1 The memory performances of SAM modified DFG memory..........cccccccevene.. 73
3.3.2 The effects 0f rGO SNEETS.........ccuviiieiie e 77
3.3.3 The effects Of PFBT SAM .....coiiiiiiiiseeeee e 82

3.4 The comparison of electrical parameters ..........cccvevieiieiiee i 86
3.5 CONCIUSIONS ...ttt bbbttt 87
RETEIBINCES ... bbbttt bbbt 89

Chapter 4 Preparation and characterization of OFET and NFGM on flexible
0] 01 £ = LSOO PP PPPROTN 93

A1 INTFOAUCTION ..ottt e et e et et et et et e e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeneeennnens 93



Table of content

4.2 EXPEIMENTAL .....oiiiiiiiii bbbt 94
4.2.1 Fabrication of flexible OFET ..o 94

4.2.2 Fabrication of flexible NFGM..........cccooiiiiiiiiiiiiceeesee e 100

4.3 Characterization of pentacene based OFET .........cccccoviiieii i 105
4.3.1 Electrical CharaCteriStiCS.........cuouuieiieiieiieiesiesiseeee e 105

4.3.2 Extractions of electrical parameters...........c.cooviiiiiieiiienc e 115

4.4 Characterization of pentacene flexible NFGM ...........ccccoov i 116
4.4.1 The memory electrical Properties.........ccuvvevviieieere s, 116

4.4.2 The analysis of MeChaniSMS..........cccoooiiiiiiiii e 124

4.5 CONCIUSTONS ...ttt bbbt bbbt 125
RETEIEINCES ...ttt bbb 126
ConcluSioNs aNd PEFSPECLIVE........cciiieeiecee ittt raesae e e nre s 129
LiSt OF PUBDIICATIONS ...t 131






List of abbreviations

List of abbreviations

OFET
OSCs
NVM
NFGM
MIS
HOMO
LUMO
S/D
SAM
PMMA
Au NPs
NCs
OTS
rGO
PFBT
EBL
AFM
SEM
XPS
UPS
RMS
WI/L
DFG

SFG

Organic Field Effect Transistor
Organic Semiconductors
Nonvolatile Memory
Nano-floating Gate Memory
Metal-Insulator-Semiconductor
Highest Occupied Molecular Orbital
Lowest Unoccupied Molecular Orbital
Source/Drain
Self-assembled Monolayer
Polymethylmethacrylate
Gold Nanopaticles
Nanocrystals
3-Octadecyltrichlorosilane
Reduced Graphene Oxide
2,3,4,5,6-Pentafluorobenzenethiol
Electron-Beam Lithography
Atomic Force Microscopy
Scanning Electron Microscopy
X-ray Photoelectron Spectroscopy
UV-Photoelectron Spectroscopy
Root Mean Square Roughness
Channel Width /Channel Length
Double Nano-floating Gate

Single Nano-floating Gate



List of abbreviations

APTS 3-Aminopropyl)triethoxysilane
P/E Program/Erase

PC Parylene C

PVD Physical Vapor Deposition
CVD Chemical Vapor Deposition
HSQ Hydrogen Silsesquioxane
UV-zone Ultraviolet-Ozone

Ref. References

Vi



List of samples

List of samples

Riot Total resistance (Q2)

Rc Contact resistance (Q)

Reh Resistance of channel (Q)

L Channel length (um)

W Channel width (um)

n Charge carrier mobility (cm?V-1s)
Ci Gate capacitance per unit area (F/cm?)
Ves Gate-source voltage (V)

Vbs Source-drain voltage (V)

Ips Source-drain voltage (A)

Lon/Tosr Current on—off ratio

0 Contact angle (°)

Vh Threshold voltage (V)

AVTh Memory window (V)

S Subthreshold swing (V/decade)

Nigax Maximum number of interface states (cm?eV?)

k Boltzmann constant

T Absolute temperature (°)

q Electronic charge (C)

An Number of trapped charges in the Au NPs (and polymer electret)

Vil



Vil



General introduction

General introduction

In the various of electrical devices, organic field effect transistor (OFET) have been
attracted great attention over the past few years because of a number of merits such as low-cost
process, potential to realize large areas, and particularly that they are compatible with flexible
plastic circuits. Nowadays, the OFET based nonvolatile memory (NVM) devices. i. e. flash
memory, which means the information could be remain stored even when power is disabled, is
also one of the most important and fundamental elements in the construction of electronic
systems. Generally, the flash memory could be classified in terms of the structures and materials
of the charge storage layers, among the many possible device configurations of organic flash
memories, tremendous efforts have been devoted to the development of nano-floating gate-
based transistor memories (NFGM) towards high performance memory devices (exhibit high
speed operation, superior reliability, and to be scaled down), due to its spatially discrete
floating-gate elements (nanometer-sized metallic or semiconductor nanoparticles) effectively
as a charge trapping site between two dielectric layers (blocking layer and tunneling layer.

Considering the effects of materials and process conditions, the characteristics of the
pentacene based NFGM were improved more or less that have been reported. The objective of
this work is to develop pentacene based OFET and NFGM devices on flexible substrates. There
are mainly three parts involved; (i) Optimization of the OFET that fabricated on conventional
Si/SiO2 substrate; (ii) Improvement of the performances of NFGM based on the results of
OFET;(iii) Realization of OFET and NFGM on flexible substrate.

In chapter 1, first, the introduction of the OFET and NFGM is described. Then, the
typical high mobility p-type organic semiconductors that are widely used in OFET devices are
demonstrated. Based on the widely literatures and the mature fabrication process in our group,
the pentacene is chosen as the organic semiconductors in this thesis, thus, the progress of
pentacene based OFET and NFGM devices that reported in recent years has been introduced.
According to the reports, the self-assembled monolayer (SAM) is presented to optimize the
OFET. To fabricate the NFGM, Au nanoparticles (Au NPs) and reduced graphene oxide (rGO)

sheets are chosen as the floating gate layers in this work.

In chapter 2, the fabrication processes of our OFET samples on rigid substrates and the
analysis instrumentations are described in detail. The physical and electrical properties of

different SAM modified pentacene FET devices were performed and discussed, i.e. pentacene
1



General introduction

deposited on OTS modified dielectric surfaces, on the PFBT modified source/drain electrodes,
and on the cumulative OTS and PFBT modified surfaces. The FET of pentacene deposited on
bare SiO, was fabricated as a reference. Then, the electrical parameters of the different samples
of OFET were summarized and compared. Through the SAM modification, optimized electrical

performances were obtained and the charge transport mechanisms were explained.

In chapter 3, the pentacene based single floating gate (SFG) memory (using Au NPs as
trap layer) and double floating gate (DFG) memory (using Au NPs and rGO as the lower and
upper trap layer, respectively) were fabricated and characterized. The SiO2 and Al;Os3
dielectrics were deposited as blocking layer and tunneling layer, respectively. Based on the
results of chapter 2, the PFBT was used to modify our memory devices, the performances our
NFGM devices with and without PFBT modification were demonstrated and compared.
Meanwhile, the effects of rGO sheets and the effects of SAM modification on the NFGM were
discussed. Finally, Optimized memory performances including the large memory window of
51 V, the stable retention property more than 108 s, and reliable cycling endurance over 1000
cycles were obtained. This further highlights the utility of surface modulations to tune the

charge storage/release behaviors in transistor memories.

In chapter 4, first, the performances of pentacene based transistors that fabricated on
flexible substrates were presented. The materials used in this transistor are all organics and the
fabrication processes are under low temperatures. The operation voltage of the flexible OEFT
was deduced compared to the one that fabricated on Si substrate and there was no hysteresis in
the 1-V measurements, which means the interface traps were well decreased. Then, the NFGM
devices were fabricated on flexible substrates and the performances were demonstrated. In
particular, the multi-level data storage was achieved from our flexible NFGM, from the bending
stability/mechanical stability test, the stable retention property more than 10° s, and reliable

cycling endurance over 500 cycles were obtained.

In chapter 5, the conclusions of this thesis are summarized and discussed, based on the

results of this thesis, the perspective is proposed.



Chapter 1 State of the art

Chapter 1
State of the art




Chapter 1 State of the art




Chapter 1 State of the art

Chapter 1 State of the art

1.1 Background

Current research on electronic devices have been advancing incredibly fast as much of
our life relies on them, the miniaturization and economically applicable are all along great
demand for the realization of industrial production. In the various electronic devices, organic
field effect transistor (OFET) has been attracted great attention over the past few years because
of a number of merits such as low-cost process, potential to realize large areas, and particularly
that they are compatible with flexible plastic circuits [1-5]. In the improvement of material
performances, since the organic materials used for the OFET fabrication such as the
semiconductors, the dielectrics and even the substrates could be deposited at room temperature
or relatively at low temperatures. In addition, most of the organic materials are available for
deposition in solution, thus the deposition process could be adopted as spin-coating or inkjet-
printing that avoid to require a vacuum stage. Otherwise, in the past of years, many organic
semiconductors (OSC) have been found high field-effect mobilities (up to 10 cm?V-!s or even
higher) that exceed the mobilities (0.5-1.0 cm?V-1s) of amorphous silicon, for instance,
pentacene, rubrene, and fullerene (Ceo), the typical OSC used in OFET [6, 7]. As the output
current and cut-off frequency are proportional to the mobility, it is essential to obtain high

mobility for device applications.

The progress of OSC in mobility and the economy of the fabrication process make
OFET has great potential in various real electrical applications based on the industrial
manufacturing technology. As a result, for the applications of OFET, they have been expected
and proposed to be used as display switches [8], chemical and biological sensors [9, 10], liquid
crystals [11], neuromorphic synapses [12, 13], nonvolatile memories [14-16] and so on. In
terms of the OFET memory devices, they have the similar geometry as OFET, the difference is
that a charge-storing medium like a thin film, or metallic/semiconductive discrete NPs act as

floating gate between two dielectric layers for the OFET memory devices [17, 18].

Nowadays, the nonvolatile memory (NVM), which means that the information could be
remain stored even when power is disabled, is also one of the most important and fundamental
elements in the construction of electronic systems [19-21]. As a conventional NVM, Si-flash

memory has been extensively used in mobile storage for a long period of years due to their
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massive memory capacity, relatively high density and low fabrication process [22]. Generally,
the flash memory could be classified in terms of the structures and materials of the charge
storage layers, including conventional floating gate type memory by using a conducting floating
gate, nitride-based charge trapping memory [23] and NPs or nanocrystals (NCs) based charge
trapping memory (called nano-floating gate memory NFGM) [24], they have the common
configuration that the trapping layer assembled between two dielectric layers, which called
tunneling layer and blocking layer, respectively. Figure 1.1 shows the device structure of a

conventional flash memory cell.

Word line

[ Control Gate ]

Bit line

l«—— Blocking dielectric

[ Floating Gate |
| l«—Tunneling dielectric

Drain Source
L Semiconductor

Programming/Erasing: Neutral “1”/ “0”

Figure 1.1 Device structure of a conventional flash memory cell.

As portable electronic devices scaling continues, and requirements such as high
performance, high density, low power consumption for NVM devices, a lot of challenges have
been met for us to optimize the conventional floating gate type flash memory. For example, it
is very difficult to reduce the tunneling layer because of the charge loss and stress-induced
leakage current [25], and the reduction of the dimensions of the floating gate will decrease the
stored electrons/holes, which makes the margin of the electron/hole loss tolerance very narrow
[26]. Thus, considering these drawbacks, the emerging flash memory of NFGM type has been
proposed and studied. One hand, the NPs (NCs) are discretely assembled between the tunneling
layer and the blocking layer that avoid the problem of using a continuous floating gate, on the
other hand, the reap levels and trap sites could be effectively controlled and tuned by the work
functions and dimensions (size and density) of the NPs [28]. Hence, a tremendous efforts has
been devoted to develop NFGM devices in recent decades, it has been considered as a promising

4
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candidate towards high performance flash memory devices that shows large endurance, small
size, long retention time, and low power consumption [29, 30]. Among the many possibility
applications of NFGM, by using OSC to enable the NFGM, it gives a great opportunity to fulfill
the requirements for novel applications targets such as flexible, printable, and low-cost

preparation processes [31].

1.2 Overview of organic field-effect transistor (OFET)

1.2.1 Synthesis of organic semiconductors

Organic transistors are metal-insulator-semiconductor (MIS) field-effect transistors
(FETs) in which the semiconductor is a conjugated organic material [32]. Generally, the
conjugated bands including the sigma (o)-type bond a pi (n)-type bond, o-bonds are the
strongest in covalent bonds and ©-bonds are much weaker than them. In o-bonds, both bonded
atoms give single electron from the s orbital and the two electrons are attached to their nuclei
and localized. In m-bonds, the two electrons come from the p orbitals which are far away from
their nuclei, and the two electrons are localized as well. Organic semiconductors are conjugated
polymers which consist of sp.—hybridized linear carbon chains. These chains hold a sp2-2p;
configuration in double bond, overlapping among different sp> orbitals forms ¢ bonds. On the
other hand, two p; orbitals form a less strong covalent bonds called = bonds as shown in
figure.1.2 [33].

7 - bond

p, orbital P, Skl

Plane of the /’
sp, orbital

7 - bond

Figure 1.2 Sp, hybridization of two carbon atoms. Sp, orbitals lie on the same plane and bond into an
o-bond, p; orbitals are orthogonal to the plane and bond into a n-bond.
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For the band diagram of OSCs, as alternating double and single bonds in the conjugated
backbone results in a separation of bonding and anti-bonding states, causing the formation of a
forbidden energy gap and a spatially delocalized band-like electronic structure. The highest
occupied molecular orbital (HOMO) consists of bonding states of the = -orbitals with filled
electrons, and is analogous to the valence band in silicon. The lowest unoccupied molecular
orbital (LUMO) consists of empty higher energy anti-bonding (n*) orbitals, and is analogous
to the conduction band. The energy difference between the HOMO and LUMO defines the
band-gap energy (EQ), as shown in figure 1.3. Eg depends on the chemical structure of the
repeating unit, and generally decreases with the number of repeat units in the chain [33]. The
Eg of conjugated polymers is typically in the energy range of 1-4 eV. This band-like structure,
along with low electronic mobility, is responsible for the semiconducting properties observed

in conjugated polymers.

Vacuum level

LUMO Empty ©* orbitals

IP

Energy

Band-gap (Eg)

HOMO Filled & orbitals

Figure 1.3 Energy band diagram of an organic semiconductor. Abbreviations: IP: ionization potential;
LUMO: lowest unoccupied molecular orbital; HOMO: highest occupied molecular orbital.

1.2.2 Structures and operations of OFET

e Structures

Generally, the common configurations used for FETs are devised into two different
structures, i. e. bottom-gate type and top-gate type, as shown in figure 1.4 [34]. The structure
of the device contains the layers of substrate (rigid or flexible), gate electrode, insulator
(dielectric), semiconductor, and source and drain electrodes. In addition, because of the
different positions of source and drain electrodes, the structures of FET could be identified

detail as bottom-gate-bottom-contact (BGBC), bottom-gate-top-contact (BGTC), top-gate-

6
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bottom-contact (TGBC), as well as top-gate-top-contact (TGTC). Briefly, each structure has
the merits and drawbacks, the choice of the structure is normally decided by the fabrication
processes such as the temperatures, the circumstance conditions, the lithographic masks
involved and the materials (metals, dielectrics and semiconductors) that used for the realization
of device. In the case of OFETS, the semiconductor is an organic material. The OSCs are the
most important materials that are used as the active components for OFET, they can be divided
into n-type with electrons transporting and p-type with holes transporting, as well as ambipolar

ones with both electrons and holes transporting.

(2) (c)

Source Drain Gate
Gate Source Drain

(b) @
W‘rce_\ W;T =

Source Drain
Gate
Bottom gate Top gate

I:l Substrate |:| Dielectric |:| Semiconductor

Figure 1.4 Typical device structures of organic field-effect transistors.

* Operations

In principle, the electrical characteristic that best to be used to define the OFET is the
presence of the electric field that controls and modulates the conductivity of the channel
between source and drain electrodes, i. e. the current between source and drain (Ips) [34]. The
typical p-type and n-type OFET operations (BGTC structure) are shown in figure 1.5 (a) and
(b). The electric field is created by the gate voltage between gate and source (Ves), which is
also dependent on the insulator (dielectric) layer. For the different type of semiconductor, a
positive or a negative gate voltage will be operated to force the holes or electrons (charges)

accumulate at the insulator (dielectric) and semiconductor interfaces. And the density of the
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charges is dependent on the Vgs and capacitance (C) of the insulator. Figure 1.5 (c) and (d)
show the energy-level diagrams along the carriers transport in the channel of p-type and n-type
organic transistors, respectively. In p-channel transistors the transfer of negative charges into
the semiconductor is blocked due to the large energy difference between the Fermi level of the
contact and the LUMO of the semiconductor, and in n-channel transistors the transfer of
positive charges is blocked by the energy barrier between the contact and the HOMO of the

semiconductor [32].

(a) p-channel operation (b) n-channel operation
(Vps<0; Vg <0) (Vps>0; V> 0)
| L |

micondnetor

Vos | Yowww

Vg
(C) Vacuum level A (d) Vacuum level
—— L P
IP| yumo ’
WF "% WF EA
_____ — e
EF *J B E"F -4 _________ E
> HUMO! Drain E F
Source Source e
Semiconductor /_m\

Figure 1.5 Typical operations of (a) p-type and (b) n-type organic field-effect transistors. L, channel
length; W, channel width. Energy-level diagrams along the carriers transport in the channel of organic
transistors: (c) p-channel transistor, (d) n-channel transistor. Abbreviations: WF: work function; EA:
electron affinity; IP: ionization potential; LUMO: lowest unoccupied molecular orbital; HOMO:
highest occupied molecular orbital; Er: Fermi energy level.

1.2.3 Extraction of electrical parameters

The electrical parameters for the OFET are commonly extracted from the typical
current-voltage characteristics, which involves static current versus voltage measurements,

where output (Ibs-Vbs, Vs is the voltage between source and drain) and transfer (Ips-Ves)
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curves can be obtained. As shown in figure 1.6, an example of an n-type device with typical

“near”-ideal output and transfer I-V curves.

@ (b)

Saturation region
0.00004 - Y
Vs >>Vgs-Vy 7
107 F
L On-off ratio
0003 by VeV _
$ Linear region I S— S, 107k
: ncreasin e
£ 0.00002 M g
Ll Ll
10°E v
0.00001 Th
v /
1? 20 30 40
0.00000 M= 10§ I ) | Mol |
0 10 20 30 40 10 0 10 20 30 40
Vs (V) Vas (V)

Figure 1.6 Typical (a) output and (b) transfer characteristics of an n-type OFET.

For the output curves that shown in figure 1.6 (a), the characteristic provides a most
qualitative information of the effectiveness of channel pinch-off and contact resistance between
electrodes and probes of the equipment. As OFET is being seriously assessed for mobility
critical applications, it is very important to extract the value of the mobility [6]. As we can see
in figure 1.6 (b), when Vgs>V, a significant density of charges is accumulated in
dielectric/semiconductor interface and a large ps starts flowing, depending on the Vps. This
state is designated by On-state and involves a linear current regime at a low Vps and followed
by a saturation regime at a higher Vps value, for the two regimes, the Ips varies with the Vgs

are determined as following:

When Vps<<Vgs-Vth, the OFET is in the linear mode, the Ips is ascribed:

w 1 -
IDS = Ci ) /’llinear'T|:(\/GS _VTh)VDS _Evés:| (1 1)

where C; is the gate capacitance per unit area, Winer the field-effect mobility, W is the channel
width, and L the channel length of the device. For Vps<Vgs-V, the quadratic term is typically

neglected.

When Vps>>Ves- V1h, the OFET is in the saturation mode, the Ips is ascribed:
w
Ios = (z) G - tar - Vs _VTh)2 (1-2)

where psat the field-effect mobility.
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Based on the equation of (1-2), the usat Which is extremely relevant to evaluate the
performance of OFET is obtained and describes a situation when the channel width W is smaller
than length L [35].

a0

dVg.
cwW

Moot = (1-3)

In general, these electrical parameters not only depend on the nature properties of the
materials, but also on the structure of the OFET, and on fabrication technologies that may induce
traps. In addition, using the equation (1-3), conservative mobility estimates are preferable even
considering some of the high mobility materials exhibit non-idealities in their transfer and
output characteristics, but many of the reported high-mobility materials exhibit near ideal

transfer characteristics [6, 36, 37].

And from the transfer curves, more electrical analysis are discussed and the relative
electrical parameters are defined, the details of the other basic parameters are determined as

below:

« Contact resistance (Ruot): This parameter is opposed to an intrinsic value in a transistor system
refers to the contribution on the total resistance of the channel length (Rcn) and the electrodes

connections (Rc). Consequently, a small contact resistance is preferable.

* Current on—off ratio (Ion/Iofr): The parameter is a ratio value of the maximum Ips to minimum
Ips. It is known that a higher “on” current offers better driving capability, while a lower “off”
current results in low leakage current [38]. Consequently, a higher Ion/lofr ratio value is

preferable.

* Threshold voltage (Vtn): It is a significate parameter that reflects a significant charge is
accumulated close to the dielectric/semiconductor interface, which corresponds to the Vs.

By using a linear extrapolation of the Ips-Vgs at low Vps, the Vi, could be obtained.

* Turn-on voltage (Von): This parameter corresponds to the Vgs at which Ips starts to rapidly

increase. It is easily visible in the log Ips-Vgs curves.

» Subthreshold swing (S): this parameter indicates the Vgs required to increase Ips by one

decade, as seen in the subthreshold region. It is defined in V/decade:

.. (d Iog(le)T (1.4)

dVss

10



Chapter 1 State of the art

Normally, a small threshold swing indicates lower power consumption and higher switch

speed for the transistor device [38].

With these basic electrical parameters, we can analyze the qualitative performances of
the OFET device. For instance, considering the operation of n-type OFET, the positive and
negative value of Vrn could design the device as enhancement and depletion mode, respectively.
The enhancement mode is typically preferable as a gate voltage is not necessary to turn off the

device [39].

1.2.4 High mobility p-type organic semiconductors

One of the most important step is to choose an OSC material as the active component.
The OSC is the OFET device core element because semiconductor controls charge transport in
the FET. That’s because the device mobility, which is the key parameter for an OTFT, is an
indicator of charge transport efficiency through the semiconductor channel. In the past of years,
the organic semiconductor materials that have been most used include both sublimed and
solution processed semiconductors such as pentacene, tips-pentacene, fullerene, rubrene. The
choice of the semiconductor materials highlight several possibilities to develop integrated
circuit technologies based on OFET for various large area, low-cost applications. Generally,
Organic semiconductors are generally classified into polymers and small molecules. Polymers
have lower performance than small molecules, however, polymers are more susceptible and
flexible to various deposition techniques. Oxidation and reduction reactions are used to achieve
p-type (electron removal) and n-type (electron addition) doping, respectively. Usually,
polymers are doped by oxidation, that’s why p-type conductive polymers are more common.

