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Abstract

ORGANIC/METAL INTERFACES FOR
HIGH PERFORMANCE ORGANIC
DIODES

CHAN-MO KANG

DEPARTMENT OF ELECTRICAL ENGINEERING
AND COMPUTER SCIENCE

COLLEGE OF ENGINEERING
SEOUL NATIONAL UNIVERSITY

Organic electronics have received a great attention for next generation electronics
due to lots of advantages such as easy patterning, flexibility, light-weight, and
potential of large-area application. In spite of such a lot of advantages, however,
there are still many issues that need to be improved such as charge injection,
mobility, lifetime, operational stability, reliability, and uniformity. One of the
important issues to make high performance diode is to improve charge injection
efficiency. In this thesis, we investigate organic/metal interface of the diode to
enhance charge injection efficiency and demonstrate high performance organic

diodes. Two major methods are used to improve device performance: improved



charge injection by electrical annealing and reduced hole injection barrier by using
permanent dipole moment of self-assembled monolayer (SAM).

First, we investigate the effect of electrical annealing on pentacene diode to
which electrical annealing has not been applied because it cannot have ionic species.
By using molybdenum trioxide (MoQs) instead of ionic species, electrical annealing
can be applied to thermally deposited device which is advantageous for fabricating
high performance devices. After electrical annealing, The turn-on voltage is reduced
from approximately 1.3 V to 0.2 V and current at 3 V is increased from
approximately 0.2 mA to 1 mA without increase of the reverse-bias current. In
addition to MoO; as a hole injection layer, 1,4,5,8,9,11-hexaazatriphenylene-
hexacarbonitrile (HAT-CN) and copper hexadecafluorophthalocyanine (F;sCuPc),
which have deep highest occupied molecular orbital (HOMO) levels, show electrical
annealing effect but poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), 4,4’ ,4-tris(N-3-methylphenylamino)triphenylamin (m-MTDATA),
and copper phthalocyanine (CuPc) do not affect electrical annealing. the cutoff
frequency was increased from 10.5 MHz to 85.7 MHz. There is no improvement of
current or reduction of turn-on voltage by using thermal annealing only, indicating
that electric field plays an important role for electrical annealing. From the time of
flight secondary ion mass spectrometry (ToF-SIMS) and impedance spectra, we
conclude that the device performance of the pentacene diode is improved by
electrical annealing due to the creation of the pentacene:MoO; mixed layer. The
mixed layer effectively increases charge injection by reducing small potential barrier
which causes the turn-on voltage of current—voltage (I-V) characteristics and the
RC-component at Au/MoOs/pentacene interface of impedance spectra. Note that
because this uniform and thin pentacene:MoOs; mixed layer cannot be formed by

thermal evaporation, electrical annealing is the best technique to form the uniform,
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thin, and gradual pentacene:MoO; mixed layer for improving device performance.
After electrical annealing, Al penetration into the pentacene layer was also observed.
Because Al was deposited on the polycrystalline pentacene, Al spikes are formed at
the pentacene grain boundary. These Al spikes can induce a higher electric field,
facilitating the penetration of Al. Therefore, the penetrated Al may create rod-like
structures that can be modeled as constant phase element (CPE).

Second, we investigated the structure—property relationship of pentacene on
gold and SAM-treated gold along the vertical direction. From the photoelectron
spectrometer, the work function of gold, thiophenol (TP)-modified gold and
pentafluorobenzenethiol (PFBT)-modified gold is measured to be 4.78, 4.67, and
5.02 eV, respectively. PFBT-treated gold effectively lower the injection barrier
between the anode and the active layer, the forward-bias current density of the diode
with PFBT-treated gold is much higher than that with pristine gold and finally
current density of 100 A/cm? is obtained at 3 V. In addition, the rectification ratio of
the diode is founded to be 7.47 x 10° at 1 V, and 1.05 x 10" at 2.8 V. The 3-dB
frequency, in terms of voltage, of the rectifier which is composed of the diode and a
capacitor is obtained to be 1.24 GHz. Finally, V, of 3.8 V at 1 GHz is obtained
when input voltage of 10 V is applied. From the X-ray diffraction (XRD), atomic
force microscope (AFM), and Raman analysis, pentacene molecules on gold exhibit
lying-down orientation and those on PFBT-treated gold exhibit standing-up
orientation. These structure differences change the electrical property. The mobility,
calculated by space charge limited current (SCLC), of the pentacene film on gold
and PFBT-treated gold is measured to be 6.82 x 10” and 0.114 cm?V's™,
respectively. The XRD patterns and vertical scanning electron microscope (SEM)
images show that pentacene on gold exhibits the entangled and disordered structure

whereas pentacene on PFBT-treated gold exhibits dense and ordered structure. This
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poor molecular ordering for pentacene on gold can limit charge transport property,
resulting that the mobility of the pentacene film on gold is smaller than that of on

PFBT-treated gold.

Keywords: Organic diodes, Organic rectifiers, Electrical annealing, Self-assembled
monolayer, Pentacene, RFID, flexible electronics.
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Chapter 1

Introduction

During the past decades, organic electronics have received a great attention for next
generation electronics.[1-3] Organic materials have lots of advantage such as easy
patterning, flexibility, light-weight, and potential of large-area application. In
addition, organic materials are easy to tune their functionality by modifying the
molecular design and chemical composition. Moreover, the original property of their
flexibility will create new applications which would be impossible using
conventional silicon-based inorganic technology. Over the last few decades,
remarkable progress has been achieved and some applications have been
commercialized. For example, organic light-emitting diodes (OLEDs) have already
been utilized in mobile phones, digital cameras, and even in 55-inch full-color TVs
as shown in Figure 1.1. In addition, the flexible full-color OLEDs which cannot be
make using conventional liquid-crystal displays (LCDs) will also be commercialized

soon. Another example is organic photovoltaic cells (OPVs). Recently Kolon
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Figure 1.1 The world’s first commercialized curved 3D OLED TV (LG display).

industries achieve power conversion efficiency of 11.3% which is suitable to
commercialize. For the low-cost electronics, printing technology based on soluble
organic materials are expected to serve extreme low-cost radio frequency
identification (RFID) tags. In addition to these applications, many efforts to open up
new field using organic materials have been tried.

In spite of such a lot of advantages, there are still many issues that need to be
improved such as charge injection, mobility, lifetime, operational stability, reliability,
and uniformity. Especially, due to low-mobility of organic semiconductors, many
researchers have been studied to improve device performance. One of the important
issues to make high performance diode is to improve charge injection efficiency. For
a p-type semiconductor, even though work function of an anode and HOMO of an
organic layer is matched for Ohmic contact, interface dipole is formed at
metal/organic interface, limiting charge injection by forming an h_cl>le Iinject:(_)n
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barrier.[4, 5] Six types of possible factors forming interface dipole is summarized by
Seki et al. as shown in Figure 1.2[6]

The first is charge transfer between the metal and the organic layer with the
positive and negative charges separated across the interface as shown in Figure
1.2(a). This phenomenon can occur when the strong acceptor is deposited onto the
low work function metal. The second factor is the image effect or the modification
of the surface dipole at metal surface as shown in Figure 1.2(b). It is explained to the
polarization of the electron cloud attracted by the image charge formed in the metal,
which results in the deficiency of electron at the vacuum side that leading to a
lowering of the vacuum level (VL). The third factor is the rearrangement of the
electron cloud at the metal interface as shown in Figure 1.2(c). The tailing part of the
electron cloud is suppressed by repulsion force of the organic layer, leading to
lowering of the VL. This mechanism can explain general trend of VL lowering at the
metal/organic interfaces. The fourth factor is chemical interaction between the
organic and metal layer as shown in Figure 1.2(d). Various chemical interaction
results in the rearrangement of the chemical bonds or the formation of new bond,
which attributes VL shift. The fifth factor is the possible existence of interfacial
states as depicted in Figure 1.2(e). This states act as a buffer layer at the charge
exchange between metal and organic layer. Final factor is the permanent dipole as
shown in Figure 1.2(f). Polar organic molecules have a permanent dipole moment
that can lead to a large interfacial dipole, resulting in VL shift.

Due to the VL shift at the metal/organic interfaces, charge injection barrier can
be formed. To reduce this barrier for the high performance organic diode, several
methods such as energy level alignment using high work function metals or metal

alloys, and inserting buffer layers such as organic materials which has intermediated



energy level, conducting polymers[7], doped-organic layers[8], and transition metal
oxides[9] have been developed.

Lee et al. introduce another method to reduce injection barrier called electrical
annealing which is a method to improve device performance by applying voltage
bias for a while after device fabrication.[10] In addition to electrical annealing, the
charge injection can be improved by inserting organic materials which have
permanent dipole at metal/organic interfaces. The polar organic materials can be
treated by employing SAM techniques.[11, 12] These two cases will be discussed in

detail below.
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Figure 1.2 Possible factors forming and affecting the interfacial dipole layer. (a) Charge
transfer across the interface, (b) Concentration of electrons in the adsorbate leading to
positive charging of the vacuum side, (c) Rearrangement of electron cloud at the metal
surface, with the reduction of tailing into vacuum, (d) Strong chemical interaction
between the surface and the adsorbate leading to the rearrangement of the electronic
cloud and also the molecular and surface geometries (both directions of dipoles
possible), (e) Existence of interface state serving as a buffer of charge carriers, and (f)

Orientation of polar molecules or functional groups.
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1.1 Improved Charge Injection by Electrical Annealing

In 2000, Lee et al. firstly reported that luminous efficiency of polymer light-emitting
diodes (LEDs) can be improved by electrical annealing. They fabricated LEDs using
poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) with
an Al electrode and then electric field is applied for a while after thermal annealing.
With the electrical annealing, onset voltage is dramatically reduced and efficiency is
further improved. They suggested that ionic impurities in the polymer film can be
oriented along the direction of the electric field, leading to dramatic increase of
charge injection.

In 2002, Ma et al. reported electrical annealing effect for OLEDs baseed on a
conjugate dendrimer doped with 2-(4-biphenylyl)-5-(4-tert-bytylphenyl)-1,3,4-
oxadiazole (PBD) as a emissive layer.[13] They also obtained that the quantum
efficiency of 0.07 % photon/electron and brightness of 2900 cd/m® after 1.24 V
electrical annealing, which is 6-9 times higher than un-annealed devices. They
explained that device improvement after electrical annealing could be due to the
charging of traps located near the electrode-emissive layer interface, leading to the

ease of charge carrier injection.

organic cathode

- -

-+
Diffusion of

Figure 1.3 Generally explained mechanism of improved charge injection after electrical

annealing.
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In 2003, Padinger et al. reported that the efficiency of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl Cq;-butyric acid methyl ester (PCBM) based solar cells can
be improved by means of postproduction treatment which applied temperature
higher than glass transition temperature (T,4) and voltage higher than open circuit
voltage simultaneously.[14] After postproduction treatment, incident photon to
collected electron efficiency (IPCE) of around 70 % and power conversion
efficiency of around 3.5 % were obtained. They explained that these enhancements
are presumed to result parlty from the burning of shunts and an increase of charge
carrier mobility.

In 2006, Yim et al. reported that overall device performance of fluorescent one-
layered OLEDs doped with organic salts can be improved by applying electric and
thermal treatment simultaneously.[15] They commented that negative BF, ions are
accumulated toward near indium tin oxide (ITO) anode contact, which can assist
hole injection and achieve Ohmic contact. In addition, positive Bu,;N" ions are
accumulated near the Al cathode, which aids the injection of electron from the metal
cathode to the organic layer.

