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EXECUTIVE SUMMARY

Organic semiconductors attract intensive research interest because of
their unique properties, such easy fabrication, mechanically flexibility, and low
cost. They are now widely used as active elements in optoelectronic devices
including light-emitting diodes, thin-film field-effect transistors, solar cells and
memories, among which organic field-effect transistors (OFETs) offer a
suitable building block for many flexible, large-area applications such as
display backplanes, electronic textiles, and robotic skin. Interestingly enough,
OFETs grew in parallel with another device, the organic light-emitting diode
(OLED). However, the development of OLEDs has been much faster than that
of OFETs, so that commercial products based on OLEDs are now available on
the market, which is not yet the case for OFETs.

In the past few years, much research effect has been directed at
improving the charge-carrier mobility by better materials and device
architectures, subsequently, OFETs are able to match, and in some cases even
exceed, the basic transistor performance of amorphous silicon (a-Si) thin-film
transistors (TFTs). As OFETs are now moving closer to applications, their
operational stability and the control of threshold voltage becomes more crucial
than ever. In this thesis, we primarily focus on engineering the interface
between organic semiconductor and gate dielectric by dielectric surface
modification, which play a decisive role in the functioning of OFET devices, in
a top contact bottom gate structure that avoids the influence of the interaction
metal contact and the active layer.

The work contained in this thesis is firstly directed toward studying the
effect of buried traps at dielectric-dielectric interface on the device stability.
Hysteresis-negligible pentacene FET devices were demonstrated in the dark
condition by using PVP-co-PMMA to modify the surface of SiO, gate
insulator. However, the threshold voltage of such devices still can be greatly
shifted due to the charge trapping mechanism (minority carrier) by the
application of a gate bias under illumination. It suggested that the negligible
hysteresis might originate from the dynamic balance of trapping/detrapping
charge carriers in our devices. Therefore, it can be concluded that only the
demonstration of hysteresis-free FET devices is not nearly enough, one still
needs trying to reduce the possibility of charge trapping, or even eliminate it.
In order to minimize the charge trapping at the interface between
semiconductor and gate dielectric, highly purified PMMA was utilized to
substitute PVP-co-PMMA as buffer dielectric because of the absence of
hydroxyl groups acting as traps. When a thin PMMA buffer dielectric (10 nm)
was used, the photo-generated non-equilibrium electrons (holes) in pentacene
(Ceo) active layer near the dielectric surface can also be injected into the buried
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traps at the surface of SiO; passivated by thin PMMA layer, inducing the shift
in threshold voltage. By understanding the charge trapping mechanism, such
photo-induced charge transfer can be effectively suppressed with optimized
thickness of PMMA (45 nm) buffer dielectric, thus, stabilize the threshold
voltage. This work also shows that besides the device encapsulation and the
development of new organic semiconductors (OSCs) combining high mobility
with excellent stability, data presented in this work brings out an alternative
approach to enhance the stability of OFET devices using dual gate dielectric
and a guide about how to select a proper buffer dielectric. From a scientific
perspective, it is also very interesting to study the mechanism of charge
transfer across a buffer dielectric.

For the low-voltage FET devices (operating at 1 V), 12 nm high-x
materials hafnium oxide (HfO,) was used as gate insulator, which was grown
on silicon substrate by atomic layer deposition at a temperature of 250 °C. In
this work, the effect of oxygen plasma treatment at the HfO, surface upon the
device performance was thoroughly investigated under atmospheric dark
condition. With proper exposure time (t.), not only mobility but also the
stability of devices was improved, attributing to the ultraclean surface of HfO,
with lower concentration of oxygen vacancies and increased grain size of
pentacene film. A mobility of 0.056 cm? V™! s™1 with a threshold voltage of
—0.23 V was achieved at t, = 15s. The subthreshold slope decreased with

1 was obtained.

increasing t, and a minimum value of 157 mV decade™
However, pentacene film on plasma-treated HfO, was more fragile due to the
surface stress enhanced weathering effect. Moreover, oxygen plasma treatment
also offers the good tunability of the threshold voltage, as compared to other
surface modifications using HMDS, OTS and cross-linked PVP as buffer
dielectric that would increase the threshold voltage by lowering the gate
capacitance, as the thickness of used low dielectric OTS and cross-linked PVP

is comparable to, even larger than that of ALD grown HfO,.

This thesis also demonstrates the heterostructure FET devices with a
polymeric light-emitting material, crystallized PFO or amorphous PVK, buffer
layer. These hole-transport polymers were chosen to form a type I hetero-
junction (straddling gap) with pentacene in a FET structure, to study the
electronic structure of their interface as well as the charge transport along and
charge transfer across such interface, which also can be considered as a
complement to the semiconductor-dielectric system such as PVA/P3AT and/or
Parylene/rubrene. The heterostructure devices exhibit a typical p-channel
operation: for low negative Vg, both field induced charges and photo-generated

charges could be confined in the channel layer due to the large AEgomo; for
high negative Vg, holes were expected to be distributed in both layers.

Interestingly, the threshold voltage of such devices can be controlled through
varying the positive starting source-gate voltage Vg gar¢ under illumination due
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to the trapping of photogenerated electrons in PFO (or PVK) layer and the
interface, e.g. by varying Vg grare from 60 to 200 V in the off-to-on transfer
curve, a total shift in Vi, of ca. 137 V was obtained in PFO-FETs, namely, V,;,
varied from —14.6 to 122.5 V. The trapping of photogenerated charge is also
studied in terms of hysteresis behavior. It is found that the hysteresis window
AVy, was mainly determined by V, in PFO-FETs, while it was strongly
correlated with the value of V; & V5 and the sweeping direction of V; in PVK-
FETs, indicating a different charge injection mechanism. However, the
maximum AVy, exceeded the half of the total sweep range of Vg in both devices,
showing their great charge storage ability. Such light-programmable feature
might motivate the development of a new type of organic memory devices.
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CHAPTER 1:
INTRODUCTION

1.1  MOTIVATION

Interest in organic electronics stems from the ability to deposit organic
films on a variety of very-low-cost substrates and the relative ease of
processing of the organic compounds that are currently being engineered by
hundreds of chemists. The field known as "organic" or "plastic" electronics is
centered on field effect transistor (FET)-based circuits mounted on these large-
area and/or flexible substrates, such as glass, plastic or metal foils.

FET devices fabricated using organic materials with semiconductor-like
properties have garnered tremendous interest for use in applications requiring
relatively limited electronic function and performance. The applications where
organic FETs may best find use are those exploiting the unique capabilities
offered by organic materials, notably their "soft" properties, which permit
circuit fabrication on cheap flexible plastic substrates and the use of high-
throughput roll-to-roll processing. Typical examples of such applications
include (i) switching devices for active matrix flat panel displays (AMFPDs)
based on liquid crystal pixels (AMLCDs), organic light emitting diodes
(AMOLEDs), or "electronic paper" displays' based on pixels comprising either
electrophoretic ink-containing microcapsules” or "twisting balls",” (ii) sensor
arrays,” (iii) smart cards (addressable ID and vending cards) and (iv) radio-

frequency identification tags (RFIDs).” Together these applications represent a
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C.G. FENG (2012) CHAPTER 1: INTRODUCTION

large and growing macroelectronics market, which has proved to be
surprisingly challenging for organic electronics to tackle.

One bottleneck is the device geometry result from the limited methods
of patterning the organic semiconductor layer. Organic material is not suitable
for photolithography, therefore we have to use shadow mask, spin coater and
sputter. Limited methods means undesired effects might dominate the
characteristics, such as increased leakage and subthreshold slope stem from
less control of the charge induced by the gate metal. Bottom contact structure
affects the grain size and the crystal disordering due to the surface energy of
the contact metal and interface issue between metal and organic material.®
Pentacene molecules, for example, prefer to "stand up" with the long axis of
the molecule perpendicular to the plane of the substrate when deposited on the
commonly used insulator SiO,.” When deposited on top of gold contacts,
however, strong interactions between the pentacene m-clouds and the metal
surface lead to tiny grains at the contact and, in some cases, voids are
observed.®

Process condition is another significant issue of organic material. Low
cost and large scale fabrication can be performed by spin-coating, stamping,
and printing. These easy processes make the fabrication cost lower than
inorganic material, but the organic must be soluble during these processes.
However, most of the organic materials are not soluble unless side chains are
added to the molecules of the polymer material. But the side chains could alter
the chain arrangement of polymer and affect the performance of the current
characteristic. Vacuum deposition which requires more expensive processes

but provides a high degree of control over variables such as time, sublimation
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C.G. FENG (2012) CHAPTER 1: INTRODUCTION

temperature, temperature of the substrate during deposition and base pressure,
has better performance and is a very powerful tool to study the device physics
(e.g. charge transport mechanism), nevertheless, less compatible with plastic
substrates.

One of more significant than above issues is the mobility problem.
Even operating at large voltage (10~50V), organic transistor render only

several uA pm~1

. The power consumption results from the high operating
voltage and could cause the devices unreliable. Mobility is mainly dependent
on the semiconductor materials, the semiconductor-dielectric interface and
device architectures, and different combinations of materials result in different
mobility. Among the OFET devices reported, pentacene is typically employed
as the channel layer due to its superior carrier mobility, which results from the
high degree of molecular ordering seen during its film growth.**!°

Another major problem that hinders the development of practical OFET
devices is that current devices require rather high voltage to operate, while in a
typical low-end application, the available voltage will be very low. The key to
low voltage operation is the reduction of the threshold voltage and the inverse
subthreshold slope. The transistor parameters are largely controlled by the gate
insulator rather than the semiconductor. Consequently, the search for gate
dielectrics with low leakage current, low interface trap density, high
breakdown strength, and high capacitance that are consistent with cheap, basic
manufacturing methods is one of the current challenges of organic electronics.

Typically, low-voltage devices can be achieved through increasing the unit

capacitance of gate dielectric C; by (i) increasing the dielectric constant, and (ii)

€p&
Odr. Therefore, a number of

reducing its physical thickness, according to C; =
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C.G. FENG (2012) CHAPTER 1: INTRODUCTION

materials have been investigated, such as metal oxide (e.g. ALO;,M Tay0s,'%1°
TiO,,'*"7 Zr0,,'®" Hf0,%*** etc) , ultrathin cross-linked polymeric dielectric
(e.g. PAVP and PMMA etc),” 2 and self-assembled molecular dielectric.”’”*
As OFETs are moving closer to applications, their stability under
realistic atmospheric as well as electrical operating conditions has come under
more intense scrutiny. In order to improve the device stability, much effort in
the past few years has been devoted to (i) developing materials that combine
high field-effect mobility with excellent environmental stability,”>* (ii)
engineering the interface (e.g. metal contact-semiconductor and/or dielectric,

33,34

and semiconductor-dielectric), and (iii) encapsulating the device with a

suitable permeation barrier, such as polymeric layers, hybrid organic-metallic
layers, nitrides and inorganic oxides.”>’

From the issues mentioned above, we know that there is still a long way
to go to significantly reduce the cost of manufacturing OFETs as compared to

mainstream thin film transistors while delivering similar performance, but, we

believe, now it is not too much away.

1.2 OBJECTIVES

This thesis is primarily focusing on engineering the interface through
the surface modification to tune the chemical properties of gate insulator. Work
is directed first towards designing and setting up of a powerful physical vapor
deposition system. Subsequently, it studies the effect of wet and dry treatment
methods to modify the semiconductor-dielectric interface, thus, minimize the

trapping of charge and improve the device stability. Finally, it targets at
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C.G. FENG (2012) CHAPTER 1: INTRODUCTION

realizing the control of threshold voltage in the heterojunction FET devices. As
such this PhD project has the following main objectives:

e Set up a high-vacuum deposition system. To perform a straight forward
fabrication of various organic semiconductors and/or metals on various
substrates without exposure to air.

o Investigate the influence of buried trapping states at dielectric-
dielectric interface on the device stability. Studies will be conducted by
taking into account the nature of buffer dielectrics for improving the
device stability.

o Study the effect of oxygen plasma treatment on the gate insulator,
subsequently, the device performance. The advantages of this method
will be manifested by the improvement of field-effect mobility as well
as the control of threshold voltage etc in low-voltage FET devices.

e FExplore novel FET devices by employing organic heterojunctions. To
study the electronic structure of the interface between two OSCs as well
as the charge transport along and charge transfer across such interface.
In general, the study on the device stability in this thesis, which

suggests an easy-to-realize fabrication method to produce high-performance
reliable devices, is expected to be useful in applications beyond the scope of

this project.

1.3  SIGNIFICANCE AND MAJOR CONTRIBUTIONS
This thesis demonstrates that employing a FET structure with dual
dielectric is an efficient way to enhance the device stability, where they would

compensate both dielectrics’ drawbacks, for example, the buffer dielectric

5|Page



C.G. FENG (2012) CHAPTER 1: INTRODUCTION

forms few defects at the interface but has a low electrical strength/dielectric
constant, while high-k gate insulator uses low voltage but has poor interface. It
also brings out a general method to realize stable OFETs with fairly good
mobility, even under illuminated condition, which is important for the
applications of OFET devices as switchers for flat panel displays.

Secondly, oxygen plasma treatment is proved to be very effective to
improve the quality of 12 nm low-temperature ALD grown HfO, and its
interface, subsequently, the electrical performance and the stability of low-
voltage pentacene FETs. More interestingly, the study on aging of pentacene
film grown at the surface of plasma-treated HfO, gives us a direct insight into
how these devices degrade in atmospheric condition.

This thesis also describes molecular orbital energy level engineering by
using heterojunction FET structure. Benefitting from the discontinuities in
energy levels at the heterointerface, it demonstrates that devices with pentacene
/PFO (or PVK) heterojunctions exhibit typical p-channel operation, while
possess light-programmable threshold voltage due to the charge transfer across
the heterointerface.

These contributions have been published in internationally recognized
journals, details of the publications can be found at the end of this thesis.
Presentations were also made at 3 international conferences which provided the

opportunity to share the work with the community.

1.4  THESIS ORGANIZATION
This thesis is organized as follows after introducing motivations and

objectives of this project in Chapter 1.
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C.G. FENG (2012) CHAPTER 1: INTRODUCTION

Chapter 2 presents the literature review. It provides the background
knowledge of OFETs, charge transport mechanism in organic semiconductors
and the brief overview of recent development of OFETs.

Chapter 3 introduces the main equipment used for the fabrication of
OFET devices and presents some factors that affect the molecular orientation
and packing of organic semiconductors during the deposition, subsequently the
charge transport along the channel layer.

Chapter 4 describes how to improve the device stability by using dual
dielectric structure, and probes into the underlying physics. It is carried out by
the application of both electrical and optical signals to trigger the response of
interface states at the surface of buffer dielectric and buried traps at the
dielectric-dielectric interface, which is manifested by the shift of threshold
voltage.

Chapter 5 presents a detailed study on the effect of plasma treatment on
the electrical performance of pentacene FETs with 12 nm ALD grown HfO,.
And the comparison to other chemical modifications is made to show the
advantages of oxygen plasma treatment.

Chapter 6 covers the experimental demonstration of heterojunction FET
devices and discusses possible working principle in dark and illumination
condition. The charge transfer across the heterointerface (e.g. PFO/pentacene)
is studied in terms of the control of threshold voltage and hysteresis behavior.

Chapter 7 concludes the thesis. It presents several recommendations for

improvements and possible further research directions.
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CHAPTER 2:
LITERATURE REVIEW

2.1 CHAPTER INTRODUCTION

The basic idea that guides the insulated-gate field-effect transistor (FET)
traces back to the mid-1920s,’® but it was not until 1960 that this early concept
could be successfully demonstrated, with the invention of the metal-oxide-
semiconductor FET (MOSFET).” Field-effect measurements on copper
phthalocyanine (CuPc) films were reported as early as 1964.* However,
organic field-effect transistors (OFETs) that could indeed be used in practical
electronic circuits only appeared in the late 1980s.*"** Since then, great effort
has been devoted to optimizing the device structures and the processing
conditions, understanding the charge transport mechanisms, and developing
various novel materials, subsequently, the performance of OFETs has
continuously improved. In terms of the key figures of merit, namely, the on/off
current ratio, the field effect mobility and the threshold voltage, some OFETs"
now compete with amorphous silicon (a-Si) FETs, which are preferred to
conventional crystalline silicon FETs in applications, where large areas are
needed, for example, AMFPDs.

To better understand what are OFETs and how they works, the basic
structures and working principles, their current-voltage characteristics, and
how to extract information from them, will be introduced. Organic
semiconductors (OSCs) that are widely used as channel layer (p- and n-channel)

and the most common charge transport models will be also briefly introduced.
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C.G. FENG (2012) CHAPTER 2: LITERATURE REVIEW

2.2  DEVICE ARCHITECTURE

OFETs adopt the architecture of the thin film transistor (TFT), which
has proven its adaptability with low conductivity materials. A typical FET is
constructed with the basic components: a thin semiconducting film, an
insulating layer and three electrodes. Two of them, the source and the drain,
are in contact with the semiconductor film at a short distance from one another.
The third electrode, the gate, is separated from the semiconductor film by the

insulating layer.

Top contacts Bottom contacts

Source Drain Source Drain

/ v— Semiconductor
| t: Insulator ——»
Gate
(a) (b)
Top contacts/top gate Bottom contacts/top gate

/ Gate \)
I L

Source Drain ¢ Insulator >

f ¥-— Semiconductor —

| | «—— Substrate *)-I'
(c) (d)

Figure 2-1. Four possible OFET architectures (in cross-section),
including (a) top contacts (TC), (b) bottom contacts (BC), (c) top contacts with
a top gate (TCTG), (d) bottom contacts with a top gate (BCTG). Figure from
[44]

Source Drain

There are two main architectures to choose from in OFET fabrication:
the top contact and the bottom contact configurations. The physical difference
between the two is the order of fabrication steps. That is, the source/drain
contacts are either deposited before or after the semiconductor layer is
deposited to create a bottom contact or top contact device, respectively. One

can also build the entire transistor on top of the semiconductor layer (the so-
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C.G. FENG (2012) CHAPTER 2: LITERATURE REVIEW

called top gate architectures), in which the insulator and gate contact are
sequentially deposited on top of either of the two contact configurations. All
four of these OFET architectures are shown schematically in Fig. 2-1.

Top contact OFETs (Fig. 2-1a) generally exhibit the lowest contact
resistances. This is likely because of the increased metal-semiconductor
contact area in this configuration. A major contribution to contact resistance in
the top contact configuration is access resistance. Access resistance results
from the requirement that charge carriers injected from the source contact first
have to travel through several tens of nanometers of undoped semiconductor
before reaching the channel and then back up to the drain contact. However,
some researchers have proposed that access resistance is less than might be
expected for top contact OFETs because the contact metal penetrates the film
down to the accumulation layer (perhaps due to large peak-to-valley roughness
of the semiconductor film or the nature of the metal deposition process).*

With the bottom contact architecture, access resistance is not an issue
because the contacts are in the same plane as the OFET channel, however, it
usually suffers from greater contact resistance. It mainly ascribes to the fact
that film morphology in the vicinity of the contacts is often nonideal. A
number of researchers have demonstrated that the organic semiconductor grain
sizes are very small near the contacts, presumably due to heterogeneous
nucleation phenomena.’

For both top gate architectures, it should be noted that they face the
additional concerns of semiconductor top surface roughness (since this is
where the channel will form) and forming a stable interface between the

insulator and the top of the semiconductor film. And attentions shall be paid to
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the deposition of the top insulator that might damage the underlying
semiconductor film. However, a proper top insulator also can provide an
encapsulation effect against environmental exposure, subsequently, improving

the device stability.

2.3  WORKING PRINCIPLE OF OFETS

The voltage applied between the source and drain is referred to as the
source drain voltage, V4. For a given Vg, the amount of current that flows
through the semiconductor film from source to drain is a strong function of the
voltage, Vg, applied to the gate electrode. The semiconductor film and the gate
electrode are capacitively coupled such that application of a bias on the gate
induces charge in the semiconductor film. Much of this charge is mobile and
moves in response to the applied source drain voltage V4. Ideally, when no
gate voltage is applied, the conductance of the semiconductor film is extremely
low because there are no mobile charge carriers; i.e., the device is "off". When
the gate voltage is applied, mobile charges are induced, and the transistor is on.

The origin of the gate-induced charging (also known as the "field
effect") is clarified in the simplified electronic energy level diagrams shown in
Fig. 2-2. Fig. 2-2a shows the positions of the highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the
organic semiconductor relative to the Fermi levels of the source and drain
contacts. In this case, the gate bias is zero. If a small source-drain bias were
applied, there would be no conduction because there are no mobile charges in

the semiconductor.
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Figure 2-2. (a) ldealized energy level diagram of an organic TFT at
Vy; = 0 and Vg5 = 0. (b-e) demonstrate the principle of field effect transistor
operation for the case of electron accumulation (b) and transport (d) and hole

accumulation (c) and transport (e). Figure from [46]

Parts b and d of Fig. 2-2 show the situation when a positive gate
voltage is applied with V4g = 0 and V45 > 0, respectively. Application of a
positive gate voltage produces a large electric field at the organic/insulator
interface. This field causes the HOMO and LUMO levels in the semiconductor
to shift down (lower in energy) with respect to the Fermi levels of the metal
contacts, which remain fixed as their potentials are externally controlled. If the
gate field is large enough, the LUMO will become resonant with the Fermi
levels of the contacts, and electrons can then flow from the contacts into the
LUMO, Fig. 2-2b. Now there are mobile electrons at the semiconductor-
insulator interface, which upon application of a drain voltage, Fig. 2-2d, result

in electric current between the source and drain.

12| Page



C.G. FENG (2012) CHAPTER 2: LITERATURE REVIEW

This same reasoning applies with negative gate bias, Fig. 2-2c.e.
Negative gate bias causes the HOMO and LUMO levels to shift up such that
the HOMO becomes resonant with the contact Fermi levels and electrons spill
out of the semiconductor and into the contacts, leaving positively charged
holes. These holes are now the mobile charges that move in response to an
applied drain voltage, Fig. 2-2e. Note that in Fig. 2-2d,e the source electrode is
always the charge-injecting contact regardless of the sign of the gate voltage.