Here, some of the typical p-type OSCs are presented as below:
* P-type small molecular

In the variety of p-type OSCs, pentacene is one of the well-known p-type small
molecular and the promising semiconductors with high mobility that has been widely and
intensively used in many years. For example, the OFET built on purified pentacene by using
parylene gate dielectric obtained the mobility of 2.2 cm?V-1s [40]. A mobility of 1.4 cm?V-1s’
! was found for the pentacene single crystals by using a SiO; gate dielectric that treated with
self-assembled monolayer (SAM) [41]. Very recently, a carrier mobility of 4.63 cm?V-1st for
the pentacene OFET with Lao.ssoNbo.1500y as gate dielectric has been reported [42]. And for the

pentacene fabricated with flexible substrate, P. Cosseddu et al [43] found the mobility of
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(5+2)x102 cm?Vv-is?t for the pentacene fabricated on poly(ethylene therephtalate) (PET)
substrate and using the parylene as dielectric layer. Kwang H. Lee [44] et al reported a higher
mobility of 1.22 cm?V-!s? for pentacene based OFET deposited on polyethersulfone (PES)
substrate. Furthermore, the OFET based on a bulk and ultrapure single crystal of pentacene was
reported to exhibit very high hole mobilities values in the range of 15~40 cm?V-1s* at room
temperature by using 6,13-pentacenequinone (PQ) as the gate dielectric [45]. Otherwise,
rubrene is another p-type small molecular that used extensively in OFET devices, it also has
exhibited the optimized charge carrier mobilities as high as ~15 cm?V-1s? by a fabrication
method of laminating a monolithic elastomeric transistor stamp against the surface of a crystal
[46] and the mobility is even maximized to ~43 cm?V1s? [47].

In addition, a functionalized small molecule pentacene, 6,13-bis-(triisopropyl-
silylethynyl) (TIPS-pentacene) has been researched widely because of their relatively high
field-effect mobility and soluble in many common solvent with solution process ability. The
mobility of TIPS-pentacene has been reported as 4.6 cm?V-st with the shortest n-n stacking
distance of 3.04 A achieved by lattice strain that prepared by a solution-shared technique [48].
And Zhenan Bao et al showed the mobility of Tips-pentacene up to 2.7 cm?V-1s! that designed
OFET with very small pattern [49]. Jae-Joon Kim et al reported highly crystalline and self-
assembled TIPS-Pentacene with maximum mobility of 3.40 cm?V1s™ that formed by simple
spin-coating [50]. TIPS-pentacene also deposited on flexible PEN substrate and showed a
promising performance with a mobility of 0.8 cm?Vv-!s? [51]. Totally, the mobility of TIPS-
pentacene based OFET was improved up to 11 cm?V1s? through a “fluid-enhanced crystal
engineering” device fabrication approach [52].

In recent years, a small molecule 2,7-dioctyl[1]benzothieno[3,2-b][1]-benzothiophene
(C8-BTBT) has attracted much attention since it is ultra-transparency, and with high mobility.
A maximum hole mobility values of 31.3 cm?V-1s? for C8-BTBT was obtained by printing
method [53]. And it even showed mobility values as high as 43 cm?V-s™ by using a blended
solution with polystyrene [54]. Very recently, the hole mobility of C8-BTBT at room
temperature reaches 6.50 cm?V-1s by easy treatment way with UV-ozone exposure on the SiO2
surface [55].

* P-type polymer semiconductors

For the OFET fabricated with polymers OSCs, a large effort and several strategies have

been developed these years, and several materials with home mobility over 1 cm?V-!s? have
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been reported [56]. Basically, poly-(3-hexylthiophene) (P3HT) is the benchmark p-type
polymeric OSCs for OFET with mobility of 0.1 cm?vis! [57]. Poly-(3,3-
dialkylquaterthiophenes)  (PQT) [58], poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]
thiophene) (PBTTT) [59] were introducing functionalized groups into the main chain of
polythiophenes, improving the mobility up to cm?V-1s™. The mobility of co-polymers reported
in reference (Ref.) [60] with donor-donor type structure by integrating the advantages of PQT
and PBTTT was 4.6 cm?V-1s?, respectively. However, among the many types of polymers,
donor-acceptor type co-polymers dominate the highest mobility in OFET application. Co-
polymers based on fused PBTTT derivatives are interesting polymers with mobility up to 10
cm?V1s1[56, 61]. Further improvement of long-range orientation of the polymer chains based
donor-acceptor co-polymers obtained much improved mobility, the mobility reached up to 23.7
cm?V-1stin Ref. [62] and 21.3 cm?V-1sin Ref. [63]. Figure 1.7 shows the molecular structures

of some typical P-type organic semiconductors with high mobility (a) small molecules (b)

polymers.

" S OO
OOOOO OOGO CHg(CHg)SCHgCHg(CHz)sCH3 OOOO
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Pentacene TIPS-Pentacene C8-BTBT Rubrene

(a) P-type small molecules
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P3HT PQT PBTTT

(b) P-type polymers

Figure 1.7 Molecular Structures of some typical P-type organic semiconductors with high mobility (a)
small molecules, (b) polymers.
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In this part, several p-type representative OSCs are mentioned, much more high mobility
of OSCs were reported in detail in the review references of [64]. As using the n-type OSCs in
OFET devices, the electrons should be injected into LUMO level of the semiconductor, and
most of the values of energy diagrams at the LUMO level are around 4.0 eV, thus, it needs
relatively low work function electrodes for better charge injection. However, the electrodes
with low work function is not as stable as gold (Au), platinum (Pt) electrodes with high work
function in the air, thus we considered to use typical p-type semiconductor. Moreover,
pentacene, which is an aromatic hydrocarbon and is shown in figure 1.7, is one of the promising
materials with high mobility and has been widely and intensively studied that more than 1000
articles related to pentacene transistors have been reported in scientific journals confirming its
considerable importance. The subjects in these reports include device physics, growth,
crystallography, electronic transport, dielectrics, surface science and device applications
contribute to amount of progression for pentacene FETs [65]. In this thesis, the p-type small
molecule of pentacene is preferable to be used for realization out OFET and NFGM devices.

1.2.5 Pentacene based OFET

In previous part, the examples of pentacene with high mobility has been presented. As
the pentacene is chose as the semiconductor material in this thesis, here some represents of the
performances and the progresses of pentacene based OFETs in the publications are
demonstrated. An amount of studied of pentacene FETs has been reported, in attempt to
improve the performances of the transistor devices, the research subjects generally include the
device physics such as thin films growth, crystallization, dielectrics, interface and surface

science and so on.
» Pentacene thin films

Pentacene molecule could be deposited on the substrate by vacuum thermal evaporation
and solution process [66]. However, pentacene is essentially insoluble in organic solvents at
room temperature, and most of the pentacene prepared by vacuum deposition has been reported
with high mobility, in this section, the pentacene thin films deposited by thermal are presented.
In general, thin films growth modes on substrates are generally classified into three modes:
layer-by-layer (Frank—van der Merwe), layer followed by island (Stranski—Krastanov) and
island (Volmer—Weber) growth modes [65], as shown in figure 1.8. Normally, for the pentacene

growth on a substrate corresponds to the Stranski—Krastanov mode with the following
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elementary processes [67]. First, the molecule sublimating from the source with heating,
adsorbs and diffuses on the substrate. Then the molecules aggregates on the surface of the
substrate and with a critical numbers to form a two-dimensional (2D) island, and gradually form
monolayers, the growth mode finally transforms to three-dimensional (3D) as the deposition
continue to increase. The thin films growth mode and morphology are greatly related to the
conditions of the deposition process (deposition rates, substrate temperature, and Kinetic energy
of the sublimating molecules) and the substrate surface conditions (dielectrics, surface

roughness).
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Figure 1.8 Thin films growth modes.

As shown in figure 1.9, the AFM images of 1 nm thick pentacene deposited on a SiO:
surface [65]. The 2D islands were observed for all the samples with deposition rates are (a) 0.12

nm mint, (b) 1.2 nm min"t and (c) 12 nm min™*. In the literature of [68], B. Stadlober et al have
also reported an extended and quantitative analysis of pentacene with submonolayers (2D
islands) were formed on dielectric layers of SiO2, polymethylmethacrylate (PMMA), poly-4-
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vinylphenol (PVP) and PVCi-polyvinylcinnamate under different substrate temperatures. It
indicates that the density of the 2D island strongly depends on the deposition rate.

Figure 1.9 AFM of 2D pentacene thin films (thickness 1 nm) deposited on a SiO, surface. The AFM
image size is 5 um x 5 um. The deposition rates are (a) 0.12 nm min“?, (b) 1.2 nm min™ [65].

For the thick pentacene thin films, the density of the 3D crystal grains also depends on
the deposition rate, but less than that of the 2D island. This indicates that the 3D grain results
from coalescence of small islands. As shown in figure 1.10, B. Stadlober [68] et al also analyzed
the dependence of Nszt On R at the initial phase of film growth for a large number of 50 nm thick
pentacene films grown on SiO, at room temperature. The examples for rate-dependent
morphology are given which illustrate that multilayer pentacene films are coarse for low
deposition rate and fine grained if R is increased significantly beyond 1 nm/min. The
determination of the nucleation density in thick films is not as straight forward as for
submonolayer films. On the other hand, according to the results that Nsat was obtained by
counting the number of maxima in the AFM micrographs in Ref. [69], Tejima et al have shown

that the grain density does not depend on the nominal thickness of pentacene in the range of

11-46 nm, It indicates that coalescence of 2D islands completes up to 11 nm.

- ' =——
: .

Figure 1.10 Three examples for rate-dependent morphology in thick pentacene films are given in the
upper row AFM height micrographs, 5 ym x 5 um [68].
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In addition, another principal condition to influence the growth of pentacene thin films
IS substrate temperature. In general, grain size increases with substrate temperature, the
nucleation density is significantly higher at room temperature than at any other substrate
temperature, correlating to the average grain area that is smallest. And the ratio of the bulk

phase to the thin-film phase increases with substrate temperature [68, 70].
« Effects of the Interfaces

In order to fabricate high-performance OFETS, research efforts have been focused on
improving the electrical properties of the semiconductor as well as the gate dielectric and the
conducting electrodes. Along with the material properties of each layer in the device, interface
properties of the metal-semiconductor and insulator-semiconductor have a strong influence on
the device performance [71]. As shown in figure 1.11, during the charge transport in the p-type
semiconductor under the operation, one hand, the interface roughness, defects and charges
between insulator and OSC and around this region have a strong effect on the carrier life time
and the mobility [72]. On the other hand, the contact resistance will affect the carrier movement
through the interface and low barrier height contact is needed between the source/drain (S/D)
electrode and OSC, especially with the decreasing device dimensions, the contact resistance as
a part of the total device resistance will dominate over the channel resistance, and therefore the
speed of organic integrated circuits may be limited by the contact resistance, not by the intrinsic
carrier mobility of the organic semiconductor [73]. Thus, optimization of the interface is one of

the important factors for OFET performance along with the insulator—-semiconductor interface.

Figure 1.11 Schematic diagram of an organic thin film transistor with metal-semiconductor and
insulator-semiconductor interfaces.
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The pentacene grain size is significantly affected by the roughness and surface energy
of the substrates, for example, the grain size of pentacene that deposited on SiO> with different
surface roughness decreases with the increasing surface roughness [74]. As the different
roughness and surface energy for different dielectrics, the morphology and even the
performance of the OFET are quite difference. Yang et al reported that the pentacene deposited
on the polymer surface with high surface energy had a large grain [75]. Moreover, pentacene
grown on a substrate with low surface energy, such as SiO> surface treated with a monolayer
of organic chemicals octadecyltrichlorosilane (OTS) has lower surface energy than inorganic
SiO2 surfaces, the pentacene thin films have a significantly smaller grain size than that for an
untreated SiO2 [76].

Otherwise, the charge carrier mobility of pentacene FET is also sensitive to the surface
properties of the dielectric layer, since the majority of charge carriers in an OFET are located
at the semiconductor-dielectric interface [77]. Normally, the surface properties of the dielectrics
could be simply controlled by the modification with a SAM in an OFET. The SAM technique
ensues when molecular assemblies are formed spontaneously on the surfaces by adsorption and
are then organized into relatively large ordered domains, which is shown in figure 1.12. It
enables the fabrication of closely packed, well-ordered and organized multilayer films from
oriented monolayers and allow for the immobilization of several functional molecules onto the

surfaces [78].
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Figure 1.12 A schematic for SAM technique [78].

Figure 1.13 shows TM-AFM topographies for 60-nm-thick pentacene films deposited

on HMDS- and OTS-treated surfaces, as well as the I-V characteristics of OFET devices
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deposited on (c) HMDS- (d) OTS-treated SiO2/Si substrates that presented in Ref. [77]. From
the analysis TM-AFM topographies corresponding the mobility measurements, by using 60-
nm-thick pentacene films in the top contact, the HMDS and OTS-treated samples have a similar
vertical conducting path for top contact devices, however, the terrace-like multilayered
pentacene films, grown on single crystal-like faceted islands in the first layer i.e. HMDS-treated
surface, have shown much higher field-effect mobility of 3.4+0.5 cm?V-s! than those grown
on polycrystalline dendritic islands, i.e. on OTS-treated surface with mobility of 0.5+0.15

cm?Vv-ist,
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Figure 1.13 TM-AFM topographies of 60-nm-thickpentacene films on (a) HMDS- and (b) OTS-
treated SiO»/Si substrates, I-V characteristics of OTFT devices with 60 nm thick pentacene films
deposited on (c) HMDS- (d) OTS-treated SiO/Si substrates [77].

In attempt to reduce the power consumption for the OFET devices, typically decreasing
the operation voltages is a good way. For existing OFET using conventional SiO. gate
dielectrics, the operating voltages always exceed 20 V because of the thickness of SiO, (200
300 nm) and the high interfacial trap densities. Thus, high dielectric-constant (high-k) materials
such as TiO2, Al>03, and HfO2 have been utilized to resolve the challenge of low voltage [34],
and also using double poly(vinylidene fluoride/trifluoroethylene) [P(VDF-TrFE)]/poly-4-
vinyphenol (PVP) (high-k/low-k) polymer[79], as well as using organic—inorganic blend
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dielectrics that prepared under lower temperatures and ambient conditions to obtain low
operation voltages [80].

» Pentacene based flexible OFET

The electronic devices formed on flexible substrates are essentially expected to meet
emerging technological demands where silicon-based electronics cannot provide a solution.
Examples of active flexible applications include rollable displays, conformable sensors, and
wearable computers [81]. As the organic semiconductor and organic dielectrics could be
deposited with low temperature and large area, they have the advantages to realize flexible
electronics. During these years, the pentacene has been widely studied to realize flexible OFET
devices and remains attracted attentions [34, 81-83]. As shown in figure 1.14, the performances
of pentacene fabricated on PET substrate and using PMMA and PVP as the dielectric layers.
And Very recently, S. Zhou et al also reported the flexible pentacene TFTs were fabricated by
depositing the pentacene thin film on the elastic polydimethylsiloxane (PDMS) dielectric layer
with PET supporting layer. As a consequence, it motivates us to realize flexible OFET by using

pentacene semiconductor in this thesis.
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Figure 1.14 (a) The schematic illustration of the pentacene-based flexible OFETSs, (b) the
representative output and transfer characteristics of flexible pentacene-based OFETS [84].
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1.3 Overview of OFET based nano-floating gate memory

1.3.1 Structure and operations

As mentioned in the background, the OFET based nano-floating gate memory has the
similar structure as a single organic transistor that a charge-storing medium like NPs or NCs
act as floating gate between two dielectric layers [84]. For a conventional floating gate flash
memory, because the floating gate is continuous and conductive, all charge stored in the floating
gate will be lost if a leakage path appears in the tunneling oxide when the scale is minimized.
Thus, discrete nanocrystal memory was proposed first by IBM in 1995 to solve the scaling
miniaturization problem, the nanocrystal memory has a two bit per cell storage capability due
to its discrete electron storing center, which readily increases the memory density. After that,

an amount of NFGM by using discrete NPs were also proposed and studied [85].

For the scaling of NFGM devices to achieve low-voltage, single-electron operation at
room temperature, the features of the structure are as follows:

(i) the floating gate dimensions should be small enough to increase the energy level spacing
by quantum confinement and the Coulomb blockade;

(i1) a thin tunnel layer is preferable to allow direct tunneling to increase the memory speed;
(iii) the gate oxide has to be thicker to prevent “gate-to-dot” and “dot-to-dot” tunneling;
(iv) the device needs to have low interface state densities to reduce offset charges.

The operation mechanism of organic NFGM is very similar to that of conventional Si-
based flash memory devices. Information is stored in the NPs by injecting or rejecting (charge
or discharge) charges under applying a suitably strong external electric field is applied to the
gate electrode of the memory device, thus followed by a threshold voltage shifts in relation to
the memory states called programming and erasing operation (write and erase), respectively.
Therefore, the shift value of V1 respect to the applied program/erase bias pulses defines as the
memory window. The digital “0” or “1” (“on” state or “off” state) memory status is determined
by applying a read voltage to the gate between the program and erase operations to read the
corresponding drain current. Note that the read voltage is much lower than the programming

voltage.

The program and erase operations are depicted in figure 1.15(a). Figure 1.15(b) and (c)
schematically illustrate the energy band mechanisms of the program and erase processes for an

n-type NPs memory device based SiO> dielectric layer. During the write process, a positive gate
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voltage is applied to the control gate to inject electrons rom the channel into the NPs. The
application of a reverse bias causes the reverse tunneling of electrons into the channel [85].
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Figure 1.15 (a) Schematic of the program and erase operation in a NFGM device. A schematic
band diagram illustrating (b) write and (c) erase processes in a Si based NFGM device [84].

1.3.2 Nano-floating gate layers

The nano-floating gate layer as the key device element in NFGM has been focused all
the time during the research. The first formation of nanocrystal-based charge-trapping flash
memory devices was reported by Tiwari et al [86], they used Si nanocrystals embedded in the
gate oxide as the charge-storage element based on a conventional n-channel metal-oxide-
semiconductor transistor, and the Si nanocrystals were synthesized by chemical vapor
deposition. Since the early report, considerable progress has been made on the fabrication of
nanocrystal-based memory over the years. Currently, for the charge floating gate, varied
materials have been investigated to use for the charge-storing medium, for the medium that
most commonly used, semiconductive or metallic nanoparticles that have been thermally
deposited or chemically assembled [87], nanocomposites (e. g. Polymer/ZnO) [88, 89], carbon-
based charge trapping materials (e. g. C60 or graphene) [90, 91].
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In the kinds of the charge-storing medium, the metallic nanoparticles are the most
widely used floating gate layer as the sample preparation process and easy to control the density
of the particles. For example, figure 1.16(a-d) shows the TEM images of various metals NPs,
including those of Au, Ag, Cu and Al, as a floating gate layer in NFGM devices that reported
in Ref. [87]. The NPs were inserted between the bilayers of various polymer dielectrics
(polystyrene (PS)/poly(4-vinyl phenol) (PVVP) or PS/poly(methyl methacrylate (PMMA)). The
effects of metallic NPs and gate dielectrics were investigated and compared in the literature,
and the best performing P(NDI20OD-T2)-based NFGM devices were found as the ones
fabricated using PMMA and Au NPs.
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Figure 1.16 (a-d) TEM images of the various thermally deposited metallic NPs (1.0 nm thick
deposited): (a) Au, (b) Ag, (c) Cu, and (d) Al. (e) Memory hysteresis loops and (f) corresponding
memory windows of the transfer plots, Abs(lg) vs Vg at Vd=30 V, for the OFETSs fabricated with

various metallic NPs, i.e., those of Au, Ag, Cu and Al [87].

Furthermore, the 2D nanomaterial of graphene and derivative graphene like graphene
oxide and its reduced form (rGO) have been adapted as charge trapping media for more efficient
charge trapping but also better compatibility with solution processes. For example, Dai et al
developed an organic nano-floating gate memory (NFGM) device using solution-processed
graphite nanocrystals as nano-floating gate materials [92]. Mi Jung Lee et al fabricated an n-
type charge-trapping memory device with rGO as the charge-trapping layer on the flexible
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substrate using all-solution processes [91]. Very Recently, Tae-Wook Kim et al demonstrated
a graphene quantum dots (GQD)-based organic NFGM device using pentacene as the organic

channel layer and PS as the tunneling layer [93].

Most of organic NFGMs exhibit relatively poor device characteristics along with
markedly shorter retention times, therefore, the NFGM with double floating-gate were proposed
to optimize the performances of NFGM devices [94-96]. For instance, S. T. Han et al reported
a hybrid double floating-gate memory device by utilizing an rGO-sheet monolayer and an Au
NP array as upper and lower floating gates, respectively. The rGO acts as buffer layer at the
interface between the Au NPs and the pentacene and decreases the surface roughness,
consequently enhancing the electrical characteristics of the DFG devices, as shown in figure
1.17 [94]. When keep the density of the Au NPs at ~1.3X 10 cm™, rGO coverage at ~90%,

the memory window of the DFG memory reaches the largest value of 1.75 V and retention time

is up to 10°.
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Figure 1.17 (a) SEM image of self-assembled 15 nm Au NP monolayer with a density of around 1.3
X 10"cm?, (b) Transfer characteristics of DFG memory device, () Memory window with respect to
different densities of rGO while the density of the Au NPs is kept at 1.3 X 10*cm2[94].

1.3.3 Pentacene based NFGM

For fabrication of NFGM devices on rigid or flexible substrates, pentacene has been
widely selected and studied as the active layer [92-104]. Over the years, many efforts have been
devoted to optimizing the floating-gate layers. Besides the floating-gate layers, the blocking
and tunneling dielectric layer also has a direct impact on memory performance of floating-gate
OFET memory devices [103]. Examples of the research that reported very recently, M. D. Yi
et al obtained the improvement of the NFGM devices with high density porous structure of

PMMA tunneling layer that was mainly attributed to both the high charge capture and release
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efficiency and the high electrical insulating property [103]. Tae-Wook Kim et al used the
method that one-step synthesis of Au NPs by simple annealing of the solid phase PAN and an
Au salt to fabricate the NFGM and found the excellent performances of the memory, as shown
in figure 1.18 [102]. The memory devices exhibited a high on/off ratio (over 10°), large
hysteresis windows (76.7 V), and stable endurance performances (3000 cycles). Otherwise, the
multilevel charge storage phenomenon was also found in pentacene based NFGM. The
multilevel transistor memories can be utilized to increase the memory capacity without
decreasing the size of the device to the nanoscale [98].
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Figure 1.18 (a) The device structure of the memory with p++ Si/SiO2/Au NPs in
PAN/PS/pentacene/Au. (b) Transfer characteristics of NFGM. The transfer curves were measured
by a gate double sweep with ranges of +40 V and £70 V at V4=-20 V. (c) Endurance test results of
the cyclic write-read-erase-read (W - R - E - R) test. (d) Retention time test results of the written

state and erased state [102].
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Considering the effects of materials and process conditions, the characteristics of the
pentacene based NFGM were improved more or less that have been reported. Table 1-1 shows
the summary of key characteristics of pentacene based FET memory devices that reported in

the Refs in recent years.