In 2008, Li et al. reported that organic bulk heterojunction photovoltaic cells
based on MEH-PPV and Cg, composites can be improved by post-thermal treatment
under reverse bias.[16] After the device is annealed under the bias of -6 V, the short
circuit current and power conversion efficiency is enhanced by a factor of 5 and 5.4,
respectively. They explained that external electric field may lead to a modified
orientation of polymer chains along the direction of electric field, leading to increase
the charge carrier mobility.

In 2009, Sevim et al. reported that the performance of polymer LEDs (PLEDs)
can be improved by means of post fabrication electric field and heat treatment

methods.[17] The PLEDs which have the structure of ITO/PEDOT:PSS/MEH-



PPV/AI were thermally treated at 130 °C for 1 hour and then electric field is applied
with voltage levels from 0 to -8 V. Electric field treatment after heat treatment
lowers the turn-on voltage of PLEDs. The reduced turn-on voltage is due to the
orientation of polar molecules, which improves molecular order.

Recently, Park et al. presented improved flexible OLEDs having conducting
polymer anode on a polyethersulfone (PES) substrates using electrical annealing.[18]
They proposed an ionic impurities migration model to explain the improvement after
electrical annealing. The PEDOT:PSS anodes contain ionic species which diffuse
toward the electrode when the bias is applied. This diffusion induces ionic current
flow, leading to form internal electric field which reduces the effective electric field
for carrier injection. Consequently, applying electrical annealing can induce the
formation of ion-trapped-junction, which results in improved device performance of
flexible organic LEDs.

In summary, the origin of electrical annealing has been explained to orientation
of polar molecules and diffusion of ionic species in polymer layer. In case of
electrical annealing with temperature higher than T, the improvement have
explained to the orientation of molecules, which leads to increase of mobility and
decrease of turn-on voltage. Otherwise, that is electrical annealing only, it has been
explained to the diffusion of ionic species toward each electrode, which leads to
reduced injection barrier at metal/organic interfaces as shown in Figure 1.3. The
ionic species originate from unexpected ionic impurities or dopant that has a polarity
in the polymer films. Therefore, this method has only been applied in polymer and

solution-processed devices.



1.2 Improved Charge Injection by Self-Assembled

Monolayer

SAMs are the methods which attach monolayer of molecules on the surface by
chemical bonding. The molecules attached on the surface have anchor group and
functional group in the head and tail of the molecules as shown in Figure 1.4. The
anchor group should react with the surface to attach the molecules. For example,
thiol group (SH) strongly reacts with metal, creating thiolate-metal bond so thiol
group is used as the anchor group on the metal surface. Another example of anchor
group is trichlorosilane group (HSiClz) which strongly reacts with SiO, surface so it
is used on SiO, surface. The functional group is selected to the purpose of SAMs.
For example, the SAMs of alkyl chains on the SiO, surface change surface property
from hydrophilic to hydrophobic. In addition, OH" bonds which act as charge carrier
traps on the SiO, surface can be effectively removed, improving the device
performance. In the same manner, hydroxyl groups (OH) change the surface
property to hydrophilic. Due to simple methods, large area applicable, and easy to
tune the surface property, SAMs have been widely used to improve device

performance.

Functional group

Anchorgroup

Surface

Figure 1.4 Basic structure of SAMs



For the device engineering, SAMs have been investigated to remove charge
carrier traps or obtain hydrophobic surface. In addition, SAMs can be used to
improve charge injection from a conducting electrode to an organic layer. Due to the
different electron affinity of atoms, self-assembled molecules have a permanent
dipole moment. Thus, the injection barrier can be reduced using internal electric
field induced by a permanent dipole moment of SAMs. In 1996, Campbell et al.
firstly reported that charge injection can be improved by SAM.[11, 12] They
reported that effective work function of silver can be tuned by attaching thiol-
terminated SAMs on silver surface. In addition, electron injection from copper to
MEH-PPV can also be improved by two conjugated-thiol based SAMs. Since 1996,
SAMs have been applied variety of applications in organic electronics such as
OLEDs[12, 19-21], OPVs[22, 23], and organic thin-film transistors (OTFTs) [24-26]
to improve charge injection. Thiol-based anchor group has been used to attach
SAMSs on metals. To attach SAMs on oxide based materials such as ITO, SiO,, HfO,,
and Al,O;, trichlorosilane, triethoxysilane, methyl-diethoxysilane, benzoic acid,

carboxylic acid, and phosphonic acid, have been used as an anchor group.



1.3 Outline of Thesis

This thesis consists of five chapters including Introduction and Conclusion. In
Chapter 1, brief history of organic electronics and importance of study on charge
injection is provided. In addition, two major methods, electrical annealing and
SAMs which focus on this thesis, to improve charge injection are introduced in
detail. In Chapter 2, preparation methods of organic diode and characterization
methods are described. In addition, the chemical structures of organic materials
which used in this thesis are depicted. Basic principles of characterization methods
are also included in this chapter. In Chapter 3, the improvement of charge injection
of pentacene diodes by electrical annealing is investigated. The |-V characteristics
of pentacene diode with different annealing voltage as function of time are
systematically studied. In addition, the electrical annealing effect followed by
different hole injection layers (HILS) is investigated. Moreover, ToF-SIMS and
impedance are studied to elucidate proper mechanism of electrical annealing in our
devices. Finally, some applications of electrical annealing are demonstrated. In
Chapter 4, the charge improvement of pentacene diode by SAMs is investigated.
The change of effective work function of gold is measured by using photoelectron
spectrometer. In addition, the morphologies of pentacene on gold and surface-
modified gold are studied using AFM, XRD, and Raman spectroscopy. Moreover,
mobility of pentacene on gold and surface-modified gold is investigated by means of
SCLC of hole-only devices and photo charge extraction by linearly increasing
voltage (photo-CELIV) methods. Finally, 1-GHz operating pentacene rectifier is
demonstrated. In Chapter 5, our studies are summarized and concluding remarks of

this thesis are highlighted.
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Chapter 2

Experimental Methods

2.1 Materials

2.1.1 Chemical Structures of Organic Materials

Pentacene is well-known organic material having high hole mobility so it is used as
an active layer in this thesis. The chemical structure of pentacene is depicted in

Figure 2.1. Pentacene was purchased from Tokyo Chemical Industry Co., Ltd.

Figure 2.1 The chemical structure of pentacene which is used as an active layer in this

thesis



For a HIL between metal/organic interface, MoOs;, CuPc, F3cCuPc, m-
MTDATA, PEDOT:PSS, and HAT-CN are used, respectively. MoOs; was purchased
from CERAC, inc. and CuPc, F;sCuPc, m-MTDATA, and HAT-CN were purchased
from Luminescence Technology Corp. The chemical structures of HILs are shown in

Figure 2.2. The PEDTO:PSS is purchased from Clevious P (VP Al 4083).

SO
%%ﬁ %

oo

m-MTDATA

CN
N7 | CN
NC:E/N
: NC” SN N
N CN
0=8=0 0=5=0 CN
PEDOT:PSS HAT-CN

Figure 2.2 Chemical Structures of HILs

For the SAM materials, TP and PFBT are used. Both materials were purchased
from Sigma-Aldrich. The chemical structures of SAM molecules are presented in

Figure 2.3. All materials were used without further purification.
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SH F SH

F
TP PFBT

Figure 2.3 Chemical structures of SAM molecules.

2.1.2 Preparation of SAMs Solutions

The 80 uL of TP and PFBT were dissolved in 60 mL of toluene. The concentration

of SAM solutions is about 10 mM.
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2.2 Device Fabrication Methods

All glass substrates were cleaned in an ultrasonic bath with acetone, isopropyl
alcohol, and de-ionized water for 20 minutes in sequence. After that, the substrates
were dried at 120 °C in an oven for more than 30 minutes. The deposition rate of
pentacene was about 0.3 nm/s in order to prevent shunt. After the diode is fabricated,
samples were encapsulated in a Ar-filled glove box using UV-curable sealants. Top

and bottom electrodes were formed crossbar geometry with 80 um x 80 um areas.

2.2.1 Preparation of Pentacene Diodes for Electrical Annealing

Au (50 nm), MoO; (5 nm), pentacene (90 nm), Al (80 nm) were thermally
evaporated successively on the substrates under high vacuum conditions
(approximately 5 x 10°° torr). The evaporation rate of Au, MoO;, pentacene, Al was
about 1, 0.5, 3, and 3-5 A/s, respectively. After the diode is fabricated, voltage is
applied to the diode while current is saturated. The device structure and energy band

diagram is depicted in Figure 2.4.
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Figure 2.4 Device structure and energy diagram of pentaceme diode for electrical

annealing
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2.2.2 Preparation of Pentacene Diodes with SAM-treated Gold

The 50-nm-thick gold was thermally deposited on glass substrates under high
vacuum conditions. Then, the TP and PFBT were treated on gold under ambient
conditions. The substrates were dipped in each SAM solutions for 2 minutes and
rinsed with toluene. After that, SAM-modified gold was dried in vacuum condition
for 10 minutes at room temperature. Finally, 110-nm-thick pentacene and 100-nm-
thick Al was thermally evaporated under high vacuum conditions (3 x 10°® torr). The

proposed device structure is presented in Figure 2.5.
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Figure 2.5 (a) The structure of pentacene diodes with surface-modified gold. Energy

diagram of pentacene diodes with (b) TP- and (c)PFBT-treated gold.
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2.2.3 Measurement Setup of Pentacene Rectifiers

Power Amp.
AMA D H . out
50Q
51Q | MQ
HP8657B § 10nF = g

Figure 2.6 The equivalent circuit of a rectifier measurement setup

The equivalent circuit of pentacene rectifier is presented in Figure 2.6. The rectifier
is consists of a 1-MQ resistor and 10-nF capacitor. The diode is firstly connected by
plastic circuit board (PCB) with 50 Q-designed microstrip lines and 10-nF chip
capacitor. Then, the rectifier is connected to a signal generator (HP8657B) with
power amplifier (Empower RF Systems Inc. BBM1C4AEL) and an oscilloscope
(Tektronix TDS5104) using Bayonet Neill-Concelman (BNC) and SubMiniature
version A (SMA) cables. Since the input signal is power source, 51-Q chip resistor

on PCB is used to define voltage.
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2.3 Device Characterization Methods

2.3.1 Carrier Transport in Organic Semiconductors

When the charge injection barrier between metal/organic interfaces is high, charge
carrier is limited by charge injection so current is determined by the metal/organic
interfaces. According to the thermionic emission model, the hot carriers which have
their kinetic energy more than the energy of charge injection barrier can flow. The

current of thermionic emission model can be expressed by

eV
I =1 (exp——-1). (2.1)

kgT
Where the Is is the saturation current, e is the elementary charge, V is the
applied voltage, kg is Boltzmann constant, and T is the temperature. Is is expressed

as

D, JA = Aakim’ |

. = AA T ?exp(— =
s P T e

(2.2)

Where the A is the area of the diodes, A" is Richardson constant, @3 is the
Schottky barrier height, m’ is the effective mass, and h is Plank constant. If the
potential barrier is very high, carriers cannot be injected beyond the barrier. In this
case, charge carriers are injected by tunneling rather than thermionic emission.
Fowler-Nordheim proposed carrier transport model by tunneling, which can be

expressed as[27]