The above diagrams are a useful way to visualize the mechanism by
which conduction in OFETs is modulated by the gate electrode. Now we move
closer to see how the field-induced charge carriers are distributed along the
channel and flows from the source to the drain. When no source-drain bias is
applied, the charge carrier concentration in the transistor channel is uniform. A
linear gradient of charge density from the carrier injecting source to the
extracting drain forms when a small source-drain voltage is applied (Vg5 < Vg,
Fig. 2-3b). This is the linear regime, in which the current flowing through the
channel is directly proportional to V45. The potential V(x) within the channel
increases linearly from the source [x = 0,V(x) = 0] to V45 at the drain
electrode [x = L, V(x) = Vg].

When the source-drain voltage is further increased, a point Vgg = Vg —
Vi, 1s reached, at which the channel is "pinched off" (Fig. 2-3c). That means a
depletion region forms next to the drain because the difference between the
local potential V(x) and the gate voltage is now below the threshold voltage. A
space-charge-limited saturation current lggg,e can flow across this narrow
depletion zone as carriers are swept from the pinch-off point to the drain by the

comparatively high electric field in the depletion region. Further increasing the
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source-drain voltage will not substantially increase the current but leads to an
expansion of the depletion region and thus a slight shortening of the channel.
Since the potential at the pinch-off point remains V; — Vi, and thus the
potential drop between that point and the source electrode stays approximately

the same, the current saturates at a level Ig g5 (Fig. 2-3d).
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Figure 2-3. Schematic structure of a field-effect transistor and applied
voltages: L = channel length; W = channel width; V45 = drain voltage; V; =
gate voltage; Vi, = threshold voltage; 1;; = drain current. (b-d) lllustrations
of operating regimes of field-effect transistors: (a) linear regime; (b) start of
saturation regime at pinch-off; (c) saturation regime and corresponding
current- voltage characteristics.

Note that transistors with short channel lengths require thin gate

4748 in order to ensure that the field

dielectrics, typically L > 10dgielectric
created by the gate voltage determines the charge distribution within the

channel (gradual channel approximation) and is not dominated by the lateral

field due to the source-drain voltage. Otherwise, a space-charge limited bulk
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current will prevent saturation and the gate voltage will not determine the "on"

or "off" state of the transistor.*”>*

24  MODELING OF THE CHARACTERISTICS OF OFETS

The current-voltage characteristics in the different operating regimes of
field-effect transistors can be described analytically assuming the gradual
channel approximation. That is, the field perpendicular to the current flow
generated by the gate voltage is much larger than the electric field parallel to
the current flow created by the drain voltage. This is valid for long channel
transistors but starts to fail for very short channel lengths.

At a given gate potential higher than the threshold voltage Vy,, the
induced mobile charges Q per unit area at the source contact are related to Vg
via

Q = Ci(Vg — Vin) (2.1)
where C; is the capacitance per unit area of the gate dielectric. In eq 2.1 the
channel potential is assumed to be zero. However, the induced charge density
depends on the position along the channel (x), which is accounted for in the
following equation:

Q=0Ci(Vg = Vin —V(x)) (2.2)
Neglecting diffusion, the source-drain current (I45) induced by carriers is

las = WHQE, 2.3)

where | is the charge mobility, and E,, is the electric field at x. By substituting
av :
E, = o and eq 2.2 into eq 2.3, we find

LgsdX = WHC; (Vg — Vi, — V(x))dV (2.4)
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The gradual channel expression for the drain current can then be obtained by
integration of the current increment from x = 0 to L, that is from V(x) = 0 to
V45, assuming that the mobility is independent of the carrier density and hence

the gate voltage:

2
Vds

las = T HC; | (Vg = Ven) Vs — 222 (25)
In the linear regime with Vgg < Vg, this can be simplified to
las = 7 MinCi(Vg — Ven) Vas (2.6)
Two important technological parameters are the channel conductance g4 and

the trans-conductance g,,,, which are given by eq 2.7 and eq 2.8, respectively.

_ | 9las =W oc(v —
84 — |6Vds Vg=const L Uhncl(vg Vth) (2-7)
a1l w
8m = st = fulincivds (28)
gly s=const

The field effect mobility in the linear regime (L;,) can thus be extracted from
eq 2.8, this is, the gradient of I35 versus Vg at constant Vg (also applicable for
gate voltage dependent mobilities).

When Vyg = Vg — Vi, the channel is pinched off. The current cannot
increase substantially anymore and saturates (Iqssa¢). Thus, eq 2.5 is no longer
valid. Neglecting channel shortening due to the depletion region at the drain,

the saturation current can be obtained by substituting Vs with Vg — Vi, ,
yielding

las = 3 bsatCi(Vg — Vin)” (2.9)
In the saturation regime, the square root of the saturation current is directly

proportional to the gate voltage. This equation assumes that the mobility is gate
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voltage independent. If this is not the case, a gate voltage dependent saturation

mobility (Us,¢) can be extracted using

g = 7 HsacCi(Vg — Vin) (2.10)

Fig. 2-4c shows a transfer curve in the saturation regime. Here the
square root of the drain current should be linearly dependent on the gate
voltage, and its gradient is proportional to the mobility according to eq 2.9.

Extrapolating the linear fit to zero yields the threshold voltage Vy,.

K1)

) Linear Regime Saturation Regime

v
—
o

)

saturation

Drain Current (A)
Drain Current'”

<

log (Drain Current (A))
Q

Drain Current (A)
log (Drain Current (A))

Subthreshojd

r's

Source-Drain Voltage (V) Gate Voltage (V) Gate Voltage (V)

Figure 2-4. Representative current-voltage characteristics of an n-
channel organic field-effect transistor: (a) output characteristics indicating the
linear and saturation regimes; (b) transfer characteristics in the linear regime
(Vas K V), indicating the onset voltage (V) when the drain current increases

abruptly; (c) transfer characteristics in the saturation regime (Vs > Vg — Vip),
indicating the threshold voltage V., where the linear fit to the square root of

the drain current intersects with the x-axis. Figure from [55]

Threshold voltages can originate from several effects and depend
strongly on the semiconductor and dielectric used. Built-in dipoles, impurities,
interface states, and, in particular, charge traps contribute to the threshold
voltage.”® Note that, independent of the cause of Vy,, it can be reduced by
increasing the gate capacitance and thus inducing more charges at lower
applied voltages. The threshold voltage is not necessarily constant for a given
device. When organic transistors are operated for an extended time, Vi, tends
to increase. This bias stress behavior has a significant effect on the
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applicability of organic transistors in circuits and is presently under intense
investigation.””®* A shift of the threshold voltage on the time scale of current-
voltage measurements causes current hysteresis (usually the forward scan
shows higher currents than the reverse scan). Large, stable threshold shifts, e.g.,
induced by polarization of a ferroelectric gate dielectric, can be used in organic

: 63,64
memory devices.”™

2.5  ORGANIC SEMICONDUCTORS

The study of organic thin-film field-effect transistors has expanded
from its original objectives in developing organic semiconductors. Common
organic semiconductors are relatively wide band gap semiconductors with band
gaps in the range of 2 — 3 eV. Methods for controlled doping of these materials
are not well established, as compared to that of silicon technology, mainly
because doping often requires the mixing of a redox active small molecular
dopant into the organic semiconductor host, which can be mobile under applied
electrical fields during device operation.®”®” Therefore, in most applications,
organic semiconductors are not intentionally doped and are used in their as-
synthesized form. State-of-the-art methods for the synthesis and purification of
polymer semiconductors are capable of controlling the concentration of

6869 For small molecules,

impurities left over from the synthesis to ppm levels.
high chemical purity can be achieved using techniques such as vacuum
sublimation.” Therefore, for many materials, even unintentional extrinsic

doping levels are low enough to consider these materials as intrinsic

semiconductors.
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When incorporating these intrinsic organic semiconductors into field-
effect transistor configurations to evaluate their charge transport characteristics
in combination with a particular gate dielectric such as SiO,, most of FETs (e.g.
pentacene FETs) conduct holes and achieve their high conductivity "on" state
with negative gate voltage, whereas some FETs are n-channel devices (i.e. they
conduct electrons) and turn on with positive gate voltage. The diagrams in Fig.
2-2 might lead one to believe that any organic semiconductor can be made to
conduct holes or electrons, depending on the sign of the gate voltage. This is
not true; for many organic semiconductor-based FETs, only p-channel
operation seems possible due to the presence of charge traps and residual
dopants. For this reason, such materials have been called "p-type" organic
semiconductors. Over the last 10 years, many groups have aimed to realize n-
channel organic FETs, subsequently, to enable complementary circuit design
that utilize both negative and positive gate voltage to turn transistors on and off.
This usually involved the synthesis of special organic semiconductors with
high electron affinities, comprising specific electron withdrawing groups.

These were then called "n-type" organic semiconductors.

2.5.1 POPULAR P-TYPE SEMICONDUCTORS
Molecules involving n-conjugation have high HOMO levels and exhibit
electron-donating properties. Those molecules are good candidates for p-type
semiconductors, such as oligomers, pentacene, phthalocyanine, etc. Small
molecules such as pentacene possess the best electronic characteristics to date.
Pentacene consists of five aligned condensed benzene rings. It belongs

to the family of polyacenes, which were extensively studied as organic
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semiconductors during the 1960s and the 1970s. The highest field-effect

mobilities so far have been recorded for pentacene (0.3 — 0.7 cm?V~1s™1 on

Si0,/Si  substrates,” 1.5cm?V~'s™! on chemically modified SiO,/Si

1 72,73

substrates,”’ and > 3 cm?V~'s! on polymer gate dielectrics’>"’). However,
pentacene has disadvantages such as instability in air and low solubility in
solvents. Good solubility is crucial for device fabrication using solution
methods such as inkjet printing. To overcome those disadvantages, various
pentacene derivatives and analogues have been developed and the FETs based

on them have been fabricated.”* "
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Figure 2-5. Chemical structure of several widely used p-type small
molecules. In metal phthalocyanine (Pc), the central hydrogen atom (M = H>)
is changed to metal atom.

Tetracene, the next one being pentacene, also exhibits high hole FET
mobility (up to 0.1 cm?V~1s™1, and the maximum mobility achieved so far is
0.4 cm2V~1s71)"*! and reasonably high fluorescence quantum yield, which is
promising for nanoscale light source with the planar geometry.* Rubrene holds

the distinction of being the organic semiconductor with the highest carrier

mobility, which reaches 40 cm?V~2s~* for holes.*’ This value was measured
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in OFETs prepared by peeling a thin layer of single-crystalline rubrene and
transferring to a Si/SiO; substrate.

Phthalocyanines (Pcs) were probably the first reported organic
semiconductors,” and the ones that have been studied the most. They are
thermally stable up to 400 °C, and easy to evaporate under vacuum. The field
effect was reported in a Pc as early as 1970* and OFETs were made in 1988.%
Their field-effect mobility ranges between 0.0001 and 0.01 cm?V 151 8688
Although Pcs have been reported to behave as both n- and p-type
semiconductors, Pc-based OFETs are all p-type. The leading problem with Pcs

remains their extreme sensitivity to oxygen.

Sexithiophene (6T)

CeHyz
BVYA @
RO W Jaas” R s 7o
Oligothiophenes Poly(3-hexylthiophene)

Figure 2-6. Chemical structure of typical thiophene and its derivatives.
In oligothiophene, R = H (unsubstituted) and R = C,Hz,.; (alkyl end-
substituted).

The use of polythiophene as a semiconductor in FET device dated back
to 1986,*" and followed by the demonstration a 6T-based (Fig. 2-6) OFET in
1989.** This was also the first report of an OFET made with polymeric and
small conjugated molecules. Thiophene can be considered to be the building
block of choice that has proven itself to be most successful in generating good

packing and FET performance. The most prominent example is regioregular

poly(3-hexylthiophene) (P3HT). When solution deposited, either by drop-

21| Page



C.G. FENG (2012) CHAPTER 2: LITERATURE REVIEW

casting or spin-coating, a polycrystalline layer is generated, with the best hole
mobility being around p = 0.1 cm2V~1s~1.* To date, P3HT is still the state
of the art semiconducting polymer for prospective commercialization of

OFETs owing to its good solubility and high performance.
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Figure 2-7. Evolution of OFET hole mobility for the several common p-
type organic semiconductors. The various p-type materials are grouped
together into families of similar molecules taking into account only the core
part of each molecule. For reference, a representative range of electron
mobilities for a-Si:H TFT is shown. The hole mobility in a-Si:H TFT is much
lower than the electron mobility.SC = ‘single crystal’.

As shown in Fig. 2-7, the used organic semiconductors seem to have
reached "maturity" as far as their performance is concerned. Their individual
performance versus time curves are about to saturate (re: when a new, higher
value is not reported in the years following the last entry for a material, it
means that there was no improvement in mobility during those years), however,
what one still can do is to improve their device environmental and operational
stability by engineering the semiconductor-dielectric interface and/or device

encapsulation etc, for the practical applications, as their performance is now

comparable to that of amorphous silicon TFTs.

22| Page



C.G. FENG (2012) CHAPTER 2: LITERATURE REVIEW

2.5.2 POPULAR N-TYPE SEMICONDUCTORS

Compared to p-type organic semiconductors, n-type semiconductors are
not fully developed, and their FET performance has lagged behind that of p-
channel OFETs. The majority of work in this area has been to design
molecules with increased electron affinity through substitution with
electronegative elements (e.g. —F, —CN, —-NO, efc) to allow efficient electron
injection into the LUMO by high work function stable metals (e.g. Al and Au
etc) and to increase hydrophobicity, which can decrease the environmental
sensitivity of these materials by repelling moisture.**”' Over the last two
decades, great progress has been achieved with n-type OTFTs. Mobilities
ranging from 0.001 to 1.0 cm?V~'s~! and current on/off ratio > 10> have
been achieved and in some cases air stable devices have been realized, a list of

which is given in Fig. 2-8 and Table 2-1.
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Figure 2-8. Chemical structures of representative n-channel organic
semiconductors with known FET characteristics.
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Table 2-1. Field-effect mobility (cm?V~1s™1) of n-type semiconductors.

Year Material Teep 1 Iow/lose  Substrate Ref.
[°C] (Structure, SD contacts)
1995  Cq RT 0.08 10°  SiOy/Si(BC, Cr/Au) [92]
03 22 TDAE/SiO,/Si (BC, Cr/Au)
1996 NTCDA 55 0.003 10°  SiO,/Si(BC, Au) [93]
1998  F,,CuPc 125 0.03 10  SiO./Si (BC, Au) [94]
2000 NTCDI-C8F 70 0.1 10°  SiO,/Si (BC, Au) [95]
DHEF-6T 80 0.02 10°  HMDS/SiO,/Si (TC, Au) [96]
2002 PTCDI-C8 50 0.6 10°  SiO,/Si(BC, Au) [97]
2003 Cq 130 056 10°  Si0,/Si(BC, Ti/Au) [98]
BBL® NA 0.1 10°  HMDS SiO»/Si (BC, Ti/W/Au)  [99]
2004 PTCDI-C8 75 1.7 107 PS/SiO,/Si(TC, Ag) [100]
PDI-FCN, NA 064 10°  HMDS/ SiO./Si(TC, Au) [101]
DFH-4T 100 022 10°  HMDS/ SiO,/Si (TC, Au) [102]
2005 DFHCO-4T 70 0.6 10"  HMDS/ SiO,/Si (TC, Au) [103]
Bithiazole RT 183 10*  OTS/SiO,/Si (TC, Au) [104]
2006 FTTTTF 60 05 105 HMDS/ SiO,/Si (TC, Au) [105]
Perfluoropentacene 50 022 10° OTS/Si0,/Si (TC, Au) [106]
Ceo 50 2-49 10° Pentacene/Al,0;3/Al (TC, Mg) [107]
250 6 NA  BCB/TO (TC, LiF/Ai) [108]
2007 Thiazolothiazole = RT 12 10"  TDTS/SiO,/Si (TC, Au) [109]
TC-PTCDI 125 018 10°  OTS/SiO,/Si (TC) [30]
F1sCuPc 180 0.11 NA  p-6P/SiO,/Si (TC, Au) [110]
NDI-8CN, 110 0.15 10°  SiOy/Si(TC, Au) [29]
PBI-F2 125 035 107  OTS/SiO,/Si (TC, Au) [111]
2008 Functional acenes 60 037 10° OTS/Si0,/Si (TC, Au) [112]
C60PC12F25" NA 025 10°  HMDS/SiO,/Si (TC, Au) [113]
NTCDIs 140 057 10"  OTS/SiO,/Si (TC, Au) [114]
2009 DFHCO-4T 70 46 NA  PaMS/SiO,/Si (TC, Au) [115]
P(NDI2OD-T2)® NA 085 10°  Glassor PET (BCTG, Au) [116]
PBI derivatives 125 142 10°  OTS/SiO,/Si (TC, Au) [117]
2010 Clg-PTCDI 125 091 10"  OTS/SiOy/Si (TC, Au) [118]
NDIs® RT 051 10°  OTS/SiO,/Si (TC, Ag) [119]
PNDTBT-16"% RT 054 100  HMDS/Si0,/Si (TC, Au) [120]

®Thin films were fabricated by spin-coating and/or printing.

2.6 CHARGE TRANSPORT MECHANISM IN OSCs

The high mobility found in conventional inorganic semiconductors
rests on the fact that charges in crystalline materials move freely in delocalized
bands. These bands result from the coalescing of discrete levels; when a large
number of individual atoms are gathered together in a three dimensional lattice,
the discrete atomic levels widen into bands. By contrast, the lower mobility
found in organic semiconductors is because the molecular levels, which

become the building blocks for the solid, do not interact with each other so
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easily. Localization of the states in organic semiconductors may have various

origins.

In molecular crystals, the cohesion between individual units is ensured
by weak van der Waals forces rather than strong covalent bonding. This
leads to narrow bands, which in turn reduces the delocalization of the
energy levels.

Conjugated molecules tend to change their geometry upon charging,
showing a strong electron—phonon coupling. The association of the
charge with the geometrical deformation is termed polaron. When the
charge moves in the solid, the associated deformation follows it like its
shadow. In other words, a polaron is a self-localized charge.

A last source of charge localization, which mainly occurs in polymer, is
disorder.

The main consequence of localization is the reduction of charge

mobility. It also has a decisive effect on the temperature dependence of the

mobility. When charges move in delocalized levels, their mean free path is

much larger than the de Broglie’s wavelength, so transport is only limited by

scattering by phonons. In this case, the mobility increases when temperature

decreases; however, in materials with localized levels, charge transport is

thermally activated, so the mobility decreases as the temperature is lowered.

2.6.1

SMALL POLARON MODELS

A polaron results from the coupling of a charge with the deformation of

the lattice associated with this charge. When the deformation compares with

the distance between lattice elements (which is the case in molecular solids,
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where the deformation is localized on the individual molecules), the polaron is
termed small. [sometimes referred to as radical cations (or radical anions)].
Fig. 2-9 described the mechanism of self-trapping through the creation of

localized states in the gap between the valence and the conduction bands.'*!

Figure 2-9. A polaron in polythiophene. Top: Change in the chemical
structure. Bottom: Corresponding energy diagram. Figure from [122]

A useful model to describe the charge transport in organic materials is
that of the small polaron, developed by Holstein.'” It is a one dimensional,
one-electron model (that is, the electron-electron interactions are neglected).
The total energy of the system is the sum of three terms. The lattice energy E;,
(eq 2.11) is given by a sum of N harmonic oscillators that vibrate at a unique
frequency wy.

—yN_ LRI
B = Xn=15 G dup

)2 + - Mwu? 2.11)

Here, u,, is the displacement of the nth molecule from its equilibrium
position, and M the reduced mass of each molecular site. The electrons are
described within the frame of the tight-binding approximation, where it is
assumed that the effect of the potential at a given site of the one-dimensional

chain is limited to its nearest neighbors. In that case, the energy dispersion of

the electron is given by eq 2.12, where ] is the electron transfer energy and a is
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the lattice constant. Finally, the electron-lattice coupling is accounted for by a
term of the form given in eq 2.13, where A is a constant.
Ex = E; — 2jcos(ka) (2.12)
n = —Au, (2.13)
An important parameter is the polaron binding energy E;, which is
defined as the energy gain of an infinitely slow carrier due to the polarization
and deformation of the lattice. In Holstein's model, E, = A?/(2Mw3). The
limit of the small polaron turns up when the electronic bandwidth, 2], is small
compared to the polaron binding energy. In that case, the electronic term of the
total Hamiltonian can be treated as a perturbation. The mobility of the small
polaron is calculated by solving the time-dependent Schrodinger equation. Its
high-temperature limit (T > ®, where the Debye temperature ® is defined by
k® = hw,) is given by eq 2-14. It is worth pointing out that the term ea?/h

1

has the dimension of a mobility, and is close to 1cm?V~1s™! in most

molecular crystals.

n= (B (e (- 22 .14

2.6.2 DISORDER MODELS

So far, the situation where chemical and physical defects are absent has
been considered and charge transport is limited by the dynamic disorder arising
from electron-phonon coupling. A description of charge transport in the
presence of static disorder will be provided; this transport mechanism is
expected to be operative in many organic materials since they usually present a
highly amorphous character. In 3D materials, when disorder is weak, only the

states at the band edge are truly localized. Increasing the amount of disorder
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localizes more and more of the states in the band, until all states become
localized in the case of strong disorder. Transport then operates in the hopping
regime with charges jumping between interacting molecules. In the case of
amorphous conjugated polymer films, diagonal disorder is induced both by
electrostatic effects and a distribution in effective conjugation lengths while
off-diagonal disorder comes from a distribution in the relative positions
/separations between adjacent units.

Field Dependence. The impact of an external electric field is to lower
the barrier for upward energy hops; this allows the charges to leave the states
in the tail of the density of (localized) states (DOS), which would otherwise act
as traps.