Table 1-1. Summary of key characteristics of pentacene based NFGM devices that reported in the Refs
in recent years. (P/E: Program/Erase)

Substrate/ Charge V. ili Memory i
PIE Mobility p lon/loff P/E Retention
dielectrics ?Tt]%:jeium V) (cm?Vv-isT) \(/cgldow ) cycles  time (s) Ref
PES/cross-
e PUP Au NPs 90 025 10 >102 700 108 [97]
INKe
PET/AL,O3 Au NPs +50 - 165 3x108 1000 >108 [98]
rGO
PET/AI,O3 sheets/ +5 0.1 95 ~103 1000 10 [94]
Au NPs
CuPc NPs
Glass/HfO2 NG +5 0.0125 4.2 8.3x10° 500 10 [96]
+N-Ce0
Si/Sioa/ Graphene ~ #80  0.061 ~40 108 110 >108 [99]
- Ferriti 104
Si/SiO2 Npe +100  0.013 >20 104 200 >107) [100]
. Au NPs
Si/SiO, o NP +45 053 187 >105 600 10* [101]
+ S
. S-PAN
Si/SiO, aunps | O 0809 76.7 >106 3000 > 10* [102]
+AU S
Si/SiOy/ -120
; o AUNPS heo 0% 43 10 300s 10* [103]
orous +

From the summary of the characteristics of pentacene based NFGM devices that
reported in recent years, we can see that most of the pentacene NFGM devices are fabricated
on rigid substrates of silicon [96, 99-103], and the tunneling and blocking layers are mainly
inorganic dielectrics like SiO2 and Al>O3, which needs relatively high temperature to deposit.
For the flexible NFGM [94, 97, 98], only Ref. [97] used organic as the blocking layer, however,
the operation voltage is very large (£90 V), the memory window is small, and the current on/off
ratio is low. Hence, it signifies to develop new approach to improve the memory performances
and the realization of flexible NFGM by using all organic materials are worth to going to
research.

26



Chapter 1 State of the art

1.4 Conclusions

In this chapter, we describe the state of the art of OFET and NFGM and the motivation
of this thesis is presented. In detail, the configurations and the operations of the OFET and the
NFGM are presented first. Then, the typical high mobility organic semiconductors that used in
OFET devices are represented. From the research of widely literatures and the point of
commercial applications, the pentacene is chosen as the organic semiconductors to fabricate
our OFET and NFGM devices in this thesis. Thus, the progress of pentacene based OFET and
NFGM in recent years has been introduced. Finally, from the summery of the recent reports
that involved of pentacene NFGM, the Au NPs and rGO sheets are chosen as the floating gate
in this work, in addition, the dielectric materials and the structures were mainly taken into
consideration for this work and our aim is to obtain high performances of OFET and NFGM on

rigid and flexible substrates.
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transistors

2.1 Introduction

Organic field-effect-transistors (OFET) have been extensively studied in electronic
applications due to its advanced advantages, such as low-cost, high integration, flexibility, and
compatibility with biosensors [1-5]. However, commercial breakthrough is still ahead with
considerable effort in fundamental improved as well as applied research currently undertaken.
All these devices have in common organic semiconductor layers with processing a non-
vanishing energy gap between occupied and empty electronic states, and must be inevitably
realized with a range of metals because of the electrical connection of organic semiconductor
to periphel circuitry [6]. Thus it signifies to control the way of the charge transport between
organic and metals. As we all know, the electrical performance of OFET is often measured in
terms of the carrier field-effect mobility [7]. The carrier mobility is correlated with the charge
transport performance in the dielectric/organic semiconductor device, which could be closely
connected with the surface treatment, temperature, material purity, device structure, deposition
vacuum conditions and so on [8]. Hence, it’s also motivated to analyzing and tuning the way of

charge transport between organic and dielectrics.

During recent decades, an important approach of tuning charge transport is proposed
by inserting SAMs on the surface of dielectrics or electrodes [9-12]. Charge transport takes
place primarily within the first few monolayers at the dielectric/semiconductor [10]. For
instance, the hydrophobic nature of 3-octadecyltrichlorosilane (OTS) has been widely used to
modify the SiO: dielectric surface, results in improvement of the mobility of varies OFETSs,
which could be explained by the increase of the semiconductor crystallinity, reducing interfacial
trap states and planarize the surface [13, 14]. And a number of thiol-based SAMs such as 1-
hexadecanethiol [13], 4-fluorothiophenol, and 2,3,4,5,6-pentafluorobenzenethiol (PFBT)
[15,16], deposited on the source and drain electrodes of OFETs have demonstrated
improvements to the contact resistance and channel transistor performance. Very recently,
Tomoharu Kimuraet al [16] directly investigated the local impedance and the potential
difference at the electrode-channel interfaces of the OFET using frequency modulation
scanning impedance microscopy (FM-SIM) presumed the reduction of the hole trap sites at the
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source-channel interfaces by using PFBT-modified OFET. Nevertheless, the hybrid contacts
with both SAMs on electrodes and dielectrics are rarely reported, especially the way for
explaining the charge transport mechanisms in the two kinds of SAM contacts is expected to

explore.

In this chapter, the fabrication process and analysis instrumentations used for our OFET
samples are described in detail. The physical and electrical properties of different SAM
modified pentacene FET devices were performed and discussed, i.e. pentacene deposited on
OTS modified dielectric surfaces, on the PFBT modified source/drain electrodes, and on the
cumulative OTS and PFBT modified surfaces. The FET of pentacene deposited on bare SiO>
was fabricated as a reference. Through the SAM modification, optimized electrical
performances were obtained and the charge transport mechanisms were explained, which
highlights the utility of surface modulations to tune charge transport in nanoscale materials.

The results also support the application of SAM on our memory devices for further research.

2.2 Fabrication of pentacene based OFETSs

To obtain the OFET samples in our experiments, the fabrication process is including
cleaning the substrate, getting gold electrodes by e-beam lithography, deposition SAM by
chemical reaction, as well as deposition pentacene semiconductor by thermal evaporation. The
details of the mainly fabrication processes for the four different OFETs samples are described

below.

2.2.1 Electron-Beam Lithography technology

As electron-beam lithography (EBL) is one of the crucial technology used for the
fabrication of micro- and nano-devices with the merits of mask-free and high resolution. The
ideal pattern realization is based on the solubility changeable of polymer resist films after
irradiated by a focused beam of electrons. After the irradiation, it enables a selective removal
of resist by immersing the sample into a solvent because of the different solubility of the resist
exposed/non-exposed by electrons. The transistor devices prepared in our work with bottom
contact of Au source and drain electrodes were fabricated by EBL with channel length from 1
pm to 50 um and channel width 1000 um, respectively. To prepare the source/drain electrodes

for our transistor devices by EBL, the fabrication process is carried out in the yellow light room
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and mainly following 7 steps. Figure 2.1 shows the mainly schematic diagrams of e-beam
lithography experimental process.

E-beam

Si Gate
Clean substrates ::.---- Resistdeposition i::: E-beam exposure

Si Gate

Metallization 5 : Development

Figure 2.1 The schematic diagram of e-beam lithography experimental process.

Step 1: Designing mask

nn
E EEE':

Figure 2.2 (a) Pattern design for the transistors in layout; (b) the image of zoom part of the single
transistor design with different gap length.

The geometry of the transistors with different dimensions have been designed by layout
software prior to fabrication steps. The pattern designed in layout for the devices is depicted in

figure 2.2 (a), there are totally 48 single transistors and a part of integrated transistors. Figure 2
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(b) shows the zoom image of the single transistor part designed with different gap length from
1 pum to 50 pum. It is able to calculate the statistics of the transistor parameters, which is further

supported the research results of our devices.
Step 2: Cleaning substrates

N-type negative Si (doped by Ph, 380~400umthick, resistivity of 0.0001-0.0003 Q-cm)
with 200 nm thick dielectric layer of SiO. were used as the substrates for all the samples. The
substrates were cleaned by sonication in sequential baths of acetone, and isopropanol for 10
min each, dried by blowing N2 gas (99.9 % purity) at room temperature, then followed with

radiation in ultra-violet zone for 25 min.
Step 3: Deposition of resist

Resists are generally a kinds of organic materials with properties tailored for specific
applications. In lithography technology, resists are divided in two different types, i.e. negative
resist and positive resist. For the negative resist, after development process, the exposed
structure is higher than the surrounding due to cross linking of polymer chains; for the positive
resist, the exposed structure is deeper than the surrounding due to chopping of polymer chains
after development. Normally, resist layers are deposited on the substrate surface by spin-coating
method. The type of the resist and the resist layer thickness is crucial for designing the

parameters of exposure.

In this work, under the optimization of electrodes fabrication in our previous research,
the Copo EL 13% and Poly ethyl-methacrylate (PMMA) 3% 495 K positive resists are used,
and the main parameters for the resist deposition process is shown in table 2-1.

Table 2-1 The parameters for deposition resists and the measuring resist layer thickness

Resist Speed (rpm/min)  Acceleration  Time(s) Curing Thickness
Copo EL 13% 3500 1000 12 180 10 min 510 nm
PMMA 3% 495K 3000 1000 8 180 10 min 85nm

Step 4: E-beam exposure

The E-beam exposure step was carried out following the pattern design mask, seen in
figure 2.2. Lithography tool VISTEC EBPG5000PIus is used during the process, with a fixed
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given power 100 keV and current 50 nA to electrons, the written spot is 10 nm and the term of
dose reflects the number of electrons received per unit area is expressed as 380 uC/cm?.

Step 5: Development

For the process of development after E-beam exposure, the samples were immersed in
a mixture of Methyl Isobutyl Ketone (MIBK) and IsoPropylic Alcool (IPA) with a ratio 1:2 for
60 s, subsequently immersed in IPA solution for 60 s to remove the resist exposed by the

electrons, finally dried by blowing N2 gas (99.9 % purity) at room temperature.
Step 6: Metallization

The samples treated after development process were transferred into the metal
evaporation instrument. Gold were selected as the source and drain electrodes because of the
excellent conductivity and the approximate work function of gold and pentacene
semiconductor. A 5 nm thick Titanium was deposited as an adhesion layer. And then 50 nm

thick gold were evaporated on the top of the samples.
Step 7: Liff-off

The samples were immersed in the solution of acetone for 8 hours to take off the resist,
and the expected device patterns with gold were deposited on the substrates. The optical images

of the devices obtained are shown in figure 2.3
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Figure 2.3 (a) The optical images of the fabricated device, (b) the image of zoom part of the single
transistor design with different gap length and integrated transistors.

41



Chapter 2 Preparation and optimization of organic transistors

2.2.2 Self-assembled monolayer (SAM) modification

The SAM method deals with the monolayers of organic molecules grafted on solid
substrates by chemical reactions in solution. To improve the performances of silicon-based
OFETs, OTS SAM treatment on the surface of Si or SiO> dielectric and PFBT thiol treatment
on gold are widely used and the preparation process has been extensively reported in many
years [15-18]. During the preparation process, the sample is immersed in the solution of OTS
or PFBT mixed with solvent for some time. It enables bear the functional moiety at the ends i.
e. silane (thiol) group chemically reacted to the oxidized (gold) surfaces. However, the ways of
deposition such as the properties of the solvent, the sample immersing time, the atmosphere,
the exposure time of the sample after SAM treatment could be have some influences on the
quality of the monolayers, which further induces to the get different properties of the OFETs
[18, 19]. Thus, it signifies to concern the effects of preparation conditions during the SAM
fabrication process. Following the previous results from the reverences, the mainly processes

for fabricating OTS monolayer in this work is depicted in figure 2.4.

Organosilane: R H,

R: organic functional group sli Octadecyltrichlorosilane (?Hz)”
. i i (OTS) 1

X: alkoxy or halide group X X X L( él\Cl
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Figure 2.4 The schematic diagram of experimental process for OTS SAM deposition.

First, the sample was cleaned as the same cleaning step described in the part of 1.2.1.
Then, the sample was immersed in the piranha solution (mixture of acid sulfuric H.SO4 96%
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and hydrogen peroxide H2O> with a ratio 1:2) for 15 min to form the hydrophilic surface with
functionalized group Si-OH. Finally, the sample was dipped in the solutions of OTS (3-
octadecyltrichlorosilane >90% with density of 0.984 g/mL at 25 °C, bought from SIGMA-
ALDRICH company) mixed in the solvent (Hexane 70% + chloroform CHCI3 30%) with a ratio
1:10 for 2 hours, the chemical reaction process was done in a N2 glove box to avoid the
influences of water and oxygen. After the dipping process, the sample was cleaned by
sonication in sequential baths of dichloromethane CH>Cl, and IPA for 3 min each to remove

the molecules.

To prepare PFBT SAM on gold surface, the clean sample was immersed in the solution
of PFBT (2,3,4,5,6-Pentafluorothiophenol 97% with density of 1.501 g/mL at 25 °C, bought
from SIGMA-ALDEICH company) mixed in the solvent of ethanol with a ration of 1:10 for 20
hours (the immersing time should be more than 18 hours to make sure obtain the PFBT SAM
). After the immersing process, the sample was cleaned by sonication in bath of ethanol for 3
min each to remove the molecules. The schematic diagram of experimental process for PFBT

is shown in figure 2.5.

....................................................

{§ ‘ S S
. Immersing in PFBT e
Sample with gold surface

Figure 2.5 The schematic diagram of experimental process for PFBT deposition.

2.2.3 Thermal evaporation

Thermal evaporation is one of the simplest Physical Vapor Deposition (PVD)
techniques to prepare semiconductors or metals. Normally, the deposition process is following

two steps:

Step 1. Organic/metal materials are heated in a vacuum chamber until there’s surface

atoms have obtain sufficient energy to release from the surfaces.
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Step 2. The atoms released from the origin materials traverse the vacuum chamber and

coat a substrate positioned above the evaporating material.

Shadow 2

-=====---Shadow 1

Vacuum " lorgani: materials : Si Gate

¢ chamber source

Figure 2.6 (a) The schematic of the thermal deposition chamber structure, (b) the configuration of
pentacene FET device treated with OTS and PFBT SAMs

The morphology of pentacene thin films has been widely studied in order to understand
its effect on transistor performance. Device performance is believed to decrease once the film
becomes greater than a critical thickness. Nucleation of the films is also an important aspect, as
grain boundaries can be unfavorable to device performance [20]. During deposition of
pentacene, the conditions such as deposition rate, temperature, substrate type, and cleanliness
have a strong impact on growth morphology [21]. Based on these considerations, in this work,
30~50 nm thick pentacene was deposited with a deposition rate of 0.1~0.2 A /s under 2 x 10-6
Torr at source heating temperature of 125 °C. The pentacene material (purity >99.9 %) used I
this work is bought from SIGMA-ALDRICH Company. The schematic of the thermal
deposition chamber structure is shown in figure 2.6(a). Figure 2.6(b) shows the configuration
of pentacene OFETSs device treated with OTS and PFBT SAMs.

2.3 Instrumentations

In our experiments, the contact angle measurement, ellipsometry, profilometry, atomic
force microscopy (AFM), scanning electron microscopy (SEM), x-ray photoelectron
spectroscopy (XPS) and UV-photoelectron spectroscopy (UPS) characterization techniques

were used to perform the sample’s structural properties. The electrical properties were

44



Chapter 2 Preparation and optimization of organic transistors

characterized by Agilent 4156 C Semiconductor Measurement Unit SMU combined with

N2glove box.

2.3.1 Contact angle measurements

The contact angle is used to quantify the wettability of a solid material surface. The unique
value of the contact angle could be obtained by a given system of solid, liquid, and vapor at a
certain temperature and pressure. The schematic diagram is depicted in figure 2.7. The contact
angle is conventionally measured through the liquid-vapor interfaces meets the solid surface,
which could be used to reflect the relative strength of solid (S), liquid (L) and gas or vapor (G)
molecular interaction, and in further, to perform the surface energy of the solid material. The
contact angle is firstly determined by a liquid via the Young equation [22], as depicted in

equation (2-1).

¥sG =Yg, — YLgCosO =0 (2-1)

where ysc, ¥si, and y ¢ represent the liquid-vapor, solid-vapor, and solid-liquid interfacial

tensions, respectively, and 0 is the contact angle.

e Vapor

iquid

Vg N B Y
solid
0 290° Hydrophobic 0<90° Hydrophilic

Figure 2.7 The schematic of contact angle with a liquid drop on the solid surface.

Generally, small contact angles (<90°) correspond to high wettability, means the surface
of the solid is hydrophilic, while large contact angles (>90°) correspond to low wettability,
means the surface of the solid is hydrophobic. Normally, the contact angle measuring methods
can be classified into two ways: the direct optical method and the indirect force method. The
direct optical method is used in our experiments. The ionized water is used to drop on the
sample, and the drop contact angle is measured by a high resolution cameras and software to

capture and analyze the contact angle result.
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2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) is used to analyze the surface morphology of
pentacene thin films in this work. AFM method is performed by monitoring the attractive and
repulsive forces of atoms between the probe and the surface of sample, which could further
image the surface of the materials in three-dimensional detail down to the nanometer scale [23].
Figure 2.8 shows the simple schematic of AFM setup. When doing the measurements, the
sample could be moved in the 3D (X, y and z) directions by using a single piezotube, and the
probe attached to cantilever could move up and down to response the certain force between the
probe and sample. As a consequence, the movement of the cantilever is detected by a
photodetector through using a lased spot reflected from the top surface of the cantilever.

In general, the AFM is divided into two imaging mode, i.e. contact mode and non-
contact mode. However, both of the two modes have disadvantages, the contact mode could
obtain distort image data and damage the sample. And the non-contact mode can be hampered
by the contamination. To be sure not damage the sample and also achieve high resolution

surface images, the non-contact mode was used for our experiments.

Feedback Electronics

4 Laser

Photodetecto\
.

Figure 2.8 The schematic of the AFM setup.

Piezoscanner

2.3.3 Scanning electron microscopy

Scanning electron microscope (SEM) is a common technique that applied to perform a
surface topography image and material composition of a sample by scanning the sample’s
surface with a focused beam of electrons. The electrons ejected from the electron gun could
impact with the atoms in the sample, then producing various signals like x-ray, auger electrons,

and secondary electrons and so on that contain information of the sample. The most common
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SEM mode is through collecting the secondary electrons by using a special detector and creates
the topography image of the sample. It can achieve resolution better than 1 nanometer. The
mechanism of the SEM is shown in figure 2.9 and the type of ultra-55 SEM is used in our

experiments.

Electron gun

X-ray
o Backscattered
Detector S Cathodeluminescence
Secondary
electrons .
“ .

Sample

Figure 2.9 The mechanism of the SEM setup.

2.3.4 XPS and UPS

X-ray Photoelectron Spectroscopy (XPS) and UV Photoelectron Spectroscopy (UPS)
are techniques to display the elemental, molecular, energetic information of materials. For the
physic mechanism of XPS and UPS, XPS uses high energy x-ray photons to excite “core”
electrons in the near-surface region, gives the elemental composition of the sample, while UPS
uses lower energy photons in the deep UV region to excite valence electrons, further provides
estimates for “density of stares”, frontier orbital energies (HOMO), and work function. Figure

2.10 shows the different physic mechanisms of XPS and UPS.

(a) (b)
X-ray Photon . UV Photon .
\ Vacuum \ Vacuum
N\ N\,
2s L1 2s =0 L1

1S K 18 ” K

Figure 2.10 The physic mechanisms of (a) XPS and (b) UPS techniques.
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2.3.5 Electrical characteristic system

In this work, all the electrical characteristics of the samples were performed by the
instrument of Agilent 4156 C Semiconductor Measurement Unit SMU in a glove box under
vacuum with the controlled atmosphere (H20, Oz < 0.1 ppm, pressure ~ 5-6 mbar), the
schematic of the measurement system is shown in figure 2.11.The Agilent 4156C instrument
could apply the extra voltage as big as £100 V, the limit current is 200 mA. During the
measurements, the station and the contact probes could be controlled to change the direction in
3D dimension, and an optical microscopy is used to observe the sample and probes. When the
sample is connected with the instrument, LabVIEW and easy expert software is used to measure

the electrical properties.

-------------------------------------------------
.
.

Glove box under vacuum ',‘. SMUL .
Ground: Agilent
: 4156C
SMU?2
Computer :
:with LabVIEW
! software

..............................

Figure 2.11 The schematic diagram of the electrical characteristic system used in this thesis.

2.4 Characterization

2.4.1 Physical properties

* Contact angle

To compare the bare substrate and SAM-modified gate dielectric layer or gold layer in
terms of the surface energy, the static contact angles were measured. As shown in figure 2.12,
the optical images of contact angles measured on bare SiO, SiO- treated with OH group, bare
gold, gold functionalized PFBT, SiO: functionalized OTS, as well as the transistor device with

cumulative OTS and PFBT modified surfaces. As a result, we found the clean, bare SiO»
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typically had contact angles between 28° and 35°. The SiO: treated with OH group also had
contact angles between 25° and 30°. Almost no differences with bare SiO,. However, the OTS-
treated SiO. we typically measured contact angles between 90° and 108°, depending on the
exact conditions of the OTS treatment. Indicating that the surface energy of OTS-treated SiO>
is quite lower than the bare SiO2, which is beneficial to deposit high quality of pentacene thin
films [24].

At the same time, the contact angles of clean, bare gold were measured between 65° and
72°. For the PFBT-treated gold sample, we typically measured contact angles were between
80° and 85° (seen in figure 2.12(c) and (d)). The PFBT modified gold surface could change the
work function of gold, consequently, decrease the contact resistance during the electric
measurements [13]. In order to see the effect of cumulative OTS and PFBT modified device
surfaces on the performances, the contact angle was also calculated and found the values
between 95° and 110°.

Bare SiO, SiO, with OH group

Bare gold Gold with PFBT

an

SiO, with OTS Device with OTS and PFBT:

Figure 2.12 Contact angle of (a) clean, bare SiO; surface, (b) SiO; surface treated with OH group,
(c)clean, bare gold surface, (d) PFBT-treated on gold, (e) SiO; surface treated with OTS, (f)
transistor device with cumulative OTS and PFBT modified surfaces.