J oc E? exp(—g). (2.3)

Where the E is the electric field and « is the value depending on the potential
barrier shape. If the high voltage is applied, the potential shape is approximately

considered as a triangle. Then, the x can be expressed as follows:

_ 874/2m @}

3eh

K (2.4)

If the injection barrier is small to negligible or metal/organic contact forms
Ohmic, then the current is limited by bulk characteristics. At the low voltage, the
whole injected charge is ejected through the other metal electrode so there is no
charge distribution in the organic semiconductor. In this case, the carrier transport is

followed by Ohm’s law which can be expressed by

® _ Thermionic
o emission
DOp
® » Tunnelin
o0 S

Metal Organic

Figure 2.7 Schematic of charge injection at metal/organic interfaces.
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J =enuE. (2.5)

Where the n is the carrier concentration and u is the carrier mobility of the
organic semiconductor. As the voltage increases, more charge carriers are injected
before fully ejected, leading to remaining space charges. This current called as
SCLC which also called as Mott—-Gurney law. If there is no charge traps, SCLC can
be expressed by

9 V?
J =§€O€rﬂd—3. (26)

Where the g, is the vacuum permittivity, &, is the relative permittivity, and d is
the thickness of the organic semiconductor. If the charge traps exist in the organic
semiconductor, the SCLC equation is more complicated. Assuming that the traps are
exponentially distributed, the current can be expressed as follows:[28]

V m+1 T
t

(o =t @

m 2m+1
,m
m+1 m+1 N, ~ d*™ T

gl’ m
Jre " uNc( )

Where the N¢ is the effective density of conduction band states, N, is the trap

density, T, is the temperature parameter characterizing the trap distribution.

2.3.2 1-V characteristics measurement

To measure |-V characteristics, the pentacene diodes were mounted onto the cryostat.

The I-V characteristics were measured by a Keithley 236 source measurement unit.
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2.3.3 Frequency Response of Pentacene Rectifiers

The rectifier circuit sets up as shown in Figure 2.6. The rectifiers converts ac
source to dc source. When the forward bias is applied, the electron moves via diode
and the capacitor is charged. Ideally, in this time voltage is equal to maximum
voltage of sinusoidal input voltage. When the reverse bias is applied, the electron
cannot move via diode and the voltage is remained. Only small leakage current and
power consumption in load resistor will reduce the voltage, which makes ripple
voltage in the output voltage. As the frequency increases, the impedance of
capacitance in the diode is reduced so charge carrier is leaked via the diode when the
reverse bias is applied. Therefore, the output voltage decreases as frequency
increases. If the organic diode is followed by trap-free SCLC as expressed in Eq.
(2.6) and there is no leakage current at reverse bias, then the maximum frequency

response of organic diode can be calculated as follows:[29]

9 V.. +V
o = i (<o +VEWVE = (Vour +V)2 + (V2 + 2V 5, )arccos(-L2F ) |(2.8)
16702V, v,

Where Voyr is the output voltage of the rectifier, Vg is the transition voltage at
which conduction mechanism is converted Ohmic into SCLC, and V, is the applied
voltage. If the transport time in the organic is t;, maximum frequency can also be

expressed by

f :lzﬂ(VA _VOUT).
™t d?

T

(2.9)

Note that these equations can olny show the limitation of frequency. In real

cases, frequency response if normally smaller than above equations due to reverse-
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bias leakage current of the diode, smaller forward-bias current than theoretically
expected, and parasitic capacitance.
If the diode is considered as a single RC component, the transfer function can

be expressed by

H(w)=v°UT S (2.10)
V., 1l+jo/o;

Where wc is the cutoff frequency. Therefore, the magnitude of output voltage

can be expressed by

V, Y

@y (/1)

Vour =VA|H (a))| = (2.12)
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2.3.4 Mobility Measurements

The mobility is one of the key parameters of organic semiconductors. Thus, a lot of
methods such as time-of-flight photoconductivity (TOF-PC),[30] Hall effect,[31]
field-effect transistor (FET),[32] dark injection,[33] SCLC,[34] and photo-
CELIV[35-37] have been developed to determine mobility of organic semiconductor.
Among these methods, TOF-PC and dark injection need to thick layer because
transit time for carrier in organic film should be larger than RC time constant of the
circuits. In addition, for these two methods, carrier relaxation time should be longer
than transit time, which limits measuring range of mobility up to 10% cm?/Vs.
mobility measuring by FET has wide measuring range but the mobility measured by
FET is higher than real value because charges accumulated by gate voltage filled
traps. In addition, FET mobility is lateral mobility, which may be different of
vertical mobility due to the molecular structure. Likewise, the mobility measured by
Hall effect measurement is different from mobility of a real device. Thus, in this
study, we focused on SCLC measurement and photo-CELIV techniques.

To measure the mobility by using SCLC, the contact between metal/organic
should be Ohmic. By assuming 100 % injection efficiency, mobility can be extracted

by Eq (2.6).
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Figure 2.8 The schematic of photo-CELIV measurement setup.

In 2000, Juska et al. developed new technique to determine mobility of thin
films, which is called as CELIV. To measure mobility by CELIV, charge injection at
the metal/organic interface is prohibited. When the linearly increasing voltage is
applied, free charge carrier in the thin-film is ejected, making additional current in
addition to displacement current by capacitance of the diode. From the peak of the

transient current, the mobility can be extracted using this equation.

2d?

{1+ O.36_Aj}
1(0)

U= (2.12)

3At.,,

Where the A is voltage rising speed (=dV/dt), tmax is the time at the maximum
current peak, 4j is the additional current maximum, and j(0) is the displacement
current of the capacitor of the thin-film. The Using this equation, mobility can be
calculated. However, the organic semiconductors usually have insufficient free
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charge carriers so 4j is too small to measure. To excite free carrier in the organic
film, laser pulse is illuminated before the voltage is applied, which is called as
photo-CELIV. The measurement setup of photo-CELIV is presented in Figure 2.8.

In this study, the Nd-Yag laser was used to illuminate laser pulse to the
pentacene samples. Function generator (AFG3101, Tektronix) was used to apply
linearly increasing voltage. For making delay between laser pulse and linearly
increasing voltage, photodiode signal is used as a trigger of the function generator.

The digital oscilloscope (TDS054B, Tektronix) was used with a 50-Q load resistor.

2.3.5 Impedance Spectroscopy

Impedance spectroscopy is useful technique to study interface and bulk
characteristics of the devices. It measured both resistive and reactive components
simultaneously as a function of frequency. The impedance spectra are plotted, which
is called as Cole-Cole plots that have imaginary part of impedance as a y-axis and
real part as an x-axis. Cole-Cole plots of the devices may contain a few of
overlapped circles which can be modeled as RC components. Sometimes it presents
depressed circles which can be modeled as CPE. CPE is usually appeared in the
diffusion-recombination process, real system that has non-homogeneity. For
example, porous and rough electrode surfaces can be lead to frequency dispersion of
the interface impedance. To model the rough electrode, various equivalent circuit
models such as a transmission line, V-shape groove, branched transmission line, and
fractal shape have been suggested to explain CPE behavior. In this study, the

impedance spectra are measured by Wayne Kerr Electronics 6550B.
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2.3.6 ToF-SIMS Measurement

ToF-SIMS is surface analysis using the pulsed ion beam. When incident particles
impact on the surface of the sample, charged molecules which are attached at the
surface accelerate into a detector by electric field. By analyzing the flight time, mass
of molecules can be determined. By measuring ToF-SIMS, the distribution of
molecules along the vertical axis can be analyzed. In this study, O, ion gun is used
for sputtering to get positive secondary ion profiles. The ToF-SIMS depth profiling
is measured under ultra-high vacuum (UHV) conditions. The analysis area is 40 pm

x 40 pm.

2.3.7 Raman Spectroscopy

Raman spectroscopy is photospectroscopy detecting vibrational, rotational modes in
the thin-films. When the monochromatic light is exposed to the samples, electrons in
the molecules are excited from ground state and fall into vibrational energy states.
Using this different photon energy, the vibrational energy states can be detected. In
this study, integrated Raman-AFM system is used with five different wavelength

laser sources—457, 488, 514, 633, and 785 nm.



2.3.8 Other Characterization Methods

AFM: To obtain topography of films, XE-100 (Park systems) AFM is used. The
films were measured in non-contact mode with Nanosensors™ ppp-NCHR tip (320

kHz, 42 N/m) under ambient condition.

XRD: The crystallinity of pentacene on gold and surface-modified gold was

analyzed by XRD. XRD patterns are obtained from New D8 Advance (Bruker).

Energy level measurement: The work function of gold and surface-modified gold is
measured by model AC-2 photoelectron spectrometer (RKI Injstruments) under

ambient condition.

UV-Visible absorption measurement: The absorption spectra were obtained by means
of UV-Vis absorption spectrometer (CARY5000, Agilent). Since the glass substrates

absorb UV light itself, all samples were prepared on the quartz substrates.



Chapter 3

Improved Injection Efficiency of

Organic Diodes by Electrical Annealing

To date, the electrical annealing method has mainly been applied to solution-
processed devices that have ionic species in the polymer film such as polymer light-
emitting diode and polymer photovoltaic devices because the electrical annealing
effect is originated from diffusion and migration of ionic species toward electrodes.
Thus, it has not been applied to thermal-deposited devices which cannot have ionic
species in the organic layer. Moreover, the proper mechanism of the electrical
annealing has not completely understood. Here, we applied electrical annealing to a
pentacene diode with MoOs as a HIL and demonstrated organic rectifiers based on
this diode. The results show that forward-bias current density of the pentacene diode
is dramatically increased without increase of reverse-bias leakage current after

electrical annealing which leads to improvement of the cutoff frequency of the
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rectifier even though there is no ionic species in the pentacene films. We also
investigated to find proper mechanism of electrical annealing effect on the pentacene

diode with MoO; by means of ToF-SIMS, AFM, and impedance spectroscopy.
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3.1 Systematic Investigation into Improved Device
Performance of Pentacene Diodes after Electrical

Annealing

3.1.1 -V Characteristics of Pentacene Diodes Applying Constant

Voltage or Constant Current

The I-V characteristics of the pentacene diodes whose structure is depicted in Figure
2.4 with applying constant voltage or constant current were measured as shown in
Figure 3.1. Before electrical annealing as shown in the black solid lines of Figure
3.1, the turn-on voltage is approximately 1.3 V and current at 3 V is 0.1-0.2 mA.
When the constant voltage or current is applied to the diode, current is increases and
turn-on voltage is decreases as applying time increases. After 332 sec for applying 5
V, and 80 sec for applying 6 mA, current is finally saturated. The turn-on voltage is
reduced from approximately 1.3 V to 0.2 V and current at 3 V is increased from
approximately 0.2 mA to 1 mA. It is note that even though the forward-bias current
is dramatically increased, the reverse-bias leakage current is not changed after
electrical annealing. In the constant voltage case, the applied power to the diode is
increases as time increases so the Joule heat is increases. The mobility of pentacene
increases as temperature increases because the conduction mechanism is hopping
transport. Whereas, in the constant current case, the applied power to the diode is
decreases as time decreases. Thus, current saturation time of constant voltage case is

longer than that of constant current case.
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Figure 3.1 I-V characteristics of pentacene diodes applying (a) constant voltage or (b)

constant current.
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3.1.2 Current Characteristics of Pentacene Diodes with Electrical