A general feature of charge transport in organic materials is that the
mobility becomes field dependent at high electric field (namely, at fields in
excess of ~10° V em™1). '** This phenomenon occurs through a Poole—Frenkel
mechanism,'* in which the coulombic potential near the localized levels is
modified by the applied field in such a way as to increase the tunnel transfer
rate between sites. The general dependence of the mobility is given by eq 2.15.
Here, u(0) is the mobility at zero field, p = (e/megy)?/? the Poole—Frenkel

factor, and F the magnitude of the electric field.

W(F) = n(0)exp (i BVF) (2.15)
Temperature Dependence. When the mobility is extrapolated at the
zero-field limit, the fit of the Monte Carlo results leads to the following

expression:

a0 = o exp |- (52%2) | = woexn |- (%) ] (.16)
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with o representing the width of the diagonal disorder, which reflects the
fluctuations in site energies (i.e., the energies of the HOMO or LUMO levels
of individual molecules or chain segments) within the material.'*® The
temperature helps in overcoming the barriers introduced by the energetic
disorder in the system and the temperature evolution here only depends on the

amplitude of o.

2.7 CHAPTER SUMMARY

This chapter introduces the fundamentals of organic field-effect
transistors and the recent state development for organic semiconductors. There
are now a large number of vacuum-sublimed as well as solution-processed
organic semiconductor materials that have been demonstrated to exhibit field-
effect mobilities on the order of 0.1 — 1 cm?V~1s™1, and it is clear that OFETs
are able to match, and in some cases even exceed that of a-Si TFTs, indicating
that OFETs are moving closer to applications. Therefore, the reliability of
OFET devices becomes critical for stepping into this area. While exploring
materials that combine high field-effect mobility with good environmental
stability and state-of-art encapsulation techniques, these comparably less stable
molecules (e.g. pentacene) can also be utilized to fabricate OFET devices with
reasonable reliability through engineering the semiconductor-dielectric
interface that comprises the main research work found in the subsequent

chapters of this thesis.
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CHAPTER 3:
SETUP OF PHYSICAL VAPOR
DEPOSITION SYSTEM

3.1 CHAPTER INTRODUCTION

Physical vapor deposition (PVD) is a variety of vacuum deposition and
is a general term used to describe any of a variety of methods to deposit thin
films by the condensation of a vaporized form of the material onto various
surfaces (e.g., silicon substrate with thermally grown SiO;). The material to be
deposited is placed in an energetic, entropic environment, so that particles of
material escape its surface. Facing this source is a cooler surface which draws
energy from these particles as they arrive, allowing them to form a solid layer.
The whole system is kept in a vacuum deposition chamber, to allow the
particles to travel as freely as possible.

Usually, vacuum based thin film deposition methods for OFET
fabrication include: vacuum thermal evaporation, organic vapor phase
deposition (OVPD),**® organic molecular beam deposition (OMBD) and laser
evaporation. Among them, vacuum thermal evaporation is used in our PVD

system, which will be discussed in detail as follows.

3.2 SETUP OF PVD SYSTEM
Vacuum thermal evaporation involves heating OSCs using a resistive
heating source under a vacuum environment with a pressure in the range of

1078 to 107® Torr. For organic small molecules and oligomers that are
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solution insoluble, vacuum thermal evaporation is an ideal deposition method.

A number of organic semiconductors have been deposited using this method.

127,128

Examples are oligothiophene and oligofluorene derivatives, metallo-

88,129

phthalocyanines, and acenes (pentacene and tetracene).””’"” Currently,

the best mobility for organic semiconductors has been reported for vacuum-

43,71-73,130 .
T30 yacuum thermal evaporation has the

deposited pentacene films.
advantages of forming films with high film uniformity and good "run-to-run"
reproducibility. However, this method has a relatively high material
consumption and also a high initial cost for equipment setup. Nevertheless, this

method has already been used for the manufacturing of organic small molecule

based light emitting displays by several companies.

I I o

1390

1301
1301

IH I= =l
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Figure 3-1. Schematic diagram of our PVD system.

Our multi-purpose system for research and development application is
used for depositing metal, dielectric and organic films. From the left to the
right hand side, this system (Fig. 3-1) consists of 3 chambers: (i) Chamber I
(Pretreatment Chamber) with gloves for transferring substrates and O,/H;

plasma treatment, (ii) Chamber II (Metal Chamber) for metal and dielectric
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deposition, (iii) Chamber III (Organic Chamber) for the deposition of organic

semiconductors.

3.2.1 PRETREATMENT CHAMBER

Pretreatment chamber (©200 X 300 mm, Fig. 3-2) can be pumped to
vacuum and filled with N,. A mechanical pump is connected, the limit pressure
better than 8 X 1073 Pa can be achieved. One plasma treatment apparatus
generating O,/H; plasma is installed inside, which is used to clean the sample
substrate and/or modify its surface, by controlling the input amount of O,/H;
and current, various energies and densities of ionized gas can be obtained for
different purposes. Maximum 4 substrates (20 X 20 mm?) can be loaded in
one time and transported among three chambers by a mechanical hand without
breaking the vacuum chamber. When the chamber is filled with N», it functions
like a simple glove box, where the shadow masks can be changed by a pair of

gloves fixed inside the chamber through glass view windows.

Figure 3-2.(a) Front, (b) Inside and (c) Back view of pretreatment chamber.

3.2.2 METAL CHAMBER
Metal Chamber (450 X 450 X 500 mm, Fig. 3-3) is one of two main

chambers for thin film deposition, which is double layered with cooling water.
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This chamber is connected with a mechanical pump and a molecular pump,
where the limit pressure better than 8 X 107> Pa can easily be achieved. There
are three types of evaporators installed for various metal depositions: (i) High
temperature Boron Nitride (BN) crucible-based thermal evaporator, (i1) High
temperature Ta/Mo boat-based thermal evaporator, (iii) E-beam evaporator. All
these evaporators have each substrate shutter to control the arrival of
evaporating vapor at the substrates. The average distance between the

evaporator and the sample substrate is more than 300 mm and the sample can

rotate automatically 5- 30 rpm, which would make the resulting thin film
more uniform. Under high vacuum condition, the evaporating rate and relative
thickness of thin film can be accurately monitored by a water-cooling detector
and a frequency counter, therefore, high quality of metal thin films can be

fabricated.

Figure 3-3. (a) Front and (b) Inside view of metal chamber.

Another advantage of metal chamber is that it can be open when the
molecular pump is working, which greatly attributes to the side-pumping pipe
from the mechanical pump. For example, one might want to add new material
during the process. Without this side pumping function, much time (nearly
20 min each time) has to be wasted for switching on/off the molecular pump.

33| Page



C.G. FENG (2012) CHAPTER 3: SETUP OF PHYSICAL VAPOR DEPOSITION SYSTEM

Obviously, this side-pumping function makes the work more efficiently.

3.2.3 ORGANIC CHAMBER

Organic chamber (®350 X 500 mm) is equipped with an ion pump,
whose limit pressure better than 8 X 1076 Pa can be achieved. 6 slightly tilted
sets of organic thermal evaporator (operating below 600 °C) are installed,
converging properly at the center of sample holder (can rotate automatically
5 — 30 rpm). 2 sets of power supply of controlling temperature to control the
6 sets organic thermal evaporators with a control accuracy of 3%o. 3 sets of
water-cooling film detectors and 3 sets of frequency counters are employed to
monitor evaporating rates. The temperature of thermal evaporators is governed
by computer-assistant PID controller, which can control the crucible
temperature more accurately and efficiently. The schematic diagram of its

work principle is shown in Fig. 3-4.

Computer

-
COMR Beam Electromagnetic
Souree 1 mask |
20V ND6520 T signal \. 098
0-36mA I 220V
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Temp /;nntrollahle \
Controller 1 Power Relayl | |
Supply 1 1
~ 220V
|
,_;Lﬁ e Controllable e
Temp Power Relay2
Controller 2 Supply 2 ’
) \ s
0-36mA ~ 220V
T signal a ;
Beam Electromagnetic
Souree 2 mask 2
-

Figure 3-4. Flow chart of computer-assistant PID controller.
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3.3 EFFECT OF DEPOSITION CONDITIONS
Device performance is greatly influenced by various deposition
conditions due to the different resulting molecular structure and thin film
morphology. Organic materials tend to pack into either a herringbone or a n-nt
stacking structure, governed by intermolecular interactions. Better overlap
between the m molecular orbitals generally results in a higher mobility. To
achieve high field effect mobility, several factors should be considered when
selecting vacuum deposition, including
1. Base pressure
It should be noted that, in any vacuum deposition chamber, zero
pressure is never achieved. This fact has significant implications
because, at any pressure, there exists a mixture of residue molecules
such as Ny, O,, H,O, and CO, that impinges on the substrate and
possibly interacts with the growing film. The mean free path or average
distance between collisions for gas molecules is influenced by vacuum
pressure. In order to fabricate best quality films (e.g. large grain size
and small number of charge traps), high vacuum is needed to minimize
the collisions among gas molecules.'*'
2. Deposition rate” 71132134
It affects the nucleation density of a given organic semiconductor on a
given substrate surface. In general, a faster deposition rate leads to
higher nucleation density and smaller average grain sizes. An additional
energy is required for charge carriers to hop from one grain to

135

another. > In addition, impurities and trapping molecules absorbed

from the ambient environment tend to accumulate at grain boundaries
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and further increase the energy barrier for hopping. Therefore, high
mobility is generally obtained for films with large and interconnected
grains.

3. Substrate temperature” 13
It affects the diffusion length of the molecules on the substrate, which
normally increase with the increase of temperature, and also affects the
packing of the molecules [e.g. large n-conjugation length along the long
axis of the molecule and close molecular packing of the molecules
along at least one of the short molecular axes (n-stacking)], therefore,
the mobility of resulting film.

4. The purity of organic source materials
Purity of the organic source material is also important and together with
substrate cleanliness they can determine in large part the quality of an
OFET. Impurities can affect the mobility, the on/off ratio and in some
cases even the polarity of the OFET."*%"

5. Substrate surface
Substrate surface properties have significant impact on the molecular
orientation and thin film morphology of the semiconductor being
deposited upon. In most cases, this substrate surface is also the
dielectric surface (sometimes patterned metal contacts & dielectric
surface). It is known that the current flow in an OFET is mainly
confined within the first 5nm of semiconductor away from the

. . . . 138-141
dielectric/semiconductor interface.

Therefore, the morphology and
molecular orientation of this first 5 nm film is most critical to the

performance of OFETs. The properties of such surface also can be
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tuned by surface modification: (i) wet method, e.g. self-assembly

monolayers (SAMs) and/or an spin-on polymer;®'*7!#%-130-141:146 (33y qpy

processing, e.g. ion beam, UV ozone and plasma treatment.''>!46-152

34  CHAPTER SUMMARY

This chapter introduces the setup of our custom-made PVD system and
its relative functions. With this system, we are able to (i) optimize the
fabrication process of OFETs by considering deposition conditions and surface
treatment; (ii) study the basic charge transport mechanism and band alignment
for various organic material and/or organic-metal interface; (iii) explore
designs and device structures alternative to the existing metal oxide field-effect

transistor design.
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CHAPTER 4:
THE EFFECT OF BURIED TRAPS
ON THE DEVICE STABILITY

4.1 CHAPTER INTRODUCTION

The interfacial interactions of organic semiconductor layer with gate
dielectric are often very specific and play a decisive role in the functioning of
OFET devices. Optimum device performance, e.g. high mobility, generally
requires synergistic interactions at the semiconductor-dielectric interface. For
example, while the silane coupling agents, e.g. OTS,*’" on the thermal SiO,
surface enhances the packing order of pentacene molecules, utilization of an
untreated native SiO; has led to the reductions in mobility and on/off ratio and
the increment in subthreshold slope. A great variety of other alkyl silylating
agents have also been explored with the objective of optimizing the dielectric-
semiconductor interactions, often with satisfactory performance results.*~%
Specifically, HMDS surface treatment has been employed to promote
segregation of regioregular polythiophenes for improved mobility,” while
perfluorosilane modification has been used for manipulating threshold voltages
of OFETs."*"'**!1%* More recently, alkylphosphonic acid SAM on alumina has
been demonstrated to be effective in achieving one of the best FET
performances of evaporated pentacene semiconductor."*’ However, all of these
modifications have two limiting characteristics. Firstly, the creation of a

synergistic dielectric surface requires appropriate chemical reactions between

the modification agent and the dielectric surface. Secondly, if SAMs are
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utilized, their qualities, which depend critically on the dielectric surface
chemistry and the methods through which they are formed, would greatly
affect the final FET performance. These modification approaches may thus be
difficult to implement reproducibly in high-throughput manufacturing
processes, particularly on such chemically inert surfaces as those of common
plastic substrates for electronic design.

An attractive alternative approach is to insert an additional layer
between the gate insulator and the active layer, for instance, a spin-on polymer.
The chemical properties of the gate dielectric, e.g. roughness and surface
energy etc, can then be effectively tuned via the choice of the buffer dielectric,
1314 144-146155157 which would strongly influence the semiconductor film
microstructure and subsequently the charge transport along the channel. A
proper buffer dielectric is able to passivate the trapping states (e.g. hydroxyl
groups), giving rise to a clear n-type field-effect behavior in OSCs, and reduce
energy disorder and carrier localization at the interface between the active layer
and the gate dielectric which is caused by the local polarization effects of high-
k gate dielectric."*>""'*® Given its many advantages, this approach is widely
used to fabricate low voltage, high performance organic FETs.'>!*

To make useful devices, the electrical stability/reliability of organic
FETs is another important parameter, which has not yet reached the stage of
the practical use. After a much dedicated research, it has been found that
employing a FET structure with dual dielectric is also an efficient way to
enhance the device stability, where they would compensate both dielectrics’

drawbacks, for example, the buffer dielectric forms few defects at the interface

but has a low electrical strength/dielectric constant, while high-k gate insulator
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uses low voltage but has poor interface.'* A proper buffer dielectric also can
depress the absorption of moisture at the dielectric interface and the penetration
of oxygen into OSCs, thus further retarding device characteristics decay
throughout its shelf-life and operating life. In order to characterize its
significance, application of a gate bias is normally utilized. Zhang et al.'”
showed that FET devices of polycrystalline pentacene with polystyrene (PS)
buffer dielectric and Al,O; gate insulator exhibited an almost steady current

output (Iq5(t)/Igso > 95%) and little threshold voltage shift (AVy, < 0.1V)

upon gate-bias stress at Vo = Vgg = —10V for 1 h in a N-filled glove box

(0,,H,0 < 1 ppm). It is comparable to or even better than that of a-Si TFTs,
ascribing to the excellent interface of PS and its lack of dipole moments. Good
device stability now can be achieved, but not to the point of having no
degradation for a more prolonged period of time, e.g. more than a year. Usually,
the shift of the threshold voltage is one of manifestations of device degradation,
which was proposed to arise from the following factors: (i) charging/
polarization of gate dielectric and changes in dielectric constant over time; (i)
the presence of oxygen, moisture, chemical impurities and light irradiation etc;
and (ii1) intrinsic structural and energetic disorder of OSCs and/or specific
structural defects.®>'®1® Despite the wide range of possible dielectric-
dielectric combinations, it should be pointed out that trapping states at the
surface of gate insulator actually still exist but are simply shielded from
carriers’ access, when a polymeric buffer dielectric is used for surface
passivation. Previously, Ng et al.'® investigated the influence of different gate
insulators by the charge injection from the gate electrode, and water ion

movement on the stability of PQT-based FETs with pMSSQ buffer dielectric.
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However, the effect of buried trapping states on the device stability, especially
under applied extrinsic stimulus, is still lack of in-depth study.

In this chapter, we studied the electrical stability of both p- and n-
channel FET devices, in which the gate insulator SiO, is modified by Poly(4-
vinylphenol-co-methyl methacrylate) (PVP-co-PMMA) or poly(methyl
methacrylate) (PMMA). The bottom layer of the bilayer dielectrics
investigated in this study is thermally oxidized SiO, grown on n""-Si due to the
material’s high chemical stability and excellent insulating properties with
extremely low current leakage, which would minimize the effect of charge
injection from the gate electrode. More importantly, a large amount of Si—-OH
silanol groups tend to be present on the SiO, surface, leading to
electrochemical trapping of electrons, when thermal SiO; is grown at 800 —
1000 °C."** On the other hand, the selection of the two polymeric buffer
dielectrics is because of the demonstration of hysteresis-free FET devices.'®'"
PVP-co-PMMA can also be cross-linked via exposure to UV light, without any
other agents that can minimize the unintentional residuals, and thus becomes
robust and very resistant to common organic solvents (e.g. alcohol, toluene,
chloroform and chlorobenzene etc), which would be of great use for the
fabrication of all solution-processed OFET circuits on flexible substrates.'”!
The use of trap-free PMMA is motivated by its hydrophobic methyl radical
groups that can serve as moisture inhibitors and the absence of hydroxyl
groups, providing a defect-free high-quality interface."”'*'® In the present
study, both electrical and optical signals are utilized to trigger the response of
these buried trapping states in ambient condition, which can be manifested by

the shift of threshold voltage. It was reported that although moisture causes
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charge trapping, trap formation was only observed after negative bias stress in

1% and thus would have little impact on studying

pentacene flip-crystal FETs
how these buried traps were approached by minority carriers in our devices

shown below.

4.2 EXPERIMENTAL DETAILS

Organic FET devices were fabricated with a top-contact configuration
(Fig. 4-1c). A heavily doped n-type silicon wafer (< 0.01 Q-cm) and 500 nm
(or 200 nm) thermally oxidized SiO, were used as a gate electrode and gate
dielectric layer, respectively. Before being processed, the substrates were
cleaned by acetone and IPA in an ultrasonic bath and rinsed in deionized-water.
The substrates were then dried using a nitrogen gun. The PVP-co-PMMA and
PMMA buffer dielectric were spin-coated from the solution in propylene
glycol monomethyl ether acetate (PGMEA) and anisole, and annealed on a hot
plate to remove the residual solvents at 150 °C and 120 °C for 1 h, respectively.
Their thicknesses were evaluated by a Dektak surface profilometer. 50 —
60 nm thick Pentacene and/or Cgy were deposited in a vacuum system by
thermal evaporation at a background pressure of 10~° Pa. The deposition rate
was controlled at 0.5 A s~ for pentacene and 1 A s~ for Cy, respectively, and
the substrates were maintained at room temperature. Finally, 30 nm gold (Au)
and aluminium (Al) used as the source-drain contacts for pentacene and Cg
FETs, respectively, were thermally evaporated through a shadow mask. For a
typical FET device reported here, the channel length (L) and width (W) were

0.1 and 2 mm, respectively.
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In the bilayer insulators, the buffer dielectric acts as part of the
dielectric layer during the device operation. The capacitance (C;) of the devices

can be calculated using the following equation:

lzl_*_i:t_s_*_t_p (4_1)

Ci GCs Cp & £ogp
where tg and t,, are the thickness of SiO, dielectric layer and polymeric buffer
dielectric, respectively; €5 and €, are the dielectric constants of SiO, dielectric
layer and polymeric buffer dielectric, respectively.

The electrical characterization of the devices was measured using a
Keithley 4200 SCS semiconductor parameter analyzer under ambient
condition at room temperature on a standard probe station with or without light
illumination. The visible light illumination was used for the study of photo-
induced charge transfer, shining at the top surface of the device from a halogen
lamp and focused to a spot size approximately equal to the area of the device to
cover the entire channel with an estimated light intensity of 1 mW cm™2. AFM
images were obtained using a Nanoscope Illa AFM (digital instrument) in

tapping mode.

43  RESULTS AND DISCUSSION
4.3.1 PVP-co-PMMA BUFFER DIELECTRIC

The pentacene FET with PVP-co-PMMA gate insulator and buffer
dielectric (see Fig. 4-1b,c) exhibits unipolar p-channel field-effect behavior, i.e.
hole accumulation in the channel, as seen from the output characteristics in Fig.
4-2a and Fig. 4-3a. The output characteristics show two distinct regions of
device operation: linear and saturation. In the linear region (also known as the
ohmic mode), the FETs operate like a resistor, controlled by the gate voltage
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related to both the source and drain voltage. At higher Vg, the accumulated
layer in the channel is pinched off, as indicated by the lack of channel region
near the drain, and the drain current is weakly dependent on drain voltage and

controlled primarily by V,. It agrees well with the model discussed in chapter 2.

(a) OH
O OCH;
mt CHy In
(b) [w\
Pentacene
PVP-co-PMMA

Highly doped n-type Si

© /@E&@\

PVP_co PMMA
Si0,

Highly doped n-type Si

Figure 4-1. (a) Chemical structure of Poly(4-vinylphenol-co-methyl
methacrylate) [PVP-co-PMMA], and PVP-co-PMMA used as gate insulator in
(b) and buffer dielectric in (c).

Fig. 4-2b shows I4s — V; curves of pentacene FETs with 340 nm PVP-
co-PMMA as gate insulator, where a little difference in I35 was observed upon
the sweep direction of Vg, normally said to show a "hysteresis". Obviously, the
back sweep current (BSC) was higher than the forward sweep current (FSC),
which might be caused by mobile ions in PVP-co-PMMA, or by its
polarization due to the exposure to air (e.g. moisture).'®'*1%¢1¢7 Thig higher

BSC hysteresis is a bistability in the operational transistor current, resulting in

two different threshold voltage Vi;,. As such, it is not an unwanted feature per
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se—it could be useful in nonvolatile memory devices—but it must be avoided

in standard integrated circuits.
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Figure 4-2. (a) The output curves and (b) transfer characteristics of
pentacene FETs using 340 nm PVP-co-PMMA as gate insulator (red dot line:
the leakage current ly). The arrows indicate the sweep direction of V.

When the thinner PVP-co-PMMA was employed to modify the surface
of Si0,, the magnitude of hysteresis was reduced and exhibited a lower BSC
(Fig. 4-3b), as compared to that in Fig. 4-2b. Such lower BSC hysteresis was
attributed to the charge trapping close to the channel, primarily at the dielectric

surface (rather than the polarization effect),'®

and the suppressed gate leakage
current Ig(ca. 2 — 3 order lower) due to the excellent insulating property of

Si0,. Now we use this hysteresis-negligible pentacene FET to study the effect

of bias stress under illumination on its electrical performance.
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Figure 4-3. (a) The output and (b) transfer characteristics of pentacene
FETs using 500 nm SiO; as gate insulator modified by 20 nm PVP-co-PMMA
buffer dielectric (red dot line: the leakage current ly). The arrows indicate the

sweep direction of V.