The thickness of the SAM were also measured by ellipsometry to further identify the
property and the succeed deposition of OTS and PFBT monolayers. The results showed the
thickness of OTS on SiO; is 15A to 20 A and the thickness of PFBT on gold is 8 A to 9 A.
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Indicating that the OTS and PFBT monolayers were successfully deposited on the surface of

samples and without any cluster of molecules.

* AFM

As the solid surfaces with and without SAM treatment have efficient influence on the
physical structure of the top organic semiconductors, the surface morphologies in 2D and 3D
dimensions of the pentacene thin films deposited on bare gold, bare SiO, gold functionalized
with PFBT, as well as SiO> functionalized with OTS were demonstrated and compared by AFM
measurements, the images are depicted in figure 2.13. During the measurements, the rout of
tips scanned the pentacene semiconductor on the transistor devices is from gold electrode area

to channel area.

As can be seen in figure 2.13 (a) and (b), the pentacene deposited on bare gold electrode
and bare SiO; shows a preferable bulk phase with a root mean square roughness (RMS) 10.5
nm on gold electrode area and 13.2 nm on SiOzdielectric, respectively. However, after the SAM
modification on the surfaces, seen in figure 2.13 (c) and (d), the pentacene shows a thin film
phase with RMS decreased to 7.2 nm on PFBT modified gold electrodes areas and 9.5 nm on
OTS modified SiO., respectively. Thus, the pentacene deposited on the SAM treated surfaces
is more smooth. The 50 nm thick pentacene thin films were measured by profilometry method.
Research from Bouchoms et al [25] has verified that the pentacene could present a thin film
phase and a bulk phase (triclinic in nature), and the performance of the pentacene based

transistor device is believed to decrease once the pentacene film enters the bulk phase [26].
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Figure 2.13 AFM of the pentacene on (a) bare gold and bare SiO, surfaces in 2D dimension, (b) bare
gold and bare SiO; surfaces in 3D dimension, (¢) OTS and PFBT SAMs modified surfaces in 2D
dimension, (d) OTS and PFBT SAMs modified surfaces in 3D dimension.
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2.4.2 Electrical properties

* Transfer characteristics

All the samples fabricated in our experiments were successfully work as a transistor
device, and the electrical properties has been measured under the same circumstance conditions.
To compare the characteristics of the sample treated with different type of SAM, the results of
the sample with exactly same structures (same channel width and length) were performed. Here,
the drain current-gate voltage (Ips - Vgs) transfer curves of different SAM modified OFET and
the reference OFET (bare SiO2) channel width 2um and channel length 2000 um (W/L=500)
are depicted in figure 2.14, where loglps and Ips*?is plotted versus Vs at a fixed Vps value of
-40 V for all the samples, Vs ranges from +40 V to -40 V. The mobility values of the transistors
were calculated in saturation by using equation (1-4) based on Ihantola and Moll’s [27] theory

about isolated gate field effect transistor.

As expected from the conventional OFET operation, the current flow through the OFETSs
is strongly influenced by the gate voltage Ves. All of the transfer characteristics of the OFETs
prepared here display a subthreshold regime between the switch on voltage and the threshold
voltage. From the electrical transfer characteristics, the parameters of carrier mobility, threshold
voltage, and subthreshold swing and on/off current ratio were extracted. The electrical
performances were electrically characterized and determined in the saturation regime, the
electrical parameters of the different samples of OFET were summarized in Table 2-2 (every

parameter was extracted by the average of 10 devices).

Table 2-2. Summary of the electrical parameters for different pentacene OFETSs

Carrier Threshold  Subthreshold On/off

Gate dielectric

material mobility Voltage swing curr_ent
(cm2v-ist) (V) (V/decade) ratio

SiO; 0.03 -10 1.1 >10*
SiO+0TS 0.048 -17 1.4 >10°
SiO+PFBT 0.301 -12.5 1.6 >10°
SiO+OTS+PFBT 0.363 -6 0.9 >10°

For the device fabricated with bare SiO- dielectric layer and bare gold electrodes, the
carrier mobility is only 0.03 cm?V-1st and the current on/off ratio is 10%orders of magnitudes.
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When the SiO is treated with OTS monolayer, the carrier mobility increases to 0.048 cm?V-1s-

tand current on/off ratio is 10%orders of magnitudes, the optimized performance is consistent

with previous researches [13-15]. However, for the device fabricated with the PFBT monolayer

modification on the gold electrodes, the carrier mobility sharply increases to 0.301 cm?V-1s?,

which is ten times bigger than the bare SiO.and bare gold sample. And the current on/off ratio

is also increased up to 10%rders of magnitudes. Intriguingly and significantly, the performances
of pentacene FET with the hybrid contacts by modification of both OTS and PFBT SAM were
enhanced, carrier mobility reached to 0.363 cm?V!s™. Finally, a higher mobility up to 0.68

cm?V-1st was obtained of the device with channel length 2 um and channel width 1000 um

(W/L=500).
0.010
a ) b
(@) 0.009 Vi =-40V (b)
0.008 |- -
10° 10
~ o
=_0.006 |- —~ "=0.006 | -
« ’ < < «
~ N Ehd
:/ é: :i 10 E
B 107 ' _I— 0.004 '
' 0.003 | bare Si0,
0.002 | 10°
0.000 10° 0.000
40
0.03 0.025
c d
(©) ] (d) V =40V
! . 10"
410" 0020+ %
o 0,02 1 o
0.015 |
9 10'(

—I[J\':(A)L.

0.00

0.01

-40 -20

0
Ves {V)

20 40

0.010

-Ins* (A)

0.005

0.000

[
[ ]
[}
[}
»
[l
\
[}
\
L]

OTS+PFBT

h——

0
Vas (V)

20

40

Figure 2.14 The drain current-gate voltage (Ips - Vgs) transfer curves of different SAMs modified
OFETs and the reference OFETs (bare SiO») with channel length 2um and channel width 1000 um.

* Output characteristics

The output characteristics of the four different samples are also displayed and compared,
seen in figure 2.15. All the samples show the pronounced saturation behavior with the
measurement parameters Ves =40 V, Vps=40 V. When comparing the low drain voltage part

(with red dotted line circle) of the four figures, the transistor devices fabricated with bare SiO>
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is nonlinear property, whereas the devices treated with PFBT has linear property. It further
verify the PFBT SAM functionalization lower the contact resistance.
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Figure 2.15 The drain current-drain voltage (Ips - Vgs) output curves of different SAMs modified
OFETs and the reference OFETs (bare SiO») with channel length 2um and channel width 1000 pum.

* Contact resistance

The contact resistance as opposed to an intrinsic value in a transistor system refers to
the contribution on the total resistance of the channel length and the electrodes connections.
The total resistance Rt can be calculated following the equation (2-2) [28].

R = R, + Ry, = R, + L (2-2)
WC; 1t(Vgs —Vps)

Where Rc is the contact resistance of probes and electrodes, Reh is the resistance of channel
length, W/L=channel length/channel width, uis charge carrier mobility, C; is insulator
capacitance per unit area, Vgs and Vps is gate-source voltage and drain-source voltage,

respectively.

53



Chapter 2 Preparation and optimization of organic transistors

According to the equation, we can see that the contact resistance could be provided by
the linear extrapolation of the total resistance to the zero channel length. Therefore, we used the
most common method of transmission model to measure the contact resistances of our samples.
The results is shown in figure 2.16. Here, the total device resistance is plotted as a function of
the channel length. The resistance of the transistor is decreased with OTS and PFBT

modification.

1.8x10°

1.5x10
Rc decrease

1.2x107 OTS

9.0x10°

6.0x10“";/,/'/

3.0x10°

Resistance (Q2)

. OTS+PFBT

0.0 " 1 s 1 " 1 L ] " 1
0 10 20 30 40 50

Channel length (um)

Figure 2.16 The total device resistance is plotted as a function of the channel length.

* The dependence of the mobility and on/off ratio on the channel length

The performances of OFETSs are strongly correlated the charge carriers injection and the
transport in the channel [29, 30]. To better understanding the occurrence charge transport in
different SAMs modified pentacene FETSs, the mobility and on/off ratio depend on the channel

length were described and compared, shown in figure 2.17.

As can be seen in figure 2.17(a), the mobility of OTS modified device is increased with
the increase of channel length, here it is proposed that the main occurrence of the charge
transport is on the OTS monolayer in the channel. The smaller mobility with the shorter channel
could be explained by the existence of significant contact resistance, which further induces to
less charge carrier injection. The result tendency is associated with Ref [31]. In contrast, the
device with the PFBT modified electrodes and with both OTS and PFBT modification show
that the mobility is decreased with the increase of channel length, and the mobility is much

higher than the device modified by OTS. The same result was also investigated by Chong-an
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Di et al [32]. In this case, the SAM enhance the work function of electrodes is extensively
approved during the research [15, 16, 33]. Thus improves the charge injection from the bias and
tunes the occurrence of charge transport from the PFBT monolayer to Pentacene or to OTS
monolayer. For the current on/off ratio, there is no obvious dependence on the channel length,
the current on/off ratio of the devices with the PFBT modified electrodes and with both OTS

and PFBT maodification is like Gauss distribution, which needs further investigation.
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Figure 2.17 The dependence of the mobility and on/off ratio on the channel length with different
SAMs modification. (a) OTS-modified, (b) PFBT-modified, (¢) OTS and PFBT-modification.
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2.4.3 Analysis of physical mechanisms
* The XPS analysis

To learn more about the physical mechanisms of the charge transport in these different
samples, XPS analysis was used to further directly observe the pentacene interaction with PFBT
and OTS monolayers [13]. The XPS general spectra of pentacene deposited on OTS, bare OTS,
and pentacene deposited on PFBT, as well as bare PFBT are shown in figure 2.18.From the
general spectra, we can see that the OTS and PFBT SAM were successfully grafted and the

pentacene thin films was well deposited on the SAM monolayers.
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Figure 2.18 The respective general spectra of PFBT, OTS and pentacene on the SAMs. (a) Pentacene
on OTS and OTS, (b) Pentacene on PFBT and PFBT.
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To analyze the XPS in detail, the respective C1s spectra of PFBT, OTS and pentacene
on the SAM are displayed in figure 2.19. The C 1s peak of OTS in figure 2.19(a) shows the
mainly composed C-C bond at 284.7 eV with the atomic area percentage of 96%.However, a
small peak at 286.9 eV indicates possibly the oxidation of OTS. The C1s peak of pentacene
deposited on OTS depicts symmetric shape without shift, implies those of thin-film-phase
pentacene formed on a nondipolar interface, where there is negligible electronic interaction
between pentacene and the OTS surface. In figure 2.19(b), The C 1s peak of PFBT/Au shows
the C-C bond and C-F bond at 284.8 eV and 286.7 eV, respectively, indicates the PFBT is well
chemisorb on the Au. And the C1s peak of pentacene/PFBT/Au shows symmetric shape with a
peak centered at 284.4 eV, resembles a thin-film-phase pentacene [13]. It is associated with the
AFM measurements. The shift of the C-C peak with 0.4 eV implies the electronic interaction
between pentacene and the PFBT thiol surface due to the molecule dipoles with different
directions and moments within the PFBT thiol. It means the downward band binding in
pentacene along from the interface to the thin film surface [34].
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Figure 2.19 The respective Cls spectra of PFBT, OTS and pentacene on the SAMs. (a) Pentacene on
OTS and OTS, (b) Pentacene on PFBT and PFBT.
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In all the samples, the O1s peaks were clear detected, which implies that oxygen was
contained. As the oxygen could be the electrons contributions for electrical properties,
therefore, the spectra in figure 2.20 compares the O 1s peaks of bare OTS, bare PFBT, and
pentacene on the SAM.
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Figure 2.20 The respective Ols spectra of PFBT, OTS and pentacene on the SAMs. (a) Pentacene
on OTS and OTS, (b) Pentacene on PFBT and PFBT.

The O 1s peak at 532.4 eV of OTS in figure2.20 (a) shows strong intensity could be the
Si-O bond [35, 36].Whereas without C-O bond observed as in figure 2.20 (a) maybe because
of the relatively low intensity inducing the overlapping of the peak. The O 1s peak of
Pentacene/OTS shows two kinds of oxygen components, could be distinguished as the oxygen
in H20 at 532.3 eV and OH at 531.2 eV moieties [37]. Under experimental conditions in
ambient air, H,O and O are very likely to be present on the surface of the amine-terminated
film. Thus, the reactions occur at the film-air interface and influence the intrinsic electrons in
the film. From figure 2.20(b), the Ols peak at 532.1 eV with relatively low intensity
corresponding to the oxidized sulfur [38]. And Pentacene/PFBT also shows oxygen
components in H20 at 532.5 eV and OH at 531.1 eV. The binding energy shift also indicates
the difference in the electronic character of pentacene on OTS and PFBT. As the effect of O

on the OFET performance is very small, whereas the chemically absorbed water interacts with
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pentacene to form pentacene/(H2O)n clusters, which can enhance saturate current [38].
Comparing the pentacene deposited on the two kinds of SAMs, the density of the oxygen
component of H20 (On20/Orotar) is 92.4% in pentacene deposited on PFBT but only 78.9% in
pentacene deposited on OTS. Those differences should play an important role on the transport

properties of thin films.

* The UPS analysis
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Figure 2.21 (a) UPS He 1 (21.2 eV) spectra under 3 eV of bare Au and PFBT-modified Au, (b)
Focused UPS spectra near HOMO level of pentacene on bared Au and PFBT-modified Au.

As the device fabricated with PFBT SAM obtained excellent performance, we used UPS
analysis to get better understanding the charge transport at pentacene/PEBT-modified

electrodes interfaces. The UPS results of bare Au the PFBT modified Au are displayed in figure
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2.21. The inset of figure 2.21(a) shows the high resolution of XPS spectrum of PFBT modified
Au with a clear peak at 687.5 eV associated with F 1s, a clear signature of PFBT molecules
[15]. From the UPS spectra, the work function values of bare Au and PFBT modified Au are
4.75eV and 5.25 eV, respectively. It implies the PFBT-modified Au increase the work function
of bare Au, and resulting in a reduction of hole injection barrier into pentacene semiconductor,
in good agreement with previous reports [16, 39-41]. The figure 2.21(b) shows the focused UPS
spectra near HOMO level of pentacene on bared Au and PFBT modified Au. The different
values could be related to the change of crystallinity of pentacene, and inducing the different of
holes injection barrier. Therefore, it further affects the charge transport at the Au/pentacene

interfaces.
* The energy diagrams

The above viewpoints are explained by the energy diagrams of charge transport from
Au to pentacene are presented in figure 2.22(a) and figure 2.22(b), respectively.
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Figure 2.22 Energy diagrams of by the energy diagrams of charge transport from (a) Bare Au to
pentacene, (b) PFBT-modified Au to pentacene.

The pentacene band structure in the figure is from Ref. [42]. For the pentacene deposited
on bare Au, the HOMO peak is centered at 0.59 eV, indicating the holes injected from bare Au
to pentacene under bias should surmount the energy barrier of 0.59 eV. On the contrary, when
the pentacene deposited on PFBT modified Au, the spectrum shifts and shows a HOMO peak
centered at 0.51 eV, indicating energy barrier at PFBT modified Au/pentacene interface
decreases to 0.11 eV. As a consequence, the decreased hole barrier for Au contact to pentacene

leads to an improved contact at Au/pentacene interfaces, more holes with rapid increase are
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injected into the channel and significantly improve the electrical performance [13]. Thus, the
occurrence of the charge transport is different from the OTS modified pentacene transistors.

2.5 Conclusions

In conclusion, first, the mainly technique fabrication processes for realization of our
transistor devices and the instrumentations used to analyze the samples have been introduced
in detail in this chapter. Then, the electrical performances of different SAMs modified
pentacene FET devices i.e. the FETs of pentacene that deposited on bare SiO2, on OTS modified
SiO2 surfaces, and on PFBT modified Au electrodes surfaces, as well as both the two SAMs
modified surfaces were exhibited and compared. With the SAM modification, the optimized
electrical results with high mobility 0.68 cm?V-!s and high current on/off ratio >10 © were
obtained. In the end, the charge transport mechanisms were discussed in detail by using XPS
and UPS analyses. In particular, the improving performance of the organic transistors through
tuning the charge transport with hybrid SAM layers suggesting that highlighting the utility of
surface modulations and controlling of charge transport of interfaces in nanoscale materials,

and the results could be an efficient support our further experiments.

61



Chapter 2 Preparation and optimization of organic transistors

References

[1] B. crone, A. Dodabalapur, Y. -Y. Lin, R. W. Filas, Z. Bao, A. LaDuca, R. Sarpeshkar, H.
E. Katz, and W. Li. Large-scale complementary integrated circuits based on organic
transistors. Nature, 2000, vol. 403, p. 521-523.

[2] G. Celinck, P. Heremans, K. Nomoto, and T. D. Anthopoulos. Organic transistors in optical
displays and microelectronic applications. Adv. Mater., 2010, vol. 22, p. 3778-3798.

[3] T.H. Lee, K. Kim, G. Kim, H. J. Park, D. Scullion, L. Shaw, M. -G. Kim, X. Gu, W. -G.
Bae, E. J. G. Santos, Z. Lee, H. S. Shin, Y. Nishi, and Z. Bao. Chemical VVapor-Deposited
Hexagonal Boron Nitride as a Scalable Template for High-Performance Organic Field-
Effect Transistors. Chem. Mater., 2017, vol. 29, p. 2341-2347.

[4] A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay and A. Salleo. Materials and
applications for large area electronics: solution-based approaches. Chem. Rev., 2010, vol.
110, p. 3-24.

[5] H. Klauk. Chem. Organic thin-film transistors. Chem. Soc. Rev., 2010, vol. 39, p. 2643-
2666.

[6] M. Oehzelt, N. Koch and G. Heimel. Organic semiconductor density of states controls the
energy level alignment at electrode interfaces. Nat. Commu., 2014, vol. 5, p. 4174.

[7] H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik and W.Weber. High-mobility
polymer gate dielectric pentacene thin film transistors. J. Appl. Phys., 2002, vol. 92, p.
5259-5263.

[8] C. Reese and Z. Bao, Organic single-crystal field-effect transistors. Mater. Today, 2007,
vol. 10, p. 20-27.

[9] A. Virkar, S. Mannsfeld, J. H. Oh, M. F. Toney, Y. H. Tan, G. Liu, J. C. Scott, R. Miller,
and Z. Bao. The role of OTS density on pentacene and C60 nucleation, thin film growth,
and transistor performance. Adv. Funt. Mater., 2009, vol. 19, p. 1962-1970.

[10] R. Ruiz, A. Papadimitratos, A. C. Mayer, G. G. Malliaras. Thickness Dependence of
Mobility in Pentacene Thin-Film Transistors. Adv. Mater. 2005, vol. 17, p. 1795-1798.

[11] Y. Peng, L. Cao, Z. Li. High performance n-channel organic field-effect transistors based
on halogenated derivatives of 1, 2, 4, 5-benzenetetracarboxylic diimides. Appl. Surf. Sci.,
2017, vol. 420, p. 355-360.

[12] B. U. Wojcik, N. Cocherel, R. Wilson, J. Burroughes, J. Opoku, M. L. Turner, LA.
Majewski. 1 Volt organic transistors with mixed self-assembled monolayer/Al,O3 gate
dielectrics. Org. electron., 2015, vol. 26, p. 20-24.

[13] Z. Jia, V. W. Lee, and I. Kymissis. In situ study of pentacene interaction with archetypal
hybrid contacts: Fluorinated versus alkane thiols on gold, Phys. Rev. B, 2010, vol. 82, p.
125457.

[14] J. P. Hong, A. Y. Park, S. Lee, J. Kang, N. Shin, and D. Y. Yoon. Tuning of Ag work
functions by self-assembled monolayers of aromatic thiols for an efficient hole injection
for solution processed triisopropylsilylethynyl pentacene organic thin film transistors. App!.
Phys. Lett., 2008, vol. 92, p. 143311.

62


https://www.nature.com/nature/journal/v403/n6769/abs/403521a0.html
https://www.nature.com/nature/journal/v403/n6769/abs/403521a0.html
http://onlinelibrary.wiley.com/doi/10.1002/adma.200903559/full
http://onlinelibrary.wiley.com/doi/10.1002/adma.200903559/full
http://pubs.acs.org/author/Lee%2C+Tae+Hoon
http://pubs.acs.org/author/Kim%2C+Kwanpyo
http://pubs.acs.org/author/Kim%2C+Gwangwoo
http://pubs.acs.org/author/Park%2C+Hyo+Ju
http://pubs.acs.org/author/Scullion%2C+Declan
http://pubs.acs.org/author/Shaw%2C+Leo
http://pubs.acs.org/author/Gu%2C+Xiaodan
http://pubs.acs.org/author/Santos%2C+Elton+J+G
http://pubs.acs.org/author/Lee%2C+Zonghoon
http://pubs.acs.org/author/Nishi%2C+Yoshio
http://pubs.acs.org/author/Bao%2C+Zhenan
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b05517
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b05517
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b05517
http://pubs.acs.org/doi/abs/10.1021/cr900150b#cor1
http://pubs.acs.org/author/McCulloch%2C+Iain
http://pubs.acs.org/author/Rivnay%2C+Jonathan
http://pubs.acs.org/author/Salleo%2C+Alberto
http://pubs.rsc.org/en/content/articlehtml/2010/cs/b909902f

Chapter 2 Preparation and optimization of organic transistors

[15] S. Choi, F. A. Larrain, C. -Y. Wang, C. F. -Hernandez, W. F. Chou, and B. Kippelen. Self-
forming electrode modification in organic field-effect transistors. J. Mater. Chem. C, 2016,
vol. 4, p. 8297-8303.

[16] T. Kimura, K. Kobayashi, H. Yamada. Direct investigations of the interface impedance of
organic field-effect transistors with self-assembled-monolayer-modified electrodes. Org.
electron., 2016, vol. 38, p. 74-78.

[17] J. B. Brzoska, N. Shahidzadeh and F. Rondelez. Evidence of a transition temperature for
the optimum deposition of grafted monolayer coatings. Nature, 1992, vol. 360, p. 719-721.

[18] Y. Wang, L. Marya. Growth of ultrasmooth octadecyltrichlorosilane self-assembled
monolayers on SiO.. Langmuir, 2003, vol. 19, p. 1159-1167.

[19] M. Devynck, P. Tardy, G. Wantz, Y. Nicolas, L. Hirsch. Organic field-effect transistor
with octadecyltrichlorosilane (OTS) self-assembled monolayers on gate oxide: effect of
OTS quality. Eur. Phys. J.: Appl. Phys, EDP Sciences, 2011, vol. 56, p. 34106.