Annealing

Various voltages were applied to pentacene diodes until currents were saturated.
Figure 3.2(a) shows change of currents with time while various voltages were
applied. While the voltage is applied to the diode, current is continuously increased
and finally saturated. Solid lines are fitting lines of exponential saturation model,

which can be written as
t
I =1, —1l,exp—. (3.1)
T

Where |y is the saturation current, I, is the current constant, and 7 is the

characteristic time of saturation. The extracted lg, lo, and z using above equation are
shown in Figure 3.2(b). 7 is 203, 23.3, and 6.74 sec. for annealing voltage of 4, 5,
and 6 V, respectively. The saturation time is decreased as annealing voltage is
increased. In addition, total Joule heat during the electrical annealing process,

calculated by integrating applied power with time as follows

Q= [ P®dt=[ VI(t)dt

=| TV[Isat -1, expl}dt (32)
0 T

=Vl r+Vl,r(e™ -1)

Where Q is the total Joule heat applied to the diodes during the electrical
annealing process. Q is calculated to be 0.927, 0.397, and 0.297 J for the diode with
applying voltage of 4, 5 and 6 V, respectively, which is summarized in Table 3.1. If

the Joule heat is dominant factor of electrical annealing, improvement of device
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performance should depend on total heat. However, the device performance
improvement, shown in Figure 3.2(c), increases as applied voltage increases but
total Joule heat is decreased as applied voltage increases, indicating that the current
increase by electrical annealing is more affected by electric field rather than Joule

heat.

Table 3.1 Calculated total Joule heat applied to the pentacene diode during electrical

annealing process.

Voltage (V) 1 (S) QW)
4V 203 0.927
5V 23.3 0.397
6V 6.74 0.267

Figure 3.2 (c) shows I-V characteristics of pentacene diodes after electrical
annealing with various annealing voltage. Before electrical annealing, turn-on
voltage of the pentacene diode is about 1.25 V. After electrical annealing, however,
turn-on voltage is gradually reduced as applied voltage increases and finally it
becomes 0.44 V when voltage of 6 V is applied. Moreover, forward-bias current is
increased by 4.4 times at 3 V without change of reverse-bias leakage current,
resulting that the rectification ratio is increased from 8.31 x 10° to 3.34 x 10" at 3 V.
The turn-on voltage is related to undesirable injection barrier located at
Au/MoOs/pentacene interface so reduced turn-on voltage implies that the injection
barrier is reduced. Furthermore, current density of a pentacene diode without a

MoO; layer is not increased even after electrical annealing, indicating that
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improvement of current characteristics is attributed to a change of interface located
at Au/MoOs/pentacene. When applied voltage is higher than 6.5 V, reverse-bias
leakage current increases and finally the device breaks down, indicating that a large
amount of Joule heat deteriorate the device.[38, 39] Therefore, proper applied power

is carefully chosen to maximize the electrical annealing effect.

37 A '



107 10§\ Sha
% E §+Isat 1 q
= z 6 n
2 S 4o 110 8
= 5 ¢ =~
O O 2t
1 10 100 40 50 60
Time (sec.) Voltage (V)
(c)
10_ L L B L L B L B BN B B W P
4 7
10 E
5 i
10 3
2 e 1
— 10 E
c 3
2 ]
= -7
S 10 E
o E
—8“‘“ i
10 - iy E
92 —8— Before ‘ 1
107 - 44V W !
- -5V ¥ :
10'10 v b b b b bl e b b b b 1

-3 -2 -1 0 1 2 3
Voltage (V)

Figure 3.2 (a) Change of current with time while various voltages are applied. (b)
Extracted parameters of current with time using exponential saturation model. (c) I-V

characteristics of pentacene diodes with various annealing voltage.
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3.1.3 |-V Characteristics of Pentacene Diodes with Various HILs

The -V characteristics of pentacene diode with various HILs are shown in Figure
3.3. For the PEDOT:PSS, UV-0zone was treated on gold surface for 10 min in order
to make hydrophilic surface. Then, 40 nm of PEDOT:PSS was spin-coated on gold
at 4000 rpm for 60 sec. a 10-nm thick CuPc and m-MTDATA were thermally
deposited on gold.

Among these HILs, CuPc and m-MTDATA are well-known HILs for OLEDs.
These materials have a moderate HOMO levels so the HOMO level is located at the
middle between metal and a hole transporting layer in OLEDs. However, the HOMO
level of pentacene is lower than that of CuPc and m-MTDATA so these HILs act as
injection barrier. Thus, the forward-bias current of pentacene diodes with CuPc and
m-MTDATA is limited by them as shown in Figure 3.3.

Other HILs properly act as HIL. In the PEDOT:PSS case, large reverse-bias
leakage current is observed due to high conductivity of PEDOT:PSS. Since the
PEDOT:PSS is coated entire glass substrate without patterning, created lateral
leakage paths can increase the reverse-bias leakage current. The interesting thing is
that the pentacene diode using PEDOT:PSS as a HIL has no effect on the electrical
annealing. Even though the PEDOT:PSS has ionic species, they do not diffused by
electric field. In the case of PFBT, small turn-on voltage is observed without
electrical annealing unlike other HILs. The PFBT has permanent dipole moment so
it is considered that this permanent dipole effectively reduces the charge injection
barrier. The HAT-CN and F;sCuPc shows that the turn-on voltage is reduced and
current is increased without any change of reverse-bias leakage current. Unlike other
HILs, transition metal oxides such as V,0s, WO; and MoO;, HAT-CN, and F;sCuPc
have deep HOMO and LUMO level. The HOMO levels of MoO3z; HAT-CN, and

39 ]



F1sCuPc are reported as 9.1-9.7,[40-43] 9.9,[44] and 6.1-6.4 eV,[45] and the LUMO
of them are reported as 6.2-6.7,[40-43] 6.0,[44] and, 4.6-4.9 eV,[45] respectively.
Therefore, the work function of metal and organic layer is matched with LUMO
levels of these HILs. This specific characteristic may be the origin of improved

device performance by electrical annealing.
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Figure 3.3 I-V characteristics of pentacene diodes with various HILs.
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3.1.4 Frequency Characteristics of Pentacene Rectifiers

When 10-V sinusoidal voltage is applied to the diodes, frequency characteristics of
pentacene rectifiers are shown in Figure 3.4. To avoid ripple voltage, a load
capacitor times a load resistor should be much larger than the period of an input
signal and also a capacitance of the diode should be much smaller than a load
capacitor.[29, 46] A capacitance of the pentacene diode was measured to be 6.5 pF,
satisfying above conditions. After electrical annealing, output voltage is increased
from 3.70 V to 6.66 V at 14 MHz without ripple voltage. Also, output voltage tends
to decrease slowly as frequency increases after electrical annealing. If the diode is
considered as a single RC model, the cutoff frequency (f;) can be obtained by fitting
to the experimental data using Eqg. (2.11). The cutoff frequency of the rectifier is
increased from 10.5 MHz to 85.7 MHz after electrical annealing. As the frequency
increases, additional leakage current caused by capacitance of the diode discharges
accumulated charge in the load capacitor, decreasing output voltage. If forward bias
current of the diode increases after electrical annealing, more charges are
accumulated to the load capacitor at the charging period so these additional

accumulated charges compensate leakage current, improving frequency performance.
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Figure 3.4 Frequency characteristics of the pentacene rectifiers before (open diamond)
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3.1.5 Thermal Annealing Effect on Pentacene Diodes

To investigate the thermal annealing effect only on pentacene diode, the pentacene
diode on glass substrates were placed on the hot plate in the Ar-filled glove box. The
I-V characteristics of pentacene diode with different annealing temperature are
shown in Figure 3.5. Unlike the electrical annealing case, there is no improvement
of current or reduction of turn-on voltage by using temperature annealing only,

indicating that electric field plays an important role for electrical annealing.
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Figure 3.5 Thermal annealing effect on Pentacene diode with different temperature.
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3.1.6 Hysteresis of the Pentacene Diodes before and after Electrical

Annealing

Figure 3.6 shows hysteresis of pentacene diode before and after electrical annealing.
Both before and after electrical annealing, no hysteresis is observed. If there are a lot
of interface states at the Au/MoOs/pentacene interface, some charges injected from
gold to pentacene are captured at the interface, resulted in voltage shift toward
negative direction. However, the pentacene diodes before and after electrical
annealing do not show any voltage shift, implying that there are few of interfacial

states at Au/MoOQOs/pentacene interfaces.
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Figure 3.6 Hysteresis of pentacene diodes before and after electrical annealing.




3.2 Investigation into Proper Mechanism of Electrical

Annealing

3.2.1 ToF-SIMS Measurements

For the further study, the depth profiling of pentacene diodes before and after
electrical annealing was investigated by ToF-SIMS as shown in Fig. 4. The Au, Mo,
C, and Al in Fig. 4 are markers of Au, MoOs;, pentacene, and Al, respectively. The
vertical distribution of pentacene and Au is similar before and after electrical
annealing. However, the distribution of Mo species is broader toward the pentacene
region after electrical annealing, indicating that MoQs is diffused into the pentacene
layer. These results suggest that MoOs:pentacene mixed layer is provided at
Au/MoOg/pentacene interfaces. As the MoO; has widely been used as a p-dopant
material,[47, 48] the MoOg3:pentacene mixed layer increases carrier concentration at
the interface, providing more efficient charge injection. The Al is also detected at
deeper region after electrical annealing, implying that Al is penetrated into the
pentacene layer as well. The thermal-deposited pentacene forms a polycrystalline
film so the interface at pentacene/top electrode cannot exhibit flat surface. Therefore,
the Al, deposited on top of polycrystalline pentacene film, may forms some spikes at
the grain boundary of pentacene. These spikes induce higher electric field so Al at

this region may be easily penetrated into the pentacene films.
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Figure 3.7 ToF-SIMS depth profiles of the pentacene diodes before (dashed line) and

after (solid line) electrical annealing.
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3.2.2 Pentacene Diodes with MoO3; Doped Pentacene as a HIL

The ToF-SIMS results show that the pentacene:MoO; mixed layer is created. Thus,
the pentacene:MoO; doped layer is intentionally inserted between MoOs; and
pentacene layer to find the role of pentacene:MoQO; mixed layer. The concentration
of MoOs is 25 vol.%. Firstly, the absorption spectra of pentacene, MoOs, and
pentacene:MoO; mixed layer is measured by UV/Vis absorption spectrometer. The
absorption spectra of pentacene, MoO;, and pentacene:MoO; mixed layer are

depicted in Figure 3.8.
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Figure 3.8 Absorption spectra of pentacene (100 nm), MoO3 (50 nm), and

pentacene:MoO3 mixed layer (50 nm).



The absorption spectrum of pentacene shows absorption peak from 400 nm to
750 nm with main peak at 670 nm. The absorption spectrum of MoO; shows no
absorption peak above 500 nm. However, the absorption spectrum of
pentacene:MoO; mixed layer shows new absorption peak at 850 and 970 nm, which
cannot be seen in the absorption spectra of pentacene and MoOs. It is considered that
these new absorption peaks are originated from charge-transfer complex between an
organic material and dopant.[49, 50] Therefore, it indicates the formation of charge-
transfer complex between pentacene and MoOj;, leading to p-doping of the

pentacene.