By the application of a gate bias of 200 V for 20 s under illumination,
the entire transfer curve of pentacene FETs with 20 nm PVP-co-PMMA buffer
dielectric was greatly shifted to the positive side due to the tapping of a large
amount of photogenerated electrons, as shown in Fig. 4-4a, giving rise to a
total shift in threshold voltage (AVy,) of larger than 90 V. These electrons
might be trapped in the bulk of PVP-co-PMMA and at its interface due to the
hydroxyl groups, and in the grain boundaries and other structural defects. The
time evolution of I3 recorded at Vg = =50V & V; = 0 V was shown in Fig,
4-4b, indicating that the trapped electrons can survive for a long time. It
suggested that the negligible hysteresis might originate from: (i) the dynamic

balance of trapping/detrapping charge carriers and (ii) almost no charge
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trapping due to the unaccessible trapping states (e.g. deeply buried traps) or the
absence of trapping states. Therefore, it can be concluded that only the
demonstration of hysteresis-free FET devices is not nearly enough in our
devices and/or most other practical FET devices, one still needs trying to

reduce the possibility of charge trapping, or even eliminate it.
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Figure 4-4. (a) Transfer curves of pentacene FETs with 500 nm SiO;
and 20 nm PVP-co-PMMA buffer dielectric at Vi3 = =50V before and after
programing with a gate bias of 200V for 20 s at Vi = 0V under illumination.
(b) Time evolution of lys measured in the dark at Vgg = —-50V &V, =0V

after programing with a gate bias of 200V for 20 s under illumination (red
line) and then —200V for 5 s (black line) at Vi = 0V in the dark.

In order to study the effect of buried traps at dielectric-dielectric
interface, highly purified PMMA was used to substitute PVP-co-PMMA as

buffer dielectric to minimize the charge trapping at the interface between the
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semiconductor and the gate dielectric, because of the absence of hydroxyl

groups. The details of the experimental results are discussed as follows.

4.3.2 PMMA BUFFER DIELECTRIC

4.3.2a IN DARK CONDITION
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Figure 4-5. (a) The output and (b) transfer characteristics of pentacene
FETs with 500 nm SiO; and 10 nm PMMA buffer dielectric.

The electrical characteristics of pentacene FETs with thin PMMA
buffer dielectric were presented in Fig. 4-5. Compared to that of devices with
PVP-co-PMMA, this batch of devices exhibited higher driving current density
and charge carrier mobility (Fig. 4-6) at the same bias condition because of the
excellent dielectric surface provided by PMMA. In both cases, the mobility
increases quasi-linearly with gate voltage, when Vg > Vi, . Such gate-bias

dependence comes from the fact that, as the gate bias is increased, the Fermi
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level at the semiconductor-insulator interface moves closer to band-edge, so
that more traps are filled. This leads to an increase of mobile charges in the

delocalized levels, and an enhancement of the effective mobility, which has

been previously studied in other OFET devices.!”>!"
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Figure 4-6. Gate-voltage dependent mobility of Pentacene FET devices
with 10 nm PMMA (black square line) and 20 nm PVP-co-PMMA (red circle
line) buffer dielectric measured at room temperature.

By simply assuming that the evaporated pentacene thin film in devices
consists of grains (bulk) where single crystal properties hold, and grain
boundaries (GBs) where high concentration of traps exists, the effective
174

mobility is then given by

1 1 1
-1, 4.2)

where pg and py, are the mobility in the grain and in the grain boundary,
respectively. If ug > y,, the overall mobility will only mirror charge transport
limitations at grain boundaries, this is, the mobility of OFETs is controlled by

the rate of thermionic carrier jumps across the grain boundary.
E
b~y = Hoexp (%) (43)

Here, E,, = qdy,, and the barrier height is described by' "™
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q) — qzn%dm
b 8g5eCiVg

(4.4)
where g, 1s the permittivity of the semiconductor, kg is Boltzmann’s constant,
T is the absolute temperature, q is the electron charge, n, is the density of
trapped charges and d,, is the thickness of the conducting channel. Obviously,
these defects in GBs, acting as charge traps, play an important role in the gate
voltage dependence of hole mobility in our devices. On the other hands, when
a certain amount of mobile charge carriers (holes and/or electrons) are captured

in GBs during the device operation, the threshold voltage Vi, would be also

affected and described as follows:

Vy, = Vg + 20, + —V"’““z("“"b) (4.5)
Q
Vfb = (I)ms - C_lf (4-6)

where {1, is the potential difference between the Fermi level Ef and the
intrinsic Fermi level E; of the semiconductor, N, is the density of the acceptor,
b 18 the potential difference the metal gate and semiconductor bulk at zero
gate bias, and Qy is the interface charge that contains the charge trapped in GBs
of a polycrystalline thin film, e.g. pentacene.

Based on eq 4.5 and eq 4.6, the value of Vi, can be tuned through
varying the density of charge at the semiconductor-dielectric interface. In order
to investigate this effect, the device characteristics were measured after
programing with a gate bias at V4o = 0V for various durations. When a
negative bias was applied to the gate, the shift in transfer curves increased with
increasing bias time, as shown in Fig. 4-7a. The value of AVy, as large as 8 V
was obtained after programing with a gate bias of Vo = =200 V for 500 ms,

indicating that a great number of field-induced holes were trapped. It suggested
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that device failure would occur when the device operates successively at “ON”
state. This phenomenon is generally observed when SiO; is employed as the
gate dielectric, which is proposed to result from structural defects present in
polycrystalline pentacene film and/or hole trapping states due to absorbed

. 165,175
water molecules on the SiO, surface.'*>!’

(2)

0.002
Q
—_ O
< 2
3 10.001 "’v%
E —
8 %
0.000
-50
(®) 1¢° 0.002
Q
—_ O
< 2
3 10.001 ”VS
E —
0.000

-50

Figure 4-7. Transfer characteristics of pentacene FETs with 500 nm
Si0; and 10 nm PMMA buffer dielectric at Vyg = —10V before (black line)
and after programing with a gate bias of (a) =200V and (b) 200V at
Vis = 0V for 100 ms (red line) and 500 ms (green line).

When the device was programed with positive gate bias, the shift in
transfer curves was hardly observed as shown in Fig. 4-7b and the inset of Fig.
4-9b. Compared with the devices with bare SiO,"”*!"® our devices appeared to
be more immune to Vi, shift caused by positive bias, which actually is a

preferred feature for practical application of organic integrated circuits (ICs). It

can be proposed that such a feature results from: (i) the charge injection barrier
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provided by the 10 nm-thick PMMA layer, which hinders the field-induced
minority carriers (electrons) from being captured by the surface silanol groups;
(i1) the large electron injection barrier between Au and pentacene; (iii) the low
electron carrier density in the p-channel pentacene active layer. The above
hypotheses were also applicable for the n-channel FETs with Cg as active
layer, but these devices exhibited the opposite trend as compared to that of

pentacene FETs, as shown in Fig. 4-8.

abs(,) (A)

Figure 4-8. Transfer characteristics of Cso FETs with 500 nm SiO; and
10 nm PMMA buffer dielectric with Vs = —10V before (black line) and after
programing with a gate bias of (a) 200V and (b) =200V at Vs =0V for
10 ms (red line), 100 ms (green line) and 1s (blue line). The inset shows its
output characteristics.

The inset in Fig. 4-8b showed that the drain current I35 of Cs9 FETs

began to decrease due to the oxygen molecules acting as electron traps,’> when

Vys swept to the saturation region. The trapping of electrons appeared even
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more significant at higher gate voltage, e.g. with threshold voltage shift

AVy, = 18V for biasing at Vo = 200V and Vgg = 0V for 1s. The Igs — Vg

curves would return to the initial state when the device was left unbiased for
around 1 h due to the release of trapped electrons (data not shown here). The
trapping of holes was hardly observed, i.e. almost no shift in the subsequent

I4s — Vg curves, although a gate bias of —200 V for 1 s was applied.

The above results indicated that the silanol group-related electron traps
for p-channel devices and the water-related hole traps for n-channel devices at
the interface of SiO, almost cannot be accessed, which was primarily attributed
to the charge injection barriers, originating from the large mismatch between
the work functions of source/drain contacts and LUMO/HOMO levels of used
active layers, and from the additional buffer dielectric. Given that ®Au =

—5.1eV and LUMOye, = —3.2 eV and HOMOy¢, = —5¢eV, ®Al = —4.2eV

and LUMOg, = —3.8eV and HOMOg, = —7.1eV, the charge injection
barrier of electrons (holes) for pentacene (Cep) FETs is as large as 1.9 (2.9) eV,
without taking PMMA into account, which is already too large to be
surmounted.'”'”® This is slightly different from that of memory devices based
on the FET structure employing floating gate (FG) and/or the metal-nitride-

oxide-silicon (MNOS) transistor.**'?"”

In the case of devices with FG,
electrons are easily induced and injected through a thin insulator at high
transverse electrical field, even though high work-function metal is used as the
source-drain contact in p-channel FETs. The average electrical field during

writing/erasing in flash memory is about 10 MV cm™!

, we might need to
increase the applied voltage to verify our results. But due to the voltage

limitation of our equipment, a thinner gate insulator shall be employed. The
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exact mechanism for preventing charge carriers from being captured in
pentacene (Cgo) FETs would be investigated in future. On the other hands, the
trapping of majority carriers occurred in pentacene (Cq) FETs when devices
operated under working state. We assumed that the amount of trapped charge
Qtrap at their initial state was zero. When negative (positive) gate bias was
applied, the amount of trapped charges, Qir4p, can be evaluated through the
following equation:

Qtrap = 1CAVy, 4.7)
By applying a gate bias of £200 V with 1 (0.5) s bias time for Cg (pentacene)
FETs, respectively, the calculated value of Q,p, Was around %1 (0.5) X
1077C cm™2. Obviously, Q¢r,p increases when the bias time was extended and
long time biasing would completely turn the device off leading to the failure of
switching function. A similar phenomenon was also observed in the devices
using SAMs as buffer dielectric when these devices were repeatedly stressed
by measuring transfer characteristics in the saturation regime, because surface

silanol groups cannot be fully passivated by SAMs."**!*

4.3.2b UNDER ILLUMINATION

It is important to understand light illumination effects on electrical
performance of these devices, as well as the underlying physics of these effects
in applications such as switches for flat panel displays (FPDs). Light
absorption generates electrons and holes, and these electrons and holes may be
paired in form of excitons that diffuse like neutral particles. The bound
electron-hole pairs can be dissociated by applying an appropriate gate-to-

source bias in the FET devices, and the separated electrons (holes) begin to
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move under the influence of the electrical field. It was expected that the shift of
Vi, toward the positive (negative) side in pentacene (Cgp) FETs would be
brought out due to the involvement of non-equilibrium charge carriers, when a
positive (negative) gate bias was applied under illumination."®® When
investigating the effect of steady-state broadband illumination on the electrical
performance of our devices, the illumination power was controlled at a low
level to minimize the degradation of OSCs under light irradiation and the
programming time was not more than 30 s to minimize the charge trapping in
the grain boundaries of our polycrystalline films. Before programming by a
gate bias, the incident light was stabilized for 5 s. This was done by shining the
top of the entire channel region.

As expected, the entire transfer curve of pentacene FETs with 10 nm
PMMA buffer dielectric was greatly shifted toward the positive direction by
applying a gate bias of 200 V for 20 s under illumination, as shown in Fig. 4-
9a. As a result, the value of Vi3, was changed by more than 125V, as seen from
Fig. 4-9b. In contrast, there was little change in V,;, when the device was
merely illuminated for 20 s without gate bias, shown by the solid blue circle in
Fig. 4-9b, or programmed by a positive gate bias without illumination, shown
in the inset of Fig. 4-9b. Usually, the drain current in the “OFF” state is slightly
affected, which is attributed to the enhancement of carrier density in the
channel of the device and thus the conductivity. The change in Vi, was
attributed to the generation of non-equilibrium charge carriers, which were
transferred under the electrical field and trapped by buried trapping states at the
PMMA-SiO, interface. It showed a good agreement with published results

observed in p-channel FETs with 10 nm PS (or PMMA) buffer dielectric.'’
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Figure 4-9. (a) Transfer curves of pentacene FETs with 500 nm SiO;
and 10 nm PMMA buffer dielectric: initial characteristics (black line),
measured in the dark after programing (V; = 200V, Vys = 0V for 20 s under
illumination) immediately (red line), 1 h later (green line), and 10.5 h later
(blue line); (b) Vyy, shift versus programing duration under illumination (black
square line) and in dark condition (red triangle line, shown in the inset), and
blue circle represents the Vi, shift was induced by the illumination for 20 s
without application of gate bias; (c) the transfer rate of electrons versus
programing time; (d) schematic illustration of electron generation under
illumination, transfer across PMMA buffer dielectric, and trapping at the
PMMA/SiO; interface, where Ef giand Ef ,0nare the Fermi energy of pentacene
and silicon, respectively.

However, the time of positive gate bias needed for inducing the shift in
Vin, was much shorter than ours, which might result from the variation of
conductivity of polymers because of different processing conditions, e.g. the

effect of solvent.'®?

The charge transport can either tunnel between localized
states, depending on the density of defect states in polymers, or hop via

extended electronic states, though clearly one mechanism would dominate. In

the case of transport via extended states, carrier motion is repeatedly

56 |Page



C.G. FENG (2012) CHAPTER 4: THE EFFECT OF BURIED TRAPS ON THE DEVICE STABILITY

interrupted by trapping of carriers in localized states and then re-emission into
the extended states. The drift mobility in such situations is greatly reduced
from the free carrier mobility due to the time the carriers spend in traps.
Although it is still far away from the well understanding of the exact
mechanism in OFET memory devices, a potential mechanism was proposed, in
which the charge transfer was greatly related with the applied electrical
field.""" '™ An electrical field F of ca. 4.6 MVcm™! (according to =

Vg/ [tp + ts(gp/ £s)]), much larger than the dielectric strength of PMMA (ca.

0.2 MV cm™1), was applied to facilitate the charge injection. Fig. 4-9b shows
the resulting shift in Vi, of our pentacene FETs as a function of bias time.
Clearly, there was a turning point. For t < 1 s, the change in threshold voltage
AVy, was less than 4 V. For 1 < t < 20 s, the value of AVy, increased sharply.
This was ascribed to a response time t, which the photogenerated electrons
needed to be transferred through PMMA and trapped at the interface of SiO,. It
seemed that this was a slow process, as a long bias time was indispensable to
achieve the considerable shift in V;;, under a constant transverse electrical field
F. Given that the mobility of PMMA at room temperature is ca. 1.0 X
1071 em? V=1 s71,'% it took nearly 0.02 s for electrons to transport through
10 nm PMMA), which was reasonable compared to the observed response
time T. It is believed that the observed photoinduced shift in Vi, is caused by
the charging of the bilayer gate dielectric with non-equilibrium carriers that are
photogenerated in pentacene near the interface and transferred/trapped in these
buried trapping states at the surface of SiO,, schematically shown in Fig. 4-9d.
The variation of the surface density of charges transferred/trapped at the

PMMA-SiO; interface, An = Qrap/q, is related to the observed shift of
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threshold voltage Vi, according to eq (4.7). The charge transfer rate can be

roughly estimated from the shift AVy, after applying a V; at Vg = 0V for a

(short) time interval At under illumination:

CiAVin

dn/dt = oat

(4.8)

Interestingly, the electron transfer rate decreased quickly (t < 1s) and
gradually reached a constant level (1 <t < 20 s), as shown in Fig. 4-9c. This
indicated that the average charge transfer rate across 10 nm PMMA under

illumination was ca. 1.6 X 1011 cm~2

s~1. It was because a surface potential
created by charge trapped in the buried states decelerated the injecting
electrons and reduced the electron penetration range, resulting in a saturation

2 s~1 under

of trapped charges. An electron transfer rate of ca. 5 X 10° cm™
short wavelength light illumination (400 < A < 500 nm) was reported in the
single crystal rubrene FETs with parylene as the gate dielectric, which was

181
much smaller than our results.

This was mainly ascribed to (i) the different
flux of photons, (ii) the injection barrier provided by the bulk material of
parylene, and (iii) the transverse electrical field F, which determined the extent
of the charge injection and transport.

When a charge is injected and trapped, the de-trapping also occurs
simultaneously to restore the neutral state by transferring the excessive charges
to the ground, which was characterized by the retention time in dark condition.

After programming, a decay process of I4s (measured at Vgg = —50V and

Vg = 0V) in the “ON” state in dark condition was recorded and plotted in Fig.

4-10, where the time required for the “ON” state current to decrease to 10% of

its initial value was estimated to be around 10 s.
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Figure 4-10. Time evolution of l;s; measured in the dark at Vs =
=50V and V; = OV after programing (V; = 200V, V4o = 0V, for 20 s under
illumination). The off current (dot line) is shown for reference.

In Fig. 4-9a, it was more obvious that the shift in V};, toward negative
side was very fast in the first hour and became very slow in the next 10 hours,
indicating that there were two distinguishable decay rates: (i) an initial rapid
relaxation due to the recombination of closely packed holes and electrons and
(i1) a subsequent slower relaxation that originated from deeply trapped carriers,
depending on the quality and conductivity of the PMMA buffer dielectric. Our
results indicated that a charge storage lifetime in the dark can be estimated to
be several days long. On the other hand, based upon our discussion in section
3.1, the trapped electrons can also be swept out and/or recombined with field-
induced holes by applying a negative gate bias in the dark. Consequently, the
shifted transfer curve can restore to its initial state, completing a cycle of
turning "ON" and "OFF".

The photo-induced charge transfer was also studied in the n-channel
FETs. However, when programming the device, only a short time period of
gate bias was used in order to minimize the degradation of Csy due to the

92,185,186

exposure to the ambient air and light irradiation. Two mechanisms of

degradation had been described as following: (i) the absorbed oxygen molecule
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acts as electron traps within the lattice of Cg molecule and epoxidation
reaction might take place on C60,92 and (ii) the fragmentation of Cg) caused by
ultraviolet (UV) light."*>"® When a gate bias of —200 V with a period of 1 s
was applied, the transfer curve was greatly shifted toward the negative
direction, as shown in Fig. 4-11. However, it quickly went back to the original
state within a few minutes in the dark, attributing to the rapid release of trapped
holes. This suggested that the trapping of electrons was much more supportive
in this device due to the presence of oxygen dopants and accessible hydroxyl

groups, as compared to that of holes.

abs(l,) (A)

Figure 4-11. Transfer curves of Cgy FETs with 500 nm SiO, and
10 nm PMMA buffer dielectric at Vzg = —10 V' initial characteristics (black
line), measured in the dark after programing (V; = =200V, Vyo =0V for1s
under illumination) immediately (red line) and 1 min later (green line).

To further verify our previous hypothesis that the charge trapping
primarily took place at the dielectric-dielectric interface, 45 nm thick PMMA
was used as the buffer dielectric to minimize the pinhole defects and increase
the barrier width, and 200 nm thick SiO, was used as the gate insulator. To

compare with the previous results, the effect of light illumination on inducing

the shift in Vi, was carried out by applying a gate bias of £100 V in order to
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equalize the value of F (ca. 4.7 MV cm™1) across the dual dielectric. When
programmed by a gate bias of 100 V with a period of 30 s under illumination,
the transfer curve only shifted slightly toward the positive direction (see Fig. 4-

12a), giving rise to a AVy, of less than 2 V.
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Figure 4-12. Transfer curves of pentacene FETs with 200 nm SiO; and
45 nm PMMA buffer dielectric with V;o = —30V before (black line) and
after (red line) programing, where a programing gate bias of (a) 100V and (b)
—100V for 30 s at Vg = 0V was applied under illumination.

This was ascribed to a small quantity of electrons trapped in the
structural defects of polycrystalline pentacene thin films, i.e. grain boundaries,
and at the interface between pentacene and PMMA. The transfer of electrons
from the active layer into these buried trapping states at SiO, surface was

greatly depressed as the thick PMMA film effectively shielded the underneath

hydroxyl groups. At the same time, a gate bias of —100 V with a period of 30 s
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was also applied under illumination, the shifted transfer curves due to the
application of the positive gate bias was almost restored to the initial state (see
Fig. 4-12b), showing only a little shift (ca. 0.5V) to the negative direction.
This indicated that the trapping of holes was suppressed because the reduction
of absorbed water molecules thanking to the hydrophobic surface of PMMA.
By utilizing the thickness-optimized PMMA, our devices were very resistive to
the high transverse electric field and light illumination, resulting in excellent
device stability. This differed from that of devices with = 60 nm styrenic
polymers (or PMMA), who exhibited considerable shift in Vy, after

. 161,182
programming.

To further improve the device stability, the purification of
active materials as well as the buffer dielectrics is needed to cut down the

unintentional doping acting as the charge trapping centers.

