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Chapter 1
Introduction

Electronic devices based on organic semiconductors have been developed over two
decades. It is not a dream, that one day organic electronic devices become a mainstay of our
technological existence. Indeed, products based on organic semiconductors are already in the
market, for instance as displays of several mobile electronic appliances. In the context of
electronic devices, organic semiconductors are interesting due to the ability to deposit organic
films on a variety of low-cost substrates such as glass and plastic. Moreover, organic thin
films can be prepared by various methods like spin-coating, printing, or thermal sublimation.

Business Communications Company reported that the market of optoelectronic
devices based on organic semiconductors in 2001 reached $4500 Million [1]. They predicted
it will grow at an average annual rate of over 50% to $38400 Million by 2006. Organic-based
displays make up just over 50 % of the organic optoelectronics market, and the market is
expected to grow at a rate of 52 % over the next five years. Digital TV is cited as being one of
the largest shares of products. Major electronic firms such as Philips and Pioneer, and smaller
companies such as Cambridge Display Technology and Universal Display, are betting that the
future holds tremendous opportunity for low-cost production with surprisingly high
performance offered by organic optoelectronic devices. OLED full-colour display may
eventually replace liquid-crystal displays (LCD) for use with notebooks and even desktop
computers. Such a display can be fabricated on a flexible plastic substrate at a moderate
temperature, eliminating the fragile and heavy glass substrate used in LCD. Furthermore, it
can emit bright light without the pronounced directionality inherent in LCD viewing.

Electroluminescence is the basic effect, which plays the key role of the processes
involved in display applications. It was first demonstrated in the 1960s on crystals of
anthracene, an organic aromatic hydrocarbon, by Pope and co-workers [2]. Unfortunately, no
practical application emerged, since the organic crystal used was too thick and the working
voltage was too large (~ 400 V). In 1987 a breakthrough was made by Tang and Van Slyke at
Eastman Kodak Co., Rochester, N. Y., who have successfully shown the first efficient light
emission (~ 1 %) from a two-layer organic (~ 100 nm) structure, resembling a p-n junction,

by means of thermal sublimation [3]. The operating voltage of the OLED was dramatically
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reduced and the quantum efficiency was significantly improved. In 1990 Friend and co-
workers, at Cambridge University in England, reported a similar effect in a conjugated
polymer film consisting of poly(para-phenylene vinylene) [4]. Unlike conjugated molecules,
conjugated polymers or their precursors are typically cast from solution onto an appropriate
substrate such as indium tin-oxide (ITO). Efficiency, drive voltage, and color selection had
attained adequate levels for commercialization after the introduction of OLED. Some
important requirements for market issues are the luminance of 100 cd/m? and device lifetime
of 50000 hours (~ 5.7 years). The first requirement is fulfilled, but the devices lifetimes were
far away from sufficient. The reliability issue is dominated by the morphological stability of
the active material and the corresponding cathode materials. Basically, an OLED consists of
hole transport, emission, and electron transport layers. The morphological stability of either
hole or electron transport materials can be quantified by their glass transition temperatures Tj.
Some examples of active materials are tris(8-hydroxy-quinolate)aluminium (111) (Algs) as
emitter and N,N’-bis(3-methylphenyl)-(1,1’-biphenyl) - 4,4’-diamine (TPD) as hole transport-
ter. However, amorphous TPD (T4 = 62 °C) thin films easily crystallize [5,6].

Organic field-effect transistors (OFETs), one promising application of organic
semiconductors, allow the fabrication of integrated circuits and active-matrix display on a
variety of substrates, such as silicon, polyimide, and glass. Moreover, there has been a
tremendous progress in OFETs performance during the last decade. The point has recently
been reached at which it can be seriously considered for commercial application.
Furthermore, the OFET method has been used as a powerful tool for characterizing the charge
transport properties in organic conjugated materials. Recently, high performance integrated
circuits based on organic transistors have been successfully demonstrated which are
interesting for low-cost electronic applications such as identification tags, smart cards, and
electronic paper [7,8]. The two most important material parameters that control the OFET
characteristics are the charge carrier mobility and the ON/OFF current ratio. Especially for
applications in digital circuits and pixel switches for electronic ink and liquid crystal displays,
a high ON/OFF ratio is crucial [8,9].

In order to hinder crystallization of hole or electron transport materials, in 1996
Salbeck introduced the spiro concept in order to improve the morphological stability of
chromophores while retaining their functionality [10,11,12,13]. Joining two charge transport
moieties (for instance two identical TPD molecules) with a spiro carbon atom center achieves
the task of raising Ty, because the increased steric demand of the resulting spiro-compound

2,2°,7,7’-tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD) effectively hinders
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crystallization. Basically, two TPD molecules are linked with a spiro carbon center and are
thus forced into a perpendicular arrangement. This arrangement gives only relative weak
electronic interaction of the molecular halves. The T of the resulting Spiro-TPD is 115 °C.
Generally, spiro-linked compounds are known as glass-forming materials with high
glass transition temperatures and a good morphological stability, which makes them well
suitable for organic devices. Spiro compounds have been successfully applied in organic solar
cells [11], organic light emitting devices [12,13], field-effect transistors [14],
phototransistors [15], and lasers [16]. The stability of the device and thin films based on
spiro-linked compounds and their corresponding parent compounds grown on different
substrates are compared and discussed as well. Despite its potential applications the influence
of spiro atom center to the electrical or optical properties of resulting spiro-compound is in
abeyance. Therefore, this thesis encompasses a complete electrical characterization of several
hole transport materials and their corresponding spiro-linked compounds. The method used in
this study is field-effect transistor measurement. The design of a transistor, fabrication of the
pre-defined substrates, and fabrication of organic transistors are reported as well. The field-
effect transistor method is used for extracting physical parameters such as field-effect
mobility of charge carriers, ON/OFF ratios, and stability. Besides symmetrically spiro-linked
compounds, asymmetrically spiro-linked compounds are already synthesized. A preliminary
experiment has shown an intramolecular charge transfer between two constituent moieties
[17]. However, the optoelectronic properties of these materials have not been elucidated.
Therefore, the realization of an organic transistor using asymmetrically spiro-linked
compounds is reported. The effect of illumination on the device performance is also reported
and discussed as well. This experiment may open a new aspect on the devices based on

organic semiconductors.
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Chapter 2
Organic Field-Effect Transistors

2.1.  Principles Operation of Organic Field-Effect Transistors

A schematic structure of a field-effect transistor (FET) is shown in Figure 2.1. An
output current in a FET flows between the drain and the source electrodes. This current is
controlled by the gate bias. Depending on the gate bias, a FET can be either in the OFF state,
with very few free charge carriers in the transistor channel between the source and the drain,
or in the ON state, when free charge carriers enter the transistor channel from the source and
may flow to the drain [18,19]. In the ON state, the free charge carriers in the transistor
channel are capacitively coupled with the gate electrode, which effectively forms a parallel
plate capacitor with the transistor channel. The gate-to-channel voltage controls the free
carrier charge induced into the transistor channel and, hence, the drain current. In this case,
the gate electrode is isolated from the transistor channel by the gate insulator. If the gate
insulator is an oxide, it is so-called Metal Oxide Semiconductor Field Effect Transistor
(MOSFET). In a MOSFET, a SiO; is used as a gate insulator [18,19].

Semiconductor

Source Drain

v

Figure 2.1.Schematic view of a FET, where d; is the thickness of the gate insulator, 7 is the thickness of the

semiconductor, W is the channel width, and L is the channel length.