Al (100 nm)

Pentacene:MoQO; (x nm)
MoO; (5 nm)
Au (50 nm)

Glass

xnm=0,0.3 1,152, 3 nm

Figure 3.9 Device structure of pentacene diodes with different pentacene:MoO; mixed

layer thickness.

By inserting the pentacene:MoOs; mixed layer between MoO; and pentacene,
pentacene diode with different mixed layer thicknesses were fabricated. The device
structure of pentacene diodes is shown in Figure 3.9. The thickness of 0, 0.5, 1, 1.5,

2, and 3 nm was selected for pentacene:MoOs; mixed layer. |-V structure of
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pentacene diode with different pentacene:MoO; mixed layer thickness is shown in
Figure 3.10. For the pentacene diodes with the mixed layer thickness of 0.5, 1, and
1.5 nm show shunt, that is, they not show any rectifying characteristics. Unlike our
expectation, there is neither reduction of turn-on voltage nor increase of forward-
bias current. In addition, by adding the mixed layer the reverse-bias leakage current
is extremely increased. To study why this effect occurs, the AFM image of the mixed

layer is obtained.

Current (A)

'g||||||||||||||
10—3 -2 -1 0 1 2

Voltage (V)

w

Figure 3.10 I-V characteristics of pentacene diodes with pentacene:MoO; mixed layer.
The thicknesses of the mixed layer are 0 nm (black), 2 nm (green), and 3 nm (red),

respectively.
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Figure 3.11AFM images of different thickness of pentacene:MoO; mixed layer on the

MoO; layer.
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Figure 3.11 shows the AFM images of different thickness of pentacene:MoO;
mixed layer on the MoOQ; layer. As the thickness of the mixed layer increases, the
spikes in the AFM images, indicating that the pentacene:MoOs; grows island
structure rather than layer. In addition, the grain height of pentacene:MoOQ;s is greater
than 50 nm. This high roughness would affect the grain size of pentacene. Figure
3.12 shows the AFM images of pentacene on MoOj; and the mixed layer. The root
mean square roughness (R,) of pentacene on MoO3 is 3.1 nm but the R, of
pentacene on the mixed layer is 7.7 nm. Moreover, the peak-to-vally roughness (Rp,)
of pentacene on MoOs is 26 nm but the R, of pentacene on the mixed layer is 62.8
nm. Due to this high Ry and Ry, values, the top and bottom electrode in the
pentacene diode on the mixed layer easily contacts through pentacene grain
boundary, resulted in shunt. Furthermore, assuming that the mixed layer reduces the
turn-on voltage of the pentacene diode, pentacene:MoO; islands cannot effectively

reduce the turn-on voltage.
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Figure 3.12 The AFM images of pentacene on (a) MoO; and (b) pentacene:MoO; mixed

layer.
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3.2.3 Impedance Spectroscopy

The impedance spectra of the pentacene diodes before and after electrical annealing
were measured in order to analyze the interface and bulk characteristics of the
diodes. Impedances of the pentacene diodes are measured from 20 Hz to 50 MHz.
Fig. 5 shows Cole—Cole plots for the pentacene diodes before electrical annealing at
the forward bias of 3.0 V and after electrical annealing at the forward bias of 1.4 V.
Because the current of the pentacene diode is increased after electrical annealing, the
voltages at the similar current region were chosen for comparison. The shape of the
Cole-Cole plot for the pentacene diode before electrical annealing appears two
distinguished semicircles. However, the shape of the Cole-Cole plot for the
pentacene diode after electrical annealing shows the overlapped semicircles with a

linear line at the low-frequency region.
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Figure 3.13 The Cole-Cole plots for the pentacene diodes (a) before electrical annealing
at the forward bias of 3.0 VV and (b) after electrical annealing at the forward bias of 1.4
V. The black solid line is the fitting line by the three-RC model and the red solid line is

the fitting line by the two-RC with CPE model as shown in the inset.
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The diode before electrical annealing can be modeled with the equivalent
circuit consisting of one series resistance and three different RC components as
shown in the inset of Figure 3.13(a); (i) the Au/MoQOs/pentacene interface, (ii) the
pentacene bulk layer, and (iii) the pentacene/Al Schottky junction. Even though two
distinguished circles of the Cole-Cole plot can be assigned as two RC components,
the adjacent interface between two circles is not clearly separated, which implies the
possibility of a small circle between two circles. Moreover, the fitting line using
three RC components shows better accuracy than two RC components, we assigned
Au/MoOs/pentacene interface to one RC component even though that interface has
small potential energy barrier.[51] The parameters are extracted using an iteration
tool. First of all, the pentacene bulk layer is thicker than the others, resulted in
smallest capacitance so the R2-C2 component corresponds to the pentacene bulk
layer. Secondly, Schottky junction forms depletion region, leading to a large
resistance and highest RC constant so the R3-C3 component corresponds to the
pentacene/Al Schottky junction. Finally, the resistance at the Au/MoOj/pentacene
interface is small due to small energy barrier so the R1-C1 component corresponds
to the Au/MoOs/pentacene layer. These assignments are consistent with a previously

report.[51] The extracted parameter values are summarized in Table 3.2.
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Table 3.2 Extracted parameters of the three-RC model for the pentacene diode before

electrical annealing.

Before EA Value Error (%) Assignment
R 475 35 Contact resistance
R1 2.65 x 10° 3.32 Au/MoO /pentacene
Cl 296 x10" 7.95 Au/MoO_/pentacene
R2 8.30x 10’ 1.04 Bulk
C2 1.43x 10 0.55 Bulk
R3 8.78 x 103 0.16 Pen/Al Schottky junction
C3 2.30 x 10'10 0.42 Pen/Al Schottky junction

Table 3.3 Extracted parameters of the two-RC with CPE model for the pentacene diode

after electrical annealing.

After EA Value Error (%) Assignment
R 30.0 591 Contact resistance
R4 8.22x 10" 1.69 Bulk
C4 1.94x10 2.08 Bulk
R5 2.47 x 103 0.64 Pen/Al Schottky junction
C5 191x 10 5.12 Pen/Al Schottky junction
CPE-Q 1.68 x 107 1.04 Pen/Al Schottky junction
CPE-n 0.5 (fixed) - Pen/Al Schottky junction
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After electrical annealing, the shape of the Col-Cole plot for the pentacene
diode is significantly changed. The fitting line of three-RC model, shown in the
black line of Fig. 5(b), cannot match well with experimental data. In addition, the
linear shape appears at the low frequency region, which cannot be fitted using RC
components. To solve this problem, two-RC component with CPE is used as shown

in the inset of Fig. 5(b). The CPE can be expressed by

1

Z S — 3.3
#t = Q) ¢2)

Where the j° = -1, w is the angular frequency, and Q and n are the frequency
independent parameters.[52] The n value is fixed to be 0.5 that will be discussed
later. The fitting line of two-RC with CPE model, shown in the red line of Figure
3.13(b), fitted well with experimental data. In addition, when we fitted three-RC
with CPE model, one RC component exhibits large error (> 30 %), indicating that
two-RC model is more reliable than three-RC model. The extracted parameters are
summarized in Table 3.3. The RC-component of the bulk region originates from the
geometrical characteristics of the diode so it is mostly determined by the thickness
of active layer. Even though the interfaces at the diode may be changed after
electrical annealing, the thickness of the active layer of the diode cannot be
significantly changed, indicating that the capacitance in the bulk region of the diode
(C1) should be similar. The R4-C4 component of the diode after electrical annealing
is similar to R1-C1 so R4-C4 can be assigned to the bulk region of the diode.
Moreover, the improved current after electrical annealing indicates the reduced
resistance. The R5 is much higher than R2 and smaller than R3 so the R5-C5-CPE

component can be assigned to the pentacene/Al junction.
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Figure 3.14 Proposed schematics of the pentacene diode (a) before and (b) after

electrical annealing.
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Figure 3.14(a) and (b) depict the proposed mechanism of electrical annealing
based on I-V characteristics, ToOF-SIMS, and Impedance spectra. After electrical
annealing, two major changes are observed in the impedance spectra: The RC-
component at the Au/MoOs/pentacene interface disappears and CPE at the
pentacene/Al interface appears. Firstly, the disappeared RC-component at
Au/MoOa/pentacene interface indicates that small energy barrier at this interface is
reduced to a negligible level. The reduced turn-on voltage in the 1-V characteristics
also assists a reduced injection barrier at this interface. From the ToF-SIMS data,
MoO:; is diffused into the pentacene layer, creating the pentacene:MoO; mixed layer.
Therefore, we conclude that this mixed layer effectively increases charge injection
by reducing small potential barrier which causes the turn-on voltage of I-V
characteristics and the RC-component at Au/MoOa/pentacene interface of
impedance spectra. Therefore, we conclude that the device performance of the
pentacene diode is improved by electrical annealing due to the creation of the
pentacene:MoO; mixed layer. Note that this uniform and thin pentacene:MoO;
mixed layer cannot be formed by thermal evaporation. When the thin mixed layer
was intentionally inserted between MoO; and pentacene using thermal evaporation,
the mixed layer formed islands rather than uniform layer. Moreover, this island
structure affects the growth of pentacene, leading to the increase of pentacene
roughness, resulting in high reverse-bias leakage current of the diode. Furthermore,
the thin mixed layer which has gradual change in pentacene:MoQO3; composition ratio
is hard to fabricate by thermal evaporation. Therefore, electrical annealing is the best

technique to form the uniform, thin, and gradual pentacene:MoO; mixed layer.
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L

Figure 3.15 The equivalent circuit of finite-length transmission line model. The ry, rj, ¢;,
L is the distributed transport resistance, distributed junction resistance, distributed

junction capacitance, and total length, respectively

Secondly, the CPE at pentacene/Al appears after electrical annealing, indicating
that something is changed at this interface. The CPE used to explain the diffusion-
recombination model of electrochemical systems. However, the Schottky diode
exhibit very small minority carrier so diffusion and recombination current is
typically negligible.[32] Instead of diffusion-recombination model, the CPE can also
be appeared in real system that has non-homogeneity. Porous and rough electrode
surfaces can lead to frequency dispersion of the interfacial impedance, which leads
to CPE behavior.[53] Various equivalent circuit models of rough electrodes such as a
transmission line, V-shape groove, branched transmission line, and fractal shape
have been suggested to explain CPE behavior. Among them, the impedance of a

finite-length transmission line, shown in Figure 3.15, can be expressed by[54]

RR: -

Where the R; is the total transport resistance (rxL), R; is the total junction

resistance (r;/L), and C; is the total junction capacitance (c;xL). If the R; is close to
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infinite and angular frequency is much higher than 1/R;C;, Eq. (3.4) can be reduced
to Eq. (3.3). Thus, we suggest that the CPE is attributed to creation of Al rod-like
structures which act as finite transmission lines. ToF-SIMS depth profiles shows that
some of Al is penetrated into pentacene layer. As mentioned before, the some spikes
of Al at the pentacene grain boundary induce higher electric field, enabling the
penetration of Al more easily. Therefore, the penetrated Al may create rod-like
structures that can be modeled as a finite length transmission line as shown in Fig.
Figure 3.14(b). In addition, when the forward-bias is applied to the pentacene diode
after electrical annealing, the electric field perpendicular to the Al-rod surface is
very small so the depletion region at the Al rod structure is not significantly shrunk
even though the other depletion regions is shrunk. As a result, depletion regions
which surround the Al-rod structures have high resistance so R; can be ignored. In
addition, due to the high R;, R;C; can also exhibit high values which resulted in small
1/R;C;. Therefore, the Al rod structure which is expressed by Eq. (3.4) can be
considered as a CPE. Fortunately, CPE is parallel connection with RC-component so
CPE effect will disappear as the frequency increases. Consequently, the frequency
performance of the pentacene rectifier at the high frequency is not significantly

affected by creation of CPE.