44  CHAPTER SUMMARY

In conclusion, the shift of threshold voltage due to the charge trapping
(both electron and hole) in the buried states between PMMA and SiO, was
evaluated in p- and n-channel OFETs, respectively. The trapping of electrons
(compared to holes) in p-channel devices and the trapping of holes (compared
to electrons) in n-channel devices are more difficult in the dark condition due
to the large injection barrier between the contact and the active layer. Although
the 10 nm-thick PMMA layer also provides an additional charge injection
barrier, when the device is programmed under illumination, the photo-
generated non-equilibrium charge carriers in the active layer can be easily
injected through 10 nm PMMA into these buried states and trapped under the

high electrical field. The trapped electrons in p-channel FETs can retain for
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several days while the release of trapped holes in n-channel FETs is much
faster. However, such photo-induced charge transfer can be effectively
suppressed by an optimized thickness of PMMA buffer dielectric (45 nm) at
the same characterization condition, and thus stabilize the threshold voltage.
Besides the device encapsulation and the development of new OSC combining
high mobility with excellent stability, data presented in this work brings out an
alternative approach to enhance the stability and reliability of organic
transistors using bilayer gate dielectric. In order to selecting a proper buffer
dielectric, attention must be paid to the following: (i) nonpolar buffer
dielectrics with excellent film-forming and low surface/bulk states are
preferred, such as low-k polymeric dielectric BCB and Cytop,"”®'™ and (ii) its
thickness should also be optimized when it is applied in FET structures (both
bottom- and top-gate architectures). Our findings should also be relevant to

other cases, for example, in an OFET-based memory device where the charge

dissociation/trapping process under light irradiation is involved.
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CHAPTER 5:
LOW-VOLTAGE PENTACENE
FIELD-EFFECT TRANSISTORS

5.1 CHAPTER INTRODUCTION
With the demonstration of high-performance and reliable organic field-

effect transistors (OFETs),*¥!%

comparable to that of amorphous silicon
TFTs, it seems likely that they will find use in current and future
macroelectronic applications. All these applications require devices with
suitable performances, among them a low operating voltage, a high on/off ratio
and a high stability are of prime importance. For portable devices that could be
driven by low-voltage power sources such as batteries, high capacitance
density with low tunneling current in a transistor is essential to reduce the
operation voltage and power consumption, which is proportional to the

dielectric constant but inversely proportional to the thickness of the insulator.

Common dielectric materials for low-voltage devices include ultrathin cross-

23-26,48 190,191 11-22

lined polymer films, polyelectrolytes, inorganic oxides, and
hybrid organic/inorganic dielectrics.”>'**'*> Since the “high-k metal gate”
technology was introduced by several semiconductor companies such as Texas
Instruments Inc and IBM in the (sub) 45 nm microprocessor, attentions to the
need for high-k gate insulators was widely disseminated. A great number of
these materials have been investigated as gate dielectrics that are also

applicable in the OFET structure, such as BST,""*1%® Ta,05,*" Ti0,'” and,

articularly, HfO, as well as their silicates.”’**"""!*® For perovskite crystals,
p y p ry
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e.g. BST, Ti ions in unit cells throughout the crystal can be uniformly
displaced in response to an applied electrical field. This displacement of Ti
ions causes an enormous polarization in the materials, which is normally
utilized for ferro-electric non-volatile memory devices. In the case of Ta;Os
and TiO,, both have small band gaps, i.e. small Egvalues, which directly
correlate with high leakage current. This shortcoming makes the pure Ta,Os
and TiO, unreliable as gate dielectric. On the contrary, HfO, offers relatively
high values for both «, nominally close to that of Ta,Os, and Eg(ca.5.68 eV),
and also exhibits high temperature stability. For these reasons, HfO, has been
frequently used to fabricate low-voltage OFETs.

Unfortunately, for high-x oxide such as HfO,, there is a hysteresis
phenomenon in its capacitance-voltage ( C—V ) characteristics.”” This
hysteresis will induce a flatband voltage shift, consequently a threshold voltage
instability when it is applied to MOSFETs and/or OFETs. Therefore, in the
case of MOS devices, some methods, such as cosputtering of silicon and
aluminum with hafnium to deposit hafnium silicate and aluminate

200201 and the use of nitric gas for CVD*** or oxidizing sputtered

dielectrics,
metal nitride like HIN** to form hafnium oxynitride (HfON) films, are used to
improve it. Moreover, pre- and post-deposition annealing (400 — 900 °C)
and/or plasma treatment are usually employed to form high quality HfO, thin
film with improved thermal stability, reduced leakage current for the same
equivalent oxide thickness (EOT), and enhanced reliability.*****® Wang et
al.?” reported that post-deposition NH; plasma treatment can successfully

introduce nitrogen atoms into the dielectric to form Hf-N bonding and

suppress Hf—Si bonding, leading to removal of the dielectric vacancies and
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subsequently a reduction of some trapping levels. Lai et al.”’° demonstrated
that the fluorine atoms were distributed at the interface between the HfO, thin
film and silicon substrate after pre-CF4 plasma treatment on Si, effectively
inhibiting the formation of an interfacial layer between the HfO, thin film and
Si substrate. The fluorine passivation also plays a role in blocking oxygen
diffusion into the Si, resulting in an EOT reduction for the HfO, gate
dielectrics. In these two cases, the deposition of HfO, gate dielectric will not
affect the morphology of the channel layer, subsequently the device
performance, because the rigidness of silicon substrate. However, it is quite
different for OFETs, because OFETs adopt the architecture of the thin film
transistor. For example, in the top-contact structure, the organic active layer is
grown after the deposition of HfO, gate dielectric, apart from forming high
quality HfO, thin film with low bulky defect and leakage current, its surface
nature (e.g. roughness and organic contaminations) also has a great impact on
the FET performance, such as affecting the growth mode of organic molecules
(i.e. the molecular ordering and packaging). In order to improve the surface
condition of HfO,, surface modifications are widely investigated by using the
experiences of other systems for reference, such as (PMMA) OTS-modified
Si0, and other dry gaseous processing techniques.®’"'*"""** Acton et al.”
showed that high capacitance (690 nF cm~2) and low leakage current density
are achieved by HfO,(3.1 nm)/SiO, (1.7 nm) modified by anthryl-terminated
phosphonic acid (PA) SAMs while simultaneously improving pentacene
OFETs performance including low subthreshold slopes (100 mV dec™?), high
Ion/Iog (10° — 10°) and hole mobility (0.22 cm? V=1 s™1). Later, the same

group found that using spin-coated n-octylphosphonic acid (OPA) on Ag
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bottom-contact electrodes and ultra-thin HfO, dielectric, C¢p and pentacene
based OFETs can operate under 3V with low contact resistance (down to
700 Q- cm), low subthreshold swing (down to 75 mV dec™!), high on-off
current ratios of 107, and charge carrier mobilities as high as 4.6 and
08cm?V~1s™1  for Ce and pentacene, respectively.’’’ Zhang et al*”®
reported that pentacene FETs showed excellent bias stress stability (Vg =
—3Vand V4, = —0.5V) in N,-filled glove box (0,,H,0 < 0.1 ppm) with
extremely low I35 decay of ~10% with ODPA and ~15% without ODPA at
HfO, surface (50 nm) after two hours respectively. On the other hand, a thin
low-k polymeric buffer dielectric has also been used as a simple and effective
way to modify the surface properties of HfO,, which retains the advantages

209212 Wang et al.'° found that

from the both organic and inorganic dielectrics.
a thin PS layer (17 nm) annealed at 120 °C can be utilized to enhance the
mobility by optimizing the quality of HfO, (5 nm) by inducing flatter phenyl
group orientation and better matched surface energy with pentacene.
Additionally, PS can also be used to passivate the surface of HfO, such as
hydroxyl groups and suppress the absorption of moisture to eliminate the
hysteresis behavior due to the trapping of charges.”'' Besides the above two
modification methods, a low temperature gaseous processing technique
provides another easy and economical way to improve the surface quality of
HfO, chemically and physically, such as UV ozone, ion beam and plasma
treatment.”*>*"> Tt is referred to as a dry process, because there is not any
organic solvent involved during the treatment. For instance, UV ozone has

been used to eliminate the defects such as oxygen vacancies in the oxide film

and increase the work function of the bare Au SD contact, resulting in better
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214

hole injection into organic active layer.” " It also can be employed to grow a

passivating interlayer (Al,O3) on Al gate electrode to restrict the charge

215216 Nitridation techniques used to treat MOS

injection from the metal gate.
devices are also applicable to OFETs.”"” Excellent interface quality between
HfO, and pentacene is achievable by annealing the deposited HfO; film in N,O
or NH; at 200 °C, giving rise to a mobility of 0.655cm? V™1s™1 at the
operating voltage of less than 3 V. Meena et al. also reported that the number
of traps can be minimized within the low temperature deposited HfO, film
after oxygen plasma treatment in a metal-insulator-metal (MIM) structure by
completely oxidizing the film surface to —(O-Hf-O),— and removing the

residual organic parts.*'®

This process allows high-performance electronic
devices to be fabricated on plastic substrates. However, the effects of oxygen
plasma treatment on the surface of HfO, film on the performance of pentacene-
based OFETs and aging effect of the oxygen plasma modified pentacene
polycrystalline film have been rarely reported in the literature.

In this work, low-voltage pentacene FETs were fabricated with
ultrathin HfO, gate dielectric grown by atomic layer deposition (ALD).

- 21,22,207,210,212
Compared to other processing routes such as sol-gel,” 7"

209,211,214,215,217 21

sputtering and anodization,” ALD offers many advantages
because of its self limiting chemical reaction: (i) accurate film thickness control
(in subnanometer); (i1) good uniformity over large area (up to many inches size)
and reproducibility; and (iii) high film quality at low deposition temperature

208213218 The study on the

that is well compatible with plastic substrates.
influence of oxygen plasma on device performance will be carried out through

various exposure times for plasma treatment and a series of (negative and
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positive) gate bias stress measurement. It is found that using plasma-treated
HfO, realized not only higher mobility but also improved resistance to gate
bias stress, as well as the tunability of threshold voltage. Finally, taking the
plasma-induced increase of surface energy into account, a potential
degradation mechanism for polycrystalline pentacene film on plasma-treated

HfO, due to the exposure to the air and light was proposed.

5.2 EXPERIMENTAL DETAILS

Pentacene FETs were fabricated on a heavily doped n-type silicon
substrate (resistivity = 0.01 Q-cm , also serves as gate electrodes). A
schematic of the device is given in Fig. 5-1a. After standard Radio Corporation
of America (RCA) clean, 12 nm thick HfO, was deposited by alternating
exposures of tetrakis(dimethylamido)hatnium (TDMAH) and water vapor
using a Savannah100 ALD system (Cambridge Nanotech Inc.) with a substrate
temperature of 250 °C, which is close to the upper limit of the working
temperature of a plastic substrate.”’” To ensure sufficient vapor pressure, both
TDMAH vessel and water vessel were maintained at 150 °C. The growth rate
is 1.0 A per cycle. Before the deposition of pentacene, the surface of HfO, was
treated by oxygen plasma treatment using Advanced System Technology (AST)
Clen 100 with a fixed power of 30 W and a constant oxygen flow of 20 sccm
at a base pressure of 160 — 170 mTorr. Prior to processing the substrates, the
plasma-treatment chamber was pre-cleaned for 10 min in order not to
recontaminate the surface during cleaning. The device was completed by the
deposition of Au source-drain contacts through a shadow mask. The details of

the fabrication of pentacene FETs can be found elsewhere.”?’ Typical device
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dimensions were 100 um channel length (L) and 2 mm channel width (W). For
comparison, devices using HMDS (OTS and poly(4-vinyl phenol) (P4VP))
modified HfO, as gate dielectric with the same thickness of pentacene active
layer and channel length and width were fabricated. The HMDS treatment was
performed in a vapor prime system (Yield Engineering System, Inc.) at 150 °C
with a base pressure of 760 Torr for 20 min. The silane SAM was laid on
HfO, by first cleaning the wafer surface with oxygen plasma, followed by
immersion in a 0.1 M OTS solution in toluene at 60°C for 20 min ,
subsequently rinsed by isopropanol, and then dried using a nitrogen gun before
use. P4VP buffer dielectric was prepared from a solution of P4VP and
poly(melamine-co-formaldehyde) methylated (weight ratio of 1:1 ) in
propylene glycol monomethyl ether acetate (PGMEA), deposited by spin
coating, and cross-linked at 180 °C for 1 h under a vacuum atmosphere. The
final thickness of cross-linked P4VP films was 20 — 30 nm, measured by the
surface profiler.

The electrical characteristics of individual device were measured using
a Keithley 4200 SCS Semiconductor Parameter Analyzer and Agilent 4294A
Precision Impedance Analyzer in a standard probe station under ambient dark
condition at room temperature. Unless specified, the gate sweep direction in
transfer characteristics was from positive to negative, with 100 ms hold time
and 100 ms delay time at 10 mV steps. The thickness of HfO, was measured
using fixed-angle (70°) spectroscopic ellipsometry VB-250 at 300 — 1000 nm,
and the values reported represent the mean of five measurements over a 4 inch
wafer. The chemical bonding of the elements of interest was analyzed by XPS.

The topographies of HfO,/Si substrate and pentacene film grown on HfO,/Si
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substrates with/without plasma treatment were evaluated by atomic force
microscopy (AFM) using a Digital Instruments Nanoscope Illa Multimode
scanning probe microscope operating in tapping mode. The X-ray diffraction
(XRD) analysis of pentacene film on HfO,/Si substrates with/without plasma
treatment were carried out with a Bruker D8—Advanced X-Ray Diffracto-meter

(Cu Ko radiation, A = 1.5406 A).

5.3  RESULTS AND DISCUSSION
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Figure 5-1. (a) Schematic of a top-contact OFET. (b) Topography of
the surface of ALD grown HfO, (1 X 1um?). (c) Leakage current density
versus electrical field. (d) Frequency-dependent capacitance for 12 nm ALD
grown HfO, sandwiched between Au dots and highly doped n-type Si substrate.

Good surface uniformity of the gate dielectric is crucial for fabricating

high-performance and reliable devices over large areas. The AFM image
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shown in Fig. 5-1b indicated that the as-deposit ALD grown HfO, film on
silicon substrate was pin-hole free and smooth with a root-mean-square (RMS)
roughness of 0.3 nm. In order to evaluate the insulating properties of the ALD
grown HfO, film, metal-insulator-metal devices composed of heavily doped
Si-HfO,-Au were characterized. The density of leakage current (D;,) presented
in Fig. 5-1c was well below 1 X107 Acm™2 at 2Mcm™!. It increased
rapidly to 1 X 10™* A cm™2 with further increasing applied voltage, suggesting
that the injection of electrons from Au to the heavily doped silicon would be
greatly enhanced through the HfO,. The capacitance density of 415 nF cm™2
was achieved at a frequency of 1 kHz with slightly smaller values at higher
frequency, as shown in Fig. 5-1d. As compared to other fabrication method,
the lower value of the capacitance may be attributed to the loose structure.

However, these data presented here suggested that our ALD grown HfO; is

already fit for the fabrication of low-voltage OFETs.

As-deposited

Intensity (a.u.)

Binding Energy (eV)

Figure 5-2. High resolution XPS spectra of the Hf 4f energy levels for
12 nm as-deposited and plasma-treated HfO; films on silicon. The solid curve
represents the experimental data; dash curves represent the fitted peaks and
the summarized results of the fitted data.
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Prior to carrying out the study on the influence of the O, plasma on the
electrical performance of pentacene FET devices, we firstly examined the
difference of the chemical composition of the HfO, film before/after plasma
treatment by using XPS analysis. Fig. 5-2 displays high-resolution spectra of
the Hf 4f energy levels of the two samples. The spectra were deconvoluted into
two spin—orbit doublet peaks for the Hf 4f7/2 and Hf 4f5/2 energy levels at
different binding energies of the Hf~O bonds. For as-deposited HfO, film, the
peaks for the 4f7/? and 4f5/2? binding energies were detected at 16.8 and
18.5 eV, respectively. After O, plasma treatment, the binding energies of the
4f7/2 and 4f5/? were raised to 17.0 and 18.7 eV, respectively, which was
shifted roughly 0.2 eV to the higher binding energy (BE) as compared to that
of as-deposited HfO, film. The shift toward higher BE for the Hf~O bonds
suggested that oxygen plasma treatment introduced some bonding structures

for the complete oxidation of the Hf atoms.*'®

It implied that O, molecules
reacted with the Hf dangling bonds (or traps, such as oxygen vacancies) to
form stronger Hf—O bonds. In addition, the low-resolution XPS for the Hf 4f
bonds for HfO, film with/without plasma treatment was also recorded to
examine its chemical composition. Fig. 5-3 reveals that the sample consisted of
hafnium, oxygen, and a small amount of contaminating carbon; no other
impurities were present on the film surface. It shows the spectrum of the as-
deposited film with an O(1s) peak at around 530.3 eV and two O(1s) peaks for
a plasma-treated sample at 530.7 and 532.1 eV, respectively. The presence of
two peaks implied that oxygen were present as HfO, and Hf-Si—O, indicating

the formation of a thin interfacial layer. In the plasma-treated film, the C(1s)

peak at around 285 eV band intensity significantly decreased than the as-
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deposited film. The existence of low intense C(1s) peak can be attributed to a
partially oxidized carbon species with a slight peak broadening, since the
oxygen atoms bond to a portion of carbon. This spectroscopic result revealed
that the content of defects was much reduced after subjecting the sample to the
plasma treatment. However, the integrity of our ALD grown dielectrics can be

further improved by annealing at higher temperature.

— As-deposited HfO,
—— Plasma-treated HfO2
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Figure 5-3. Low resolution XPS spectra of 12 nm ALD deposited HfO;
film on Si substrate for as-deposited and plasma-treated samples. Inset: XPS
spectra in the BE regions of O (1s).

Typical output and transfer characteristics of a pentacene FET with as-
deposited HfO, were shown in Fig. 5-4a,b, respectively. Good saturation
behavior was obtained, demonstrating desirable FET characteristics with an
operation voltage of —1V. The field-effect mobility g, and the threshold
voltage Vi, were estimated in the saturation regime defined by standard
MOSFET models through fitting the data of VI4g versus Vg to a square law
model. Also the subthreshold slope (S), which determined the change in gate

voltage Vg needed to turn the device on and off, can be extracted. For low-
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power circuits, small S and Vy;, are demanded, which would be influenced by

the gate capacitance and the density of interface traps Ny.:**'*

_ kT . Cq+Cit
S =10 (1 e ) (5.1)
Nird
Vin = (5.2)

where KT is the product of the Boltzmann constant k and the temperature T, q
is the charge of electron, Cy4 is the depletion-layer capacitance, C;; results from
interface traps and d is the thickness of conducting channel. The calculated
values of pig,, S and Vi, were 0.01 cm? V™1 st 252 mV dec ! and —0.4 V,

respectively.
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Figure 5-4. (a) Output characteristics (Vy ranges from —0.2 to =1V in

a step of —0.2 V). (b) Transfer characteristics of pentacene FETs using HfO-
as gate dielectric without the plasma treatment.

The obtained value of pg,¢ in our devices was similar to that of devices

with as-deposit HfO,, shown in Table 5.1. Usually, a low mobility ranging
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from 1073 to 0.1 cm? V™! s~ was observed when pentacene active layer was
directly deposited on top of the bare HfO, film. It is known that the device
performance, e.g. field-effect mobility, was proposed to be strongly correlated
with the growth mode of pentacene film, which is influenced by the surface
roughness and its hydrophobicity (i.e. the surface energy) of beneath gate

. . 222223
dielectric,”

sometimes SD contacts and gate dielectric. Best mobility is
measured when pentacene molecules are closely packed in a 3D growth mode
with improved the interconnection and contact between grains on the smooth
and slightly hydrophobic surface. According to the previous work, the surface
energy theoretical value derived from the orthorhombic-phase pentacene

-2 224

grown was estimated to be 38 m] m Wei et al.,”* fabricated a low

surface-energy bare HfO, film (34.24 m] m~2), matchable to 38 mj m~2,
giving rise to a hole mobility of as high as 3.8 cm? V™1 s™1 in pentacene film
directly deposited on such HfO, film. However, the surface energy of

deposited HfO, film is normally much larger than 38 m] m™2

, resulting in a 2D
growth mode of pentacene film (containing the large voids in the first layer of
pentacene film and incomplete growth of subsequent layers), which can limit
the transport of charge carriers and cause lower carrier mobility.*** In order to
achieve a proper surface to provide a better growth environment for OSCs,
dielectric surface modification, as mentioned before, is widely used.”**> Apart
from tuning the morphology of OSCs, modification of HfO, film can also
passivate trap sites at the dielectric surface (e.g. —OH groups), reduce the
polaron formation between the charge carriers in the OSC and the induced ion

polarization of the underlying high-k lattice, and in the BC structure, tune the

work function of the metal to match the energy level of OSC to achieve ohmic
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contact. Therefore, the mobility of OFETs with surface treated HfO, film was

generally one order of magnitude larger than ours.”>>""*!°

Table 5.1. Summary of OFET characterization (Thickness of HfO, thin film, D;
Operation voltage, Vy,,; Threshold voltage, Vyy,; Field-effect mobility, i) with

pentacene active layer grown on HfO; surface.

Dielectric ~ Method” D (nm) Vop V) Vi (V) p(em?V~ts™)  Ref
HfO, Anodiz. 40.1 -1.5 -0.75 0.022 [21]
HfO, Sol-gel 20 -2.5 -0.3 0.13 [21]

HfO,/S10, Sol-gel 3.1/1.7 -1.5 -0.72 0.08 [22]
HfO, Sol-gel 40 5 3.7 0.035 212]
HfO, Sol-gel 190 15 -7.46 3.8 [225]
HfO, ALD 50 -3 -0.87 0.23 [208]

HfO,/Al,04 ALD 10/10 -5 -1.89 0.0011 [213]
HfO, ALD 40 -2 -1.2 0.02 [221]
HfO, ALD 12 -1 -0.4 0.01 Ours
HfO, Sputt. 400 -12 0 0.02 [209]
HfO, Sputt. 300 5 -1.62 0.09 [211]

" Dielectric deposition method. Abbreviations: sputt., sputtering; anodiz., anodization;
ALD, atomic layer deposition.
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Figure 5-5. Gate voltage dependent mobility of pentacene FETs using
HfO, as gate dielectric without the plasma treatment, calculated from the
transfer characteristics in Fig. 5-2b at Vyg = —1V.

As shown in Fig. 5-5, the mobility of our pentacene FETs with bare

HfO, presented a pronounced gate voltage dependence, which has already been

reported in various OSCs and can be analyzed in the frame of a multiple
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trapping and release (MTR) model.'* A striking feature revealed by Fig. 5-5
was a nonsaturation behavior of mobility at V; = —1V. Therefore, it was
expected that the carrier mobility can be further improved by increasing V.