[20] Heringdorf F, Reuter M C and Tromp R M. Growth dynamics of pentacene thin films.
Nature, 2001, vol. 412, p. 517-520.

[21] Choo M H, Kim J H and Im S. Hole transport in amorphous-crystalline mixed and
amorphous pentacene thin film transistors. Appl. Phys. Lett., 2002, vol. 81, p. 4640.

[22] T. Young. An Essay on the Cohesion of Fluid, Philos. Trans. R. Soc. Lond., 1805, vol. 95,
P. 65-87.

[23] G. Haugstad. Atomic Force Microscopy: Understanding Basic Modes and Advanced
Applications. 2012.

[24] D. Knipp, R. A. Street, A. Volkel, and J. Ho. Pentacene thin film transistors on inorganic
dielectrics: Morphology, structural properties, and electronic transport. J. Appl. Phys.,
2003, vol. 93, p. 347-355.

[25] I. P. M. Bouchoms, W. A. Schoonveld, J. Vrijmoeth, T. M. Klapwijk. Morphology
identification of the thin film phases of vacuum evaporated pentacene on SiO> substrates.
Synth. Met., 1999, vol. 104, p. 175-178.

[26] A. T. Zocco, H. You, J. A. Hagen and A. J. Steckl. Pentacene organic thin-film transistors
on flexible paper and glass substrates. Nanotechnology, 2014, vol. 25, p. 094005.

[27] H. K. J. Ihantola and J. L. Moll. Design theory of a surface field-effect transistor. Solid
State Electron., 1964, vol. 7, p. 423-430.

[28] M. Weis; J. Lin; D. Taguchi; T. Manaka; M. lwamoto. Insight into the contact resistance
problem by direct probing of the potential drop in organic field-effect transistors. Appl.
Phys. Lett., 2010, vol. 97, p. 263304.

[29] M. Kiguchi, M. Nakayama, T. Shimada, and K. Saiki. Electric-field-induced charge
injection or exhaustion in organic thin film transistor. Phys. Rev. B, 2005, vol. 71, p.
035332.

[30] F. Dinelli, M. Murgia, P. Levy, M. Cavallini, F. Biscarini, and D. De Leeuw. Spatially
correlated charge transport in organic thin film transistors. Phys. Rev. Lett. 2004, vol. 92,
p. 116802.

[31] G. Jo, J. Maeng, T. W. Kim, W. K Hong, B. S. Choi, and T. Lee. Channel-length and gate-
bias dependence of contact resistance and mobility for In2Os nanowire field effect
transistors. J. Appl. Phys., 2007, vol. 102, p. 084508.

63


http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(LIEBERMAN)
http://aip.scitation.org/author/Knipp%2C+D
http://aip.scitation.org/author/Street%2C+R+A
http://aip.scitation.org/author/V%C3%B6lkel%2C+A
http://aip.scitation.org/author/Ho%2C+J
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.92.116802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.92.116802
http://aip.scitation.org/doi/abs/10.1063/1.2799960
http://aip.scitation.org/doi/abs/10.1063/1.2799960
http://aip.scitation.org/doi/abs/10.1063/1.2799960

Chapter 2 Preparation and optimization of organic transistors

[32] C.Di, G. Yu, Y. Liu, Y. Guo, W. Wu, D. Wei and D. Zhu. Efficient modification of Cu
electrode with nanometer-sized copper tetracyanoquinodimethane for high performance
organic field-effect transistors. Phys. Chem. Chem. Phys., 2008, vol. 10, p. 2302-2307.

[33] C. Baldacchini, F. Allegretti, R. Gunnella, and M. G. Betti. Molecule-metal interaction of
pentacene on copper vicinal surfaces. Appl. Surf. Sci., 2007, vol. 601, p. 2603-2606.

[34] W. -K. Kim and J. -L. Lee. In situ analysis of hole injection barrier of O2 plasma-treated
Au with pentacene using photoemission spectroscopy. Electrochem. solid-state Lett., 2007,
vol. 13, H104-H106.

[35] M. Tatoulian, O. Bouloussa, F. Morie're, F. Arefi-Khonsari, J. Amouroux, and F.
Rondelez. Plasma surface modification of organic materials: comparison between
polyethylene films and octadecyltrichlorosilane self-assembled monolayers. Langmuir,
2004, vol. 20, p. 10481-10489.

[36] D. -J. Yun and S. -W Rhee. Self-Assembled Monolayer Formation on Molybdenum with
Octadecyltrichlorosilane and Phenethyltrichlorosilane and Measurement of Molybdenum-
Pentacene Interface Properties. J. Electrochem. Soc., 2008, vol. 155, H357-H362.

[37] R. Ye, M. Baba, K. Suzuki, Y. Ohishi, K. Mori. Effects of O, and H>O on electrical
characteristics of pentacene thin film transistors. Thin Solid Films, 2004, vol. 464, 437-
440.

[38] R. R. Sahoo, A. Patnaik. Surface confined self-assembled fullerene nanoclusters: a
microscopic study. Appl. Surf. Sci., 2005, vol. 245, p. 26-38.

[39] P. Marmont, N. Battaglini, P. Lang, G. Horowitz, J. Hwang, A. Kahn, C. Amato, P. Calas.
Improving charge injection in organic thin-film transistors with thiol-based self-assembled
monolayers.Org. Electron., 2008, vol. 9, p. 419-424.

[40] Z. Jia, V. W. Lee, I. Kymissis, L. Floreano, A. Verdini, A. Cossaro, A. Morgante. In situ
study of pentacene interaction with archetypal hybrid contacts: Fluorinated versus alkane
thiols on gold. Phys. Rev. B, 2010, vol. 82, p. 125457.

[41] C. -m. Kang, J. Wade, S. Yun, J. Lim, H. Cho, J. Roh, H. Lee, S. Nam, D. D. C. Bradley,
J. -S. Kim, and C. Lee. 1 GHz Pentacene Diode Rectifiers Enabled by Controlled Film
Deposition on SAM-Treated Au Anodes. Adv. Electron. Mater., 2016, vol. 2, p. 1500282.

[42] M. Yoon, C. Kim, A. Facchetti, and T. Marks. Gate Dielectric Chemical Structure-Organic
Field-Effect Transistor Performance Correlations for Electron, Hole, and Ambipolar
Organic Semiconductors. J. Am. Chem. Soc., 2006, vol. 128, p. 12851-12869.

64


http://www.sciencedirect.com/science/article/pii/S0040609004007655
http://www.sciencedirect.com/science/article/pii/S0040609004007655
http://www.sciencedirect.com/science/article/pii/S0169433204014977
http://www.sciencedirect.com/science/article/pii/S0169433204014977
http://onlinelibrary.wiley.com/doi/10.1002/aelm.201500282/full
http://onlinelibrary.wiley.com/doi/10.1002/aelm.201500282/full

Chapter 3 Preparation and characterization of NFGM

Chapter 3

Preparation and characterization of
NFGM

65



Chapter 3 Preparation and characterization of NFGM

Chapter 3 Preparation and characterization of
NFGM

3.1 Introduction

Memory device is an essential component in many of industrial electronic devices for
data processing, storage, and communication [1]. In recent years, nonvolatile transistor organic
memories have been extensively studied and expected to be used in commercial industry
because of the advanced advantages, such as flexibility, low-cost fabrication, and single
transistor structure [2-6]. Among the many possible device configurations of nonvolatile
organic memories, tremendous efforts have been devoted to the development of NFGM towards
high performance memory devices, due to its spatially discrete floating-gate elements
(nanometer-sized metallic or semiconductor nanoparticles) effectively as a charge trapping site
between two dielectric layers (blocking layer and tunneling layer) to store and erase the
information [7]. Thus, NFGM exhibit high speed operation, superior reliability, and to be scaled
down [8-10].

In the past of years, much works have been focused on developing new materials and
structures to get higher performances of NFGM devices [11]. For instance, Dong-Yu Kim et al
used different kinds of charge trap metallic nanoparticles to obtain larger memory window [12],
the authors in Ref. [3, 13] achieved the NFGM with better retention properties by altering gold
nanoparticles (Au NPs) and reduced graphene sheets (rGO) sheets as double floating-gate. Wei
Huang et al improved the operation current on/off ratio by changing the properties of tunneling
layer [14], very recently, Ye Zhou et al deduced the working voltage through tuning the way of
storing signals [15]. Nevertheless, all the research reported in the previous is related to modify
the trap levels, trap sites, structures, or semiconductors, they have in common the charges stored
in the floating-gate all come from the organic semiconductors. As the connection of organic
semiconductor to periphel circuitry in electronic device, it processing a non-vanishing energy
gap between occupied and empty electronic states electrical and must be inevitably realized
with a range of metals [16]. In this regard, it also signifies to tune the way of the charge transport
between organics and metals. However, there is few reports concerning about the influence of

charge transport at the interface of organic semiconductors/electrodes on the performances of
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NFGMs. Hence, it is motivated and expected to explore the new approaches to the optimization
of NFGMs.

In chapter 1, we have optimized the performances of pentacene based transistors by
modifying the dielectric and electrode surfaces with OTS and PFBT SAM, respectively. Based
on the results, in this chapter, the pentacene based single and double NFGM were fabricated
and characterized. We used Au NPs and rGO sheets as floating gate to trap charges. SiO» and
Al>Oz3 dielectrics were deposited as blocking layer and tunneling layer. The performances of
single and double NFGM with and without PFBT modification electrodes were demonstrated
and compared. Optimized memory performances including the large memory window of 51 V,
the stable retention property more than 102 s, and reliable cycling endurance over 1000 cycles
were obtained. And the effect of rGO sheets and the effects of SAM modification on the NFGM
were discussed, which further highlights the utility of surface modulations to tune the charge

storage/release behaviors in transistor memories.

3.2 Experimental

In this chapter, we totally fabricated four kinds of memory samples, including single
nano-floating gate (SFG) memory by using Au NPs as floating gate, double nano-floating
(DFG) memory by using lower Au NPs and upper rGO sheets as hybrid floating gate, SFG
memory with PFBT monolayer, and DFG memory with PFBT monolayer.

 Fabrication process

To fabricate the NFGM samples in our experiments, the process mainly includes
cleaning the substrate, depositing Au NPs/rGO sheets as floating gate, evaporating Al,Os
tunneling layer, getting gold electrodes by e-beam lithography, and deposition PFBT SAM, as
well as deposition pentacene semiconductor by thermal evaporation. Compare with the process
to fabricate transistors in our experiments, the different steps for realization of NFGM are the
deposition of floating gate and tunneling layer. The details to deposit Au NPs and rGO sheets,

as well as tunneling layer is described below.
* Deposition of Au NPs

In the experiments, the Au NPs was fabricated by self-assembled method. First, the
clean substrate was treated with sequential piranha solution and UV ozone to be rich in hydroxyl

groups. Then, it was immersed into the solution of (3-Aminopropyl)triethoxysilane (APTS)
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(>98%, 0.946 g/mL at 25 °C, purchased from SIGMA-ALDRICH) mixed in the solvent of
methanol for 1 h to form a positive charged SAM, the ratio of APTS to methanol solvent is
1:10, the excess non-reacted molecules were removed by rinsing with methanol and then in
isopropanol under sonication. After the functionalization of APTS, the sample was dipped into
the negative charged citrate-reduced Au NPs solution (colloidal solution purchased from Sigma
Aldrich with the average diameter of the Au NPs10+3 nm,) for more than 2 hours to obtain the
lower floating gate layer of Au NPs matrix, the NPs concentration in the solution and the
duration time of the reaction were changed to adjust the Au NPs density. The basic strategy to

deposit the Au NPs matrix on the SiO; surface is schematized in figure 3.1.
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Figure 3.2 Schematic representation of the procedures developed for fabricating gold nanoparticles on
the substrate in combination with APTS monolayer.

* Deposition of rGO sheets.

To prepare rGO sheets the upper floating gate layer, the sample with the layer of Au
NPs matrix was first assembled another layer of APTS, then pristine graphene flakes solution
(purchased from Graphene Supermarket, with concentration of 1 mg/L, dispersion in ethanol
70% + water 30%, with average flacks thickness of 0.35 nm and average particle size around
550 nm) was drop casted on the sample surface and followed by an annealing process on oven
at 80 °C for 5 min, the time for repeating drop was determined the average cover percentage of
rGO sheets on the sample surface. The rGO sheets that were used for a second floating gate
layer could overcome the problem of obtaining a pair of charge trapping layers along the
vertical direction of Au NPs double floating-gate memory devices [3]. The same preparation

processes of Au NPs and rGO sheets have been reported in our previous works of Ref. [13, 17].
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* Deposition of Al>Osz dielectric layer

Al>Oz dielectric layer with 10 nm thickness was used to be the tunneling layer in our
NFGM devices. The Al.Oz was deposited by using atomic layer deposition method at the
temperature of 300 °C. And the thickness of was verified by ellipsometry. The schematic

diagram process of fabricating SFG memory and DFG memory is depicted in figure 3.2.
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Figure 3.2 The schematic diagram process to prepare single NFGM (using one layer of Au NPs as
floating gate) and double NFGM (using lower Au NPs and upper rGO sheets as hybrid double floating
gate).

e Measurements

* SEM

The deposition of Au NPs on the surface of SiO> was characterized by SEM, as shown
in figure 3.3. The Au NPs are uniform in size and no aggregation is observed due to the
electrostatic repulsion between the neighboring Au NPs [18, 19]. For observing the memory
properties by using Au NPs as the floating gate, the maximum density of Au NPs should be
from 10! to 10 NP/cm?, which is the repulsive-limited saturation coverage [20]. The device
with Au NPs density excess to 10 NP/cm? would not exhibit memory properties duo to the
short circuit may exist between source and drain [17].

To adjust the density of Au NP in our experiments, we prepared the sample with
different duration in the solution of Au NP. The result showed in figure 3.3(a) is the sample

treated with duration of 30 min, and we can see that the density of Au NPs was found just ~2.3
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X 10'° NP/cm?2. When the duration increased to 1 h, the density of Au NPs was ~2.5X10'°
NP/cm?, shown in figure 3.3(b). When the duration increased to 2 h, 5 h and 12 h, we found the
density of Au NPs was ~1.1X 10! NP/cm?, ~1.6 X 10* NP/cm? and ~1.8 X 10! NP/cm?, seen
in figure 3.3(c), (d), (e), and the Au NPs were uniformly dispersed on the solid surface without
any aggregation, which could limit the flow of charges by electrostatic repulsion between
neighboring Au. Thus, the sample immersed in the solution of Au NPs with duration more than
2 h could be used as the floating gate in our memory devices. The zoom of the part of (e) also

verified that the radium of the Au NPs is around 10 nm.

Figure 3.3 The SEM of the Au NPs deposited on functionalizedSiOzsurfaces with different duration
time. (a) 30 min, (b) 1 h, (c) 2 h, (d) 5 h, (e) 12 h, (f) zoom of part of (e).

Figure 3.4 shows the SEM images of Au NPs covered with rGO sheets. To control the
coverage of rGO sheets, the different drop times of rGO solution and the different annealing
ways were carried out in the experiments. As we can see, when rGO solution was dropped 3

times on the sample and then did the annealing process, the percentage of rGO sheets coverage
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is less than 30%, shown in figure 3.4(a). When the sample was treated by annealing after each
drop of rGO solution and repeated the process for 3 times, the percentage of rGO sheets
coverage is less about40%. After increased the drops to 5 times and followed by annealing
process, the percentage of rGO sheets coverage is almost 50%, shown in figure 3.4(c). In
addition, when the sample was tread by annealing after each drop of rGO solution and repeated
the process more than 5 times, we found that the percentage of rGO sheets coverage is more
than 60%, seen in figure 3.4(d), (e), (f). Figure 3.4(f) shows the zoom of part of figure 3.4(e) to
observe the rGO sheets more clear. However, we found rGO sheets formed some multilayer for
all the samples, which may affect the morphology of pentacene semiconductor but could still
be an upper floating gate to improve the performances of the memory devices.

Figure 3.4 The SEM mages of Au NP covered with rGO sheets. (a) with 3 drops of rGO solution
followed with annealing, (b)annealing after each drop and repeat for 3 times, (c) with 5 drops of GO
solution followed with annealing process, (d) annealing after each drop and repeat for 5 times,(e)
annealing after each drop and repeat for 8 times, (f) zoom of part of (e).
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* AFM

The AFM comparison of pentacene deposited on bare SiO2, bare gold, OTS modified
SiO2, and PFBT modified gold electrodes has been described in chapter 2.4.1, here, we just
characterized the AFM morphology of pentacene thin films deposited on PFBT SAM modified
electrodes and bare SiO2 dielectric for the double NFGM to have a result. Figure 3.5 (a) displays
the 3d AFM morphology of pentacene deposited on PFBT SAM modified electrodes and bare
SiO2 dielectric. It scanned from the source to channel gap, as well as to drain with a size of 10
pmx10 um. The pentacene shows a thin film phase with a root mean square roughness 7.8nm
on PFBT modified electrodes areas and 10.8 nm on SiO,. The clear zoom AFM images of
pentacene on electrode and SiO> are displayed in figure 3.5(b) and (c), respectively. The 30 nm
thick pentacene thin films were measured by profilometry. And compared to the AFM results

of transistor with PFBT modification in chapter 2.4.1, the characteristics are almost the same.

Figure 3.5 (a) The 3d AFM morphology of pentacene deposited on PFBT SAM modified electrodes
and bare SiO; dielectric, the clear zoom 2d AFM images of pentacene on electrode and SiO; are
displayed in figure 3.5(b) and (c), respectively.
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3.3 The memory electrical properties

3.3.1 The memory performances of SAM modified DFG memory

In order to get the voltage operations for the measurements of our NFGM devices, the
NFGM sample with PFBT modification was first used to do the tests. The electrical properties
were also characterized with the Agilent 4156C instrument in glove box.

At beginning, the typical transfer and output characteristics of the PFBT SAM modified

DFGM memory device were performed and showed in figure 3.6.
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Figure 3.6 The typical (a) transfer with the gate sweep voltage ranges (40 V to -40 V to 40 V) at Vps=-
40V and (b) output characteristics of the PFBT SAM modified double NFGM device.
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The measurement operation was carried out as the same as measure a transistor devices.
As we can see in figure 3.6(a), during the measurement, the gate sweep voltage ranges (40 V
to -40 V to 40 V) at Vps=-40 V, the memory device shows a hysteresis curve with a window
about 18 V, which means there is nonnegligible charging or/and discharging of charge carriers
occurred in the device system. Figure 3.6(b) shows the typical p-channel output curves respect
to the gate bias voltage. The curves performed at the small gate bias part are linear character,
indicating that the contact resistance between the electrodes and probes could be very small and
associated with the previous reports. Based on the hysteresis characteristic of the device
measured as a transistor, we subsequently display the memory performances by changing the
operation voltages.

Then, to get more information of gate bias values during the operation of the
measurement for NFGM, the bias hysteresis under the application of Vgs sweeping ranging
from =30 V to £100 V with a fixed Vps value of -40 V were carried out and showed in figure
3.7.
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Figure 3.7 The bias hysteresis under the application of VGS sweeping ranging from =30 V to +100
V with a fixed Vps value of -40 V.

The large bias hysteresis means the large shifts of the Vv, and the memory window is
defined as shift value of V' respect to the applied program/erase bias pulses [7]. From the
result, we can see that when Vgs sweeping in the range of +30 V to -30 V, there is no hysteresis

observed. With the increase of the gate sweeping voltage, the window of hysteresis engenders
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and increases, which means there are more holes are trapped in the floating gate when the gate
bias is large. As the reversible bias hysteresis is obviously observed with the application of Vgs
=+70 V, thus, a sequential programming and erasing operations performed by applying of

Ves —90 V and Vs +90 V is determined in our following experiments.

Figure 3.8(a) and (b) show the shift of the Ips under different program/erase (P/E) speed
(changes from 10 s to 10! s) and the change in the extracted value of threshold voltage

(memory window) respect to the P/E speed, respectively.
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Figure 3.8 (a) the shift of the Ips under different program/erase (P/E) speed (changes from 10 s to 10?
s), (b) the change in the extracted value of threshold voltage (memory window) respect to the P/E
speed.
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From the results of figure 3.8(a), the phenomena of Ips shifts with the change of P/E
speed is observed and the VVthis extracted. Initially, after programming operation with gate bias
pulse of -90 V for injection of 10 s, the value of V1 is -25 V, and then it shifts to Vth2-13 V
after erasing at the gate bias pulse of +90 V for injection 10* s, thus the memory window is 12
V at this P/E speed. With the increase of P/E injection time, the V1, shifts more away from the
initial value and the memory window is increased, it means more holes are trapped in the
floating gate. Overall, the memory window increases up to 51 V when the P/E injection time
reach up to 10 s. Despite it is not very good to operate long P/E injection time for the application
of memory devices, the memory window of our device still could be as large as 12 V even the
program/erase operation time is just 10 s.
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Figure 3.9 Thetypical memory transfer curves of DFG memory with PFBT monolayer, plotted with
(Ios)Y2 versus Vgsafter gate bias pulses =90 V for 10 s

The typical memory transfer curves plotted with (Ips)*/? versus Ves at gate bias pulses
+90 V for 10 s is displayed in figure 3.9. After obtaining the initial curve (black line) with gate
sweep from 0 V to -60 V, a negative voltage -90 V is applied to the bottom gate electrode, the
holes could be ejected from the pentacene channel to the floating layers through the thin
tunneling layer, and the holes are preferable first charged in the lower floating gate (Au NPs
layer) according to the Ref. [21]. In this DFG memory, when the Au NPs getting saturated to
trap the holes under the constant programming voltage, the extra holes could be trapped by the

upper rGO sheets layer [22]. Therefore, it causes a depletion zone to be formed within the
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channel, and results in a lower current during the Ips versus Vgs measurement, as a
consequence, the transfer curve shifts to the negative bias (red line in figure 3.9), and the shift
confirms that the charges are trapped in the floating gate. Then applying the positive voltage
+90 V to the bottom gate, the holes stored in the Au NPs would be rejected back to the channel,

resulting in a positive V't shift (blue line).

Generally, the transfer curve should almost shift back to the same position of initial state
after erasing operation. But here a lot of difference (the shift of black line to blue line) is found
for the device, which means the charge density after the erase process is quite different from
the initial state. The explanation for this phenomenon is proposed to be the reason of the
increase of charge injection and would be verified in the later discussion.