3.3 Summary

In summary, we investigated improved performance of pentacene diodes by
electrical annealing. After electrical annealing, turn-on voltage of a pentacene diode
in the rectifier is reduced from 1.25 V to 0.44 V and current of that is increased 4.4
times higher at 3 V without increase of reverse-bias leakage current. In addition,
cutoff frequency of the pentacene rectifier is increased from 10.5 MHz to 85.7 MHz.
The thermal annealing without electric field cannot affect the device performance,
indicating that electric field plays an important role in electrical annealing process.
Moreover, there is no hysteresis which indicates that interfacial trap states are small
to negligible. From the ToF-SIMS and impedance spectra, we conclude that the
improvement of electrical annealing is due to the diffusion of MoOj; into pentacene
layer, which increase charge injection. Al penetration into the pentacene layer was
also observed but it cannot affect device performance at high frequency. We
expected that this method can also be applied to organic photovoltaic devices
(OPVs), organic light-emitting diodes (OLEDSs), organic thin film transistors

(OTFTs), quantum dots (QDs) devices, and so on, as well as the organic rectifier.
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Chapter 4

High Performance Pentacene Diodes

based on SAM-treated Gold

The SAM is one of the good candidates for tuning the work function of metals. It is
very simple, robust, and large-area applicable. In addition, the tuning of work
function is very important issue in the device engineering because the energy barrier
at the interface is basically determined by the difference between metal and HOMO
level of the organic materials. By tuning work function of the metal, charge injection
can be controlled. For example, the diode which exhibit both high forward bias
current density and small reverse bias leakage current can be fabricated by using
SAM treatment on metals with opposite dipole moment molecules. For the p-type
semiconductor, hole injection barrier of one interface is reduced and the other is
increased by the permanent dipole moment of SAM molecules, leading to high
forward current due to reduced barrier and low reverse current due to increased
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barrier. For this reason, SAM have been widely used for reducing hole injection
barrier in OTFTs,[24, 26, 55-57] OLEDs,[10, 21, 58] an OPVs.[22, 23]

In addition to tuning of work function by treating SAM on metals, the surface
characteristic is changed due to the functional group of SAM molecules. Especially,
the grain formation of pentacene is much affected by surface energy, which can be
controlled by the functional group of SAM molecules. The hydrogen and fluorine
group of SAM molecules lowers the surface energy, making the grain size of
pentacene larger. In addition, hole traps induced by hydroxyl group in the surface
can be effectively reduced by treating SAM. As a result, the mobility of pentacene
on SAM-treated surface in OTFTs can be increased compared to that on pristine
surface.[59-61]

Studies have shown that the growth and orientation of pentacene which
deposited on gold is changed when it deposited on SAM-treated gold.[62, 63] the
grain of pentacene on gold has rod-shape structure but that on p-
terphenylmethanethiol-treated gold has dendritic shape, indicating that pentacene on
gold grows horizontally but that on SAM-treated gold grows vertically. Moreover,
XRD pattern of pentacene on gold show their peaks at (110), (022), (200) but that on
SAM-treated gold show their peaks at (001), (002), and (003), indicating that
pentacene molecules on gold exhibits lying-down orientation but that on SAM-
treated gold exhibits standing-up orientation. This morphological difference will
change electrical characteristics but this structure-property-performance relationship
of pentacene along vertical direction still remains as a missing link. In this study, we
investigated the structure-property-performance relationship of pentacene along

vertical direction.



4.1 Effective Work Function of SAM-treated Gold

4.1.1 Photoelectron Spectrometer Measurement

To study the effect of work function shift due to dipole moment of SAM molecules,
the photoelectron spectrometer are measured. Figure 4.1 shows the effective work
function of gold, and SAM-treated gold. All emission yields show that two slope so
the middle points of first slopes are selected as the work function. The work function
of gold is measured to be 4.78 eV. Note that the work function of gold ranges from
4.7 to 5.1 eV depending on surface contamination.[64] The work function
measurements are done under ambient condition so gold surface is exposed ambient
air, enabling to be contaminated by oxygen and carbon based molecules. However,
even though work function is lower than clean gold (5.3 — 5.4 eV), it can be
compared relatively because all samples are treated in same conditions. The work
function of TP-modified gold and PFBT-modified gold is measured to be 4.67 and
5.02 eV, respectively. PFBT molecules have negative dipole moment, increasing the
effective work function of gold. Otherwise, TP molecules have positive dipole
moment, decreasing effective work function of gold. The results indicate that PFBT-
modified gold/pentacene interface is expected to lowest injection barrier because the

HOMO level of pentacene is about 5.0 eV,
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4.2 Structural study of pentacene on SAM-treated gold

4.2.1 Morphological Study Using AFM

Thermally evaporated pentacene forms polycrystalline structure so the growth mode
and structure of pentacene is affected by deposition condition, surface energy, and
surface roughness. Especially, this structural difference can affect the electrical
performance of the devices so it is important to know how the pentacene molecules
grow on the surface. To observe the structure of the pentacene, the morphologies of
pentacene on gold and surface-modified gold are measured by AFM. Figure 4.2
shows AFM images of pentacene monolayer (1.5 nm) on gold, TP-treated gold, and
PFBT-treated gold. It can be observed that gold forms small nanodots. The
pentacene on gold shows that pentacene molecules grow horizontaly, forming rod-
like structure. In addition, pentacene on aggregates more than that on SAM-treated
gold, leading to high roughness. On the other hands, pentacene on TP- and PFBT-
treated gold follows roughness of gold and forms small islands-like structure. These
structural differences are also observed in bulk pentacene molecules as shown in
Figure 4.3. The pentacene films on TP- and PFBT-treated gold show circular
patterns but the pentacene film on gold shows rod-like pattern, which corresponds to
previously reports.[62, 63, 65] Due to the relatively high deposition rate, the
structure of pentacene on gold seems to grains of rice rather than rods. The rms
roughness of pentacene on gold, TP-treated gold, and PFBT-treated gold is 11, 7.47,
and 5.63 nm, respectively. High roughness of pentacene on gold can attribute critical
issues in the device such as high leakage current, high capacitance, and low vyield

due to shunt.
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Figure 4.2 AFM images of pentacene monolayer (1.5 nm) on gold, TP-treated gold, and

PFBT-treated gold.
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Figure 4.3 AFM images of bulk pentacene (90 nm) on gold, TP-treated gold, and PFBT-

treated gold.

69



4.2.2 XRD Analysis

The pentacene films are analyzed by XRD as shown in Figure 4.4. The XRD
patterns of 90-nm thick pentacene films on TP- and PFBT-treated gold show their
peaks at 5.73° and 11.55° with corresponding interplanar d spacing of 15.4 A, which
can be assigned to be (001) and (002) plane of thin film phase, implying that
pentacene molecules are standing-up on SAM-treated gold. Otherwise, The XRD
patterns of the pentacene film on pristine gold show small peaks at 19.25°, 24.03°,
28.21° with corresponding interplanar d spacing of 4.6, 3.65, and 3.15 A, which can
be assigned to be (110), (022) and (-201), implying that pentacene molecules are

lying-down on pristine gold.
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Figure 4.4 X-ray diffraction patterns of pentacene on gold, TP-treated gold, and PFBT-

treated gold.
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4.2.3 DFT Simulations of Single Pentacene Molecule for Raman

Spectroscopy

To investigate the structure properties of the pentacene on SAM-treated gold, Raman
spectroscopy is measured. To match the Raman peaks to vibrational states of the
pentacene, density function theory (DFT) simulation is performed. Figure 4.5 shows
the calculated Raman peaks based on DFT simulation of a pentacene molecule. The
major vibrational states occur in the range of 1100-1700 cm™. From the DFT
simulation, vibrational modes of C-H ends, C-H sides, C-C along the short axis, and
C-C along the long axis are assigned to be 1150, 1170, 1350-1400, and 1590 cm™.
Calculated Raman peaks based on the DFT simulation and their corresponding

vibrational modes are summarized in Table 4.1.
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Table 4.1 Caculated Raman peaks based on the DFT simulation and their

corresponding vibrational modes.

B6-31G Scaled = *
(d,p) DFT 0.9611

+ 0.02 Vibrational Mode

1207 1160.048 24.14 C-H sides (A)

C-C short axis stretch (centre of
1425 1369.568 285
molecule)

1506 1447417 30.12 C-H rocking

1591 1529.11 31.82  C-C short coupled to C-C long
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4.2.4 Raman Spectra of Pentacene on SAM-treated Gold

Five wavelengths of laser are used to measure Raman spectra: 457, 488, 514, 633,
and 785 nm. Raman spectra of 75-nm thick pentacene on gold, TP-treated gold, and
PFBT-treated gold with various wavelengths are depicted in Figure 4.6. The
pentacene absorbs visible light in the range from 400 nm to 700nm and has main
peaks at 570, 630, and 670 nm; thus, non-resonance Raman spectra can be observed
by using wavelength of 785 nm. All the Raman spectra show similar peaks with
DFT simulation and have main peak at 1370 cm™, the C-C vibration mode along
long axis, Using different laser excitations can selectively excite different modes in
pentacene molecules. Long-axis stretch modes are probed with high energy
excitation under 514 nm. Long-axis stretch is particularly enhanced in pentacene
films on pristine gold. For the wavelength of 633 nm, all A; modes, short axis,
increase due to a surface enhanced Raman effects of gold. Whereas, Bs; modes, long
axis, do not increase. The laser beam is focused on the samples at normal incidence.
Because vibrational modes parallel to electric field of the laser are enhanced, C-C
long axis vibration is enhanced if the pentacene molecules lie down on gold. On the
other hands, C-C short axis vibration is enhanced if the pentacene molecules stand
up. Therefore, C-C short axis/C-C long axis ratio can be used as a tool to probe
molecular orientation. Figure 4.7(a) shows Raman spectra, excited by 785 nm laser,
of the 100-nm thick pentacene films on gold, TP-treated gold, and PFBT-treated
gold, respectively. The results show that all peaks except 1600 cm™, C-C long axis
vibration mode, exhibit similar intensity. As mentioned before, C-C long axis
vibration mode is enhanced when the pentacene molecules exhibit lying-flat
orientation. Therefore, the results show that SAM encourages molecules to stands up

perpendicular to the gold surface.
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For further study, the orientation of pentacene molecules with different
thicknesses is probed by resonant Raman analysis. Wavelength of 514 nm is used for
Incidence laser beam. Figure 4.7(b) shows the C-C short/long ratio of the pentacene
films on gold, TP-treated gold, and PFBT-treated gold as function of pentacene film
thicknesses. If the C-C short/long ratio is high, the pentacene molecules are
standing-up orientation and the ratio is low, the pentacene molecules are lying-down
orientation. The results show that C-C short/long ratio is lowest for the pentacene
film on pristine gold and does not vary with film thickness, which means that
molecules are predominantly lying flat independent of film thickness. However, for
the pentacene film on PFBT-treated gold, C-C short/long ratio is largest at 10 nm
films and decreases with increasing film thickness, indicating that molecules are
standing up on the gold surface and molecules close to the gold substrate interface
are standing more upright than those further away. Moreover, for the pentacene film
on TP-treated gold, C-C short/long ratio is smallest at 10 nm films and increases
with increasing film thickness, indicating that molecules far from the substrate
interface are standing more upright than those at the substrate interface. For the thick
films, C-C short/long ratio is similar for both pentacene films on TP- and PFBT-
treated gold.