Fig. 5-6a shows a series of Igs — Vg curves of pentacene FETs using
plasma-treated HfO, with various exposure time te. A dramatic improvement
of I4s by about one order of magnitude was observed in plasma-treated devices.
This increase would be ascribed to: (i) a shift in threshold voltage, presented in
Fig. 5-6b; (i) an enhancement of field-effect mobility; or (iii) a change in
pentacene growth mode on HfO,, resulting in different molecule orientation

and morphologies, as shown in Fig. 5-8 and Fig. 5-13.
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Figure 5-6. (a) lgs —V, curves of pentacene FETs using oxygen
plasma-treated HfO, with various exposure time: 15 s (black line), 30 s (red
line), 60 s (green line), 90 s (blue line) and 120 s (cyan line). (b) Dependence
of threshold voltage Vyy, sub-threshold swings S, and field-effect mobility u on
the exposure time t,.
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As we can see, I35 — V, curve moved toward the positive direction with

a very short exposure time (e.g. to = 15s) and then shifted back to the
negative side gradually, indicating that V,;, was dynamically tuned. According
to eq 5-2, it can be known that the density of interface traps was being changed
during the exposure to oxygen plasma. This feature can be originated from: (i)
plasma-induced fixed negative charges trapped at the surface of HfO, film,
neutralizing positively charged states that contributed to the large initial
negative threshold voltage;'** and (ii) elimination/re-creation of the interface
defects (e.g. the reduction of organic contaminating carbon, shown in the inset
of Fig. 5-3) by oxygen radicals. At t, = 15 s, the value of Vi;, was minimized.
An estimated value of Ny.(= C;Vyy,/q) was around 6.1 X 10! cm™2. When the
exposure time t, increased, additional trapping states would be induced, giving
rise to an increase in Vi, as shown in Fig. 5-6b. However, the RMS roughness
of HfO, was hardly affected up to 240 s indicated by the AFM images (data
not shown). With t, = 240s, a Vy, of —0.47 V can be obtained (data not
shown), which was even more negative than that of devices with as-deposit
HfO,. A similar trend was also observed in the behavior of pg, . It was
maximized at t, = 15s with a value of 0.056 cm? V-1 s~! and sustained at
0.03 cm? V™1 s71 up to several minutes. We ascribed the enhanced mobility to
the ultraclean HfO, surface with increased surface energy. As mentioned
before, the surface energy of gate dielectric played an important role in
influencing the morphology and molecular orientation of OSCs and thus the

23 The ultraclean surface of HfO, with

electrical properties of OFETs.
increased surface energy would increase the mean diffusion length of

pentacene molecules, resulting in micron-size dendritic grains that contributed
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to the improved carrier mobility because of the effect of grain boundaries.**
Interestingly, pillar-like grains occurred indicated by dotted ovals on plasma-
treated substrates, as shown in Fig. 5-13b-d. The density of these pillar-like
grains would slightly increase with the increase of exposure time, which gave
rise to a more pronounced RMS roughness of pentacene film. Their effect on
the electrical performance will be studied through the contact resistance in
future. Another critical feature was that subthreshold slope S decreased
gradually with increasing t.. The lowest S of 157 mV decade™! was achieved

at to = 120 s, which was comparable to that of amorphous silicon FETs.
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Figure 5-7. Contact resistance (Rc W) versus Vy/t,, for pentacene

FET devices with (black square) as-deposited and (red circle) 15 s plasma-
treated HfO,. Device resistances are calculated in the linear regime from the
slope of the 133 — V44 characteristics.

However, our devices suffered from an unusually high contact
resistance R¢, shown in Fig. 5-7, which was also significant for such low gate
voltage. Normally, it was observed in nanoscale OFETs, resulting in a nonideal

227,228 oy
7-228 This has also been seen

I — V characteristics (e.g. a superlinear behavior).
in micron scale devices at low source-drain voltages and is known as current

crowding.””’ As mentioned previously, the value of g, determined from our
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pentacene crystal were 10 times smaller than that of pentacene films deposited
on Si0,.*"" Such low pg, value may result from highly resistive contacts
associated with Au-pentacene junctions, hindering the charge injection from
the source, but also probably reflected a relatively high concentration of trap
states in our pentacene film that can decrease the average mobility of free
carriers by serving as scattering centers. Despite of the high contact resistance,
it would not conceal the effect of oxygen plasma treatment on the other
electrical parameters. Improvements in these characteristics can be expected
from the use of purified materials as well as the deposition condition. Our
future work will examine this possibility. On the other hand, the off-state

current of pentacene FET devices (at Vg = —1 Vand Vg < Vyy,) slightly varied

by almost an order of magnitude between different oxygen plasma treatment,
but was well below 100 pA, as shown in Fig. 5-6a. The off-state current shall
be contributed by FN tunneling from source to drain through the channel and
FN tunneling from drain to gate through the oxide. The change of off-state
current with exposure time seemed to be related to the variation of FN
tunneling promoted by oxide traps generated during plasma exposure. The
overall performance has been improved by plasma treatment on the gate
surface.

Fig. 5-8 presented the X-ray diffraction pattern of a 500 A pentacene
film deposited onto HfO, with/without plasma treatment, revealing the crystal
type and molecule orientation. All films were found to be highly ordered
showing sharp diffraction peaks. On any growth conditions, a 5.73° diffraction
peak was the strongest, which indicated that the major component of pentacene

film is the thin film phase with a 15.4 A interplanar spacing of (001).
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However, two additional peaks emerged when pentacene deposited on plasma-
treat HfO,, indicating the presence of another phase, shown by the dash line.

The stronger peak sat at 19.2°, suggesting that a significant fraction of

pentacene molecules are lying flat with an interplanar spacing of 3 A. Such
phase was also not detected by XRD for pentacene deposited on HMDS-treated
HfO, (Fig. 5-9) and PS-treated HfO,.?'" Wang et al. reported that the presence
of more than one phase in pentacene can cause highly defective films’ leading
to the lower pgy for OFETs using bare HfO, compared to those using
PS/HfO,,”"" whereas Shtein et al. found that such flat-lying pentacene
molecules implied the improved adhesion of pentacene to the substrate, which
was observed for pentacene grown on the surface of bare and OTS-treated SiO;
under various substrate temperatures and depositing rates.”*> In view of the
changes in pentacene molecular orientation accompanying the increase in gy,
it seems unclear what role the in-plane m-system overlap plays in the field-

effect transistor behavior.
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Figure 5-8. X-ray diffraction patterns of pentacene films deposited on
plasma-treated HfO,/Si substrates with different exposure time t,: (a)0's, (b)
155, (c)30s, (d) 60 s, (e) 90 s, and (f) 120 s.
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Figure 5-9. lgs — V; curves of pentacene FETs with HfO, gate
dielectric treated by (a) OTS, (b) HMDS, (c) cross-linked P4VP. (d) Summary
of extracted output current lys at V; = Vgg = —1V and the threshold voltage
Vin of pentacene FET devices for different SiO; treatments.

Pentacene FET devices fabricated on chemically modified HfO, were
also investigated, shown in Fig. 5-9. In the case of devices with SAM-modified
HfO, gate dielectric, the threshold voltage Vi, of these devices was slightly
increased, as compared to that of devices with bare HfO,. Taking no account of
the density of interface traps Ny, the value of Vi, is inversely proportional to
C; according to eq 5-2. Because of the low dielectric constant (despite of the
ultrathin thickness of SAMs), the series total capacitance would be lowered,
therefore, a larger gate voltage (i.e. larger Vi) was needed to turn the device on.
It was more remarkable by the use of thick polymeric P4VP, giving rise to a
Vi, of as large as —1.85V, as the thickness of low-k P4VP buffer dielectric

already exceeded that of HfO,. On the other hand, the output current I35 was

not enhanced, even lowered by using SAMs modification, ascribing to the
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reduced ordering of pentacene molecules on SAMs-treated HfO,, suggested by
the lowered diffraction peaks shown in Fig. 5-10. Therefore, it suggested that
the use of plasma treatment on our ultrathin ALD grown HfO; is an effective

method to improve the electrical performance of pentacene FET devices.
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= — pentacene on HMDS-treated HfO,
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Figure 5-10. X-ray diffraction patterns of pentacene films deposited on
(black line) bare and (red line) HMDS-treated HfO»/Si substrates.

Here the reliability/stability of pentacene FET devices with plasma-
treated HfO, was also investigated through applying a gate voltage bias stress
continuously. Fig. 5-11a shows the time-dependent decay of the on-current [ 4

under a dc bias stress (Vgs = —0.5 V and Vg = —1 V), which could measure the

mobile hole concentration in the accumulation layer. For all devices, Iy
decreased rapidly at first few seconds and then continued to decrease at a
slower rate, whereas the device with as-deposited HfO, suffered from the most
severe degradation of I after 1000 s bias stress measurement, as shown in Fig.
5-11b. It was mainly due to the trapping of holes, shifting the threshold voltage
to a more negative value. For devices with as-deposited HfO,, the trapping of
holes was ascribed to the following factors: (i) organic residues and other

contaminants acting as trapping states near the surface of the dielectric, (ii)
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water molecules-related hole traps,'®” and (iii) structural defects (e.g. oxygen
vacancies) and grain boundaries of the semiconductor. Plasma treatment can
effectively reduce the amount of organic residuals, nevertheless residual
carbon species (inset of Fig. 5-3) was still found over the film, and also
diminished the oxygen vacancies in the HfO, film that would cause the charge
trapping and render remote Coulomb scattering of carriers in the channel, >

leading to a better bias stress stability and higher mobilites (Fig. 5-6d).

Ids/ldso

0.2

0 200 400 600 800 1000
Bias time (second)

0.6

Ids/ldso

30 90
Exposure time (second)
Figure 5-11. (a) Time-dependent decay of 1,5 of pentacene FETs with
as-deposite HfO; (black square) and plasma-treated HfO, for 30 s (red circle),
60 s (green triangle) and 90 s (blue down triangle) under continuous dc

voltage biases of Vgg = —0.5V and V; = —1V. (b) Dependence of lgs/14s0
after 1000 s bias stress on the exposure time t,.

However, devices with plasma-treated HfO, still exhibited 50% decay
of I4s after 1000 s bias stress measurement. In these devices, mechanism (ii)
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would dominate due to the presence of polar functional groups (e.g. —OH) that
rendered the surface super hydrophilic, although the access of moisture to grain
boundaries at the interface of gate dielectric in the channel would be slightly
reduced due to the increased grain size. Improvement in stability was expected
when devices operated in N»-filled environment avoiding oxygen and moisture.
Recovery of the bias stress at room temperature normally took several days,
but illumination due to the generation of mobile electron-hole pairs was proved
to speed up the recovery, indicating that a fraction of holes were deeply

trapped in the semiconductor (bulk or interface).
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Figure 5-12. (a) Igs — Vg curves of pentacene with 60 s plasma-
treated HfO; after 0 min (black line), 1 min (red line), 2 min (green line),
5 min (blue line) and 10 min (cyan line) dc voltage bias biases of Vs =
—0.5V and V; = 1V. (b) Dependence of Vy, shift after 10 min dc voltage

biases of Vs = —0.5V and V; = 1V on the exposure time t,.
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A positive gate bias (Vg = —0.5 Vand V; = 1V) was also applied to

induce a positive shift in threshold voltage and bias stress time ty, spanned
from 1 to 10 min, as shown in Fig. 5-12a. An interesting feature was that the
off-current in the depletion region gradually decreased and threshold voltage
shifted to more positive value with the increase of ty,, indicating the trapping of
electrons due to the presence of a large amount of surface hydroxyl groups'™®
and oxygen vacancies in plasma-treated HfO, film.>" A shift of as large as
0.1V in the devices with 60 s plasma-treated HfO, was observed at t, =
10 min, corresponding to transferred electron density of 2.6 x 10! cm™2.
However, the mobility, the on/off ratio, and the subthreshold slope are
minimally affected by the gate bias stress. Fig. 5-12b presents the shift of Vi,
after 10 min bias stress as a function of exposure time t.. Obviously, there
were two turning points at 15 s and 60 s, respectively. The device with 15 s
plasma-treated HfO, appeared most resistive to the positive gate bias with a
minimum AV, of ~0.05V. It can be said that the residues and other
contaminants can be effectively removed and possibly partial oxygen vacancies
can also be compensated by oxygen molecules within 15s, when the
pentacene film presented the strongest diffraction peak shown in Fig. 5-8,
contributing to lower threshold voltage and improved field-effect mobility, and
at the mean time the density of hydroxyl groups created during plasma
treatement that captured electrons was still low. Interestingly, the shift in
threshold voltage decreased again at t, = 90 s, which was analogous to that of
devices using as-deposit HfO,. We believed that it was correlated with the
density of surface hydroxyl groups and re-induced fixed positive charges on

the surface and/or in the bulk of HfO, film.
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Figure 5-13. Topography of pentacene films deposited on (a)0's, (b)
30s, (c) 60 s and (d) 90 s plasma-treated HfO,. The inset shows the corresp-
onding morphologies after 10 months’ storage in dry box.

Beyond characterizing the effect of oxygen plasma on grain size and
subsequent electrical properties, study on the aging of pentacene films was also
carried out in this work. Obviously, the polycrystalline pentacene films became
more disintegrated with increasing exposure time for oxygen plasma after 10
months storage in the air, as shown in the inset of Fig. 5-13. It is known that
long time exposure to oxygen plasma resulted in a very large surface energy of
HfO,, increasing the mean diffusion length of pentacene molecules. However,
the nucleation of pentacene islands was also restricted by the evaporation rate
and substrate temperature. A larger surface stress was believed to act on
pentacene crystals, especially at the edge between the tilted pentacene
molecules and the flat-lying molecules, when pentacene was deposited on
plasma-treated HfO, film. A schematic diagram for the degradation process of
pentacene crystals under atmospheric condition was shown in Fig. 5-14. We

believed that this degradation process of pentacene film was enhanced by the
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participation of oxygen and moisture due to the hydrophilic HfO, surface.

Post-thermal treatment (45 — 60 °C)>**

is thus of use to rearrange the
pentacene molecules to release the surface stress and thus can minimize such
weathering effect. Besides, precaution, e.g. encapsulation,”>>’ shall also be

helpful to ensure the environmental stability of semiconductor films as well as

the operational stability of devices.

Pentacene grains

As-deposit

10 months later

‘ HfO, \

Figure 5-14. Schematic illustration of the degradation process of
micron-size polycrystalline pentacene grains. The dash line and arrows
indicate the disintegrating region and surface stress, respectively.

54  CHAPTER SUMMARY

In conclusion, we have fabricated pentacene FETs operated at a low
voltage of —1V using high-x HfO, gate dielectric grown by ALD at a
temperature of 250 °C. The unit capacitance of 12 nm-thick HfO, was 415 nF
cm~2 at a frequency of 1 kHz. The influence of oxygen plasma treatment on
the electrical properties of pentacene FETs, such as threshold voltage (Viy,),

sub-threshold slope (S) and field-effect mobility (pg,), was thoroughly
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investigated. The maximum pg, 0f 0.056 cm? V=1 s71, minimum Vi, of —0.23
V and on/off ratio of > 103 was achieved att, = 15s. S decreased with the

1 can be obtained.

increase of t,, and a minimum value of 157 mV decade™
Negative gate bias stress measurement indicated that the operational stability
of devices using plasma-treated HfO, was improved within 120 s exposure
time in this work due to the removal of organic residues at the HfO, surface
and oxygen vacancies in the HfO, film. However, the device witht, = 15s
showed best immunity to positive gate bias and the worst at t, = 60 s, which
we thought depended on the quantity of hydroxyl groups and re-induced fixed
positive charges presented on the surface of HfO,. Finally, we have suggested
that the aging of pentacene crystals on plasma-treated HfO, under atmospheric
condition could be related to surface stress enhanced weathering. In order to

improve the environmental and operational stability of devices, post-thermal

treatment and/or encapsulation shall be a great choice.
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CHAPTER 6:
HETEROSTRUCTURE FET DEVICES

6.1 CHAPTER INTRODUCTION

The highest occupied and lowest unoccupied molecular orbital (HOMO
and LUMO) energy levels in a semiconducting molecular solid are, in some
respects, analogous to the valence and conduction band extrema energy levels
in inorganic semiconductors. Several heterostructure devices with inorganic
semiconductors have been demonstrated which exploit the differences in such
energy levels in different materials in very creative and technologically
important ways.”>* Heterostructure lasers, transistors, and light emitting diodes
are examples of devices where "Bandgap Engineering" has been proven to be
enormously successful. Indeed, the innovative combination of heterostructure
and quantum confinement effects has led to new structures and devices which
sometimes possess unusual and often superior technological characteristics.>

Devices with two or more organic and/or polymeric active materials
(possessing different HOMO/LUMO levels) have also been made in the hope
of benefiting from the discontinuities in energy levels at the heterointerface. In
OLED:s, for example, a heterostructure architecture is often used to control the
charge balance and confine the injected carriers near the heterointerface (and
away from the contacts) to improve light emission efficiency.”® In organic
photovoltaic cells (OPVCs), an optimized heterointerface can make the exciton
dissociation effectively into free charge carriers and hinder their recombination,

subsequently enhance the power conversion efficiency.”’ By contrast, charge
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transport is slightly different in OFETs, which occurs parallel to the active
interfaces. However, the application of heterostructure concepts to OFETs also
can be very useful and have been able to realize some novel device effects in

heterostructure FETs.>>!"®

For example, two active materials that transport
opposite carrier types (i.e. p-channel and n-channel semiconducting materials)
have been used in the same device to achieve ambipolar (sometimes also
referred to as bipolar) behavior, because the complementary approach to
fabricate integrated circuits (ICs) offers low power dissipation, wide noise
margins and high robustness, as compared to the unipolar approach (either
holes or electrons as dominate charge carriers in OFETs). From a scientific
perspective, the ability to realize ambipolar transistors also enables new ways
to improve the understanding of the physics of these organic devices.
Dodabalapur and co-workers firstly proposed and demonstrated bilayer FETs
by employing the known hole-conducting o-hexathienylene (0-6T) and the
electron-conducting Cgp, and both hole and electron transport was observed in
these devices, although with lower mobilities than those for each material on

its own.'’®%%

Moreover, direct comparison of hole and electron transport
within the same device is important as well, and the recombination of opposite
charge carriers and light emission within the transistor channel are expected to
take place. By carefully choosing the materials according to the relative
position of their HOMO and LUMO levels as well as the deposition order,
Dinelli et al. achieved a balanced electron/hole mobility (ca. 0.03 cm? V=1 s71)

and observed the light emission from the combination of a,w-dihexylquarter-

thiophene (DH4T) and PTCDI-C,3H,7.%*’
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On the other hand, the first layer (close to the gate dielectric) in the
heterostructure devices can also influence the interaction between the
molecules in the second layer and the substrate (sometime acting as an
alignment layer), therefore promote the packing mode of the second layer and
enhance the device performance (unipolar transport). Itaka et al. showed that
the use of a substrate covered with an atomically flat pentacene monomolecular
layer can drastically increase the crystallinity of Ceo film and increase the field-
effect mobility of Ceo FETs to 4.9 cm? V=1 s71,'7 while similar crystallization
effect in rubrene films grown on pentacene buffers was observed.”*” Later, Hu
et al. further studied the effect of pentacene buffer layer grown at the surface of
a pre-rubbed polyvinylalcohol (PVA) on the electrical performance of rubrene
FETs. It was found that the highest hole mobility of rubrene FETs was
measured at 45° off the rubbing direction, indicating a favourable C—H =n
interaction between an oriented pentacene layer and the rubrene layer.241 At the
meantime, Song et al. demonstrated that by inserting 3.5 nm vacuum deposited
film of para-sexiphenyl (p-6P) between phthalocyanato tin(IV) dichloride
(SnCy,Pc) film and SiO,/Si substrate, not only high mobility of SnCj,Pc FETs
(0.3 cm? V=1 s71) but also the good device stability in air can be achieved.**

In addition, FET devices with low pinch-off voltage (V,, =~5V) was

demonstrated by introducing acceptor layers (e.g. 3 nm TCNE) on thick
thermal silicon oxide (ca. 500 nm) as gate insulator due to charge transfer

between pentacene and TCNE.**

At the same time, the same group reported
that by using the bilayer structure of PVK and pentacene, the control of

threshold voltage Vi, of a device can be realized because of the charge trapping

mechanism in PVK layer, which would be critical for the reliability of
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246 In the case of silicon metal-oxide-semiconductor field-effect

enhanced ICs.
transistors, Vy, can be adjusted by doping the channel region and/or a second
gate bias to tune the electrostatic potential and the carrier density in the
channel.*” The same techniques have not yet been well developed for OFETs,
whereas great efforts have been made to develop a few methods to achieve the
control of threshold voltage.'*""'>*****7 Nevertheless, little research has been
done on employing light illumination as a control apparatus to Vy;,, which will
bring about light-controlled OFETs. Although a shift in Vi, upon light
illumination was observed, it was very difficult to strictly control Vi, in a wide
range for a single OFET device.