Chapter 2 Organic Field-Effect Transistors 6

For simplicity, a MOSFET structure based on amorphous silicon is considered [20,21].
A constant mobility is assumed, even though this is not exact for organic semiconductors. The
active material is p-type for the following discussion. The drain-to-source current 7, in the

channel can be approximated as
ly= —qumE, W 2.1)

where g is the electronic charge, x the band mobility, # the channel width, E, the electric
field in x-direction, and » the concentration of charge carriers per unit area. Here, the electric

field in x-direction can be written as

dV
Ex=——"1
dx (2.2)
where V7 is the channel potential. Gradual channel approximation provides the basis for the

analytical transistor characteristic. This approximation is valid when

|E.| << |E, | 23)

which means that the channel length should be larger than the gate insulator
thickness (L >> d,). Eand E, are the components of the electric field in the channel in the x-
direction from the source to the drain and in the perpendicular y-direction, respectively.
According to the gradual channel approximation, the number of the charge carriers in
the channel per unit area n;,s, which is a function of position x along the channel, can be

written as

Nind = Ninds _(Zal’l/) (2.4)

where & is the dielectric permitivity of the insulator, d; the the dielectric thickness, and 7;,qs
the number of the charge carriers in the channel at the source side of the channel per unit area.
The concentration of free-conduction-band electrons in the channel » can be related to the

induced charge concentration introducing the field-effect mobility wuzgr:
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n= (/m) Nind 25)

In organic semiconductor, the field-effect mobility of charge carrier is not constant as
modeled in MOSFET since the field-effect mobility is gate bias dependent due to localized
states of charge carriers and not delocalized charge carriers (band model) as in inorganic
crystalline semiconductors such as silicon and gallium arsenide. In other words, the charge
carrier distribution in the active channel is not uniform. Furthermore, the field-effect mobility
urer 1S @ function of the induced charge and, hence, the gate bias. Substituting Equation 2.2
and 2.5 into Equation 2.1 and integrating along the channel with respect to x from 0 to L and

with respect to ¥ from 0 to Vp, we obtain

wo (P
1= qL fo HFET Wing) Ning AV

(2.6)
by using Equation 2.4, Equation 2.6 can be rewritten as
q2 Wdl NindS
la==—_7— HFET Wing) Ning Anina
! MindD (2.7)

where n;,4p 1S the number of electron per unit area at the drain side of the channel. Equation

2.7 can be simplified by substituting Equation 2.4 and approximation for 7;,4s:

€
RindS ~ ad Ve—"Vr)

(2.8)
We obtain a typical drain current
w 1
la=7 G //FET[(VG ~Vr)Vp ~5 VDZ] 29)

The field-effect mobility ugzg7 in the linear regime (-Vp << -(V — V7)) can be extracted from
the transconductance g,,. The transconductance is calculated by taking the derivative of the

channel current with the gate voltage at a constant gate potential.
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al; w
e =— C; wrer Vp
Em= "GV lp=cm L (2.10)

By plotting 7, versus Vg at a constant low V), (in this case Vp = -20 V) with -Vp << -(V5—V7),
and equating the value of the slope of this plot to g,, we can extract the field-effect mobility
in the linear regime. In the saturation regime where -V > -(Vs —V7) (in this case Vp = -60 V),

the drain current can be rewritten as

w 2
Li= 2 Cy sty V-V,
i= 57 Hrer Ve —=Vr) 2.11)

In the saturation regime, urgr can be calculated from the slope of the plot of
1/|Ig,|versus V. The field-effect mobility of charge carriers calculated in the saturation

regime is usually larger than that in the linear regime. In the experimental data and discussion,
the field-effect mobility of charge carriers is extracted by using Equation 2.10 and 2.11. In
conventional MOSFET, the threshold voltage manifests the transition from the accumulation
regime to the inversion regime of the active channel. Therefore, it is a material-specific
parameter. However, the threshold voltage determined by Equation 2.10 or 2.11 is a fitted
parameter in organic transistors and does not directly refer to the already mentioned parameter
since no inversion regime has been observed in our organic transistors. Therefore, the
threshold voltage, which is later called as the fitted threshold voltage, cannot be regarded in
this case as a material-specific parameter. As mentioned previously, inversion mode has not
been observed in organic FET (OFET) and so the concept of threshold voltage has no
physically meaning in OFET. Meijer et al. [22] recently have introduced a switch-on voltage
(Vs,) based on the variable range hopping model. The switch-on voltage V;, describes the gate
bias at which there is no “band” bending in the semiconductor or flat “band” condition. If
the absolute gate bias is smaller than V,, the variation of the channel current with the gate
bias is zero. On the contrary, the channel current increases with absolute gate bias higher than
V. The switch-on voltage V5, can be directly observed in transfer characteristics. In this
thesis two types of threshold voltage are used, namely the fitted threshold voltage V7 derived
from the standard conventional semiconductor formulism and the switch-on voltage V;, as
described above.

The drain conductance g; and transconductance g, at low drain bias are also

estimated, which are defined by Equation 2.12 and 2.13, respectively,
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_ 9y Ig
&= "5y, = v, (2.12)
ol
En= "5y
G (2.13)

To eliminate the series resistance, Horowitz et.al [23] divides Equation 2.12 by the square
root of Equation 2.13 and after some manipulation, they obtained Equation 2.14:

8d LV,
5 [P =N (v - V)
V we,
& (2.14)

In practice, the transfer characteristic of the transistors at low drain bias (Vp = -10V) is
measured, where the charge distribution is practically constant along the channel, and
performed a numerical derivation of Equation 2.14. Finally, Equation 2.14 shows that the
field-effect mobility of charge carriers depends on the gate voltages.

An interface between a metal and an organic solid can be classified into two
characteristics: energy level alignment at the interface and band bending in the organic layer
[24]. Energy level alignment at the interface shows the behavior of two vacuum levels, a
metal and an organic solid, when they come into real contact. In this case, two situations were
reported. First, the organic solid comes into contact with the metal without rearrangement of
the electric charge. It means that the vacuum level of the metal and the organic solid lay at the
same level. Second, there is an interfacial dipole formation when the organic solid comes into
contact with the metal. A dipole layer may be formed right at the interface due to, for
instance, charge transfer across the interface [25, 26]. With such interfacial dipole formation,
there will be an abrupt shift of the potential across the dipole layer, leading to a shift of virtual
vacuum level at the interface. In other words, the vacuum levels of the metal and the organic
solid do not lie anymore at the same level. There is a shift between both vacuum levels as they
are in contact. The value of the shift is determined by the magnitude of the dipole.
Furthermore, a band bending in the organic layer is considered for an interface with a thick
organic layer.

Figure 2.2 shows a sketch of an energy “band” diagram for a p-channel organic field-
effect transistor. In this case, we employ organic semiconductor Spiro-TAD as example. At
zero gate bias, there is no charge transfer between electrode and active materials. Indeed, the

energy difference between the metal work function and the organic materials work function is
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zero, or the work function difference is zero. In other words, the “band” is flat (flat “band”
condition), as shown in Figure 2.2(a). When a negative gate bias is applied to the gate metal
as shown in Figure 2.2(b), the top of the HOMO level bends upward. Since the charge carrier
density depends exponentially on the energy difference of HOMO and LUMO level, this
“band” bending causes an accumulation of holes near the semiconductor/insulator interfaces.
The thickness of the accumulation layer of holes is ca. 5 nm. This is the case in the
accumulation mode. When the applied gate bias is positive, the HOMO level bends downward
as shown in Figure 2.2(c), and holes as the majority of charge carriers are depleted. This is the

depletion case.

Vacuum

_LUMO_ 4 9v

Au SiOz Spiro-TAD

(A) Ve = 0; flat band condition

\ LUMO
/ —

r//7
Ve<0 ¥ LUMO —_— /_;— HOMO

R sl

\K HOMO Ve > 017/7./

Accumulation of holes
(layer thickness ~ 5 nm)

Au  SiO2 Spiro-TAD Au  SiO2 Spiro-TAD

(B) VG < 0; Accumulation Mode (C) Ve > 0; Depletion Mode

Figure 2.2.Energy “band” diagram for p-channel organic field-effect transistor.(a) Vs = 0, Flat “band”

condition, (b) ¥ < 0, Accumulation mode, and (c) ¥ > 0, Depletion mode.