Previous studies already reported that the pentacene forms thin-film phase first
tens of layers, and changes to bulk phase as thickness increases. The tilt angle of
pentacene molecules which has bulk phase is higher than that which has thin-film
phase. Therefore, the Raman signals can be considered that pentacene molecules on
PFBT-treated gold firstly forms thin-film phase and changes to bulk phase.
Moreover, the pentacene on TP-treated gold becomes similar value as film thickness
increases, indicating that pentacene on TP-treated gold forms as film thickness

higher than 50 nm. For the thin pentacene film on TP-treated gold, it seems that
76 4 =1H



SAM s partially treated on gold; thus, some of pentacene molecules on gold lie
down and the others on TP-treated gold stand up. The proposed schematics of
pentacene molecular orientation depending on SAM treatment on gold are depicted

in Figure 4.8.
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4.2.5 Mobility of Pentacene on SAM-treated Gold Extracted by SCLC

From the AFM, XRD, and Raman analysis, one can be found that the pentacene on
gold forms lying-down orientation and the pentacene on TP- and PFBT-treated gold
forms standing-up orientation. Therefore, these structural differences of pentacene
on SAM-treated gold could change the electrical property of the diode. To
investigate vertical carrier mobility of pentacene depending on molecular orientation,
hole-only devices (HODs), which have a structure of Au (50nm) / SAM / pentacene
(90nm) / MoO; (10nm) / Al (100 nm), were fabricated as shown in Figure 4.9(a). At
the high voltage region, current density of HODs follows quadratic function, which
is expressed by SCLC equation as shown in Figure 4.9(b). The dielectric constant of
pentacene is used to be 3.3, obtained from capacitance of pentacene diode assuming
parallel-plate geometry as presented in Figure 4.10, which is a similar value with a
previous report.[66] From this equation, mobility of pentacene on gold, TP-modified
gold, and PFBT-modified gold are calculated to be 6.82 x 10, 6.46 x 10, and 1.62

x 102 cm?V's™, respectively.
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Figure 4.9 (a) The structure of pentacene holy-only devices with surface-modified gold.
(b) J-V characteristics of pentacene hole-only devices with surface-modified gold. Hole
is injected from aluminum to pentacene. At the high voltage region, three devices follow
quadratic function, which is shown in solid lines. Assuming the pentacene/MoO,/Al
contact is ohmic, the mobility can be calculated using space-charge-limited current

equation.
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Figure 4.10 Capacitance of a pentacene diode with PFBT-modified gold measured by

HP4192A with oscillator level of 50 mV at 0 V.
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4.2.6 Mobility of Pentacene on SAM-treated Gold Extracted by Photo-
CELIV

The mobility extracted by SCLC can be underestimated due to limited injection. To
confirm hole mobility extracted by SCLC, photo-CELIV was measured. Figure 4.11
presents the photo-CELIV signals of the pentacene diodes with SAM-treated gold.
The structure of the samples are Au (50 nm) / SAM / pentacene (400 nm) / Al (15
nm). 580-nm wavelength Nd:YAG laser pulse is irradiated toward a thin Al cathode
for generating free carriers. For the pentacene on pristine gold shows clear CELIV
peaks and the peak position shift toward left side as electric field increases,
indicating that mobility could increase as electric field increases. From the photo-
CELIV signal, the extracted mobility of pentacene on gold as function of electric
field is shown in Figure 4.11(d). The mobility of pentacene on gold increases as
electric field increases and it is extracted to be 7.11 x 10 cm?V™'s™ at 2.95 x 10*
V/cm, which is the similar value with the mobility extracted by SCLC. Note that the
mobility in the pentacene diode can be higher than measured values because this
electric field is lower than operation electric field of the pentacene rectifier. There
are no photo-CELIV peaks for the pentacene on SAM-treated gold, implying that the

mobility of pentacene on SAM-treated gold is too fast to detect.
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Figure 4.11 Photo-CELIV signals of the pentacene diodes with surface modified gold.
The structure of the samples are Au(50 nm)/SAM/pentacene(400nm)/Al(15nm). 580-nm
wavelength Nd:YAG laser pulse is irradiated toward a thin Al cathode for generating
free carriers. (a) The photo-CELIV signal of the pentacene diode with pristine gold. (b)
The photo-CELIV signal of the pentacene diode with PFBT-treated gold. (¢) The photo-
CELIV signal of the pentacene diode with TP-treated gold. (d) The mobility of
pentacene on pristine gold as function of electric filed extracted by photo-CELIV

signals.
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4.2.7 SEM Images of Pentacene on SAM-treated Gold

To investigate the plain and vertical morphology of the pentacene molecules on
SAM-treated gold, the SEM images are measured. Figure 4.12 shows the plain SEM
images of 100-nm thick pentacene on gold, TP-treated gold, and PFBT-treated gold.
The morphology of pentacene is completely different between pentacene on gold
and that on SAM-treated gold. In addition, the morphology of pentacene on TP-
treated gold is similar with that on PFBT-treated gold. The pentacene on gold grows
laterally and forms interwoven structure which seems to be entangled, less dense,
and disordered. Whereas, pentacene on gold grows vertically and forms circular
structure which seems to be dense and ordered. This tendency can also be seen in the
vertical direction. Figure 4.13 presents the vertical SEM images of 100-nm thick
pentacene on pristine gold, TP-treated gold, and PFBT-treated gold. Pentacene on
gold exhibits the entangled and disordered structure whereas pentacene on SAM-
treated gold exhibits dense and ordered structure.

The previous chapters show that vertical mobility of pentacene on gold and
SAM-treated gold shows that the pentacene forming standing-up orientation exhibit
higher vertical mobility than that forming lying-down orientation. Although the
mobility of single crystalline pentacene along the ab axis is known to have a higher
value than c axis, thermally evaporated pentacene forms a polycrystalline thin film,
indicating that the carrier transport can be limited by transport between grain
boundaries. The pentacene film on gold exhibits small XRD peaks, indicating that
pentacene is almost randomly oriented. In addition, the pentacene on gold not
exhibit perfect flat-lying orientation, but has tilt angle of about 30-45°, resulting in

randomly oriented pentacene grains.[63, 67] This poor molecular ordering in case of



pentacene on gold can limit charge transport property, resulting that the mobility of

the pentacene film on gold is smaller than that of on SAM-treated gold.
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Figure 4.12 Plain SEM images of 100-nm thick pentacene on Au, TP-Au, and PFBT-Au.

The scale bar indicates 1 pm.
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Figure 4.13 Vertical SEM images of 100-nm thick pentacene on pristine gold, TP-

treated gold, and PFBT-treated gold. The scale bar indicates 100 nm.
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4.3 Electrical Performance of Pentacene Diodes with SAM-

treated Gold

4.3.1 J-V Characteristics of Pentacene Diodes with SAM-treated Gold

The J-V characteristics of pentacene diodes with surface-modified gold are
presented in Figure 4.13. The graph shows that onset voltages of diodes with PFBT-
treated, TP-treated, and non-treated gold electrode are 0.1, 1.1, 1.1 V, respectively.
The diode with PFBT-treated gold show much lower onset voltage than the others,
indicating that that the injection barrier located at gold/SAM/pentacene is effectively
reduced. Previous reports show that the dipole moment of PFBT is -1-2 D,[68, 69]
enabling to reduce the injection barrier by 0.1 eV.[70] As a result, The forward-bias
current density of the diode with PFBT-treated gold is much higher than that with
non-treated gold and finally current density of 100 A/cm? is obtained at 3 V. In
addition, the rectification ratio of the diode shown in inset of Figure 2 is founded to
be 7.47 x 10° at 1 V, and 1.05 x 10" at 2.8 V, which are1-3 orders of magnitude
higher than previously reported rectifying diodes.[71-73] Such higher rectification
ratio is attributed to the small reverse-bias leakage current, which results in a large
reverse-bias breakdown voltage (VR). In this study, the Vi of the diode is measured
to be 18 V as shown in Figure 4.14. In an ideal rectifier, maximum reverse-bias
voltage applied to the diode is twice of maximum input voltage. Because a rectifier
should supply sufficient power to circuits, high Vg of a rectifier can endure high
input voltage, enabling to supply high power to the circuits. Moreover, high input

voltage improves the frequency performance of a rectifier.[29]
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Figure 4.14 Current density—voltage characteristics of pentacene diodes with surface-

modified gold. Inset shows the rectification ratio of the diodes.
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Figure 4.15 Reverse-bias breakdown voltage of a pentacene diode with PFBT-modified

gold.
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4.3.2 Frequency Performances of Pentacene Rectifiers with SAM-

treated Gold

Figure 4.15(a) shows a frequency setup of the pentacene rectifier, which is
composed of the diode, 10 nF of a load capacitor and 1 MQ of load resistor. To
reduce ripple voltage in a rectifier, the period of an input voltage should be much
smaller than a load capacitor times a load resistor and capacitance of the load
capacitor should be much larger than capacitance of the diode.[29] The former
condition can be negligible as the frequency increases but the latter condition,
related to the diode area, should be carefully considered. The capacitance of the
pentacene diode is measured to be 1.7 pF, satisfying above conditions. The size of a
diode is one of the important design factors in the RFID tags. Small area of the
diode increases breakdown voltage, enduring higher rf power.[74] Moreover, for the
all-printed RFID tags, most of the area is occupied by a load capacitor; thus, due to
the latter condition, small area of the diode facilitates to fabricate small size of RFID
tags, which is advantageous for low-cost production. However, small size of a diode
decreases power capability of a rectifier so size of a diode is carefully designed
considering input voltage, cost-efficiency, and power consumption of the circuit.
The area of the diode in this study is designed to be 80 x 80 um®.