3.3.2 The effects of rGO sheets

* Transfer characteristics

Many works have reported the different memory performances of NFGM devices by
using different kinds of floating gate. To study the effects of Au NPs and rGO sheets floating
gate on the memory performances in our experiments, the transfer characteristics with (Ips)*?
versus Ves of SFG and DFG memory without any SAM modification are presented in figure
3.10. To unconcern the effect of PFBT monolayer on the performances of NFGM here, the
performances of memory devices showed in this part are the results of SFG and DFG memory

without PFBT monolayer modification.

In figure 3.10, we can see that both of the memory devices show V1 shifts after the
program/erase operation, the memory window is 24 V for the SFG memory. And the memory
window is increased to 37 V for the DFG memory after assembled the rGO sheets as the upper
floating layer. The origin state (black line) in figure 3.10 (a) and (b) is almost at the same stage
for the two devices, after program process, the V't shifts to -21 V for the SFG memory, whereas
the V1 shifts to -42 V for the DFG memory, which means more holes are trapped in the floating
gate, it further verifies that after the Au NP getting saturated under the constant programming
voltage, there may be extra holes are trapped by the upper rGO sheets layer in this DFG

memory.

Figure 3.10(c) and (d) show the voltage bias hysteresis under the application of Vgs

sweeping range of =30V to =290 V. The SFG memory presents narrow memory windows and
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the memory window does not further increase obviously even applied a high voltage of Vs
+100 V. On the contrary, the DFG memory presents obviously increased memory windows with
the increase of Vgs. The large hysteresis loops for the DFG memory prove that these different
memory characteristics compared with the SFG memory are mainly resulted from the
supplementary of rGO sheets, the charges could be trapped in the Au NPs/rGO sheets hybrid
floating gate. The difference results further indicate that the use of only Au NPs as the floating
gate in NFGM induces a saturated state under the constant Vgs programming voltage, it further
explains the necessary of an additional trapping layer for the charges. And these rGO sheets
have a high density of states with a semi-metallic band structure that is nearly similar to that of
metal NPs, therefore, rGO could produce a lower gate coupling ration and enhance the memory
window [23].
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Figure 3.10 The typical memory transfer curves plotted with (Ips)1/2 versus Vgs after gate bias pulses
+90 V for 10 s of (a) SFG and (b) DFG memory, the bias hysteresis under the application of Vgs
sweeping range of =30V to =90 V of (c) SFG and (d) DFG memory.
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* The retention and endurance characteristics

The charge endurance and retention capabilities are the important merits for nonvolatile
memories. In this part, the endurance and retention properties of our SFG and DFG memories
are carried out and compared.

The way of Vgs voltage operation to obtain the endurance properties is shown in figure
3.11(a), the endurance properties based on the values of Ips was measured by repeating
continuous P/E operations with bias pulse of 90 V for 1 s. The Ips character of SFG and DFG
memory is shown in figure 3.11(b). In each program/erase operation, a reading voltage of Vs
-25 V was applied to verify the distinguishable Ips current state (lies in between program Vi
and erase V) for reliability. As a result, we can see that no degradation and break down were
observed for the SFG and DFG memory until repeated P/E 1000 cycles, it indicates that the P/E

state is well maintained with the changeable of Vgs pulse bias.
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Figure 3.11 (a) The application of P/E bias pulse of repeating +90 V/-90 V for 1 s, (b) the endurance
characteristics of the SFG and DFG memory. The Ips values were read at Vgs=-25 V.

Figure 3.12(a) shows the way of program/erase (P/E) pules operations to obtain the
retention property, the Ipsvalues were read at Ves=-25 V over a time interval of 10 s after the
application of P/E bias pulse of +90 V/-90 V.

The retention property based on Ipsvalues of SFG and DFG memory are shown in figure
3.12(b). The SFG memory shows the data retention around 10° s, around 60%~70% charge loss

is observed at the time with value of 10* s. However, DFG memory shows significate longer
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data retention time compared to the SFG memory by extrapolation exceed 108 s. It confirms

that the upper rGO sheets plays a crucial role on the retention property in NFGM devices.
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Figure 3.12 (a) The application of P/E bias pulse of +90 V/-90 V for 10 s, (b) the retention
characteristics of the SFG and DFG memory. The IDS values were read at Vgs =-25 V.
* The schematic energy diagrams

The energy band diagram to explain the charge transfer mechanisms in SFG and DFG
memory is shown is figure 3.13.

D

5.2 ey HOMO

Single NFGM

Au NPs pentacene

Si Gate holes @.7 eVd X
e® {4 |

| 5.2 eV HOMO

Au NPs rGO sheets pentacene

Figure 3.13 The schematic configuration of the NFGM device with SFG and DFG; the energy band
diagram of holes release from Au NPs to pentacene during the erase operation for the SFG and DFG
memories.
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The supplementary of rGO sheets effectively improve the memory window because of
the increase of charge traps. And the improvement of retention property of memory is explained
by the schematic energy diagrams of the holes transfer after erase operation. Here, it signifies
to indicate that during the erase operation, the holes stored in the Au NPs would overcome the
energy barrier height induced by the difference Fermi levels between rGO sheets and Au NPs
first then transfer back to the channel. In this case, the memory fabricated with rGO sheets and
Au NPs double floating gate could perform better retention properties than single floating gate

memory.

As shown in figure 3.13, the values of the work function of Au NPs and rGO are from
Ref. [3, 24, 25], the HOMO level of pentacene is from Ref. [26]. As the work function of rGO
sheets reduced chemically is around 4.7 eV, which is smaller than the work function of Au NPs
~ 5.1 eV, as a result, there is an energy barrier height AE exists between the Au NPs and rGO
sheets, and the holes in the lower nano-floating gate need to overcome the barrier to transfer
back to the channel.

* The memory window statistic

We note that the each memory sample fabricated on the Si substrate in our experiment
totally including 32 memory elements (as the electrodes are patterned with arrays of 8X4
linear memory with channel length from 1 um to 50pum and channel width 1000 pum). The
frequency distributions of memory window for the SFG and DFG memories were calculated

and are displayed in figure 3.14.
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Figure 3.14 The memory window statics of the SFG and DFG memories.
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From the statics results, we can see that the functional memory device is 100% for both
of the SFG and DFG memories. And the average memory window is 18.8 V for SFG and is
33.6 V for DFG memory. In addition, compare the results of SFG and DFG memory, the
decrease of the variability for the memory window is observed in DFG memory, indicating that
adding the rGO sheets as the upper floating gate could also keep the charges be
trapped/detrapped more stable even in different channel length.

3.3.3 The effects of PFBT SAM

Compared the transfer characteristics of NFGM with and without PFBT monolayer,
seen in figure 3.9 and figure 3.10(a) and (b). The erase state for the NFGM without PFBT is
almost at the same stage, whereas the erase state of the NFGM with PFBT shifts far away from
the initial state (blue line shifts to black line), in this part, the influence of the PFBT monolayer

on the performance of our NFGM devices is discussed.

* Transfer characteristics of SFG with PFBT.
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Figure 3.15 The typical memory transfer curves of SFG memory with PFBT monolayer, plotted with
(Ios)2 versus Vs after gate bias pulses =90 V for 10s.

As the transfer characteristics of SFG and DFG without PFBT, as well as the DFG with
PFBT modification has been presented. Here, figure 3.15 displays the transfer curves of SFG

with PEBT monolayer. We can see that the performance of this memory device is quite the
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same as figure 3.9. After obtaining the initial curve (black line) with gate sweep from 0 V to -
60 V, a negative voltage -90 V is applied to the bottom gate electrode, the transfer curve shifts
to the negative bias (red line), the charges are trapped in the floating gate. Then applying the
positive voltage +90 V to the bottom gate, the holes stored in the Au NPs would be rejected
back to the channel, resulting in a positive Vt shift (blue line). However, the blue line also
shifts to initial black line, the transfer curves of the SFG with PFBT also implies the PFBT

monolayer affects the memory properties
* The retention characteristics

To see clearer different Ips characters of the memory devices with and without PFBT
modification, the retention properties were carried out and presented in figure 3.16. The Ips
values were read (at Ves =-25 V) over a time interval of 10 s after the application of P/E bias
pulse of +90 V/-90 V, which is the same operation as previous measurements. The values of
the retention time for DFG memories with and without PFBT are determined to be more than
108. The program state is almost at the same stage for the two devices, whereas a distinguishable
erase state is obviously investigated, which means after the erase operation, the density of the
charges released from the Au NPs floating gate back to the semiconductor is different for the

two devices.
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Figure 3.16 The retention characteristics of the SFG and DFG memory.
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* The memory window statistic

The frequency distributions of memory window for the DFG memories with and without
PFBT modification were calculated and are displayed in figure 3.17. From the statics results,
the functional memory device is 100% for the two memory samples. And the average memory
window is 33.6 V for DFGwithout PFBT and is 48.8 VVfor DFG memory with PFBT. And the
decrease of the variability for the memory window is observed for the DFG memory with PFBT
modification, thus the PFBT modification also improve the stability of charges

trapped/detrapped in the floating gate.
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Figure 3.17 The memory window statics of the DFG memory with and without PFBT modification.

* The XPS and UPS analysis

The effects of PFBT on the pentacene and electrodes could be directly analyzed by using
XPS and UPS. Figure 3.18(a) shows the respective Cls spectra of PFBT and pentacene
deposited on PFBT, the C 1s peak of PFBT/Au shows the C-C bond and C-F bond at 284.8 eV
and 286.7 eV, respectively. And the C1s peak of pentacene/PFBT/Au shows symmetric shape
with a peak centered at 284.4 eV, resembles a thin-film-phase pentacene. The shift of the C-C
peak after pentacene deposition with 0.4 eV implies the electronic interaction between
pentacene and the PFBT thiol surface due to the molecule dipoles with different directions and
moments within the PFBT thiol. In figure 3.18(b), the UPS spectra show the work function
values of bare gold and gold with PFBT are 4.73 eV and 5.26 eV, respectively. The Results of
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XPS and UPS are associated with the results that depicted in chapter 2.4.3. Thus, in the NFGM
device with PFBT modification, more charges from the electrodes injection are trapped in the
Au NPs after the programming operation, resulting in the increase of charges released back to

the pentacene during the erase operation.
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Figure 3.18 (a) The respective C1s spectra of PFBT and pentacene on the PFBT, (b) the UPS He |
(21.2 eV) spectra under 3 eV results of bare gold the PFBT-modified gold.

* The schematic diagrams of physical mechanisms

From the Ips-Ves and Ips-Time results, we found that the PFBT effectively affect the
memory properties in our memory devices, especially after the erase operation, the erase state
shifts far away from the initial sate. In addition, to better understand the effect of PFBT
monolayer on the performances of NFGM devices. The schematic diagrams of physical
mechanisms for the charge transport during the P/E operation in NFGM with PFBT are depicted
in figure 3.19. At beginning, an initial transfer curve is measured, when the gate bias pules -90
V was operated, the intrinsic charges in pentacene are rejected to the floating gate and be stored,
shown in figure 3.19(a). Then, the programming transfer curve is measured with gate sweep
from 0 V to -60 V. during this process, because of the PFBT modification, more charges are
injected in the semiconductor and even transfer to the floating gate under the gate voltage,
inducing more charges trapped in the floating gate, shown in figure 3.19(b). On the contrary,

85



Chapter 3 Preparation and characterization of NFGM

when the gate bias pules +90 V was operated for the erasing process, the charges are all released
back to the pentacene, shown in figure 3.19(c), resulting in the charge density in pentacene is
quite different from the intrinsic state and increased. It further explains the erase state shifts

from the initial state in figure 3.9 and figure 3.15.
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Figure 3.19 The schematic diagrams of physical mechanisms for the charge transport during the P/E
operation in NFGM with PFBT.

3.4 The comparison of electrical parameters

To better compare the performances of the different kinds of NFGM devices that
fabricated in our experiments, the relative electrical parameters such as memory window,

mobility, retention time were extracted from the measurements results.

In the parameters for valuing the property of memory devices, the trapped charge
density in the floating gate is a crucial data. In general, the trapped charge density in the NFGM

device is simply estimate calculated by the equation of (3-1).
Q = CiAVy (3-1)

where C; is the capacitance per unit area and A Vn is the memory window [7, 27]. For our
NFGM devices, Ci is measured by capacitance versus voltage (C-V) with the MIS capacitor
structure of Au/Pentacene/Al>03(10nm)/SiO2(200nm)/Si(N-type), and we obtained the value of
2.3x108 F/lcm?.

Consequently, the electrical parameters extracted from different I-V measurements for

the four kinds of memory devices are summarized in table 3-1 for comparison.
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Table 3-1. Comparison of the electrical parameters for SFG, DFG with/without PFBT modification.

NFGM Carrier Memory Trapped Subthreshold P/E retention
mobility Window  charge density swing ¢ time (s)
(cm?V-is? (V) (C) (V/decade) C‘rigtr%‘
SFG 0.03 24 5.52x107 1.6 >104 ~10°
SFG with 0.045 33 7.59x107 1.1 >10* ~10°
PFBT
DFG 0.053 37 8.6x10” 1.2 >104 >107
DFG with 0.23 51 1.19x10°® 0.8 >10° >108
PFBT

From the summery of parameters of our NFGM samples, we found the DFG memory
with PFBT modification showed the best performances. Under the P/E operation voltages of -
90/+90 V, the memory window was calculated as large as 51 V, the current ratio is >10°, and
the retention time is expected to exceed 108, it means the properties of the NFGM are enhanced
compared to the pentacene based NFGM that reported in rent years (summarized in the table 1-
1 in chapter 1). In addition, for the DFG memory that fabricated with rGO sheets and Au NPs,
the charge trap density was improved compared the SFG, which is associated with the previous
reports [3]. In particular, we used SAM to modify the NFGM devices and found that the SAM

modification also plays an important role to improve the performances of NFGM.

3.5 Conclusions

In this chapter, the pentacene based NFGM with/without PFBT monolayer by using Au
NPs and rGO sheets as charge trapping layers are successfully fabricated. The performances of
SFG (Au NPs as floating gate) and DFG (hybrid Au NPs and rGO sheets as the lower and upper
floating gate, respectively) were presented and compared. The memory window, especially the
charge retention time were enhanced by assembling the rGO sheets, which due to an energy
barrier height AE exists between the Au NPs and rGO sheets, In detail, the effect of rGO sheets

on the memory properties were well discussed.

Furthermore, the NFGM with and without chemical treating of PFBT SAM were also
presented and compared. The NFGM with PFBT exhibits excellent memory performances,
including high mobility of 0.23 cm?V-1s?, the large memory window of 51 V, and the stable
retention property more than 108 s, as well as reliable cycling endurance over 1000 cycles. The
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optimized performances of the NFGM are explained by the increase of charge injection due to
the increase of the work function of gold electrodes after the PFBT modification, which further
resulting the increase of trapped charge density in Au NPs floating gate. In particular, the results
highlight the utility of SAM modulations and controlling of charge transport in the development
of transistor memories. However, the P/E operation voltages for our NFGM devices are still
quite high, and the fabrication process with EBL is not an economy way for commercial
applications. Thus, in the next step of this thesis, we fabricated NFGM with all organic materials

on flexible substrate.
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Chapter 4 Preparation and characterization of
OFET and NFGM on flexible substrate

4.1 Introduction

Due to the merits of organic materials such as mechanical flexibility, solution
processability, and light weight characteristics, organic semiconductors and organic dielectrics
are essentially expected to meet emerging technological demands that realizing flexible and
wearable electronic devices, where silicon-based electronics cannot provide a solution. OFET,
as one of the basic elements in various flexible and wearable integrated electronic circuits, has
been widely studied and used. It is necessary to improve the performances of flexible OFET
including reduction of the operating voltage and leakage current, and improvement of the
mechanical characteristics under various bending conditions for devices [1-4]. The electrical
performances of the OFET are extremely corresponding to the properties of the organic
semiconductors and dielectrics. The dielectrics could affect the growth of the semiconductors,
the charge transport, and the stability of the OFET [5, 6]. To achieve the high performances of
OFET, many reports have focus on the study of the gate dielectric layers, for example, selection
of high-k metal oxide Al>Os, TiO [7], passivation of the dielectric surfaces by inserting self-
assembled monolayers [8], and deposition of thin polymer/high-k oxide hybrid dielectric layers

9.

Moreover, in order to take the advantage of flexible nature and low cost roll to roll
technology of organics, various polymer dielectrics such as Polyvinyl pyrrolidone (PVP),
polystyrene (PS), polymethyl methacrylate (PMMA), poly(chloro-p-xylene)-C (Parylene-C)
have been extensively used in OFET as the gate dielectrics [10-16]. In the past few years, the
investigation of organic dielectrics has become more and more important not only due to their
functional applications, but also the decrease of the interfacial trap density between dielectrics
and semiconductors [17]. In the various polymer dielectrics, recently, Parylene C (PC) has been
reported not only as a gate dielectric [14], but also as water passivation layer for soft devices
[18], encapsulation and ultra-thin substrate [19], due to its high dielectric property, uniform
thickness, low moisture sorption, stretchable properties, as well as inertness. In addition, the

PC could also undergone stander lithography to obtain miniaturized flexible integrated circuit
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[20]. Thus, in this work, the PMMA and PC polymeric thin films were selected as the dielectric

layers and substrate.

One of the prerequisite for realizing the flexible electronic devices is the use of a thin
substrate that can be bent into a small radius. Organic transistors are often fabricated on sheets
of polyimide (P1), polyethylene naphthalate (PEN) or polyethylene terephthalate (PET) flexible
substrate [15, 21, 22]. Normally, the selection of the flexible substrate is depended by the

fabrication process and the applications of the devices.

In this chapter, we mainly presented the pentacene based transistors and memories
fabricated on flexible substrates. The insulator polymer PMMA, PC were used as the bilayer
gate dielectric layers. The electrodes were deposited by simple thermal deposition. The
materials used in this device are all organics and the devices were fabricated with low
temperature during the fabrication process. For the I-V characteristics, the operation voltage
was deduced and there was no hysteresis observed, which means that the interface traps
between the dielectrics and were decreased. Then, the NFGM devices were fabricated on
flexible substrates by using the same structure of the flexible transistor and the performances

were demonstrated.

4.2 Experimental

4.2.1 Fabrication of flexible OFET

* Fabrication process

The fabrication processes of our transistors are presented in figure 4.1. It mainly includes

the flowing steps:

* Deposition of 2 um thick Paylene C on silicon, glass and kapton as the substrate.
* Evaporation of 50 nm gold as the gate electrode.

* Spin-coating PMMA (AR-P 67904 type, 5% PMMA-950 K, soluble in ethyl lactate
solvent) by setting the parameters as: velocity of 4000 rpm/min, acceleration of 1000,
time of 60 s, curing at 80 °C for 30 min. The thickness was measured by profilometry

with ~150 nm.
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* Deposition of PC with thin thickness (50 nm, 100 nm, 150 nm, 200 nm) on silicon,

glass and kapton as the substrate.

* Evaporation of 50 nm gold as the source and drain electrodes by using patterned mask
(with channel length 50 um, 100 um, 150 um, channel width 2000 um, 5000 um, 1

cm)

* Deposition of pentacene thin films. 30 nm thick pentacene was deposited by using a

thermal evaporator at a deposition rate of 0.1 A /s, under 2 x 107 Torr atmosphere and

at a room temperature.

(I) Deposition of 2 pm I Deposition of Parylene C
thick Parylene C (VD) with thin thinkness

(1) Gold evaperation Gold evaperation
| Drain |

[ Gate | [ Gate |
(HI) PMMA deposition (IV) Pentacene deposition

Source Drain |

Figure 4.1 The schematic diagram process to fabricate the transistor samples by using Paylene C and
PMMA as the gate dielectric layers.

Some of the important informations that involved in the fabrication of the flexible

transistors are described below.
* Synthesis of Parylene C

The PC was deposited by using a deposition machine of parylene Comelec C20S

type. The process of the deposition is a synthetic path for polymer formation, at the same time
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it belongs to the category of chemical vapor deposition (CVD), as such, it yields products in a
form of conformal solid films depositing at any surface exposed [23]. Figure 4.2 shows
Schematic representation of the deposition process of PC with the respective chemical
reactions. The dimer pyrolyze at a temperature of 670 °C involves a monomer molecule in its
diradical triplet first excited state and then deposit on the surface of the substrate at room
temperature. The most unusual feature of the parylene process is the polymerization
mechanism compared to the conventional CVD process. A natural consequence of this
mechanism is the extraordinary purity of parylene coatings and deposited on the substrate at

room temperature, a property of great importance in electronic applications [23].

Sublimation Pyrolysis Deposition Cold trapping Xﬂ%‘pmg
=50°C | i
=2 Pa

I[1I5C | — | 670°C | — | 25°C — | <-70°C | —

CH,

i 670 °C room temp.
in —= 21 _— CH,-CH, CHp~CHy}- |
: gas phase surface 0t
H,C CH :
: ‘ Q ’ CH, i

Dimer Monomer Polymer

Figure 4.2 Schematic representation of the deposition process of PC with the respective chemical
reactions [24].

* Substrates

In this chapter, three kinds of adhesion substrates were used for the OFET devices, and
2 um of PC was deposited on the adhesion substrates first. In attempt to analyze the properties
of the PMMA and PC dielectrics easily, the rigid substrates of silicon and glass were used as
the references. Then, the polymide film kapton sheet was selected as the flexible substrate. The
image of commercial version of kapton and its monomer formulation is presented in figure 4.3.
Among the frequently-used flexile substrates, kapton is a polyimide film developed
by DuPont in the late 1960s with thermal stability across a wide range of temperatures, from
—269 to +400 °C, melting temperature of 410 °C, and high resistivity (1017 Qecm) that is

preferable to be used in the kinds of electric devices, as the thermal property is a crucial
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parameter to be considered by engineers during the future fabrication process, for example, to

obtain miniaturized flexible integrated circuit combined with lithography technique.

Figure 4.3 Image of the kapton sheet and the mononmer formulation.

The configuration of the pentacene based flexible OFET and the optical images of the
transistor samples that fabricated on glass, silicon, and kapton, respectively, are shown in figure
4.4. The transistor devices were fabricated with channel length of 50 um, 100 um, and 150 pm,
respectively, channel width of 2000 um, 5000 um, and 1cm, respectively.

Pentacene

Figure 4.4 (a) The Configuration of the transistor sample on ultra-flexible PC (2 um), (b) optical images
of transistors on kapton, glass and silicon, (c) molecular Structures involved in the devices.
* Measurements

* SEM

Figure 4.5 shows the Cross-section SEM images of pentacene films thermally
evaporated on bare Au and PFBT modified Au on PC 100 nm/PMMA/PC 2 um. we can see that
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the thickness of pentacene is around 30 nm. After the PFBT modification, the pentacene thin
films that shown in figure 4.5 (b) are more ordered and the grains are more average, it indicates

that the pentacene layers have a relatively smooth surface, and free of major height variations.