We have already discussed the transistor operation in the context of “band” bending
which was adopted from the well-established inorganic MOSFET formulism. However, this

formulism has a drawback if applied to organic transistors because of the absence of the
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inversion regime. Moreover, we only consider the gate bias and for the time being, ignore the
effect of the drain bias. In the following overview, we will discuss in more detail the device
operation of p-type semiconductors used as active layer in organic field-effect transistors [27].
The major charge carrier in p-type is considered to be a positive charge, which forms a radical
cation when sitting on a molecule. Figure 2.3(a) shows a schematic view of transistor with all
three contacts held at zero bias. The organic semiconductor is dominated by neutral
molecules. The neutral molecules are indicated by circles. If a negative bias Vg, is applied to
the gate electrode, the potential is dropped over the insulator and over the semiconductor near
the insulator/semiconductor interface, as shown in Figure 2.3(b). It gives rise to “band”
bending in the semiconductor, the accumulation region in which the schematic view is shown
in Figure 2.2(b). If the insulator has a capacitance per unit area C;, then the accumulated
charge per unit area is simply VC;, assuming that a negligible small potential is dropped
across the semiconductor and the charge carriers are uniformly distributed. An equal
magnitude of compensating negative charge carriers is stored on the gate at the gate/insulator
interface. The organic semiconductor now contains radical cation which created the
accumulation layer. A current between source and drain will flow if a small bias is applied to
the drain contact and the charges are mobile and not trapped, as shown in Figure 2.3(c). In
contrast, if a positive gate bias is applied, then the opposite “band” bending occurs (see also
Figure 2.2(c)) in the semiconductor at the insulator/semiconductor interface, which leads to a
depletion of charges, as shown in Figure 2.3(e). The depletion layer width 7, in an organic

semiconductor is given by [28]

Wd=60€S€ml|: 1_/_2Cl (VG Vso) _1]

Ci qN B €o Eemi (2.15)

where &, is the permittivity of vacuum, e&,,; the relative dielectric constant of the
semiconductor, C; the capacitance of the gate dielectric per unit area, N the charge carrier
density, V;, the switch-on voltage, V; the gate bias, C; the capacitance of insulator per unit
area, and ¢ the elementary charge.
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V= 0.9, <0 Vo< Vp< 0
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Figure 2.3.Schematic view of operation of an OFET. The circle indicates a neutral molecule and the circle

containing sign + indicates a radical cation.

At large negative gate bias and low drain bias, there will be a uniform distribution of

charge carriers throughout the transistor channel. However, as the drain bias becomes
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increasingly negative, consequently the voltage drop over the insulator/semiconductor will
become a function of the position in the channel. At the source contact, the voltage drop and
the number of accumulated charge carriers will remain the same. At the drain contact, the
voltage drop will decrease, giving lower concentration of charge carriers. Thus, the
accumulation of charge carriers will decrease from the source to drain contact. If the drain
becomes more negative than the gate then a depletion zone will begin to appear and grow
from the drain contact (Figure 2.3(d)).

Generally, OFET device structure is adopted from amorphous or crystalline silicon
transistor and the key parameters in characterizing an OFET are the field-effect mobility and
the ON/OFF ratio. The field-effect mobility quantifies the average of charge carrier drift
velocity per unit electric field, whereas the ON/OFF ratio is defined as the drain current ratio
between the ON and OFF states. The ON/OFF ratio strongly depends on the gate bias used
for calculation. Therefore, the comparison of ON/OFF ratios between two devices can be
made only when the same gate voltage are used for both ON and OFF states. For the driving
circuits in liquid crystal displays high performance OFETs are required, i.e. field-effect
mobility of greater than 0.1 cm?/Vs and ON/OFF ratio greater than 10°. Moreover, the
conductivity of thin films can be obtained by plotting the curve of the drain current against the
drain voltage at gate bias lower than V,, or at zero gate bias. The zero gate bias used for
calculation of the conductivity does not necessarily imply that the switch-on voltage V5, is
zero since many materials used in OFET structure have shown an accumulation of charge
carriers below or higher than zero gate bias.

Two widespread device configurations of OFET are namely top-contact device and
bottom-contact device (Figure 2.4). A top-contact device employs source and drain electrodes
evaporated onto the organic semiconductor layer through a shadow mask. In contrast, in a
bottom-contact device the organic semiconductor is deposited onto the gate insulator with
prefabricated source and drain electrodes. The field-effect mobilities of charge carriers in
OFETs utilizing a top-contact structure show higher values than those in bottom-contact
structures. It is assumed that this is because during OFET operation of top-contact devices the
migration of source/drain atoms actively takes place in the active transistor channel. At the
moment, the difference in both methods is not understood yet. The major advantage of
bottom-contact structures is that the organic active material can be processed as the last step
by means of vacuum sublimation or wet processing such as spin-coating which helps to

prevent the organic thin films from reacting with moisture in following steps.



Chapter 2 Organic Field-Effect Transistors 14

Source Drain
| Organic Semiconductor | Source Drain
Gate Dielectric Gate Dielectric
Gate Electrode Gate Electrode

(a) (b)

Figure 2.4.Two OFET configurations: (a) Top-contact structure, and (b) Bottom-contact structure. The gate
electrodes are silicon, chromium, or other metal-like materials including organic semiconductor. Gate dielectrics
are SiO,, SizNy, SiOy, and polymeric materials such as poly(vinyl phenal) or poly(vinyl alcohol). The source and

drain electrode are Gold with Titanium or Chromium as adhesion layer.

2.2.  State of the Art

There has been a tremendous progress in Organic Field-Effect Transistors (OFET)
performance during the last decade. The point has recently been reached at which it can be
seriously considered for commercial application. Scheme 2.1 and 2.2 show typical chemical
structures of some p-type and n-type organic semiconductors which are usually employed in
OFET. Pentacene is a widely-known small molecule with one of the highest hole mobilities of
1.5 cm?/Vs and an ON/OFF ratio of 10° [29]. However, the polycrystalline state in pentacene
thin film transistors is a major drawback due to limitation of charge carrier mobility by grain
boundaries. Indeed, the performance of pentacene transistor also suffers due to absorption of
water molecules. The surface morphology and physical properties can strongly be influenced
by surface pre-treatment of the gate dielectric and variation of deposition parameters such as
substrate temperature and/or deposition rate [30,31,32,33]. Furthermore, the performance of
bottom-contact pentacene transistors is inferior to that of devices with the top-contact
structure. On the other hand, solution processability in OFET manufacture is strongly
desirable for low-cost production. One excellent example is regioregular poly(3-
hexylthiophene), P3HT, consisting of 98% head-to-tail (HT) linkage which exhibits hole
mobilities of up to 0.045 cm?/V/s [34]. However, the mobility of charge carriers in P3HT thin
films has been found to vary by two orders of magnitude depending on the solvent used, with
chloroform giving the highest charge carriers mobility. The other parameter controlling the
charge carriers mobility is the pre-treatment of the gate dielectric surfaces [35]. Hole

mobilities as high as 0.1 cm?Vs in P3HT thin films can be obtained via treatment of the gate
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dielectric SiO, with hexamethyldisilazane (HMDS) [36]. On the contrary, exposure of P3HT
films to air causes an increase in conductivity and subsequently the ON/OFF ratios fall off
caused by the presence of trapped oxygen. Another p-type material is oligothiophene. For
example an a,w-dihexylquaterthiophene (DHa-4T) transistor has been shown to exhibit a
field-effect mobility of 0.06 cm?/Vs for films deposited at 50 °C of substrate temperature [37].
A classical metallophthalocyanine such as copper phthalocyanine (CuPc) has also shown a
high mobility of 0.02 cm?/Vs and an ON/OFF ratio of 4 x 10° when the substrate temperature
was kept constant at 125 °C during thermal sublimation [38]. A recent result of polycrystalline
o,a’-bis(dithieno[3,2-b:2’,3’-d]dithiophene) (BDT) showed an exceptionally high ON/OFF
ratio of 102, mobility of 0.05 cm?/Vs, and subthreshold voltage of 0.6 \/decade for a bottom-
contact OFET. The high performance is attributed to the closely packed face-to-face stacking
and the wide highest occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gap of the materials [39,40].

Pentacene
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Scheme 2.1.Typical chemical structures of p-type organic semiconductors for OFET applications.