Previously, chargeable gate dielectrics (sometimes referred to as
"electrets") were employed to study the effect of photo-induced charge transfer

181,248

on the shift of the field effect onset. The memory effect in the FET

structure due to the photo-induced charge transfer was firstly studied by Dutta

%% 1t was found that the negative charges are severely trapped and

and Narayan.
lie in the deep energy states in the depletion mode after being generated under
illumination. Later, the rate of the charge transfer (both holes and electrons)

181 .
which was

was investigated in detail by Podzorov and Gershenson,
determined by (i) the flux of photons with energies greater than the LUMO-
HOMO gap of an organic semiconductor and (ii) the magnitude of the
transverse electrical field applied at the semiconductor-dielectric interface.
However, both works focuses on the charge transfer from an active layer to a
gate dielectric. In this work, two conjugated polymer, poly(9,9-dioctylfluorene)

(PFO) and Poly(N-vinylcarbazole) (PVK), shown in Fig. 6-1a, were selected to

form type I heterojunction (straddling gap) with pentacene to study the charge
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transfer effect, which have been widely investigated as a hole-transport

material in the fabrication of blue LEDs,****

and the diagram of energy levels
of PFO/ pentacene (or PVK/pentacene) was similar to that of PVA/P3AT or
Parylene/rubrene. The use of PFO was due to the presence of the deep electron
trapping states and its high room-temperature hole mobility with weak field
dependence.”’ Besides, PFO will emit polarized light if they can be oriented,
as it is an emissive liquid-crystal polymer.”>® Such a polarized emitter is of
great interest for use as a backlight in a liquid-crystal display since it provides
the replacement for the normal backlight and polarizer combination. For PVK,
bistable resistance switching based on trapping and detrapping of majority
carriers using PVK films was demonstrated, which revealed their nonvolatile

254
memory nature. >

PVK was also used to tune the flat-band voltage (Vg,) in
pentacene FETs due to the charge trapping mechanism.**® For these reasons,
high performance OFET devices with a pentacene active layer and
nanostructured PFO (or PVK thin film) were fabricated to study charge
transport along and charge transfer across the heterointerface. Under negative

gate bias (|Vg| > |Vip| ) in the dark condition, these FETs presented

conventional p-channel behavior and operate in the enhancement mode, as the
field-induced carriers are expected to be confined in the pentacene layer due to
the HOMO offset between PFO or PVK (LUMO = —2.3 eV and HOMO =
—5.8eV)*” and pentacene (LUMO = —3.2 eV and HOMO = —5.1 eV, see Fig.
6-1b)."""*> When it is under illumination, non-equilibrium charge carriers
(holes and electrons) are generated and separated under the influence of the
electric field. By applying proper positive gate bias, i.e. operating in the

depletion mode, electron carriers can be trapped by the nanostructured PFO (or
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PVK) and the interface, causing a shift in the threshold voltage. As we will
show hereinafter, by varying the starting source-gate voltage Vg gar¢ in the off-
to-on transfer characteristics, Vi, can be tuned through the effect of photo-
induced charge transfer. After that, the hysteresis behavior in such hetero-
junction FET devices was also systematically investigated at various bias
conditions under light illumination. It was found that the hysteresis
phenomenon presented strong bias-dependence and a maximum hysteresis
window AV, larger than 80V was obtained from the cyclic transfer
characteristics, on which both electron and hole trapping have an impact.

Detailed analysis for these results and a possible mechanism are discussed.

6.2 EXPERIMENTAL DETAILS

For the fabrication of heterostructure FET devices using pentacene and
polymeric light-emitting materials, a heavily doped silicon wafer with a 200 or
500 nm thermally grown oxide layer was used as the common gate and
supporting substrate. PFO (see Fig. 6-2a) was deposited on the wafer after a
wafer-cleaning process. It consisted of 10 — 15 nm nano-structured PFO
dispersed in PMMA, referred as PFO&PMMA (PFO-FETsl), and for PFO-
FETs2, another 10 nm PMMA film was used to planarize the surface of
PFO&PMMA film, while 10 nm pure PFO covered by 10 nm PMMA was
employed in PFO-FETs3. PFO&PMMA (or pure PFO) film was spin-coated
from 0.2wt% solution in toluene (the ratio of PFO to PMMA is 1) and the
nano-structured PFO was formed during the annealing process at 105 °C for
10 min on a hotplate under the air ambient. PMMA planarizing layer was spin-

coated from chlorobenzene solution and annealed at 105 °C for 10 min on the
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hotplate to remove the residual solvent. For the fabrication of PVK-FETs,
10 nm PVK (see Fig. 6-2a) was spin-coated from 0.2wt% solution in
chlorobenzene and annealed at 120°C for 30 min . The devices were
completed by the deposition of 30 nm gold as source-drain contact through the
shadow mask after the evaporation of 50 nm pentacene active layer, as shown
in Fig. 6-1. For a typical device, the channel length (L) and width (W) of
organic transistors were 100 um and 2 mm, respectively. For comparison, the
control devices with the same thickness of organic semiconductor and the same
L and W were fabricated on bare SiO,/Si substrates without a PVK (PFO) layer.
To characterize absorption spectra, PFO&PMMA (or PFO) film with the same

thickness was prepared on the quartz substrate.

(a) (b)
Pentacene
PFO/PMMA 4<— PFO/PMMA
SiO, gate dielectric SiO, gate dielectric
Gate electrode (Si)
(c) (d)
PMMA\ Mm\)\ /L/\/men/;'\/\/l—\
PFO [ PVK J«—PVK

SiO, gate dielectric SiO, gate dielectric
Gate electrode (Si) Gate electrode (Si)

Figure 6-1. Schematic of top-contact OFETs: (a) PFO-FETsl, (b)
PFO-FETs2, (c) PFO-FETs3, and (d) PVK-FETs.

To investigate the effect of light illumination on the electrical
performance of our devices, the devices were illuminated from the top from a
halogen lamp. The characterization of the devices was carried out on a standard
probe station with or without light illumination. The light intensity was preset
using a neutral density filter. To clarify the charge transfer and trapping

mechanism in these devices, a Dongwoo Optron TH3 arc lamp together with a
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Dongwoo Optron DM150i monochromator was used to conduct red light
illumination at a wavelength of 628 nm. The light was focused to a spot size
approximately equal to the area of the device to cover the entire channel with

2. Electrical characteristics were

an estimated light intensity of 1 mW cm™
measured using a Keithley 4200 SCS semiconductor parameter analyzer with
100 ms hold time and 100 ms delay time under ambient condition at room
temperature. Unless other specified, the gate bias sweep direction was from
positive to negative at 1 V steps (and back to positive in the part of studying the
hysteresis behavior). AFM images were obtained using a Nanoscope Illa AFM

(digital instrument) in tapping mode. Absorption spectrum was measured at

room temperature using a Shimadzu UV-VIS spectrometer.

6.3 RESULTS AND DISCUSSION

(a) —(—ngc—clu _)F
N
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= 4.1eV PVK Pen
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p-Si -4.9¢eV
526V S1eV N\
5 8¢eV Au

Figure 6-2. (a) The chemical structures of PFO and PVK; (b) Energy
levels (HOMO and LUMO) of PVK (PFO) and the work function of heavily p-
doped silicon and Au.
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Fig. 6-3 shows the output and transfer characteristics of p-type
pentacene FETs, where the source-drain currents |I45| are plotted against the

gate voltage V, in a logarithmic scale, at a constant source-drain voltage of Vg4
= —100 V for PFO-FETs]1. I35 does not begin to rise until V, exceeds 100V,

indicating an extremely large threshold voltage due to the presence of a large

amount of trapping states. At Vy = —150V, the value of I35 was smaller than

40 nA and gradually decreased with the increase of Vys. It means that the
field-induced holes can be transferred from pentacene into PFO and some
would be trapped under such high transverse electrical field, although there is a
large band-gap offset (AEgomo = 0.7 eV) between PFO and pentacene, shown

in Fig. 6-2b.

< 107}
;% Programming
%2}
2 o9l (Vg =200V)
11 \ ,
10 0 -50 -100 -150
vV, (V)

Figure 6-3. (a) Output characteristics in dark condition. (b) Transfer
characteristics of PFO-FETsl with500 nm SiO; at V;o = =100V, where
Vy = 200V for 30 s was applied at Vgg = 0V under visible light illumination

for inducing the shift in V.
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From linear curve fitting to the data of VI versus Vg in the saturation
region (not shown here), Vi, is obtained as the intercept to the X-axis of the
linear fitting curve, whereas field-effect mobility g, 1s derived from the slope.
The evaluated values of the mobility pg,; Vi, and on/off current ratio are 0.028
cm? V71571 - 110 V and 103, respectively. By applying light illumination on
the device at Vy = 200V for 30 s, the entire transfer curve was shifted to the
positive side. The shift of the threshold voltage can be attributed to the trapping
of photo-generated electrons and neutralize the positively charged states that
contribute to the large initial negative threshold voltage. Therefore, the

transferred carrier density An can be estimated by the follows:

An — Qtrap — CiAVth

- - (6.1)

where Qrap 18 the amount of trapped charges and q is the charge of electron.

The calculated An was ca. 3.75 X 1012 cm™2. It seems that the nanostructured
PFO played as charge-trapping centers like silicon nanoparticles (NPs)
distributed in the gate oxide.”® In our case, the effect of field-induced electrons
on inducing the shift of Vi;, under positive gate bias was suppressed because of
(1) the low electron carrier density in the p-type pentacene layer and the large
electron injection barriers (ii) between pentacene and Au and (iii) between
pentacene and PFO, shown in Fig. 6-2b. However, by applying visible light
illumination, the photo-generation process produced excess high-energy
electron carriers, which was an important mechanism of boosting the amount
of trapped electrons in nanostructured PFO and the interface, resulting in a
significant shift of Vi;,. The calculated mobility was 0.026 cm? V=1 s™1 which

was in good consistence with that obtained in the dark condition.
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Figure 6-4. Atomic force microscope images of surfaces of polymer: (a)
PFO&PMMA spin-coated on SiO, surface (R; =4nm), (b) PMMA film
planarizing PFO&PMMA ( Ry, = 1.5nm ). Data scale is 50 nm and R,
represents RMS roughness.

Obviously, the obtained performance of PFO-FETs1 was not satisfying,
e.g. low mobility and terribly large threshold voltage. This might be due to the
rough interface between the pentacene and the PFO&PMMA film, as shown in
Fig. 6-4a, since PFO tends to crystallize to form nanostructures during
annealing process. This rough interface brings a large amount of interfacial
states that trap charge carriers, contributing to the large negative threshold
voltage. Besides, the charge transport in the accumulation region became
worse due to the charge scattering effect, thereby deteriorating the field-effect
mobility. In order to improve the surface condition, a 10 nm-thick thin PMMA
layer was employed for planarization, shown in Fig. 6-4b. The electrical

characteristics of PFO-FETs2 in the dark condition were presented in Fig. 6-5a.

The device performance was greatly improved by the introduction of a 10 nm
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PMMA buffer layer, giving rise to a mobility of 0.35 cm? V151 Vy of

—15 V and an on/off ratio of > 10°.
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Figure 6-5. (a) Output characteristics of PFO-FETs2 with500 nm SiO;
in dark condition. (b) Transfer characteristics in dark condition. (c) Transfer
characteristics under illumination with various Vg stqre: 60V (red line), 100 V

(green line), 150V (blue line) and 200V (cyan line). (d) I;S{Z vs Vy curves
under illumination.

Interestingly, by varying the starting gate voltage Vg grare from O to
200V in the off-to-on transfer curve to study charge transfer across the
heterointerface in the dark condition, a shift in Vi, (i.e. AVy,) of 6V was
obtained, namely, V, varied from —15 to —9 V. Similarly, a small AVy, also
can be observed in PFO-FETsl, when a large Vg o 1s applied in dark
condition (not shown here, due to large device-to-device variation). It indicated
that a small amount of field-induced electrons can be injected from pentacene
active layer and trapped in nanostructured PFO and the interface, even though
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the thin PMMA planarizing layer provided an additional injection barrier for
electrons. It is thus expected that when the device is under illumination, the
shift in transfer curves would become much clearer due to the participation of
photo-excited high-energy electrons. As expected, the transfer curves
systematically shifted toward the positive direction with increasing Vg gart, by
applying light illumination on the channel region, as shown in Fig. 6-5c. It was
observed that Vi, remarkably shifted from —14.6 to 122.5V when Vg giart
changed from 60 to 200 V. It should be noted that the photo-induced threshold
voltage shift was so significant that the operation mode can be changed from

the enhancement mode to the depletion mode.
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Figure 6-6. Vi, as a function of Vg sqre of PFO-FETs2 using 500 nm
Si0; as gate dielectric with (circle)/without (square) visible light illumination.

The photo-induced shift in Vi, can be explained through the efficiency
of the exciton separation in organic semiconductors and the electron trapping
in nanostructured PFO and the interface. When light is absorbed, transitions
between two molecular orbitals result in excitonic states with weak or strong

Coulomb interaction binding electron and hole depending on photon energy.
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These paired electrons and holes are separated under proper gate bias. Detailed
discussion of charge separation can also be found in studies of organic solar
cells.”"*° As shown in Fig. 6-5¢c, Vi, was almost unaffected till Vg start = 60
V under light illumination. However, a conducting channel between the source
and the drain began to form even at V; = 150 V by applying Vg geare = 200V,
indicating that a large amount of electrons were injected across PFO/pentacen
heterointerface and trapped. Based on eq 6.1, the estimated density of
transferred charges was ca. 5.14 X 102 cm™2. These trapped electrons were
contributed from the excitonic states dissociated under the transverse electrical
field determined by the applied gate bias. The efficiency of exciton
dissociation and charge injection from the channel layer depends on the
strength of the transverse electrical field and thus the threshold voltage can be
set by Vg stare, Whereas light illumination can be a control parameter for the
modulation of the threshold voltage, as seen in response curves in Fig. 6-6.

In order to investigate the stability of a shifted Vi;,, we did the
experiment on the lifetime of trapped charges in the dark. The device was
programmed with red light (A = 628 nm) under a gate bias of 200 V with
respect to the short-circuited source and drain electrodes for a duration of 60 s.
The considerably enhanced drain current was obtained at zero gate bias at Vg
= —100 V after programming, showing the "ON" state of the device. On the
other hand, by applying an erasing voltage at V; = —200 V at Vgs = 0 V in the
dark to sweep away the trapped electrons, the transistor can be restored to the
"OFF" state. The experiment result indicated that the trapped electrons were
injected from the pentacene active layer, as the absorption spectrum of PFO

mainly occurred in the blue light region (see the inset of Fig. 6-7) due to the
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large HOMO-LUMO band-gap while pentacene film was reported to be
sensitive to red light*®® A decay process in Iy exhibited non-exponential
characteristics with two distinguishable decay rates: (i) an initial rapid
relaxation due to the recombination of closely packed holes and electrons and
(i) a subsequent slower relaxation originated from deeply trapped carriers,
depending on the quality of the PFO&PMMA film as well as the PMMA
buffer dielectric. A charge storage lifetime of 60 min was obtained in this
experiment. Due to the small, but non-zero leakage currents, these device in its
current state needs to be refreshed every few hours, which might not reach the
requirement for data storage application in organic electronics, but really
motivating for the development of OFETs with tunable Vi, through the photo-

induced charge transfer.
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Figure 6-7. Time evolution of l;s of PFO-FETs2 with500 nm SiO;
measured at Vgg = —100V & V; = 0V in the dark. The programming bias

(Vg =200V & Vys = 0V) and erasing bias (V; = =200V & Vys = 0V) was
applied to obtain the "ON"- and "OFF"-current states.
To better understand the photo-induced dynamic charge trapping/

detrapping at the heterostructure devices, here it would be investigated in terms

of their hysteresis behavior. Fig. 6-8a shows the output characteristics of PVK-

105 |Page



C.G. FENG (2012) CHAPTER 6: HETEROSTRUCTURE FET DEVICES

FETs measured under illumination, exhibiting a typical p-channel operation
with slightly wider saturation region. Obviously, the PVK layer does not cause
havoc with the FET characteristics of PVK-FETs, this is, the saturation current
at Vo = —40V is ca. -20 pA, even slightly higher than that of the control

devices without PVK layer.
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Figure 6-8. Output characteristics of (a) PVK-FETs with 200 nm SiO;
and (b) control device with bare SiO; without PVK (or PFO) layer under
illumination.

The effect of PVK layer on the device performance was examined by
XRD and AFM of pentacene film grown on top of it, shown in Fig. 6-8, which
gives us an insight into why the high mobility of our heterostructure devices
remains. A highly ordered pentacene film was deposited on both substrates
with/without PVK (Fig. 6-9), showing the "thin film phase",”**® which is

different from the structure of single crystals of pentacene, i.e. the “single

crystal phase”. And the morphology of pentacene polycrystalline film changes
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from dendritic grain structure on SiO,/Si substrate to small granular grain
structure on PVK/Si0,/Si substrate (inset of Fig. 6-9). As pentacene film was
deposited on both substrates in an identical way. Thus, the effect of external
parameters like difference of vacuum pressure, deposition rate, and substrate

temperature on device performance can be excluded.
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Figure 6-9. X-ray diffraction patterns of 50 nm pentacene films
deposited on (black) bare and (red) PVK-treated SiO/Si substrates. Inset:
topography of pentacene film (2.5 X 2.5 um).

The mobility measured from PVK-FETs was ca. 0.6 cm?V~1s™1,
which is slightly higher than that of our control devices with bare SiO, and

71 It might be because of the weak

comparable to previous reported results.
interaction potential between PVK and pentacene, resulting in a different
growth mode of pentacene film: the (001) orientation of pentacene film on

PVK/Si0,/Si substrate was enhanced, resulting in a more highly ordered film

and three dimensional islands of pentacene (i.e. reduced grain size, tighter
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packing of pentacene molecules), facilitating the charge transport through the
channel layer.””® Similar results have been reported in the case of pentacene
FETs with OTS modified gate oxide.”"'****

However, the set of current curves showed decreased steps of I35 with
increasing gate voltage Vy, which was quite different from that of control
devices shown in Fig. 6-8b, indicating that the introduction of a PVK layer
leads to gate bias dependent threshold voltages Vi, due to charge trapping
mechanisms under illumination. This feature was nearly coincident with the
observation in Ref. (247) in dark condition. For low negative Vg, both field
induced charges and photo-generated charges could be confined in the channel
layer due to the large AEyomo, as shown schematically in Fig. 6-10a.
According to the high mobility of our PVK-FETs, we can know that most of
the charges are located in the pentacene layer and not the PVK, because of the
widely differing field-effect mobilities in PVK (107 cm?V~1s71) and
pentacene (normally larger than 0.1 cm? V™1s™1 SiO,/Si substrates). The
heterostructure device possesses a field-effect mobility approximately equal to
that of single-layer pentacene FETs, clearly indicating that a majority of the
field-induced carriers transfer to the pentacene layer because of the HOMO
energy level difference that exists between PVK and pentacene, providing yet
another clear illustration of the applicability of heterostructure concepts in
organic field-effect transistors. For high negative V,, i.e. F - t;,.x > AEgomo»
where F is the transverse electric field and t,,4 is the film thickness of PVK,
holes were expected to be distributed in both layers.”>*®! Recently, the charge
transport and distribution in dark condition in a series of semiconducting

polymer heterostructure devices (e.g. P3HT/PFO hetero-junction with PMMA
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gate dielectric) in a BCTG architecture was simulated using the ATLAS
software, which would be influenced by the magnitude of AEyomo, Vg, Vgs and
the mobility difference between two semiconductors.”®' The simulated results
were consistent with our experimental data, this is, the current saturation is
determined by the injection rate of charges from the first into the second layer,
which is the result of a balance between the energy offset that blocks the
charge carrier transfer and the gate field that assists the transfer. These trapped
charges in PVK and the interface explains the increase of Vi, and thus the

decreasing increment of I4s for constant V,, incremental step. Similar trend of

I4s — Vg curves was also obtained for PFO-FETs3 (data not shown).
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Fig. 6-10. Schematic energy level diagrams of a heterojunction device
with pentacene and PVK (or PFO) bilayer when (a) negative gate bias applied:
the field-induced holes transfer to pentacene since the HOMO energy level of
pentacene is lower than that of PVK (or PFO), (b) positive gate bias applied:
electrons injected to PVK (or PFO) at a high transversal electric field.

Clearly, these interfacial layers played an important role in affecting
device performance under illuminated condition. To further understand the

photo-assisted charge transfer process, the cyclic transfer characteristics of

PVK-FETs were tested by sweeping Vg from Vg grare t0 Vg 510p and back to
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Vg start- As shown in Fig. 6-11a, the devices exhibited a significant dependence
of the hysteresis on the sweep range of V, with fixed Vg gare and varied Vg gi0p
(from —10 V to —80 V). The transfer curves coincided with each other during
the off-to-on sweep due to the same initial state of the device. On the other
hand, the curves during the on-to-off sweep progressively moved toward the
negative side, indicating that the magnitude of Vy;, increased negatively and the

hysteresis window AVy, increased with increasing Vg siop-
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Figure 6-11. (a) Cyclic I3 — Vy characteristics of PVK-FETs with V,
scanned from 80V to V4 g0, and back to 80V, where Vy g0 = =10V (blue
line), =40V (red line), and —80V (black line), respectively, at V;c = —80V.
(D) Vina and Vipy as a function of Vy gtop for PVK-FETs (black) and PFO-
FETs3 with 200 nm SiO; (red).

It was believed that such a phenomenon was due to (i) the fast release

of trapped electrons after a certain positive Vg during the off-to-on sweep, and

(i1) direct capture of photo-induced holes in PVK interfacial layer and/or
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transferred from the channel layer, especially underneath the drain region,
under the high transverse electric field during the on-to-off sweep.”’**"?% A
similar feature was also obtained in the cyclic transfer characteristics of PFO-
FETs3 (data not shown). Combining the observations in Fig. 6-8a and Fig. 6-
11a, it can be proven that the donor-like traps were presented in both PVK
(PFO) layers and the interface, which can cause the hysteresis. The threshold

voltages in the off-to-on sweep (V1) and on-to-off sweep (Vi) were also
plotted against Vg g¢op, shown in Fig. 6-11b. Vi, ranged from negative to
positive values with nearly linear relation with Vg g¢0p, which meant that once
an amount of electrons were pre-trapped in these interfacial layers, either
electrons or holes could be retained depending on the extent of hole injection
during the on-to-off sweep.

It is known that electron mobility is several orders of magnitude lower
than hole mobility in both non-conjugated PVK and conjugated PFO, and the
trapping of electrons in these films has been reported.”***"*** However, the
transfer of electrons from pentacene to PVK (PFO) seemed apparently difficult,
especially in dark condition, as (i) the electron carrier density in the p-type
semiconductor is low, and (ii) a large LUMO offset (AE ymo = 0.7 eV)
between pentacene and these interfacial layers, as well as the large injection
barrier between the source-drain contact Au and pentacene, has to be
surmounted. It is expected that the trapping of electrons injected from
pentacene can be improved through the photo-assisted charge transfer. Fig. 6-
12a,b showed the transfer curves of PFO-FETs3 and PVK-FETs measured

under illumination by changing the sweep range with various Vg gop. For

V,

o start = 0V, Igs began to rise at a negative V; value during the off-to-on
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sweep for both devices. The observed hysteresis was proposed to be attributed

to the trapping of holes.
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Figure 6-12. (a) Cyclic Iqs — Vy characteristics of PFO-FETs3 with
Vg start = 0V (Dlack line), 20V (red line), 40V (green line), 60V (blue line),
and 80V (Cayn line), at Vyg = —10V. (b) Cyclic 145 — V, characteristics of
PVK-FETs with Vg stqre = 0V (red line) and 80V (black line), at Vg5 =
—80V. (c) Cyclic Iq5 — V4 characteristics of control device; (d) Hysteresis
window AV, as a function of Vy siqre under illumination for PFO-FETs3 (red
circle) and PVK-FETs with 200 nm SiO; (black square).