EHT = 5.00kV A= inLens WD = 62mm
Mag » 9039 KX SagestT= 00°

\Tem n

B9 WD=S4mm o\
Mag = 5048 K X StageatT= 00° \Iemn

Figure 4.5 The Cross-section SEM images of 30 nm thick pentacene films thermally evaporated on
AU/PC/IPMMA/PC, (a) Bare-Au, (b) PFBT-modified Au.

* AFM

To observe and compare the influence of the substrates on the morphologies of the added
organic thin films layers (PC, PMMA, pentacene) that we deposited by CVD, spin-coating, and
thermal evaporation methods, we used AFM to characterize the rigid silicon, rigid glass,
flexible kapton and the added layers of 2 um PC and pentacene thin films deposited on these
substrates, the morphologies and the values of Root Mean Squared (RMS) roughness are shown
in figure 4.6.

The scans were carried out by 5 um x 5 um. From the first row of images, we can see
that the surface of silicon is very smooth with RMS 0.5 nm, and the kapton shows the relatively
higher value of RMS 4.3 nm. However, after the deposition of 2 um PC thin film, the values of
RMS increase and reach to around 4 nm for the three samples compared to the starting
substrates, especially for the sample with silicon substrate, the RMS increases a lot, indicating
that the RMS may mainly depends on the property of the PC rather than the substrates. Then,
as shown in the last row of the images, the addition of pentacene thin films results in a further
increase in RMS of 1-2 nm and the pentacene displays individual crystallites of lateral
dimensions that observed from the morphologies for the three samples. For comparison, there
is not a lot of difference for the active layer of pentacene deposited on the three kinds of
substrates after layer by layer deposition. Despite the values of surface roughness are
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significantly larger than that of the starting substrates, they are still quite acceptable for
completing the device fabrication through deposition of a source—drain gold contact layer.
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Figure 4.6 AFM scans of rigid silicon, rigid glass, flexible kapton and the thin films deposited on
these substrates: 2 um PC and pentacene (Pn). The vertical color bar indicates the range of surface
topology; the average RMS roughness of the starting substrate and after thin film deposition are also
indicated.

As we adjusted the thickness of PC dielectric layer to observe the effect of PC on the
electrical properties of the our transistor devices, the surface morphologies of the PMMA and
different thicknesses of PC thin films were carried out by AFM, the images with 2d and 3d
scales are shown in figure 4.7. The thickness of the layers were measured by profilometry. From
the AFM images, smooth and compact thin films of PMMA and PC were obtained by spin
coating and CVD, respectively. The results revealed that there were no pits and pin holes on
the surfaces for our thin films of 160 nm PMMA, 200 nm PC, 150 nm PC as well as 100 nm
PC. The only topographic features observed is the hillock of about 2~30 nm large and a peak
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to valley distance of about 5~10 nm. Thus, they could be effectively used as the gate dielectric
layers.

-123.3 nm
~125.0

-130.0
-1350

-140.0

~145.0

Figure 4.7 AFM scans of (a) PMMA deposited on 2 um PC/Si by spin coating, PC thin films on Si
with thickness of (b) 200 nm, (c) 150 nm and (d) 100 nm.

4.2.2 Fabrication of flexible NFGM

* Fabrication process

In this part, for fabricating the flexible NFGM samples, two more steps are needed to
be carried out compared to the process of fabricating flexible pentacene transistors, i.e.
deposition of Au NPs on the PC/PMMA gate dielectric layers as floating gate, and deposition
of a thin layer of Hydrogen Silsesquioxane (HSQ) by using spin-coating as the tunneling

dielectric layer.
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* Deposition of Au NPs

Importantly, here, the method to deposit Au NPs on PC/PMMA dielectric layers is
different from the way described in the part 3.2.1. Because of the easier aggregation of Au NPs
on the surface of polymer by using solution deposition ways and to avoid the dissolve or damage
of organic dielectrics in the solvents such as methanol, ethanol or piranha solution, the sample
with structure PC/PMMA/PC(2 pm)/substrate was first directly oxidized by ultraviolet-
ozone (UV-zone) treatment to get hydroxyl groups and then placed 3 hours in the presence of
vapors of freshly distilled APTS (>98%, 0.946 g/mL at 25 °C, purchased from SIGMA-
ALDRICH) in laboratory glassware at 0.2 Torr to form a positively charged NH2/NHs"-
terminated SAM, and then dipped into the negatively charged citrate-reduced Au NPs solution
(the average diameter of the Au NPs is 10 nm) for more than 2 h to obtain the floating gate
layer of Au NPs matrix. The Au NPs starting solution which supplied by Aldrich was diluted
100 times in toluene solvent. Again, NP concentration in the solution and duration of the
reaction were changed to adjust the NP density on the surface. The basic strategy to deposit the

Au NPs matrix on the PC surface is the same as schematized in figure 3.2.
* Deposition of HSQ dielectric layer

Hydrogen Silsesquioxane (HSQ) was used as the tunneling layer in this flexible memory
devices. It is class of inorganic compounds with the chemical formula [HS1032]n and with high

stability [25].

= Measured y
Fitting

= Measured A
Fitting

v (degree)
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Photon Energy (eV)

Figure 4.8 Ellipsometer measurement and data fitting for HSQ thickness.
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After the construction of the double floating gates, a ~19 nm thick HSQ dielectric layer
was deposited by spin coating and annealing at 90 °C for 30 min to form the tunneling oxide.
The thickness of HSQ was verified by spectroscopic ellipsometer measurement. As shown in
figure 4.8, the ¥ and A describe the change in polarization that occurs when the measurement
beam interacts with a sample surface causing a change in the outgoing polarization. With the
beast fitting, the thickness of HSQ was found to be ~19 nm.

*» Configuration of the NFGM sample on ultra-flexible PC

After deposition of HSQ, the 50 nm thick source and drain electrodes were fabricated
by evaporation with the same mask of our flexible OFET, and 30 nm thick pentacene was
deposited by thermal evaporation. The Configuration of the NFGM sample on ultra-flexible PC
(2 um) is depicted in figure 4.9.

¥  Tunneling layer ~19 nm
Au NPs

.....
n
ey

» Blocking layer ~ 260 nm

Figure 4.9 The Configuration of the NFGM sample on ultra-flexible PC(2 pm).

e Measurements
« Contact angle

To deposit Au NPs on the surface of PC dielectric layers, the sample was oxidized by
UV-zone treatment to get hydroxyl groups. Figure 4.10 shows the images of water contact-
angles and the curves relationship of average contact-angles with different UV-ozone treating
periods on clean PC surfaces. No UV-ozone treated PC surface shows a water contact-angle of
92.8°, the surface without UV-ozone treatment hydrophobicity. As the UV-ozone treatment
periods increase from zero to 10 minutes, the contact angle decreases from 92.8° to 44.8°. The
intrinsic wetting threshold for water is 65° [26, 27], which is also the boundary between
hydrophilicity and hydrophobicity, therefore, the surface is assessed as without sufficient

hydroxyl groups. Furthermore, a super hydrophilic surface is obtained with a contact angle near
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zero. Here, when the UV-ozone treatment period is more than 30 min, the contact angle
decreases below to 25.4° and even reaches to 6.6° when the UV-ozone treatment period is 90
min. It is clear that the UV-ozone treatment period has strong effects on the surface energy and
surface wettability, and in our experiments, we can see that the surface of PC could obtain
sufficient hydroxyl groups (the contact angle decreases below to 30°) after the UV-ozone

treatment period is more than 30 min.
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Figure 4.10 The microscope images of contact angle measurements the curves relationship of average
contact-angles for the different PC surfaces with different UV-ozone treatment times.

* SEM

The deposition of Au NPs on the surface of PC was characterized by SEM, as shown in
figure 4.21. At beginning, we used the same way that described in part 3.2.1 to deposit the Au
NPs, however, the Au NPs were always aggregated, that we did not find any memory
characteristics because of the short circuit between source and drain electrodes. The SEM
images of the aggregated Au NPs are shown in figure 4.11 (a) and (b). Thus, we changed
another way to deposit the Au NPs, we prepared the APTS by putting the sample in the presence
of vapors of freshly distilled APTS in a laboratory glassware and then cleaned well before
immersed in the solution of Au NPs. From the SEM images that depicted in figure 4.21 (¢) and

(d), we can see that he Au NPs are uniform in size and some aggregates is observed in the zoom
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images with 20 nm scale. The density of NPs was found ~2.5< 10! NP/cm? and the radium of

the Au NP is around 10 nm.

Aggregation

Separétio_n : 2

Figure 4.11 The SEM of the Au NP deposited on functionalized PC surfaces. (a) Examples of
aggregation NPs, (b) zoom of part of (a), (c) dispersion NPs, (d) zoom of part of (d).

« AFM
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Figure 4.12 (a) AFM scans of pentacene thin films fabricated on kapton substrate with NFGM
structure, (b) zoom of part of (a), (c) 3d AFM images.
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Figure 4.12 shows the AFM 2d and 3d morphologies of pentacene thin films fabricated
on kapton substrate with NFGM structure. In figure 4.12(a), the scans were carried out by 5 um
x 5 um. we can see that the pentacene thin films show polycrystalline dendritic islands shape
with a RMS of 7.7 nm with. The polycrystalline dendritic islands shape could be clear seen in
figure 4.12 (b) with zoom scan of 1 umx1 pum. In addition, the 30 nm thick pentacene thin films

were measured by profilometry.

4.3 Characterization of pentacene based OFET

4.3.1 Electrical characteristics

Based on the experiments results of chapter 2 and chapter 3, we also used PFBT to
modify our flexible transistor devices. And for comparison and easy to study the properties of
the PC/PMMA bilayer polymer dielectrics, the ultra-flexible transistors fabricated on 2 um PC
were deposited on silicon, glass and kapton substrates and the thickness of dielectric layer of
PC were adjusted as 50 nm, 100 nm, 150 nm, 200 nm, respectively. Thus, there were totally

nine kinds of transistor samples were fabricated.
* Electrical characteristics of OFET by using single PC or PMMA dielectric

In this part, before using PC/PMMA bilayer as the gate dielectrics, single layer of PC

or PMMA was deposited as the gate dielectric. The structure of the transistors are:

* Pentacene(30 nm)/Au(Source and Drain)/PMMA(350 nm)/Si(Gate)

* Pentacene(30 nm)/Au(Source and Drain)/PC(300 nm)/Si(Gate)
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Figure 4.13 Represents of output characteristics of the transistor devices with the same configuration
of figure 4.5 by using (a) single PMMA and (b) single PC layer as gate dielectric.
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However, when we carried out the transfer and output characteristics, the leakage
currents were found very large for these samples with single dielectric layer, as a consequence,
these transistor devices performed very poor characteristics, for example, the output
characteristics are shown in figure 4.13. Thus, we used PC/PMMA conjugated bilayer as the
gate dielectrics because inserting PC polymer dielectric layer in OFET has been reported to
effectively enhance the electrical properties of the transistor devices [14, 26].

* Electrical characteristics of OFET by using PC/PMMA bilayer dielectrics and the effects of

the substrate

Here, all the samples fabricated by using PC/PMMA bilayer dielectrics in our
experiments successfully work as transistor devices, and the electrical properties has been
measured under the same circumstance conditions that descripted in chapter 2 and chapter 3.
To compare the characteristics of the transistor samples fabricated on different substrates, the
results of the sample with exactly same structures (same channel width and length, W/L=100)
were performed. The drain current-gate voltage (Ips-Ves) transfer curves are depicted in figure
4.14, where loglps and Ips'/? is plotted versus Vgs at a fixed Vps value of -20 V for all the

samples, Vs is running from +10 V to — 20 V.
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Figure 4.14 The typical transfer curves of the structure of pentacene/PC/PMMA/2 um PC on kapton,
silicon, and glass substrates, respectively, with the gate sweep voltage ranges (from 10 V to -20) at
VDs=-20 V.

As expected from the conventional OFET operation, the currents flow through the
OFETs for the three kinds of sample are strongly influenced by the gate voltage Vgs. All of the
transfer characteristics of the OFETSs prepared here display a subthreshold regime between the
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switch on voltage and the threshold voltage. Compared with the transistor that fabricated by
using inorganic SiO- as the dielectric layer in chapter 2, the gate operation voltages is decreased.
And compared the three samples, the Ips current is relatively better for the device fabricated on
silicon substrate, which may due to the more smooth surface of the silicon substrate. The
electrical parameters like mobility, threshold voltage, and current on/off ratio were extracted
and calculated, which are summarized and presented in table 4-1 for better comparison.

To clearly observe the electrical characteristic of our flexible transistor, figure 4.15
shows the typical transfer curves of the structure of pentacene/PC/PMMA/2 um PC on kapton
with the gate sweep voltage ranges (from 20 V to -20 V to 20 V) at Vps=-20 V. Compared with
the transfer curves of the conventional pentacene/SiO./Si transistor, the hysteresis (the
difference in transfer curves when sweeping Ves back and forth), that is detrimental for the
conception of OFETSs based circuits, completely disappeared in the case of OFET by using
PC/PMMA dielectrics. Which indicates that the charge trapping/detrapping effects at the
pentacene/PC dielectric interface are significantly attenuated by using polymeric layer [16, 27].

In further, the transfer performance is stable and the leakage current lg is low.
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Figure 4.15 The typical transfer curves of the structure of pentacene/PC/PMMA/2 um PC on kapton
with the gate sweep voltage ranges (20 V to -20 V to 20 V) at Vps=-20 V.

The output characteristics for the transistors that fabricated on kapton, silicon, and glass
substrates, respectively, are performed in figure 4.16. The output curves for the three kinds of

samples typically show good saturation at higher Vps and a clear linear regime at low Vps with
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maximum Vps operation voltage of 20 V. On the other hand, the required Vs operating voltage
Is about -5 V to reach an on-state Ips of 1 pA for the three kinds of samples.
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Figure 4.16 The Ips - Vgs output curves of different the structure of pentacene/PC/PMMA/2 pm PC on
(a) silicon, (b) glass and (c) kapton substrates, respectively.

* Electrical characteristics of the structure of pentacene/PC/PMMA/2 um PC/kapton and the

effects PC dielectric

For investigation of the effects of dielectric layers on the performance of the flexible
transistor devices, we adjusted the thickness of PC and carried out the electrical properties.
Figure 4.17 shows the transfer curves of the structure of pentacene/PC/160 nm PMMA/2 pum
PC on kapton with thickness of PC ranges from 50 nm to 200 nm and with/without PFBT SAM
treatment. The loglps and Ips'/? are plotted versus Vs are presented in figure 4.17 (a) and (b),
respectively. As we can see, the Ips current is increased with the decrease of the thickness of
PC dielectric layer. When the PC decreased to 100 nm, the current on/off ratio reaches to
6.8x10°, the threshold voltage is -4 V. The sample fabricated with PC 50 nm was not found
electrical properties, which may be induced by the low breakdown voltage because of the thin

dielectric layer of 160 nm plus 50 nm PC. And with PFBT modification, the Ips current is
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increased but not as a lot of improvement as in chapter 2 that the transistor devices were
fabricated on silicon substrate, this is maybe because of the kapton flexible substrate was not

stretched well in the solution of PFBT.
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Figure 4.17 The typical transfer curves (a) loglps-Ves and (b) los*? -Ves of the structure of
pentacene/PC/PMMA/2 um PC on kapton with thickness of PC ranges from 50 nm to 200 nm and
with/without PFBT SAM treatment. The gate sweep voltage ranges (20 V to -20 V to 20 V) at Vps = -

20V.
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Figure 4.18 The leakage current density of pentacene/PC/PMMA/2 um PC on kapton with thickness
of PC ranges from 50 nm to 200 nm.

A Kkey requirement for a polymer gate dielectric is the ability to form a thin film with
good dielectric properties [8, 13]. The thickness of the gate dielectric determines directly the
operating voltage of the FET. Figure 4.18 shows the gate leakage current versus the gate bias
voltage of the pentacene/Au/PC/PMMA /Au (metal-insulator-semiconductor) MIS with
different thickness of PC on ranging from -20 V to 10 V. The leakage current density of the
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100 nm and 150 nm PC dielectric layer is 8 pA/cm? and 7.5 pA/cm? at -20 V, respectively. The
leakage current density of the bilayer film was decreased to 0.6 pA/cm? at -20 V by increasing
the thickness of PC to 200 nm. This small leakage current in the bilayer dielectrics with PC
(200)/PMMA (160nm) indicates that the film thickness is slightly increased to 50 nm,

effectively reducing the gate leakage current.

Interface traps and gate dielectric surface roughness are important parameters which can
contribute to variations in the threshold voltage and mobility FET [28, 29]. In figure 4.6 and
figure 4.7, we carried out and compared the surface morphologies of thin films layers. Here,
the capacitance-voltage (C-V) and capacitance-frequency (C-F) characteristics of MIS
structures have been measured to investigate interface properties, the analysis of C-V and C-F
could be used to control threshold voltage and carrier field-effect mobility. MIS capacitors are
the two-terminal counterparts of thin film transistors sharing the same basic layer structure.
Therefore, to fully understand different physical phenomena in the bulk and at
insulator/semiconductor interfaces, a systematic analysis of pentacene/Au/PC/PMMA /Au MIS
capacitors has been performed. Depending on the sign of the gate voltage the MIS capacitor
can be in one of the three states: accumulation, depletion, and inversion regimes. The total
capacitance of the MIS structure can be described by a series connection of two capacitors: the
capacitance of the insulator and the capacitance of the semiconductor layer. The total
capacitance is given by [31].

1 1 1
cTate (4-1)

where Cs is the semiconductor capacitance and Ci is the insulator capacitance which is given
by:

Ci = M.A (4'2)

2]

where A is the capacitor area, ¢ ois the vacuum permittivity, ¢ e is the bilayer insulator (PC
and PMMA\) dielectric constant and t; is the insulator thickness (the sum of thickness of PC and
PMMA). In accumulation, Cs>Ci and the total capacitance is approximately equal to the

insulator capacitance.

Figure 4.19 shows the C-V characteristics of the pentacene/Au/PC/PMMA /Au with
various PC thickness. The measurements were performed with a small alternating current (AC)
signal 20 mV at a frequency of 1 KHz on top of a preselected directing current (DC) voltage.

The voltage was swept forward from negative to positive. The accumulation, depletion and
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inversion regions are observed for all the MIS samples (the inset of figure 4.19 shows the C-V
of PC with 200 nm for better investigation), with the decrease in capacitance in the depletion
region due to the variable depletion capacitance of the pentacene active semiconductor layer in
series with the PC/PMMA bilayer dielectrics capacitance. At negative voltage of —20 V, it
shows maximum capacitance with accumulation of holes at the polymer - metal interface. The
capacitance of the accumulation region depends primarily on the PC/PMMA thickness and
permittivity, whereas the capacitance in the depletion region is also dependent on the properties
of the pentacene semiconductor and interface charge density at the interface with PC. Compared
with the three different PC thickness of MIS, the capacitance is improved with the decrease of
PC thickness and reaches to 14.5 nF/cm? when PC is 100 nm. The dielectric constant € ¢ of
the bilayer polymer films could be obtained from this capacitance and equation (4-2), thus, the
dielectric constants for bilayer dielectrics of PC (100 nm)/PMMA, PC (150 nm)/PMMA, PC
(200 nm)/PMMA were calculated to be 3.56, 3.25, and 3.13, respectively. In addition, the flat
band voltage (Veg) is -3 V when PC is 100 nm, it shifted in the negative direction when the
thickness of PC is increased and increased up to -10 V, which indicates that more positive fixed
charges exist in the thicker PC/PMMA bilayer polymer film [32].
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Figure 4.19 The C-V curves of pentacene/PC/PMMA/2 pum PC on kapton with thickness of PC ranges
from 100 nm to 200 nm at frequency of 1 KHz.

Figure 4.20 shows the C-F characteristics of the pentacene/Au/PC/PMMA /Au with
various PC thickness at AC voltage of 20 mV and DC voltage of 0 V. From the C-F curves,

we can see that the three samples all exhibit frequency independent behaviors and it also
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presents that the capacitance is improved with the decrease of PC thickness. The dispersion of
the capacitance at the low frequency of 20 Hz and high frequency of 10 Hz may be due to the

critical edge of the frequency measurements range.
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Figure 4.20 The C-F curves of pentacene/PC/PMMA/2 um PC on kapton with thickness of PC ranges
from 100 nm to 200 nm.

The frequency dependence of the measured C-V curves of pentacene/100nm PC
/[PMMA/2 um PC on kapton is shown in figure 4.21 (a). The frequency ranges from 100 Hz to
200 KHz. As we can see, the values of capacitance increase with decreasing frequency, the
accumulation, depletion and inversion regions are clearly observed with relatively low
frequencies. The capacitance decreases in accumulation regime when high frequency is used,
while the capacitance in depletion regime remains almost the same. The frequency dependence
of C-V characteristics originates from different responses of trapped and mobile charges
between the interface region and bulk of the semiconductor [31]. This difference in response to
the applied signal is directly related to the different carrier-lifetimes and carrier-generation rates
of disordered organic semiconductors [33]. The shallow states respond to high frequency
voltages whereas deep and localized states do not respond to those voltages at high frequency.
Lower values of the capacitance at higher frequencies indicate that mobile charges do not
respond at those high frequencies, behaving similar to fixed or trapped charges. Typically, the
capacitance in the accumulation regime has shown a rapid decrease, which indicates that the
response of the holes to the gate signal decreases rapidly. In contrast, the depletion capacitance

remains almost constant. Frequency dispersion in the transition region between the maximum
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and minimum capacitances is due to the presence of interface traps between dielectrics and
pentacene. For example, Lindner et al. [34] have shown in their simulation work on MIS C-V
characteristics, interface traps can have significant effect on the C-V characteristics. The
maximum number of interface traps present can be calculated using Eq. (4-3); assuming that
the densities of deep bulk states and interface states are independent of energy [37].

Sl Ci
N = [ g | (4-3)

where Ngo?* is the maximum number of interface states, S is subthreshold swing which is
calculated by equation (1-1), k is the Boltzmann constant, T is the absolute temperature and q
is the electronic charge. Table 4-1 gives all the electrical parameters of the pentacene FETSs that
fabricated in this chapter. Minimizing the number of charge carrier traps is also important for

any OFET, as traps can lead to lower device currents and shifts in the turn-on voltage [15].
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Figure 4.21 (a) The C-V curves with frequency dispersion characteristics and (b) the C-F curves at
different bias voltages of pentacene/100nmPC/PMMA/2 um PC on kapton.
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Figure 4.21(b) shows the C-F characteristics (frequency sweep from 20 Hz to 10° Hz)
of the pentacene/100nm PC /PMMA/2 um PC on kapton at AC voltage of 20 mV and various
DC voltages. At the frequency ranges from 200 Hz to 10° Hz, the capacitance remains stable,
and the capacitance show frequency independent behaviors. On the other hand, with the change
of DC voltages, the capacitances are remains at the same stage. The dispersion of the
capacitance at the low frequency of 20 Hz may be due to the critical edge of the frequency

measurements range.