High performance n-type materials will enable the fabrication of p-» junctions, as well
as complementary logic devices. However, the n-type OFET shows an inferior performance
with respect to p-type OFET. These results can be attributed to the inherent instability of
organic anions that react with oxygen and water under operating condition, thus providing
unstable devices. Scheme 2.2 shows typical chemical structures of some n-type materials used
in OFET. An electron mobility of 0.02 cm?Vs and an ON/OFF ratio of 10° can be achieved
by utilizing o,-diperfluorohexylsexithiophene (DHT-6T) [41]. However, all measurements
were performed under nitrogen. An appropriate substitution on metallophthalocyanines
allowed the fine-tuning of the energy gap levels thus altering the majority charge carriers of
the materials. A device made of perfluorinated copperphthalocyanine (F1sCuPc) exhibited a
mobility of 0.03 cm?/V/s and an ON/OFF ratio of 10° when the substrate temperature was kept
constant at 125 °C during thermal sublimation [42]. Remarkably, these devices were air stable
even if the samples were stored in air for half a year. No decrease in mobility and ON/OFF
ratios was observed. On the other hand, the widely known Cgq or fullerene has shown an
electron mobility of 0.08 cm?/Vs [43] which is slightly higher than the electron mobility in

F16CuPc or DFH-6T. However, OFET based on Cg, can not be operated in air since their
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resistivity quickly increased by five orders of magnitude. This indicates that oxygen acts as an
electron trap within the Cg lattice. Therefore, design rules for n-type materials require high
chemical stability. For instance incorporating hydrophobic functionalities into the chemical
structure could prevent the penetration of moistures. On the other hand, the electron affinity
has to be optimized such that the LUMO level offset with respect to the Fermi level of the
source and drain electrodes does not limit the injection of electrons from the source into the
semiconductor and from the semiconductor to the drain [44]. Other excellent examples of n-
type materials are N-substituted naphthalene-1,4,5,8-tetracarboxylic diimide (NTCDI)
derivatives and N,N -dioctyl-3,4,9,10-perylenetetracarboxylic diimide (PTCDI-C8). NTCDI-
derivative transistors show a mobility of 0.16 cm?/\/s when the measurement performed under
vacuum [45]. PTCDI-C8 transistors show a mobility of 0.6 cm?/V/s and an ON/OFF ratio of
larger than 10° [46]. However, a high fitted threshold voltage of 75 V was observed, which
can be attributed to the formation of traps related to structural defects.

Fluorinated copper phthalocyanine (F16CuPc)
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Scheme 2.2.Typical chemical structures of n-type organic semiconductor for OFET applications.

Several important points have to be considered in the context of device fabrication and
interpretation of the data: (i) The mobilities of charge carriers in the active materials have to
be considered in the conception of the device geometry. The prediction of the mobility is
important in order to get a reasonable ratio of the channel width (7) to the channel length (L)
which exhibits field-effect transistor effect. (ii) Two device configurations can be fabricated,
either top-contact devices or bottom contact devices. If the active material is very sensitive to
moisture, the bottom-contact structure is preferred. (iii) An appropriate source and drain
electrode material have to be carefully chosen with respect to the HOMO or LUMO level of

the active materials. The HOMO and LUMO level of the organic semiconductor can be
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measured Dby utilizing ultraviolet photoelectron spectroscopy (UPS). Gold is a well-
established electrode material for both types, but LiF/Al can be also used for electron
injection in n-type OFET with top-contact structure. (iv) Pre-treatment of the gate dielectric
surface is important to prevent hydrophilic tendency of the gate dielectric surface. The
difference in mobility between with and without pre-treatment of the gate dielectric surface
has reached three orders of magnitude. (v) Fabrication process parameters such as evaporation
rate, background pressure, and surface treatment have to be recorded carefully in order to
avoid misinterpretation of the output data. (vi) Device characterization should be statistically
analyzed which reflects the distribution and reproducibility of the physical properties of the
active materials. Therefore, simultaneous fabrication and characterization of many identical
devices is preferred. In the following text, the charge transport mechanism in organic

semiconductors is described.

2.3. Charge Transport Properties of Amorphous Molecular Glasses Materials

The weak intermolecular interaction in organic semiconductors may be responsible for
limiting the charge carrier mobility. A typical Van-der-Waals interaction energy is smaller
than 42 kJ/mol. By contrast, in inorganic semiconductors such as silicon and germanium, the
atoms are held together by strong covalent bonds, which in the case of silicon have energies
of 318 kJ/mol. The charge carriers move as highly delocalized plane waves in wide bands and
have very high mobility up to 1000 cm?/V/s at room temperature. The mobility is limited by
lattice vibrations or phonons that scatter the carriers and thus it is reduced as the temperature
increases. Therefore, band transport is not applicable to amorphous molecular glasses, where
charge carrier transport takes place by hopping processes between localized states and charge
carriers are scattered at every step. The hopping process is assisted by phonons and the charge
carrier mobility is thermally activated. Nevertheless, the charge carriers mobility remains very
low (urgr << 1 cm?Vs). In the following discussion, three models to explain the charge
transport mechanism in amorphous organic semiconductor are considered. The first model is
the Gaussian Disorder Model proposed by Bassler and co-worker, which has successfully
explained time of flight (TOF) data. The second is the activation energy model following
Arrhenius behavior. Finally, the Variable Range Hopping theory proposed by Vissenberg and
Matters will be discussed as well.
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2.3.1. Gaussian Disorder Model

A fundamental assumption of the Gaussian disorder model (GDM) is that upon
abandoning long-range order, the transport manifold of a molecular crystal is split into a
Gaussian distribution of localized states. This assumption is based on the observation that the
absorption profiles of polymers and organic glasses feature inhomogeneously broadened
Gaussian profiles [47,48,49,50]. The distribution arises from fluctuations of the dipole-dipole
and ion-dipole intermolecular potentials and is described as diagonal disorder. Basically, the
hopping transport mechanism in organic solids is modeled such that the charge transporting
elements are identified as sites where the energies of their hole or electron transporting states

are govern by a Gaussian distribution of energies:

1 &
(&)= ex|-
o WQXP[ 207 (2.16)

It implies that all states are completely localized with relatively weak intermolecular
interaction. The energy & is measured relative to the center of the density of states (DOS), and
o describes the Gaussian width. The origin of the energetic (diagonal) disorder is the
fluctuation of the lattice polarization energies. The Gaussian shape of the DOS is suggested
by the Gaussian profile of the absorption band and by the recognition that the polarization
energy is determined by a large number of internal coordinates each varying randomly by
small amounts. On the other hand, the hopping is assumed to be controlled by jump rates

among sites i and j is assumed to be of the Miller-Abrahams type [51]
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where vy is the jump rate, v, the frequency factor, y the overlap parameter, AR;; = |R; — Rj| the
intersite distance between sites i and j , & and & the energy sites i and j, T the temperature, a
the average lattice distance, and kg the Boltzmann’s constant. In Equation 2.17, it is assumed
that the Boltzmann jump probability is unity for & < &. Hops down in energy are not impeded

by an energy matching condition for dissipating the difference in electronic energy. The
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Miller-Abrahams formulism is based on a single phonon approximation and implies that
downward jumps in energy are not accelerated by the electric field. Finally, the polaronic
effect was assumed to be negligible which means that electron-phonon coupling is weak
enough.

However, the Gaussian form of the DOS in random organic system prevents closed
form analytical solutions of the hopping transport problem. Therefore, a Monte Carlo
simulation was considered as an alternative approach to solve the problem with various
degrees of complexity [52,53]. The Gaussian distribution with o width was assigned to the
sites of a cubic lattice. The geometrical disorder (off-diagonal disorder) was attributed to
random fluctuation of the wave function overlap parameter 7;; = 2ya. Thus, it can be obtained
by splitting it into two sites contribution 73 = 77+ 7;with a variance of 2'= 2(on)"®. Based on
the simulation, a universal law is established relating x to the degree of both diagonal and off-
diagonal disorder in the high field limit (10° VV/cm) and T < T, T, being the glass transition
temperature [54]

2
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where 1, is the prefactor mobility relating to the overlap between the molecular orbital and
can be viewed as the mobility in the absence of energetic disorder or infinite temperature.
Furthermore, C is an empirical constant of 2.9 x 10™ (cm/V)*?, assuming the intersite
distance of 0.6 nm and it contains no adjustable parameter. Variance o represents the width of
the Gaussian DOS and E denotes the electric field. 2 is a parameter which describes the
degree of off-diagonal disorder. It accounts for the variation of intersite coupling due to
variations of both intersite distances and wave function overlaps. The simulation also
indicates that diagonal and off-diagonal disorder contribute independently. Equation 2.18 has
been found to be useful in describing TOF data. However, Employing Equation 2.18 to
describe temperature- and field-dependence in OFET may be opened to question since the
OFET is a two-dimensional device, which is in contrast to one-dimensional TOF. In the case
of OFET, the second term of Equation 2.18 can be neglected due to the low electric field (Ep
= 6 x 10" V/cm for ¥, = -60 V and L = 10 um). Therefore, the data will be evaluated by
simplifying Equation 2.18,
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Equation 2.19 can be rewritten as
T,\’
’UZ’U"@Xp[_(T) ] (2.20)

where T, is a characteristic temperature proportional to the width of the distribution, 7, =
20/(3kg). Other parameter such as activation energy AE, can be deduced from following
equation [52]

8o’

AE,=
Ok (2.21)

Therefore, a consequence of hopping in a Gaussian DOS is the non-Arrhenius behavior of the
mobility. However, within the temperature range studied it is not possible to distinguish
between Arrhenius behavior and non-Arrhenius behavior. As mentioned above, the simulation
has to take into account the electric field in a narrow field range, at relatively high fields
(10° V/cm). The agreement with the experiment has to be improved by taking into account the
presence of long-range energy correlation [55,56] which can possibly arise from charge-
dipole interactions in the material. Novikov er al. [55] proposed a correlated Gaussian

disorder model (CDM) following the empirical relation,

2
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with a being the intersite spacing. The main difference between the GDM and CDM

formulism is the predicted temperature dependence of the field activation factor », which can

be written as

(2.23)
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where g = 2.7 x10°eV(V/m)®®. Blom and Vissenberg observed that the temperature
dependence of the mobility in the inhomogeneous model follows that of the CDM rather than
the GDM [57].