When 10-V sinusoidal voltage is applied to the rectifier, the frequency
characteristics of the rectifier with a pentacene diode on PFBT-treated Au are shown
in Figure 4.15(b). At the low frequency, 1 MHz, 6.2 V of output voltage is measured.
Four volts drop of output voltage compared to input voltage is due to power
consumption of the load resistor and reverse-bias leakage current of the diode. As
the frequency increases, additional leakage current flows via the capacitor of the

diode, decreasing output voltage of the rectifier. If the diode is considered as a single
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RC model, frequency dependency of the output voltage can be described by Eqg. 2.11.
By fitting the measured data from this equation, which is shown in solid line of
Figure 4.15(b), V, and f. are obtained to be 6.02 V and 716 MHz, respectively. Also,
3-dB frequency, in terms of voltage, which is usually used for measuring frequency
performance of the organic rectifier, are obtained to be 1.24 GHz from fitting line,
which is a highest value ever reported. Finally, output voltage of 3.8 V at 1 GHz is

obtained when input voltage of 10 V is applied.
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Figure 4.16 (a) The equivalent circuit of a pentacene rectifier measurement setup. (b)
Frequency characteristics of a rectifier based on the pentacene diode with PFBT-
modified gold when input voltage of 10 V is applied. The output voltage of the

pentacene rectifier at (c) 14 MHz, (d) 100 MHz, and (e) 1 GHz.
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4.4 Demonstration of UHF Operating Pentacene Rectifiers

4.4.1 Design of Antennas for UHF RFID tags

To demonstrate the pentacene rectifier operable at UHF region, we firstly design the
antenna for UHF RFID tag. For 500 MHz, the size of T-matched antenna is
simulated to be 20 cm x 7.1 cm, which is too large to use for real applications; thus,
loop antenna is used. The resonant length of loop antenna is 60 cm for 500 MHz so
loop antenna size is to be 15 cm x 15 cm, which is still too large to use. Therefore,
meander pattern is applied for antenna miniaturization and the size of the antenna
with meander pattern is to be 10 cm x 10 cm, which is suitable to use for real
applications. The meander pattern-designed antenna exhibits omni-directional
radiation pattern as shown in Figure 4.17(a). The electric field which radiates
perpendicular to xy-plane exhibits strongest emission, and the field along x-axis
exhibits weakest emission, indicating that plane electromagnetic (EM) wave through
the antenna loop resonant more than that parallel to the loop. The meander-patterned
loop antenna resonant well at 500 MHz with return loss of about -15 dB and

bandwidth at -10 dB is about 12 MHz as shown in Figure 4.17(c).
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Figure 4.17 (a) Radiation pattern of meander type loop antenna for 500 MHz. (b)
Current distribution of the loop antenna. (¢) Simulated return loss of the designed
antenna.
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4.4.2 Loop Antenna Fabrication Using Screen Printing

The screen printing method is used to fabricate flexible printed UHF antenna.
Screen printing is a simple, low-cost, fast method which is widely used for
patterning. The Ag ink is placed on top of patterned woven mesh and blade squeeze
the Ag ink then the Ag is transferred from stencil to the substrate. The Ag ink is
purchased by EMS corp (CI-1001). For the good resolution, the Ag ink should have
sufficient viscosity. Viscosity of Ag ink in this study is used to be 12,000 cps at
30 °C. Total solid content in the Ag ink is 61 % and electrical sheet resistance is
about 0.015 Q/sq. The thickness of screen printed Ag forms a range of 1-2 um and
surface roughness in RMS value is about 340 nm. 200-nm thick poly arylate (PAR)
is used for the flexible substrates.

Figure 4.18(a) shows the photo image of the loop antenna for 500 MHz
fabricated by screen printing on PAR substrate The 500 MHz loop antenna is
successfully fabricated using screen printing. The return loss of 500 MHz loop
antenna using screen printing is shown in Figure 4.18(b). The loop antenna
fabricated by PCB exhibits the resonant peak at 500.6 MHz, bandwidth at -10 dB of
26.9 MHz, and return loss at 500 MHz of -27.8 dB. Whereas, the loop antenna
fabricated by screen printing on flexible substrate exhibits the resonant peak at 490.6
MHz, bandwidth at -10 dB of 29.1 MHz, and return loss at 500 MHz of -12.9 dB.
Due to the relative high resistivity of screen printed antenna, the wider bandwidth
and smaller resonant peak can be obtained. However, return loss of -10 dB indicates

that only 10 % of the voltage is reflected so it is enough to use for antenna.
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Figure 4.18 (a) The photo image of the loop antenna for 500 MHz fabricated by screen
printing on flexible substrate. (b) return loss of 500-MHz loop antenna using screen
printing (blue solid) and PCB (red solid)
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4.4.3 Demonstration of Pentacene Rectifiers Operating at 500 MHz

Finally, we demonstrated the pentacene rectifier with surface-modified gold
operating at 500 MHz. Figure 4.19 shows the measurement setup of the pentacene
rectifier operating at 500 MHz. the carrier frequency of 500 MHz is generated by
signal generator and amplified through power amplifier. Then, electric power is
transformed to radio wave by the 500-MHz designed transmitting antenna. The radio
wave generated by transmitting antenna re-transformed to electric power by
receiving antenna. The rotation between antennas is very important to maximize
power transfer because the direction of electric field should be matched. 0° and 180°
of rotational angle between antennas is allowed to receiving maximum electric
power. Figure 4.20 shows the rectifying signal of 500 MHz operating rectenna
(rectifier + antenna). The 2.9 V of dc signal can be obtained. There is some ripple
current of about 0.9 V, which possibly due to the unbalanced antenna signal between
right and left side, inductance of the line, and leakage current of the diode. However,
it can be easily diminish by employing high pass filter because the frequency of the
ripple current is 500 MHz. Although the performance of pentacene rectifier is
enough to use at the 1 GHz region, demonstration of pentacene rectenna operating at
1 GHz is very hard because of impedance matching. The rectifier is active device
which means that impedance is varied by the applied voltage and it deals with large
signal, it is hard to match impedance between antenna and the rectifier. However,
because active UHF RFID tags is about 450 MHz, our work shows bright future of

low-cost flexible RFID tags based on organic materials.
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Figure 4.19 Measurement setup of the pentacene rectifier operating at 500 MHz
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Figure 4.20 Rectifying signal of 500 MHz operable rectifier with antenna.
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4.5 Summary

In summary, we investigated the structure—property relationship of pentacene on
gold and SAM-treated gold along the vertical direction. From the photoelectron
spectrometer, the work function of gold, TP-modified gold and PFBT-modified gold
is measured to be 4.78, 4.67, and 5.02 eV, respectively. PFBT-treated gold
effectively lower the injection barrier between the anode and the active layer, the
forward-bias current density of the diode with PFBT-treated gold is much higher
than that with pristine gold and finally current density of 100 A/cm? is obtained at 3
V. In addition, the rectification ratio of the diode is founded to be 7.47 x 10° at 1 V,
and 1.05 x 10" at 2.8 V. The 3-dB frequency, in terms of voltage, of the rectifier
which is composed of the diode and a capacitor is obtained to be 1.24 GHz. Finally,
Vot Of 3.8 V at 1 GHz is obtained when input voltage of 10 V is applied. From the
XRD, AFM, and Raman analysis, pentacene molecules on gold exhibit lying-down
orientation and those on PFBT-treated gold exhibit standing-up orientation. These
structure differences change the electrical property. The mobility, calculated by
SCLC, of the pentacene film on gold and PFBT-treated gold is measured to be 6.82
x 10 and 0.114 cm?V's™, respectively. From the XRD and vertical SEM images, it
can be considered that pentacene on gold exhibits the entangled and disordered
structure whereas pentacene on PFBT-treated gold exhibits dense and ordered
structure. This poor molecular ordering for pentacene on gold can limit charge
transport property, resulting that the mobility of the pentacene film on gold is
smaller than that of on PFBT-treated gold. Although the performance of pentacene
rectifier is enough to use at the UHF region, pentacene thin films easily react with
oxygen and moisture so it easily degraded under ambient condition, which indicates

that it is hard to apply low-cost plastic RFID tags. However, because SAM can be
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applied to any p-type organic semiconductors which have rapidly developed for high
mobility and stability in recent years, we believe that low-cost flexible RFID tags

based on organic materials will be developed in the near future.
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Chapter 5

Conclusion

In this thesis, we investigate organic/metal interface of the diode to enhance charge
injection efficiency and demonstrate high performance organic diodes. Two major
methods are used to improve device performance: improved charge injection by
electrical annealing and reduced hole injection barrier by using permanent dipole
moment of SAM.

First, we investigate the effect of electrical annealing on pentacene diode to
which electrical annealing has not been applied because it cannot have ionic species.
By using MoOs instead of ionic species, electrical annealing can be applied to
thermally deposited device which is advantageous for fabricating high performance
devices. After electrical annealing, the turn-on voltage is reduced from
approximately 1.3 V to 0.2 V and current at 3 V is increased from approximately 0.2
mA to 1 mA without increase of the reverse-bias current. In addition to MoO; as a
hole injection layer, HAT-CN and F;;CuPc, which have deep HOMO levels, show
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electrical annealing effect but PEDOT:PSS, m-MTDATA, and CuPc do not affect
electrical annealing. the cutoff frequency was increased from 10.5 MHz to 85.7
MHz. There is no improvement of current or reduction of turn-on voltage by using
temperature annealing only, indicating that electric field plays an important role for
electrical annealing. From the ToF-SIMS and impedance spectra, we conclude that
the device performance of the pentacene diode is improved by electrical annealing
due to the creation of the pentacene:MoO; mixed layer. The mixed layer effectively
increases charge injection by reducing small potential barrier which causes the turn-
on voltage of I-V characteristics and the RC-component at Au/MoOs/pentacene
interface of impedance spectra. Note that because this uniform and thin
pentacene:MoO; mixed layer cannot be formed by thermal evaporation, electrical
annealing is the best technique to form the uniform, thin, and gradual
pentacene:MoO; mixed layer for improving device performance. After electrical
annealing, Al penetration into the pentacene layer was also observed. Because Al
was deposited on the polycrystalline pentacene, Al spikes are formed at the
pentacene grain boundary. These Al spikes can induce a higher electric field,
facilitating the penetration of Al. Therefore, the penetrated Al may create rod-like
structures that can be modeled as CPE.

Second, we investigated the structure—property relationship of pentacene on
gold and SAM-treated gold along the vertical direction. From the photoelectron
spectrometer, the work function of gold, TP-modified gold and PFBT-modified gold
is measured to be 4.78, 4.67, and 5.02 eV, respectively. PFBT-treated gold
effectively lower the injection barrier between the anode and the active layer, the
forward-bias current density of the diode with PFBT-treated gold is much higher
than that with pristine gold and finally current density of 100 A/cm? is obtained at 3

V. In addition, the rectification ratio of the diode is founded to be 7.47 x 10°at 1 V,
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and 1.05 x 10" at 2.8 V. The 3-dB frequency, in terms of voltage, of the rectifier
which is composed of the diode and a capacitor is obtained to be 1.24 GHz. Finally,
Vo 0f 3.8 V at 1 GHz is obtained when input voltage of 10 V is applied. From the
XRD, AFM, and Raman analysis, pentacene molecules on gold exhibit lying-down
orientation and those on PFBT-treated gold exhibit standing-up orientation. These
structure differences change the electrical property. The mobility, calculated by
SCLC, of the pentacene film on gold and PFBT-treated gold is measured to be 6.82
x 10 and 0.114 cm?V"'s™, respectively. From the XRD and vertical SEM images, it
can be considered that pentacene on gold exhibits the entangled and disordered
structure whereas pentacene on PFBT-treated gold exhibits dense and ordered
structure. This poor molecular ordering for pentacene on gold can limit charge
transport property, resulting that the mobility of the pentacene film on gold is
smaller than that of on PFBT-treated gold.

These two methods can also be applied to other materials and devices such as
OPVs, OLEDs, OTFTs, and QD devices as well as pentacene and the rectifier.
Moreover, the p-type organic semiconductors have rapidly developed for high
mobility and stability in recent years, we believe that low-cost flexible electronics

based on organic materials will be developed in the near future.
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