Obviously, the magnitude of hysteresis window in the cyclic transfer
curve of PFO-FETs3 was much larger than that of PVK-FETs, indicating the
difference in charge injection process. It meant that the injection of holes into
PFO and the interface was easier, although the PFO layer was protected by
PMMA. This might be because of the nanostructured PFO crystal cannot be

fully covered, and then holes would be easily swept into PFO under the high

electric field at the head of needle-like PFO crystal (see Fig. 6-4). For the off-
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to-on sweeps, we assumed that the amount of trapped electrons, Qe trap, Was
initially zero. When Vg g,r¢ increased positively, the off-to-on curves gradually
moved to the positive side, because much more amount of electrons was
trapped in PVK (PFO) layer and the interface under higher transverse electric
field. Especially at Vg g5, = 80V, a conducting channel between the source
and the drain began to form even at very high positive V; between 50 V and 70
V, leading to a wide range of saturation region of the output current I45. Thus,
the amount of trapped negative charges can be estimated according to
Qe trap = —AVy, - Ci, where AVyy, and C; are the shift of Vi, in off-to-on curves
between Vg o, = 0V and 80 V, and the unit capacitance of dielectric layer,
respectively. At the same time, the on-to-off curves showed little difference for
different Vg seare, implying that almost all trapped electrons were completely
swept out and even some holes might be trapped. Therefore, the hysteresis
window, i.e. the total shift in threshold voltage AVyy, (= Vi1 — Vinz), originated
from trapped electrons and holes, Qiotal[= Qetrap — Airap = —Ci(Vip1 —
Vinz)]. The hysteresis window AVy, versus Vg g5 was shown in Fig. 6-12d,
whereas the maximum value of AVy, exceeded 80V, i.e. the half sweeping
range of V;. For the control device, not only the shift in Vi, toward positive
direction but also AVy;, was greatly reduced, shown in Fig. 6-12c. It was due to
the lack of additional traps introduced by PVK (PFO), only the structural
defects (e.g. grain boundaries) and hydroxyl groups at the surface of SiO, can
contribute to the trapping of electrons. Once electrons were captured by these
trapping states, they would be deeply trapped, this is, hard to be released at the

time scale of completing the scan of Vy, which explained the positively shifted
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Vi, and small hysteresis window of the control devices. The calculated Qyq, at

Ve

start = 80V was between 1x 107 Ccm™2 for PVK-FET and 1.5 X
107% C cm™2 for PFO-FETs3, indicating a great charge storage ability of PVK
and PFO in the FET structure. This is the very example of how the use of
heterostructures in organic devices can enhance their functionality.
Additionally, there was a different trend of AVy, versus Vg giare for PFO-FETs3
and PVK-FETs, as seen in Fig. 6-12d. Clearly, a more considerable hysteresis
window was obtained at low Vg giart, €.. at 0V, for PFO-FETs3 than that for
PVK-FETs, which was attributed to the easier trapping of holes at negative
gate voltage in the former device. For PVK-FETs, AV, increased rapidly only
when Vg gorc exceeded 40V that corresponded to an electric field F of 2
MV cm™?, leading to an increase in the injection of electrons across PVK/
pentacene heterointerface, as shown schematically in Fig. 6-10b.

Fig. 6-13a showed the cyclic transfer characteristics of PVK-FETs
measured by varying Vg5 while keeping the same sweep range of V. Obviously,
for a small V4g, e.g. at =10V, only a small AV}, was observed. When Vg
increased negatively, AV, increased accordingly. However, the situation for
PFO-FETs3 was slightly different (data not shown). Vi;,; was almost kept
constant while Vi, was slightly shifted toward positive side with increasing
Vs, giving rise to a slightly smaller AVy, (see Fig. 6-13b). These observations
can be qualitatively explained based on our model as follows. Charges arriving
at the interface between pentacene and PVK (PFO) can follow one of the two
fates: holes are either swept into the drain along the pentacene/PVK (or

pentacene/PFO) interface or injected into PVK (PFO) under negative Vj ;
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electrons are transferred from pentacene active layer and trapped in PVK (PFO)

at the depletion region (under positive Vg grart)-
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Figure 6-13. (a) Cyclic Iz — Vy characteristics for PVK-FETs with
Vis = =10V (red line) and —80V (black line), respectively. (b) Hysteresis
window AVyy, as a function of Vyq seare for PVK-FETs (black square) and for
PFO-FETs3 with 200 nm SiO; (red circle).

The value of V44 influences the drift velocity of holes in pentacene and,
therefore, the time the holes spend in the transistor channel. On the other hand
the time for charge injection into PVK (PFO) is determined by V,. For PFO-
FETs3, almost the same amount of electrons can be trapped in PFO and the
interface at fixed Vg gare = 80 V regardless of Vys. At higher negative Vg, the
pre-trapped electrons would be fully de-trapped and probably the holes can

cross the channel along the pentacene/PFO interface sufficiently fast that they

do not have high probability of being injected into PFO during the time they
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spend in the channel, which explained the decreased AVy,. But PVK-FETs
underwent an opposite trends, this is, Vi,,; was greatly shifted to the negative
side while Vi, was little affected by decreasing V4. We believed that the
derecased hysteresis window due to the reduction of V45 was ascribed to the
lower transverse electric field near drain region, which was strongly correlated
with charge transfer from pentacene into PVK. Fig 6-13b showed hysteresis
window AVy, that were plotted against Vgq . (= Vg start — Vas), which was
highly in agreement to that in Fig. 6-12d for PVK-FETs. It meant that the

electron injection into PVK was mainly determined by both Vg ¢are and Vys.

104} (@)
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Figure 6-14. Cyclic 145 — Vy characteristics of (a) PFO-FETs3 with
200 nm SiO; measured at Vg = =10V, (b) PVK-FETs measured at Vs =
—80V, with V; swept in both directions: (i) off-to-on and back to off sweeping
(black line), denoted as Sy, (ii) on-to-off and back to on sweeping (red line),
denoted as S,.
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Fig. 6-14 showed cyclic transfer characteristics swept in both directions:
(1) off-to-on and back to off sweeping, denoted as S;, (ii) on-to-off and back to
on sweeping, denoted as S,. The off-to-on curves in both S; and S, exhibited
larger drain current |I4s| for all Vy and more positive Vi,; than Vi, in the on-
to-off curves due to the charge trapping mechanism. There was little difference
between Spggq and Sprg,, although Spgg, exhibited slightly larger hysteresis
window than that in Spgg; (see Fig 6-14a), it might be because of the residual
trapped charges during the continuous measurement. However, Spyk, was very
different from Spyk,, as shown in Fig. 6-14b. From the off-to-on curve in
Spvki1 measurement, we knew that a large amount of electrons were transferred
across PVK/pentacene heterointerface and trapped in PVK film and the
interface, indicated by the large positive Vip;. When Vg increased negatively,
almost all the trapped electrons would be released and/or recombined with
trapped holes, as the on-to-off curves in Spyk; and Spyk, were almost kept
constant. When V,; swept back to 0 V in the on-to-off curve of Spyg, and Spyk,,

positive charges were trapped and took the place to control V. During 0-to-
80V in the on-to-off section and 80-to-0V in the off-to-on section, most
captured electrons were used to neutralize these long-life trapped holes,
causing a smaller shift in Vi, in Spyk,. Therefore, it was to say that the lifetime
of trapped electrons and holes in PFO-FETs3 was comparable, while holes
were more deeply trapped in PVK-FETs, which were related with the structural
and electrical properties of PFO and PVK film. The above experiments showed
that the trapping of both electrons and holes played a role for the hysteresis

behavior in these devices.
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64  CHAPTER SUMMARY

In conclusion, our interest in heterostructure devices based on two hole
conducting materials (e.g. pentacene/PFO) is motivated less by the need for
high transistor performance, but more by the desire to better understand the
electronic structure of the interface between two semiconductors as well as the
charge transport along and charge transfer across such interfaces.

Firstly, the heterojunction FET devices based on pentacene and PFO
were demonstrated, exhibiting a typical unipolar p-channel operation. The
charge transfer between pentacene and nanostructured PFO in the FET
structure was studied and these devices presented a light-programmable
electrical feature. Such unique properties were ascribed to the discontinuities in
energy levels at the heterointerface between pentacene and PFO, and the
charge-trapping ability of nanostructured PFO. The shift of the threshold
voltage can be controlled in a wide range so that the operation mode of such
devices can be switched from the enhancement mode to the depletion mode by
varying Vg sare under light illumination, while the field-effect mobility and
on/off current ratio were well maintained when the surface condition of
nanostructured PFO was optimized. However, to achieve a more useful
memory device, the improved performance is expected, in terms of charge
retention and the operating voltage by introducing new combinations of
various materials, smoother interface, along with optimization of geometrical
parameters.

Secondly, the photo-induced hysteresis behavior in devices based on
pentacene/PVK (or pentacene/PFO) heterojunction was also investigated, and a

hysteresis window larger than 80 V (a half of the total sweep range of gate

118 |Page



C.G. FENG (2012) CHAPTER 6: HETEROSTRUCTURE FET DEVICES

voltage) was obtained in both devices. It is also found that the hysteresis
window AVy, was mainly determined by V, in PFO-FETs3, while it was
strongly correlated with the value of both V, and Vg, and the sweeping
direction of V; in PVK-FETs. In the latter case, AVy, underwent a clear

transition, which began to increase rapidly when the transverse electric field F
exceeded 2 MV cm™1. Our experimental results showed that the holes were
more deeply trapped into the bulk of PVK and the interface in pentacene FET
devices, causing an obvious difference between Spyk; and Spyk,, while the
lifetime of trapped electrons and holes in PFO-FETs3 was comparable under
the same condition. Such light-programmable feature may motivate the

development of this new type of organic memory devices.

119 |Page



C.G. FENG (2012) CHAPTER 7: SUMMARY AND FUTURE WORK

CHAPTER 7:
SUMMARY AND FUTURE WORK

71  SUMMARY OF WORK

In this thesis, we investigated a series of dielectric surface modification
related to the electrical performance and the stability of OFETs. It is not a
brand new subject, and there is lots of research work that has been carried out
to investigate the growth mode of OSCs, subsequently the charge transport
along the channel layer. When OSCs approach their "maturity" and OFETs
move closer to application, the study on how to enhance the operational as well
as realistic atmospheric stability would become the focal point of future
research work. I am very honored and pleased to have contributed to the
growth of this field through my experiment, which can be categorized into two
main groups: (i) stabilize the threshold voltage under dark and/or illuminated
condition by dielectric passivation to minimize the charge trapping, and (ii)
control the threshold voltage by manipulating the charge transfer across the
interface between two OSCs.

In the first area, it is found that the demonstration of hysteresis-free
FET devices with dual dielectrics in dark condition is not nearly enough. The
buried traps between buffer dielectric and gate dielectric still need to be cared
about, which is usually left unexplored. In order to characterize it, PMMA and
its derivative (P4VP-co-PMMA) are used as buffer dielectric in an OFET
structure to clarify the importance of the selection of a buffer layer and the

thickness optimization for the enhancement of device stability, especially when
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exposure to light illumination. Furthermore, in the fabrication of low-voltage
OFET devices using high-k metal oxide as gate dielectric, oxygen plasma
treatment can effectively promote the surface condition through the elimination
of certain organic contaminants and the compensation of the vacancies. Using
a proper plasma exposure time, not only the field-effect mobilities and the
device stability can be improved, but also the control of threshold voltage can
be realized. And the study on the age of pentacene film grown at the surface of
plasma-treated HfO, provides visual evidence upon what degrades the device
performance in the atmospheric condition. These findings help to bring about
an easy-to-realization fabrication method to produce high-performance and
reliable OFET devices.

The second main work focuses on studying the electronic structure of
the interface between two OSCs as well as the charge transport along and
charge transfer across such interface. PFO/pentacene heterojunction FET
devices, for instance, exhibit a typical conventional p-channel operation,
benefiting from the discontinuities in energy levels at their heterointerface.
When it is under illumination, the threshold voltage of such devices can be
tuned by varying the bias condition (Vgs, Vg and its sweeping direction),
because of the photo-assist charge transfer, which is also important for the
enhancement of the reliability of complex ICs. The unique light-programmable
feature of such devices might also motivate the development of novel OFET
based memory devices.

In relation to the work directed towards the realization of practical
application of OFETs, this thesis discusses how to manipulate the threshold

voltage of an OFET device, which is essential for the development of OFETs
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with reliable and/or controllable characteristics. Further study is still needed to
fully understand the contribution of traps, which is briefly summarized as

follows.

7.2  RECCOMENDATIONS FOR FURTHER RESEARCH
7.2.1 FET DEVICES WITH DUAL DIELECTRIC

It was reported that the grain boundaries of polycrystalline films can act
as charge trapping centers. Therefore, when the devices are biased with a gate
voltage under illumination for more than 1 min, the photo-generated charge
carriers also can be deeply trapped, inducing the large shift of threshold voltage.
To minimize such effect, the use of single crystals with low intrinsic defects
(e.g. rubrene in Ref. 181 and pentacene single crystals in Ref. 188) will be of
great help to understand the mechanism of photo-assist charge transfer across
thin buffer dielectric as well as the detailed study of the PMMA (or other

buffer dielectrics) thickness dependence and wavelength dependence.

7.2.2 LOW VOLTAGE PENTACENE FET DEVICES

As discussed before, the degradation of pentacene film on plasma-
treated HfO, in air is accelerated due to the surface stress enhanced weathering
effect, which we think can be weaken by increasing the substrate temperature
when OSCs is being deposited or annealing the samples after the deposition of
OSCs, and/or characterizing the electrical performance in an inert environment
to avoid oxygen and moistures, and/or using amorphous OSCs with high

mobility and good stability to minimize the changes of morphologies.
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Another issue is the large contact resistance, which might be due to the
coevaporation of other metals from the home-made evaporator holders at the
high temperature during the metal deposition. Therefore, chilled water needs to

be installed to cool down the evaporator holders.

7.2.3 HETEROJUNCTION FET DEVICES

Due to plenty of OSCs developed by chemists, it offers us a great
chance to perform a systematical investigation of material combinations, such
as difference energy levels, morphologies and glass transition temperatures,
with respect to that of pentacene active layer. The exploration of differences in
molecular orbital energy levels and transport properties of various materials in

this novel design is expected to enhance the functionalities of OFETs.

7.2.3a HOLE TRANSPORT MATERIALS

NPB/pentacene and TCTA/pentacene heterojunction FET devices have
been characterized in dark condition. Typical p-channel operation has been
observed, but the mobility of these devices is slightly smaller than that of
devices with one layer pentacene active layer, because the crystallinity and

molecular orientation of pentacene is affected by NPB and/or TCTA layer.
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Figure 7-1. Chemical structure of (a) NPD ( LUMO = —-2.5eV,
= —5.5¢eV), (b) TCTA (LUMO = —2.3eV, HOMO = —5.7¢V ).
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The hysteresis behavior was not obtained, when characterized in dark
condition, indicating that the charge transfer across the heterointerface was
suppressed due to the large offset of energy levels, similar to that of PFO
/pentacene heterojunction FET devices. However, such charge transfer is also

expected, when the device is under illumination (not investigated yet).>”

7.2.3b ELECTRON TRANSPORT MATERIALS

Ambipolar transistors, which accumulate and conduct both holes and
electrons, have attracted much research interest, due to its low power
dissipation, wide noise margins, and higher robustness.*> Organic bilayer
FETs using p-channel and n-channel semiconductor has already been
successfully demonstrated.”'”® The challenge for building high performance
of these devices lies in several ways: (i) excellent p- and n-channel
semiconductors with proper HOMO and LUMO level, (ii) the optimum
deposition order of p- and n- channel materials, (iii) the effective injection of
both charges carriers, and (iv) elimination of charge trapping.

However, the trapping of one or both carrier types usually occurs,
especially electrons that are likely to be trapped by impurities or certain
chemical moieties at the dielectric/semiconductor interface. Aiming at
improving the charge trapping, low-mobility light-emitting material, Tris(8-
hydroxyquinoline) aluminum (Alq3, also an electron transport material) is
chosen to form heterojunction with pentacene in FET structure, this is because
Alqg3 receives more attention than any other small molecule emitters among
LED materials.”*® The LUMO level of Alg3 is —3.1eV, which is closed to that

of pentacene and higher than that of PFO; while its HOMO level (—5.8 ev) is
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much lower than that of pentacene and similar to that of PFO. As the LUMO
offset between Alq3 and pentacene is much smaller than that between PFO and
pentacene, therefore, the charge transfer is expected to be easier in Alq3/

pentacene heterojunction FET devices.
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Figure 7-2. (a) Transfer characteristics of pentacene/Alq3 hetero-
junction FET devices with 200 nm SiO,. (b) Endurance of the "ON" and
"OFF" state of devices, measured at Vgg =—80V and V; =0V after

programming by a gate bias of 80V atV,;s = 0V, and erasing by a gate bias
of =80V at Vs = 0V. Inset: chemical structure of Alg3 molecule.

As shown in Fig. 7-2a, there is a large, reversible hysteresis in the
cyclic transfer curve, due to the trapping of electrons in Alg3 and the interface.
Thus, applying an opposite gate bias, V45 can be reversibly altered, giving rise
to an observable change in output current Iy at V; = 0 V. By the application of

a gate bias of £80 V for 1 s, the device can be turned on/off, as shown in Fig.

7-2b. The endurance characteristics show an on/off current ratio of ~10, but
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both "On" and "Off" state current slightly decrease as a function of number of
program/erase cycles, this might be due to the non-optimum programming

/erasing condition.
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Figure 7-3. (a) Output characteristics and (b) Transfer characteristics
of a solution-processed ZnO FET with top-contact structure (W = 2mm, =
100 um). ZnO is spin-coated (or inkjet-printed) from the solution comprising
of zinc acetate, di-ethane-amine (DEA), and ethane.

On the other hand, solution-processed zinc oxide (ZnO) film is also
fabricated in our lab, which can be used to replace the layer of Alq3 in the
heterojunction FET device. The output and transfer characteristics of a ZnO
based FET device are presented in Fig. 7-3, indicating the excellent electron
transport properties. By controlling the thickness and the crystallinity of ZnO
layer, ZnO/pentacene heterojunction FET devices are expected to shown p-

channel, ambipolar and n-channel operation. When the ZnO layer is very thin,

the field-effect electrons are easy to be captured in ZnO and the interface due
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to the large offset of LUMO levels of ZnO (LUMO = —4.4 eV and HOMO =
—7.7 eV)*® and pentacene, subsequently, a unipolar p-channel behavior with
considerable hysteresis is expected. Once electrons are trapped, long retention

is also expected due to large offset of LUMO levels that serves as a barrier.

7.2.4 CHARGE TRAPPING IN ELECTRETS

@) g
—=—V_=-100V
10° Ve =-10V
g F Vds=5V
3 10°
F i
G
10"

Figure 7-4. (a) Transfer characteristics and (b) Reversible shift in Vi,
of pentacene FET devices with PS/SiO; gate stack. The transfer curves are
measured at Vg = —10V after the application of gate biases (+200V) at
Vas = 0V for programming and erasing process.

The study on charge trapping in various styrenic polymeric electrets
(e.g. PS, shown in Fig. 7-4b) has been reported by Baeg et al,'*"'® who are

first to report programming speeds of around 1 ps—a million times faster than

the previous best time of around 1s. That marks a decisive step towards
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making organic memory technology fit for technological purposes, therefore,

attracts extensive academic and industrial interest.
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Figure 7-5. Normalized C-V characteristics of (a) as-deposited OTS
MIS capacitor, (b) OTS MIS capacitors with various annealing temperatures.

In our work, the trapping of charge in SAMs is investigated. A large
hysteresis of 0.7 V was observed together with a large shift towards the
negative gate voltage, as shown in Fig. 7-5. This indicates the presence of a
large amount of positive charges or interface states in as-deppsoted OTS
insulator. When it is used as buffer dielectric in pentacene FET devices, field-
effect electrons can be easily transferred from pentacene into OTS and the
interface, and trapped deeply (see Fig. 7-6), once the device is programmed by
a positive gate bias. Interestingly, these trapped charges are hardly detrapped
by the application of a large negative gate voltage. The exact mechanism of
charge trapping in such SAMs is still under investigation. However, to the best
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of our knowledge, it is the first time to demonstrate the memory effect in FET
structure with SAM electrets, although OTS used as gate insulator was
reported previously.”®” From the scientific view, it would be very attractive to
study the charge trapping in the cluster of SAMs and/or a certain head group of
SAMs, rather than the control of surface carrier density in OFETs by using

molecules as SAMs with various head groups.'*!
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Figure 7-6. Time evolution of l;; measured at Vyo = =50V and
Vy, = 0V in the dark after pentacene FET device with as-deposited OTS/SiO;

gate stack is programmed by the application of a 200V gate bias. The off
current (dot line) is shown for reference.
7.3 AREA FOR IMPROVEMENT
Some of the problems during the fabrication and characterization of
OFET device are encountered. To get better device performance and further
study the reliability of OFET devices etc, more functions of this PVD system
will be utilized and thus optimized. The following improvement needs to be
made to enhance its functions and efficiency:
e The substrate temperature should be controllable while the thin film is
being grown. Subsequently, it also provides a high-vacuum condition

for post-deposition annealing without exposure to air.
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Glove box is needed to store the completed devices and the electrical
test thus can be performed securely, minimizing the influence of the
ambient environment.

Patterning of organic materials to minimize the leakage current. For a
memory device, the characterization of the retention time of trapped

charge carriers is less influenced.
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