2.3.2. Activation Energy Model

In 1972 Gill described the transport mechanism in poly-n-vinylcarbazole, PVK [58].
He observed that the temperature behavior of the charge carrier mobility was thermally
activated with a large activation energy. The three main features of the data he presented
were: (i) mobility is an activated process; (ii) the activation energy is electric field dependent,
decreasing with increasing electric field; and (iii) the data extrapolate to a common
intersection at a finite temperature 7,. The hopping mechanism in organic materials can be
viewed as hopping due to a single level of traps or an activation energy arising from polaron

relaxation. The general expression of the Activation Energy model can be written as

AF, 1 1

s | oV (il = )
where u, is the prefactor mobility, AE, is the activation energy, £ is the factor of the field
dependence (8 = 2.7 x 10° eV(V/Im)®?), E the electric field, 7 the temperature, ks the
Boltzmann’s constant, and 7, is the temperature at which the field dependence vanishes. The
major objection to the Arrhenius model is the unreasonable value of u, (u, is too large for low
molecular glasses or polymer, for instance u, ~ 10 cm?/Vs), if the data is obtained from TOF
measurements. However, Gill obtained a prefactor mobility in the range of 10 cm?Vs and
102 cm?/Vs for a different composition of 2,4, 7-trinitro-9-fluorenone (TNF) with PVK.

The field and temperature dependence expressed in Equation 2.24 is similar to the

field dependence of the mobility as described by Poole-Frenkel (PF) effects [59]. In the one

dimensional case the mobility can be written as exp (,BPF\/f/kBT),where

Bor =4/(q° | mee, . Here, E is the electric field, ¢ is the electronic charge, and ¢ is the

dielectric constant at high frequency. Basically, the PF model describes the reduction in
ionization energy of a carrier in a coulomb potential by an electric field. Thus the applied
electric field increases the free-carriers density. Despite predicting the field dependence of

mobility, the discrepancy to the PF model is apparent. First, it assumes delocalization of the
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charge carriers, which contradicts to the fact that most organic semiconductors are governed
by an energy distribution of localized states. The second obvious discrepancy is the
requirement of a relatively high density of charged coulombic centers, which in these
insulating systems can only be compensated by oppositely charged centers. lonized centers of
this kind are not expected to occur in organic semiconductor system. Therefore, the PF model
is not applicable for organic semiconductor system.

Vissenberg and Matters proposed the concept of variable-range hopping (VRH) as the
charge transport mechanism in amorphous organic transistors, where the charge is governed
by hopping [60,61]. This theory preferred the thermally activated tunneling of charge carriers
between localized states rather than by the activation of carriers to a transport level. The
charge carriers may either hop over a small distance with a high activation energy or hop over
a long distance with a low activation energy. Their model is based on the following
exponential DOS:

Ny

E
$= Ty, O (kB To) (2.25)

where N, is the number of states per unit volume, &z is the Boltzmann’s constant, and 7 is a
parameter that indicates the width of the exponential distribution. The transport properties
were determined by the tail of the DOS which was assumed for low carrier densities and low
T. The influence of temperature and the influence of filling of states on the conductivity of a
VRH system with an exponential distribution of DOS can be expressed by incorporating
percolation theory. As a result, the field-effect mobility can be expressed in the following

equation
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where B, is critical number of bonds in percolation theory, which is B. = 2.8 for three
dimensional amorphous system [62], k3 is the Boltzmann’s constant, ¥ is the gate bias, e is
the elementary charge, oy is the preexponential factor of the conductivity,  is the overlap
parameter, and & is the dielectric constant of the semiconductor.

Furthermore, Vissenberg and Matters reported that the temperature dependence of

urer in experimental data follows a simple Arrhenius behavior ~ exp [-E./(ksT)], where the
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activation energy E, depends on gate voltage V. They also showed that the decrease of E,
with increasing gate voltage is the direct result of accumulated charges filling the lower-lying
states. As a result, any additional charge carriers in the system will occupy sites with a higher
energy and less energy will be required for the activated jumps to neighboring sites. This
results in a higher mobility with increasing gate voltage. This theory has been applied for
pentacene and polythienylene vinylene (PTV) field-effect transistors. They obtained a
preexponential prefactor o, of 1.6 x 10*° S/m for pentacene and 7 x 10° S/m for PTV. The
overlap parameter o~/ was 0.22 nm for pentacene and 0.08 nm for PTV and the width of the
exponential distribution of localized state T, was 385 K for pentacene and 380 K for PTV
[60].
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Chapter 3
Investigated Low Molecular Amorphous Materials

In this chapter the characteristic features of the widely-known low molecular
amorphous, which are used as hole transporter in OLEDs, are compared with hole transport
materials based on the spiro concept. Low molecular-weight organic compounds readily form
stable amorphous glasses above room temperature, which we refer to as amorphous molecular
materials or molecular glasses. Amorphous molecular materials are of interested because of
the following aspects. They are endowed with interesting features, for instance, they are
characterized by disorder both in intermolecular distance and in orientation, by the presence
of free volume and they exhibit isotropic properties [63]. They have well-defined molecular
structures and definite molar masses, which cannot be found in polymeric materials.
Moreover, they also may form homogeneous amorphous thin films by vapor deposition or

spin-coating methods.

3.1. Classical Hole Transport Material

Generally, most hole transport materials for OLEDs are based on aromatic amine
groups or contains these groups. N,N’-Bis(3-methylphenyl)-(1,1’-biphenyl) - 4,4’-diamine or
TPD, as shown in Figure 3.1(a), is a widely-known hole transport material for
electroluminescent devices. Amorphous TPD thin films can be easily obtained by means of
thermal evaporation, but they exhibit glass transition temperatures (T,) of 60 °C.
Unfortunately, the morphological stability of TPD thin films is very poor. Shirota et al. [5],
Qiu et al. [6], and Fujihara et al. [64,65] observed that TPD thin films were easily crystallized
at room temperature after the film was stored for less than one week. Smith et al. [66] gave
the first evidence of spherulitic crystallization of TPD thin films in the degradation of organic
electroluminescent devices. During operation the appearance of nonemissive dark spots,
which was attributed to the formation of spherulits, was observed. These spherulits cause the
delamination of the device, and thus lead to the failure of the device. The presence of

moisture and oxygen were believed enhanced the formation of dark spots.
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Figure 3.1 A widely-known hole transport materials for OLED. (a) TPD, (b) a-NPB.

In contrast to TPD, the naphthyl-substituted benzidine derivative a-NPB (Figure
3.1(b)), N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine, exhibits a relative
high T, of 96 °C. Kodak group reported for the first time an OLED based on a-NPB as the
hole transport layer, which was sandwiched between the emitter Tris(8-hydroxyquino-
line)aluminium, Alg3 and the hole blocking layer copper phthalocyanine, CuPc. They
demonstrated a highly stable organic electroluminescent device with an initial luminance of
510 cd/m” and the half-lifetime of 4000 hours [67]. Moreover, Thompson et al. [68] also
demonstrated that an OLED employing CuPc as the hole blocking layer, a-NPB as the hole
transporter and Alg3 as the emitting layer, sandwiched between an ITO and a Mg:Ag,
exhibited a quantum efficiency of 0.85 %, and a maximum luminance of 15700 cd/m” at
5 mA. However, we observed that a-NPB thin films were crystallized after the samples were
stored in ambient atmosphere for three days. This observation will be presented and discussed

in chapter 5.