* Electrical characteristics of structure of pentacene/PC/PMMA/2 um PC/kapton under
binding tests
The flexible transistor with structure of pentacene/PC/PMMA/2 um PC/kapton is

measured under bending tests with radius of 1.4 cm, the transfer and output characteristics are

shown in figure 4.22.
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Figure 4.22 The typical transfer and output characteristics of pentacene/PC/PMMA/2 um PC on
kapton under binding test with radius of 1.4 cm.

The results measured with the various gate sweep voltage ranges (from +10 V to -10 V,
+20 V to -20 V) show that there is no hysteresis in the case of OFET under binding tests by
using PC/PMMA dielectrics, indicating that the charge trapping/detrapping effects at the
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pentacene/PC dielectric interface are significantly attenuated. In further, the transfer
performance is stable and the output curves for the three sweep voltage ranges typically show
good saturation a clear linear regime. The saturation mobility is 0.055 cm?V-s?, and the
leakage current is relatively low. We can see that the I-V behaviors with binding tests obtained

the same state characteristics with flat tests.

4.3.2 Extractions of electrical parameters

From the analysis of the characteristics of the all the transistor devices that fabricated in
this chapter, the parameters of carrier mobility, threshold voltage, subthreshold swing, on/off
current ratio, as well as interface traps were extracted and calculated, the values were

summarized in Table 4-1 (every parameter was extracted by the average of 5 devices).

Table 4-1. Summary of the electrical parameters for different pentacene OFETSs

Average Interface
Transistor mobility Threshold Subthrgshold On/off state density
. : Voltage swing current 12
device (maximum) V) (V/decade) ratio « 10
(cm2V1sT) (cm?ev™)
0.0015 3
S1 (0.0026) -1 0.3 1.5X10 3.12
0.0018 3
S2 (0.0026) -0.5 1.3 1.6X10 3.1
0.0046 3
S3 (0.006) -2 0.9 2.5%X10 2.89
0.0056 3
S4 (0.006) -1.5 0.5 3.3X10 2.9
0.056 5
S5 (0.08) -4 1.2 2.5X10 2.85
0.071 4
S6 (0.15) -3 1.1 45%10 2.83
0.075 3
S7 (0.1) -3.8 0.8 5.5X10 2.81
0.095 3
S8 (0.23) -4 0.6 6x10 2.8

For predigestion in the table, the transistors samples are marked as following:

» S1: Pentacene/PC(200 nm)/PMMA/PC(2 um)/Kapton
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+ S2: Pentacene/PC(200 nm)/PMMA/PC(2 um)/Kapton with SAM
» S3: Pentacene/PC(150 nm)/PMMA/PC(2 um)/Kapton

* S4: Pentacene/PC(150 nm)/PMMA/PC(2 um)/Kapton with SAM
« S5: Pentacene/PC(100 nm)/PMMA/PC(2 um)/Kapton

+ S6: Pentacene/PC (100 nm)/PMMA/PC(2 pm)/Kapton with SAM
* S7: Pentacene/PC (100 nm)/PMMA/PC(2 um)/Glass with SAM
+S8: Pentacene/PC(100 nm)/PMMA/PC(2 um)/Silicon with SAM

From the summary of the electrical parameters for our OFET samples above, we can see
that there is no big difference of the performances for the ultra-flexible OFET of Pentacene /
PC(100 nm)/PMMA/PC(2 um) attached on kapton, glass and silicon substrates. With the
decrease of the thickness of PC (for the samples of S1, S3, S5), the properties were improved,
especially the mobility was increased to 0.056 cm?V-s* for sample S5, which is more than ten
times improvement of S1. Compared to the sample with and without PFBT, for example, S1
and S2, the mobility and current on/off ratio were not enhanced a lot. The results indicate the

dielectrics have a great effects on the properties of our OFET samples.

4.4 Characterization of pentacene flexible NFGM

4.4.1 The memory electrical properties

* Transfer characteristics

To get more information of gate bias values during the operation of the measurement
for NFGM, the bias hysteresis of our flexible NFGM devices was measured first and shown in
figure 4.23.

Considering the gate operation voltage with sweep +20 V to -20 V for our flexible
transistor devices that were analyzed in part 4.3.2, the bias hysteresis measurements were
carried out under the application of Vgs sweeping ranging from =10 V to 40 V with a fixed
Vps value of -20 V. The observed reversible hysteresis loop in the current—voltage relationship
has two distinct current minima during the forward and reverse traces, and their offset (or the
memory window) depends on the initial input Ves. The initial Ves-dependent offset is attributed

to the amount of the trapped/detrapped charge carriers in the AuNP floating gate upon
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application of the initial input Ves. An application of a negative Vgs makes the holes in the
pentacene channel to be trapped in the Au NPs, when applying positive Vs above 0 V values,
these trapped holes could escape from the Au NPs and gradually reach the pentacene channel,
I. e. during reverse sweep (from positive to negative Vs sweep). Thus, with the increase of the
gate sweeping voltage, the window of hysteresis engenders and increases, which means there
are more holes are trapped in the floating gate when the gate bias is large.
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Figure 4.23 The bias hysteresis under the application of Vss sweeping ranging from +10 V to =40 V
with a fixed Vps value of -20 V.

Figure 4.24 shows the transfer characteristics of the NFGM that measured after the
applications of various positive or negative Vs pulses over a short period of time of 1 s.
Importantly, the drain current levels at the reading voltage of the flexible NFGM could be
controlled systematically by manipulating the number of trapped/released charges between the
pentacene channel and the Au NPs. From figure 4.24(a) with loglps versus Vgs, for better
distinguishing the drain current levels under different Vgs pulses values, a reading voltage Vs
of -6 V was selected in our flexible NFGM devices. The drain current levels at Vgs = -6 V
increase from 2.6 pA to 0.44 pA, as the pulsed Vgs ranges from -40 to +40 V. The clear
distinction between different memory states indicated that multi-level data storage could be
achieved from our NFGM by using pentacene as a channel material and polymers of PMMA,
PC, HSQ as dielectric layers, respectively. The development of multilevel data storage is still
in progress, especially in the use of organic-based memories, which can further enhance the
memory capacity per unit cell area without reducing the cell size [37, 38].
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To observe more clearly of the memory window, figure 4.24 (b) shows the transfer
characteristics of the NFGM with linear Ips versus Ves. The memory window is found to be
2.5V when the Vs pulses are -10 V and +10 V for programing operation and erasing operation,
respectively, it increased to 10.7 V with Vgs pulses £20 V. Furthermore, the memory window

reaches to 23 V by increasing the Vs operation pulses as +40 V.
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Figure 4.24 Ips Shifts in the transfer curves of the NFGM measured after application of six different
pulsed Vgs values for 1 s. (a) -log Ips versus Vgs, (b) -lps versus Ves.

In general, increase in applied gate voltage will enhance the probability of tunneling
events hence increase the number of trapped/detrapped charge carriers. The observation of
saturation region can be explained by the capacitive coupling of charge carriers trapped in each
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Au NP [39]. Initially, the charging process is random, however, the capacitive coupling will
increase as the number of trapped charge carrier increase, resulting in the enhanced coulomb
repulsion. Thus, limited amount of charge carriers are available at certain gate bias and the
charging process could continue until the increase in gate bias that governs the deeper level
trapping behavior of NPs. In this aspect, multilevel data storage can be realized by utilizing
various saturation of programmed/erased state, the same results based pentacene NFGM has
been reported in Ref. [40]. In addition, for the structure of our devices, the layer of PC of 100
nm could also act as the polymer electret [41], in previous reports, the energy levels of trapped
sites in polymer electret presumably present Gaussian distribution [42, 43]. Therefore, the
number of trapped charges in the charge trapping multilevel data storage characteristics
obtained by applying different gate voltages suggested that the device possessed nonvolatile

write-many-read-many memory behaviors [42-44].
The number of trapped charges in the Au NPs (and polymer electret) (An) could be
evaluated by using the equation of (4-3).

_c AVien
e

An 4-3)

where C is the capacitance per unit area and AV, is the memory window, e is the elemental
charge [45]. For our NFGM devices, C is measured by capacitance versus voltage (C-V) with
the MIS capacitor structure of Au/Pentacene/HSQ(19nm)/PC(100 nm)/PMMA(260nm)/Au and
obtained the value of 2.58x10° F/cm?.
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Figure 4.25 Threshold voltages and total number of the trapped charges in the Au NPs as a function of
different operation Vgs.
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Figure 4.25 shows threshold voltages (memory window) and total number of the trapped
charges in the Au NPs as a function of different operation Vgs. The number of trapped charges
increased from 4.03 x 10'° cm2 to 3.7 x 10 cm™ as the Vs program/erase increased from
+10 Vto 240 V.

* The retention and cycling endurance characteristics

The reliability of the NFGM was examined by measuring the retention time and carrying
out cyclic endurance tests. Figure 4.26 presents the retention characteristics of the NFGM under
application of various Vs,
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Figure 4.26 (a) The application way of various Vgs, (b) the retention characteristics of the flexible
NFGM.
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The drain current level at each state was monitored over a period of time at Vgs= -6 V
and Vps =-20 V after the application of -20 V, +20 V, -30 V, +30 V,-40 V and +40 V at the
gate for 10 s, as shown in figure 4.26(a). Each programmed and erased state was sustained
reasonably up to 10%s. When relatively low gate pules of +20 V and +30 V operated on the
device, a degradation in Ips values was observed for all the data states (programed and erased
state), which indicates less trapped charges in the floating gate induced less reliability. When
applied gate pules of +40 V, a slight degradation in Ips values was observed, the Ips current
on/off ratio is exceed 10° and the retention time is determined to be more than 108, Such a good
data retention characteristic of the NFGM may be attributed to the 19 nm-thick smooth and
pinhole-free HSQ tunneling gate dielectric layer, which reduces the leakage of the trapped
charges from the Au NPs to the pentacene channel. Note that the erased state exhibit less distinct
storage levels than the programmed state, which could be explained by the reason of eased

states are shift back close to the initial state after the erasing operation.
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Figure 4.27 (a) The application way of various Vs, (b) The cycling characteristics of the NFGM.
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Figure 4.28 presents the drain currents collected as a function of number of continuous
programming/erasing cycles. The drain current level at each state was monitored over a period
of time at Ves = -6 V and Vps = -20 V after the application of -20 V, +20 V, -30 V, +30 V, -40
V and +40 V at the gate for 1 s. The device exhibits highly reproducible memory behavior with
well-separated programmed/erased states for more than 800 cycles without degradation. The
results indicate a good endurance property of pour flexible NFGM devices.

* The dynamic characteristics

Intriguingly, the dynamic behavior of the NFGM with corresponding current levels

under application of various Ves pulse is illustrated in figure 4.28.
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Figure 4.28 The dynamic behavior of the NFGM with corresponding current levels under application
of various Vgs pulse.

The drain currents were monitored during the application of five different pulsed Vs

values with the duration of 1 s. The gate voltages of —20 V, -30 V and -40 V were applied so as
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to program a signal (indicated by blue area), while the gate voltages of +20 V and +40 V were
applied so as to erase a signal (indicated by orange area) and the current is reading under a small
Vs voltage of -6 V for 60 points within each voltage level. Therefore, five well defined data
levels are distinguishable with three programed states at current levels ~5x1012 A, ~5x101° A,
~3x10° A in conjunction with another two distinct erased states ~1x107 A, ~1x10° A,
respectively. Each state can be read separately to resemble five levels in a single device. In fact,

the extent of storage can be clearly selected depending on the demand of the writing access.
* The bending characteristics

Figure 4.29 shows the retention and cycling test for out flexible NFGM under bending

conditions.
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Figure 4.29 The mechanical-stability of the NFGM with corresponding current retention time and
cycling tests.

In addition to reliable device operation, the bending stability/mechanical stability is one
of the most important parameters to determine the suitability of this device structure for
application in flexible electronics. The bending test was carried out by measuring the retention
and endurance tests with a radius of curvature of 14 mm. The memory device exhibit retention
time larger than 10% s with Ips current on/off ratio >10* as shown in figure 4.30(a), and almost
no degradation in Ips current in both program/erase states after measuring repeatedly for 500
cycles as shown in figure 4.30(b), these observations confirm that our NFGM memory based

on Au NPs floating gate and with all organic layers is suitable for flexible electronic memories.
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4.4.2 The analysis of mechanisms

To explain the memory characteristics for our flexible NFGM, Figure 4.31 shows the
energy band diagrams of a floating gate flash memory transistor at programming mode, storage
mode and erasing mode, and the scheme of charge trapping OFET memory based on (i) Au
NPs.
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Figure 4.30 (a) Energy band diagrams of a floating gate flash memory transistor at programming
mode, storage mode and erasing mode, (b) Scheme of charge trapping OFET memory based on Au
NPs.

As we can see in figure 4.31(a), operating mechanism of our flexible memory device
can be explained by the equilibrium energy band diagram that corresponds to
programming/erasing operations in the reversible hole transport properties. Equilibrium energy
band diagram of memory device corresponding to programming operation, erasing operation
and storage state are illustrated. With the application of negative bias on the gate electrode, the
transfer curve shifts towards negative voltage direction in comparison with the initial state,
which confirms that Au NPs act as trapping element of holes [40], the trapped charge carriers
which transfer from pentacene screen the gate and manipulate the conduction in the channel. In
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order to release the stored charges, the gate should be reversed biased. Figure 4.30(b) illustrates
scheme of charge trapping of our flexible NFGM. The charges may be trapped by Au NPs. As
the existence of capacitive coupling, multilevel data storage can be realized by utilizing various
saturation of programmed/erased state as the increase in gate bias that governs the deeper level

trapping behavior of NPs [40].

4.5 Conclusions

In this chapter, the pentacene based flexible OFET and NFGM devices were prepared
and characterized. First, for fabricating flexible transistors, the insulator polymers PMMA, PC
were selected to be used as the bilayer gate dielectric layers. All the layers were organic
materials that deposited under low temperatures and could be transferred on other kinds of
substrates, the silicon, glass and kapton substrates were used in this chapter and the
characteristics were compared. For the 1-V characteristics, the operation voltage was deduced
and there was no hysteresis behavior observed, which means the interface traps between the
dielectrics and was decreased. The flexible OFET with structure of Pentacene/PC(100
nm)/PMMA/PC(2 um)/kapton obtained high mobility of 0.08 cm?V-s and current on/off ratio
of 2.5X10°.

Then, based on the results of flexible OFET, the flexible NFGM devices wither structure
of Pentacene/HSQ(19 nm)/Au NPs/PC(100 nm)/PMMA/PC(2 um)/Kapton were realization the
memory performances were demonstrated. The large memory window of 23 V were obtained
by application of Vgs pulse of =40 V, the multi-level data storage could be achieved from our
flexible NFGM by using pentacene as channel material and polymers of PMMA, PC, HSQ as
dielectric layers, respectively, which could be explained the deeper level trapping behavior of
NPs under the increase in gate bias. In addition, the bending stability/mechanical stability test
confirm that our NFGM memory based on Au NPs floating gate and with all organic layers is

suitable for flexible electronic memories.
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» Conclusions

In this thesis, we succeed to fabricate, optimize and characterize the pentacene based
OFET and NFGM devices on rigid and flexible substrates.

First, in order to find a way to optimize NFGM devices, among the many possibilities
to optimize the OFET, we used OTS and PFBT SAMs to modify the SiO dielectric layer and
on gold source/drain electrodes. With SAMs modification, the electrical results with high
mobility 0.68 cm?V1s and high current on/off ratio >10° were obtained. We compared the
results and explained the optimization characteristics by tuning the way of charge transport
between pentacene and dielectrics, pentacene and electrodes, respectively. Then, based on the
results of the OFET, we fabricated SFG and DFG memory devices, Au NPs and rGO sheets
were used as charge trapping layers. The performances of SFG (Au NPs as floating gate) and
DFG (hybrid Au NPs and rGO sheets as the lower and upper floating gate, respectively) were
presented and compared, and the effect of rGO sheets on the memory properties were well
discussed. In particular, we used PFBT SAM to modify our SFG and DFG memory devices.
The NFGM with PFBT exhibits excellent memory performances, including high mobility of
0.23 cm?V1s?, the large memory window of 51 V, and the stable retention property more than
108 s, as well as reliable cycling endurance over 1000 cycles. The optimized performances of
the NFGM are explained by the increase of charge injection due to the increase of the work
function of gold electrodes after the PFBT modification, which further resulting the increase of
trapped charge density in Au NPs floating gate. The consideration about the influence of charge
injection at the interface of organic semiconductors/electrodes on the performances of NFGM
has not been reported yet, and the results highlight the utility of SAM modulations and

controlling of charge transport in the development of transistor memories.

Second, we fabricated pentacene based OFET that fabricated on kapton flexible
substrates, and all the layers of the device are organic materials, which could be obtained with
simple fabrication processes and under low temperature. The ultra-flexible OFET with structure
of the Pentacene/PC(100 nm)/PMMA/P (2 um) could be attached on many kinds of substrate,
in this thesis, the silicon, glass and kapton substrates were used and the characteristics were
compared. Compared with the I-V characteristics of pentacene FET that fabricated on
conventional SiO/Si with lithography technique in this thesis, the operation voltage of our
flexible OFET devices was deduced and there was no hysteresis behavior observed, which
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means the interface traps between the polymer dielectrics and was decreased. In the end, we
found that the flexible OFET with structure of Pentacene/PC(100 nm)/PMMA/PC(2
um)/Kapton obtained high mobility of 0.08 cm?Vv-s™and current on/off ratio of 2.5< 10°.

Finally, based on the results of our pentacene flexible OFET, the flexible NFGM devices
with structure of Pentacene/HSQ(19 nm)/Au NPs/PC(100 nm)/PMMA/PC(2 um)/Kapton were
realized and the memory performances were demonstrated. The large memory window of 23 V
were obtained by application of Vgs pulse of 40 V, and we found the multi-level data storage
performances for our flexible NFGM by using pentacene as a channel material and polymers
of PMMA, PC, HSQ as dielectric layers, respectively, which could be explained the deeper
level trapping behavior of NPs under the increase in gate bias and the energy levels of trapped
sites in polymer electrets. In addition, the bending stability/mechanical stability tests confirm
that our NFGM memory based on Au NPs floating gate and with all organic layers is suitable

for flexible electronic memories.

To our knowledge, these results of our pentacene based flexible OFET and NFGM reach
the state of the art for pentacene flexible devices. Furthermore, depositing Au NPs on the

surface of polymer PC by using the chemical way has not been reported yet.
* Perspective

Based on the experiments results of this work, we highlight the efficient ways to optimize
the OFET and fabricate the flexible NFGM by simple fabrication process. However, one of the
main prospective for electronic devices is to achieve miniaturization, high performance,

integrated circuits. From the process point of view, several orientations are needed:

« Fabrication with lithography techniques that contribute the minimization of the flexible

devices in further study.
« Selection of the high-K organic dielectrics to reduce the operation voltages.

« Insert the double floating gate layer to increase the memory window and retention time,
for example, the rGO sheets that we used for fabricating the DFG memory on conventional
SiO2 /Si substrate.
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Abstract

Realization and characterization of OFET and NFGM on rigid

and flexible substrates

Abstract:

Organic field effect transistor (OFET) and organic based nano-floating gate memory (NFGM)
devices are essentially expected to meet emerging technological demands that realizing flexible
and wearable electronic devices. The objective of this thesis is to develop and optimize the
pentacene based OFET and NFGM on rigid and flexible substrates.

First, self-assembled monolayers (SAMs) were used to optimize the OFET, a high mobility of
0.68 cm?V1sand current on/off ratio >10° were obtained. Then, we fabricated single floating
gate (SFG) and double floating gate (DFG) memory devices by using gold nanoparticles (Au
NPs) and reduced graphene oxide (rGO) sheets as charge trapping layers. In particular, the DFG
with PFBT exhibits excellent memory performances, including the large memory window of
51V, and the stable retention property more than 10%s.

Third, we fabricated all organics based OFET and NFGM on kapton flexible substrates with
simple fabrication process under low temperature. The large memory window of 23 V was
obtained, and the multi-level data storage performance was observed for our flexible NFGM
devices. In addition, the bending stability/mechanical stability test present high current on/off
ratio >10°, retention time >10%, as well as cycling exceed 500 cycles. Based on the experiments
results of this work, we highlight the efficient ways to optimize the OFET and fabricate the
high performances of flexible NFGM by simple fabrication process.

Key words: pentacene transistor, memory, gold nanoparticles, self-assembled monolayer,
flexible electronics, multi-level storage
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Résumé

Réalisation et caractérisation de transistors a effet de champ
organiques OFETs et Mémoires a nano grille flottante sur des

substrats rigides et flexibles

Résumé

Depuis la découverte des polymeres conducteurs, de nombreuses études ont été menées afin
d’utiliser ces nouveaux matériaux semiconducteurs en tant que couche active de composants
électroniques. Dans cette thése nous nous intéressons a deux composants clés de 1’électronique
organique: Les transistors a effet de champs et les mémoires a nano-grille flottante seront
réalisés a la fois sur des substrats rigides et flexibles. Pour I’optimisation de nos dispositifs,
nous avons choisi de travailler sur les interfaces.

Tout d’abord, des monocouches auto-assemblées SAMs ont été utilisés pour optimiser les
interfaces électrode/SCO et diélectrique/SCO de ’OFET: des mobilités de 0.68cm?V1s? et
des rapports on/off >10° ont été obtenus. Par la suite, nous avons fabriqué des dispositifs de
mémoire a simple grille flottante SFG en utilisant les en nanoparticules (NPs) d’or et a double
grille flottante DFG en utilisant les NP d’or et des feuillets de graphéne comme couches de
piégeage de charges. En particulier, les DFG avec PFBT présentent en effet d'excellentes
performances (une large fenétre mémoire de 51V et un temps de rétention stable et de plus de
108s).

Ensuite, nous avons fabriqué tous les dispositifs sur des substrats souples en kapton avec des
processus de fabrication simples et a basse température. Ces NFGM flexibles ont été
caractérisées et leurs performances mesurées (fenétre mémoire de 23V). Nous avons également
mis en évidence un piégeage multi-niveaux dans les NPs. De plus, ces composants ont montré
une bonne résistance aux tests de flexibilité et de pliage et une stabilité trés satisfaisante
(supérieure a 500 cycles).

Mots clés : transistor pentacene, mémoire, nanoparticules d'or, monocouche auto-assemblée,
électronique flexible, stockage multi-niveaux
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