3.2.  Hole Transport Materials based on the Spiro Concept

The glass transition temperature of molecular glasses can be increased by the
incorporation of structurally rigid moieties and by increasing molecular size and weight, as
well as by enhancing intermolecular interaction. In 1996, Salbeck [10] introduced the spiro
concept for charge transporting or emitter materials. The schematic view of the spiro concept
is presented in Figure 3.2(a). Joining two z-systems (in this case two identical a-NPB or TPD
molecules) with a spiro center achieves the task of raising the glass transition temperature T,,
because of the increased steric demand of the resulting spiro-compound (Spiro o-NPB or
Spiro-TPD), which effectively hinders crystallization. Even though the spiro atom links two
identical charge transport molecules, the electronic properties are retained. The chemical

structure of  2,2°,7,7’-Tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD) and
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2,2°,77,7 -Tetra-(N-phenyl-1-naphtylamine)-9,9 -spirobifluorene (Spiro a-NPB) are shown in
Figure 3.2(b) and Figure 3.2(c). The resulting spiro-compound has a higher T, than its

corresponding parent compounds as shown in Table 3.1.
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Figure 3.2.Schematic view of the spiro concept (a) and hole transport materials based on the spiro-concept,

Spiro-TPD (b), and Spiro a-NPB (c).

Table 3.1.Glass temperature of spiro-compounds and the corresponding parent compounds.

Material T, (°C) Ref. Material T, (°C) Ref.
TPD 62 [5] Spiro-TPD 115 [70]
o-NPB 95 [69] Spiro o-NPB 147 [70]

The interesting question arising from this thesis concerns the electronic properties of
spiro-compounds and their corresponding parent compounds. In the following explanation,
we will discuss the blue emitters sexiphenyl and spiro-sexiphenyl. Their chemical structures

are shown in Figure 3.3.
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Figure 3.3.Blue emitter sexiphenyl (a) and its spiro-compound, Spiro-sexiphenyl (b).

The photoelectron spectroscopy measurement showed that the position of the highest
occupied molecular orbital (HOMO) level of Spiro-sexiphenyl is 5.9 + 0.1 eV [71].
Furthermore, the experimental determination of the HOMO level in Spiro-sexiphenyl shows
the same value as in sexiphenyl [72], which is consistent with the general idea of considering
the global z-system of spiro molecules as a result from two weakly interacting z-system of the
perpendicular molecular halves. In other words, most of the electronic properties of
symmetric spiro-compounds may be deduced from the consideration of a molecule half and
thus these properties are similar for the spiro and its parent molecules. It should be stressed
that, although the molecular halves of the spiro molecules are perpendicular to each other,
there is a finite interaction at the spiro-center between the two zm-electron systems of the two
molecular halves, which leads to a splitting of some of the orbitals. Moreover, Time of Flight
(TOF) measurements [73] showed that the hole mobility in spiro-compounds thin films is in
the same order of magnitude as that of its parent compound. Therefore, we conclude that
linking two charge transport moieties in a perpendicular arrangement via a spiro carbon atom
strongly improves the thermal stability of the amorphous state without significantly changing
their charge-transport properties. This is consistent with the idea that Salbeck previously
introduced [10].

The active materials used in this study can be divided into three classes, namely Spiro-
linked compounds (symmetrically spiro-linked compounds), the corresponding parent-
compounds, and photosensitive spiro-linked compounds (asymmetrically spiro-linked
compounds). Some of symmetrically spiro-linked compounds used in this study were

o 227,77 -Tetrakis-(diphenylamino)-9,9’-spirobifluorene (Spiro-TAD),

o 2277 -Tetrakis-(NV,N -di-p-methylphenylamino)-9,9’-spirobifluorene (Spiro-TTB),
o 2.2°.7,7-Tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD), and

o 227,77 -Tetra-(N-phenyl-1-naphtylamine)-9,9"-spirobifluorene (Spiro a-NPB).
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Related parent compounds of the symmetrically spiro-linked compound used in this study
were
e N,N,N’,N’-Tetraphenylbenzidine (TAD),
e N, N,N’,N’-Tetrakis(4-methylphenyl)benzidine (TTB),
e N,N’-Bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD), and
e N,N’-Diphenyl-N,N -bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (o.-NPB).
The photosensitive asymmetrically spiro-linked compounds used in this study were
e 2.7-bis-(N,N’-diphenylamino)-2°,7’-bis(biphenyl-4-y1)-9,9’-spirobifluorene
(Spiro-DPSP), and
e 2.7-bis-(N,N’-diphenylamino)-2’,7’-bis(spirobifluorene-2-yl)-
9,9’-spirobifluorene (Spiro-DPSP?).

The photoresponsive materials based on asymmetrically spiro-linked compounds
belong to the class of asymmetric spiro-linked compounds in which two different functional
chromophores are linked together by a central spiro atom [17]. In this case, the functional
moiety consists of a sexiphenyl chain and a bis(diphenyl-amino)biphenyl unit. Generally,
spiro compounds are known as glass-forming materials with high glass transition
temperatures and a good morphological stability, which makes them well suitable for organic
devices. The symmetrically substituted parent compounds of Spiro-DPSP and Spiro-DPSP?,
2,2°,7,7’-tetrakis(diphenylamino)-9,9’-spirobifluorene  (Spiro-TAD) and 2,2°,7,7’-tetra-
kis(biphenyl-4-y1)-9,9’-spirobifluorene (Spiro-6®), and 2,2°,7,7’-tetrakis(9,9’-spirobifluoren-
2-y1)-9,9’-spirobifluorene (4-Spiro®), have been successfully applied in organic solar cells
[11], light-emitting diodes [12,13], field-effect transistors [14] and lasers[16], respectively.
The glass transition temperature of Spiro-DPSP and Spiro-DPSP? are 159 °C and 210 °C
which lie between the glass transition temperatures of Spiro-TAD (133°C) and 4-Spiro”
(273 °C). Figure 3.4 shows the chemical structure of every compound used in this study and
Figure 3.5 shows that the resulting spiro-compound has a higher T, than their corresponding

parent compounds.
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As described previously in chapter 2, the charge injection between the gold electrode
and the HOMO level of the active material is a crucial point in organic transistors. The energy
level HOMO or lowest unoccupied molecular orbital (LUMO) of the active materials can be
investigated by utilizing photoelectron spectroscopy (PES). However, the organic materials
are usually characterized by cyclic voltammetry [74]. From this point, the values can be
extrapolated to the gas phase by choosing an appropriate reference and neglecting the
influence of the polarity of the solvent in which the measurements are taken [75]. The
ionization energy of ferrocene is assumed to be 4.8 eV, thus linking the electrochemical
potential to the work function scale of the electrode [76]. Therefore, the energy of the

molecular orbital is the negative value, that is,
Eyo = _(4-8+E1/2) (3.1

E i being the reversible half-wave potential of the electron-transfer reaction with respect to
ferrocene. Figure 3.6 shows the work function of the gold electrode and the HOMO level of
the active materials used in this study. The HOMO level is extracted by substituting the value

of Ej; in equation 3.1, which is obtained from cyclic voltammetry measurements [77].
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study.

Table 3.2.Potential barrier for charge injection from the gold electrodes to the spiro-linked compounds and the

corresponding parent compounds.

Material Potential Barrier ¢p (eV)
TAD 0.010
Spiro-TAD 0.097
TPD 0.034
Spiro-TPD 0.132
TTB 0.117
Spiro-TTB 0.225
a-NPB 0.005
Spiro a-NPB 0.098
Spiro-DPSP 0.097
Spiro-DPSP* 0.106

The output characteristic of organic transistor strongly depends on the contact

properties between the gold electrodes and the spiro-linked compounds or their corresponding

parent compounds. An ohmic contact in organic transistor is required, which is defined as a

metal-semiconductor contact that has a negligible contact resistance relative to the bulk or
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spreading resistance of the semiconductor [18]. Therefore, the contact properties are highly
dependent on both the metal work function and the HOMO level of the active materials. Table
3.2 shows that the HOMO level of the TAD and o-NPB exhibits a small potential barrier and,
thus, the contact is ohmic. On the contrary, the HOMO level of Spiro-TTB exhibits a large
potential barrier with the gold electrodes. This barrier can probably cause a nonlinear
behavior on the transistor characteristics. The behaviors of the transistor characteristics will

be presented in chapter 6.



Chapter 3 Investigated Low Molecular Amorphous Materials

36




Chapter 4 Experimental 37

Chapter 4
Experimental

The details of the experimental procedures will be described in this chapter. It
encompasses the fabrication of organic field-effect transistors (OFET) and electrical
characterization. Furthermore, a design of a transistor, fabrication of pre-defined substrates,
and fabrication of organic transistors are presented. OFETs were fabricated by means of
optical lithography. Electrical characterization was performed by using a well-established
semiconductor parameter analyzer. Furthermore, electrical characterization was performed in

different environmental conditions.

4.1. Fabrication of Organic Field-Effect Transistors

4.1.1. Preparation of Pre-defined Substrates

The fabrication of OFETs can be divided into two parts: (i) the fabrication of the
substrates with a pre-defined field-effect transistor (FET) structure which is similar to the
conventional Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) structure [78]
and (ii) the growth of organic thin films by means of thermal evaporation. The whole
fabrication was carried out in a clean room. The schematic view of the OFET structure used
in this study is shown in Figure 4.1 and the details of device fabrication are displayed in
Figure 4.2.
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Figure 4.1.Schematic view of an organic field-effect transistor (OFET).
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Figure 4.2.The details of organic field-effect transistor (OFET) fabrication.

The details of OFET fabrication are described in the following:

a. A highly doped p-Silicon wafer (resistivity of 0.005 — 0.02 Ohm cm, (100)) was used
as the substrate. First, the wafer was cleaned in H,SO,4 : H,O; (3:1) solution at 90 °C
for at least 30 minutes. Then the wafer was dried with a spin-coater (3000 rpm for
13 s), followed by baking on a hotplate (at 120 °C for 60 s).

b. Gate dielectric silicon dioxide SiO, was prepared by thermal oxidation in a dry
oxygen atmosphere (thickness of SiO, was in the range of 150 nm and 200 nm, i.e.
capacitance per unit area is between 17 nF/cm? and 23 nF/cm?). This process was
carried out in a furnace at 950 °C for 10 hours. The thickness of the gate dielectric
SiO, was measured with an Ellipsometer (J.A. Woollam, Co., USA).

c. The p-silicon will serve as a common gate electrode. Therefore, the SiO, layer should
be patterned. Like usual the wafer was cleaned in H,SO, : H,0, (3:1) solution at 90 °C
for 30 minutes. Then, the wafer was dried and treated with hexamethyldisilazane
(HMDS) for 2 minutes. HMDS was used in order to improve photoresist adhesion to
oxides. The HMDS reacts with the oxide surface in a process known as silylation,
forming a strong bond to the surface. At the same time free bonds are left which
readily react with the photoresist, enhancing the photoresist adhesion. The process
works not only on silicon dioxide, but also with other oxides (e.g. Al,O3) as well. The
AZ 1518 positive photoresist [79] was spin-coated on the entire wafer at 4000 rpm for
40 s. The thickness of photoresist was 1.8 um. Subsequently, the wafer was baked at
90 °C for 15 — 30 minutes in order to remove the solvent from the photoresist film and
increase resist adhesion. Finally, the wafer was kept at room temperature for at least

20 minutes.
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d. The patterning of the gate electrodes was performed with a photomask (the first
photomask) by means of optical lithography. The wafer was aligned with respect to
the mask in an optical lithographic system, and the resist was exposed to UV light for
9s.

e. Photoresist development was done by flooding the wafer with the developer (0.8 %
KOH solution) for ca. 50 s. Since positive photoresist was used, the exposed resist was
dissolved in the developer. Then the wafer was subsequently dried and baked at
120 °C for 30 minutes.

f. The SiO, was etched with Buffered-HF solution (NH4F : HF = 7:1) for ca. 4 minutes.
The etching rate of SiO; in Buffered-HF solution is 45 — 70 nm/minute. Finally, the
resist was stripped with oxygen plasma or solvent, leaving behind an insulator image
that is the same as the opaque image on the mask.

g. The next step is patterning the source and drain electrodes. First, the wafer was
cleaned in H,SO, : H,0, (3 :1) solution at 90 °C for at least 30 minutes. Subsequently
the wafer was dried and treated with HMDS for 2 minutes. The AZ 1518 positive
photoresist was spin-coated on the entire wafer at 4000 rpm for 40 s. The thickness of
photoresist was 1.8 um. Afterward the wafer was baked at 90 °C for 15 — 30 minutes.
The wafer then was kept at room temperature for at least 20 minutes.

h. Patterning source and drain electrodes were performed with photomask (the second
photomask) by means of optical lithography with exposed time of 9 s.

i. After that the wafer was developed in KOH 0.8 % solution for ca. 50 s. The wafer was
subsequently baked at 120 °C for 30 minutes.

J. The source and drain electrodes were fabricated by means of a lift-off process. They
consisted of 10 nm titanium and 100 nm gold deposited by thermal evaporation (at a
background pressure of 2 x 10° mbar). The titanium was used to improve the
adhesion between gold and SiO,.

k. Lift-off process was performed with acetone. Finally, the pre-defined substrate
containing 48 independent devices is obtained as shown in Figure 4.3.
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Figure 4.3.Pre-defined substrate of Organic Field-Effect Transistor (OFET). S, D, G, L, and W denote Source,
Drain, Gate, Channel Length, and Channel Width.

4.1.2. Thermal Evaporation

Prior to the deposition of the organic material, the pre-defined substrates were cleaned
with acetone and then treated with oxygen plasma (0.7 mbar, 250 watt, for 30 minutes). This
step will remove residual of photoresist from the gold contacts and the channel. To promote
the structural order at the interface it has been found to be beneficial to chemically modify the
hydrophilic surface of the silicon dioxide prior to the deposition of the organic materials [7,
80]. The pre-defined substrate was placed in a furnace containing HMDS for ca. 2 minutes to
replace the natural hydroxyl end-group from the SiO, substrate with an apolar methyl group.
Although the atomic interface structure is not known, this is believed to attract the molecules
toward the interface. Subsequently, the organic materials were deposited by means of thermal

evaporation at a vacuum of 2 x 10° mbar (Tsustrae = 295 K and a rate of 0.04 nm/s —
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0.1 nm/s) with a typical thickness of 100 — 150 nm, as shown in Figure 4.2(l). The thermal
evaporation system used to grow organic thin films is shown in Figure 4.4 (BESTEC GmbH,
Berlin).

All spiro-linked compounds used in this study were synthesized in the group of
Macromolecular Chemistry and Molecular Materials (MMCMM), The University of Kassel.
TPD (Product Number: 44,326-3, 99 %) was purchased from Aldrich Co., whereas TAD (ST
16/5-04990.03), TTB (ST 16/3-03541.01), and o-NPB (ST 16/7-04264.02) were purchased
from Sensient Imaging Technologies GmbH (Wolfen, Germany) and their purity was

specified as higher than 99 %. These materials were used without further purification.

_ -\’l";ap(ﬁtion Source

Figure 4.4.Thermal evaporation system used to grow organic thin films.

4.1.3. Atomic Force Microscopy and Optical Microscopy

The images of vacuum-deposited low molecular glasses thin films were performed
with Digital Instruments Nanoscope Multimode 111 with a scan frequency of between 0.5 and
2.0 Hz. Conducting silicon cantilevers (Nanosensors GmbH and NASCATEC GmbH) with a
spring constant of 41 — 46 N/m and a resonant frequency of 340 — 390 kHz were used. All
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measurements were carried out under ambient atmosphere. AFM images were performed
twice for each organic thin film. First, the Atomic Force Microscopy (AFM) images were
obtained subsequently after the evaporation process and the second measurement was carried
out after a certain time. This provides us with qualitative information about the changing of
surface morphology in time. All AFM images presented in this thesis were obtained from
films grown on SiO, substrates. One additional AFM image is for Spiro-TAD, which the
AFM image of films grown on a mica substrate was also reported. For large area observation,
an optical microscopy method is used. The observations were carried out for field-effect

transistor samples and thin films on SiOy, silicon, and glass substrates.

4.2.  Electrical Characterization of Organic Field-Effect Transistors

4.2.1. Set-up of Measurement System

The electrical characterization of the OFET-devices has been performed using a
Keithley 4200-SCS Semiconductor Characterization System, supplied with a remote
preamplifier for improving low current measurements (Figure 4.5). Two Keithley 4200-PA
Preamplifiers have been used in our measurement. The transistor measurements were
performed in air and in a vacuum utilizing a Konti-Kryostat. The Konti-Kryostat, supported
by a SUSS VIT 800 Vibration Isolating Table, was also used for temperature dependent
measurements. The temperature was controlled by a TIC 304-MA Temperature Control Unit
in the range of 80 K to 500 K. During the temperature dependent measurements the sample
was kept under a vacuum (~ 2 x 10° mbar). The Konti-Kryostat and the SMU-4200 SCS unit
were connected with a triax cable. The triax cables were used in order to optimize both low
current and high impedance measurement. This cable may be used down to femtoampere (fA)
levels when properly equipped with a guarded probe. This guard voltage tracks the force
voltage exactly, so that no voltage drop can exist between guard and force. This eliminates the
capacitive loading that would otherwise limit low current measurements. Finally, each
electrode was connected with a SUSS PH100 Probe Station (Figure 4.6) provided with a
0.020” Tungsten Probe (American Probe and Technologies, Model # 72T-J3/200, and a radius
of 20 um).
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g1 2 ———
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Figure 4.5.Set-up of measurement system utilizing a Keithley SCS-4200 Semiconductor Characterization

System.

Figure 4.6.Top-view of the sample holder bearing an Organic Field-Effect Transistor based on Spiro-Compound.
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4.2.2. Measurement Parameter and Condition

Prior to the measurements the Keithley 4200-SCS Semiconductor characterization
System should be allowed to warm up for at least 30 minutes to achieve rated measurement
accuracy. Re-calibration (auto calibration mode) for Keithley SCS-4200 is required according
to the instrument manufacturer’s recommendations or when the instrument is moved or when
the testing conditions change significantly (e.g., temperature change greater than 10 °C,
relative humidity change greater than 30%, etc.) [81]. Characterization of the organic
transistors requires four primary sets of measurements:

1. The transfer characteristics (Vgs Vvs. lps) measurements are necessary for the

characterization of field-effect mobility p, fitted threshold voltage, Vr and
ON/OFF ratios. These data are typically necessary for characterization of the
semiconductor transport properties. Transconductance is also derived from this
measurement.

2. Output characteristics (Vps Vvs. Ips) measurements provide the most data on device
performance from a single measurement. While not generally of direct use for
characterization of the semiconductor transport properties, it is necessary for the
development of device models for circuit simulation and design. Circuit models
also generally require at least one transfer curve in addition to the output curve.

3. Gate leakage (Vgs Vvs. lgs) measurements are strongly recommended due to the
electrical isolation required between the gate electrode and semiconductor channel.
Those results represent the gate dielectric quality and quantify the leakage current
from the gate to the channel that might interfere with transistor performance. This
measurement requires that both the drain and source electrodes are grounded (Vps
=0 V). Vgs is then swept from +10 V to -60 V (for p-channel devices), while Igs is
measured. On the other hand, the gate bias is swept from -10 to +60 V for n-
channel devices. Ideally, zero current flow should be measured from the gate to
the channel, but in practical devices, Igs should be sufficiently lower than Ips while
the device is in operation, i.e., lgs < 0.001 Ips.

4. Due to stray capacitance effects, potential bias stress phenomena, mobile ionic
impurities, and other mechanism, the direction of voltage bias stepping (i.e.,
towards more positive values versus more negative values) have been shown to
give slightly different electrical data. This effect typically manifests in a shift of

the data (e.g., differing threshold voltages). However, such effects should not
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affect determination of field effect mobility or ON/OFF ratios. In order to

determine the severity of hysteresis resulting from the above effects, it is

recommended to:

a. Perform each measurement twice, first from OFF state (the voltage range at
the device is most likely off) to ON state. A second measurement is performed
from the ON state to the OFF state. This measurement was performed for
transfer characteristic.

b. Devices are to sit idle, unbiased for a minimum of 10 minutes before any
measurement. This is to minimize both long-lifetime electro-optical effects
when the device is inserted into the measurement system, and stray
capacitance-charging effects from previous measurements.

Several sets of measurements with different conditions for each set were performed in order
to compare their physical characteristics. Four primary sets of measurements were:

1. Ambient air (25 °C, 1013 mbar, 24 % Relative Humidity, in the dark).

2. Vacuum (25 °C, 2 x 10" mbar, in the dark).

3. Temperature Dependence (2 x 10 mbar, in the dark, measured with a resolution of
0.1 K). The measurement was carried out at a rate of 1 K/minute.

4. Time dependence measurement. Every device was characterized twice. First, it was
characterized shortly after the preparation of organic thin films and the second
measurement was performed after the sample was left in ambient atmosphere for a
certain time. The sample was left in the dark. The effect of moisture on the transistor

characteristics of Spiro-TPD was characterized.
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Figure 4.9.Transfer characteristics performed in air at Vp = -20 V for different values of the sweep delay (SD).

Figure 4.7 shows a plot of gate leakage current against gate bias at zero drain bias. The
gate current behavior depends on the direction in which the gate bias is being swept.
However, the gate leakage can be neglected with respect to drain current (Igs << 0.001 Ipg).
Transfer characteristic measurements were also performed at a different value of hold time
(HT) and sweep delay (SD). Basically, the gate bias is set to its initial value and after waiting
for a certain time (hold time, HT), the gate bias sweep begins. Each gate bias step (in this case
0.5V) is followed by a sweep delay (SD) before the drain current is measured. The time
needed for drain current measurement is therefore affected by the hold time and sweep delay.
Both parameters affected the establishment of the steady-state regime and device aging. The
last effect should be minimized. Since the hold time affects just before the measurement, this
parameter should be kept to a minimum. Figure 4.8 shows that the drain current has an
optimum value at a hold time of 0 s. On the other hand, the optimum value for sweep delay is
100 ms (Figure 4.9). The sweep delay affects the drain current in the entire transfer
characteristics. When the transistor is no longer in the strong accumulation regime, the sweep
delay is the time needed to reach the equilibrium regime. If the sweep delay is 0 s, the drain
current is not at optimum value as shown in Figure 4.9, since between two adjacent gate bias
measurements there is not enough time to reach its permanent regime. However, very long
sweep delay lengthens the measurement duration and can affect the device aging. As a result,

measurement system was set-up with a hold time of 0 s and sweep delay of 100 ms. These
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results match very well with results obtained using other equipment, namely the HP 4156A

Semiconductor Parameter Analyzer [82].
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Chapter 5
Surface Morphology of Low Molecular Glasses

In this chapter, a systematic study of the surface morphology of vacuum-deposited
low-molecular glasses thin film grown on SiO,/p-Si substrates is presented by means of
tapping-mode atomic force microscopy (TM-AFM) and optical microscopy. In principle, the
AFM technique measures the physical properties, namely the interaction forces between a
sharp conical tip and the sample surface. Moreover, it allows investigations to be performed
on conductors as well as on semiconductor and organic materials. TM-AFM operates as
following: the cantilever-tip is vibrated close to its resonance frequency by a piezo element
[83]. Then, the signal obtained by the deflection sensor is analyzed by the lock-in techniques.
A subsequent feedback circuit regulates on a constant phase shift between signal of the
deflection sensor and the original driving signal or on constant amplitude of the modulated
deflection sensor signal. Both methods keep the resonance frequency constant. Tapping-mode
has several characteristics. First, lines of constant force gradient are recorded since the
resonance frequency, not the deflection of the cantilever, is kept constant. Second, the
cantilever tip does not touch the sample during measurement. Therefore, surface deformations
and lateral forces are minimized. Third, since a surface can be traced not only for a distance of
a few nanometers, but also for more than ten nanometers, long range forces such as
electrostatic, or magnetic forces can be imaged separately from the surface topography.

AFM method is utilized for a quantitative investigation of the surface morphology of
thin films since the morphological features together with the roughness can be acquired
simultaneously on a wide range of scale lengths. The surface roughness R; is defined as the

standard deviation of the topographical height:

fﬁi\ i 5.1

where N is the number of points within the book cursor, and Z; is the height of jth pixel.

Another parameter is the root-mean-square roughness Rq which is defined as:
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r = 2@i-@) 52)

where <Z> is the mean height. The roughness is a function of the image size due to the
anisotropic growth of organic thin films. Another analysis performed in the experiment is a
cross-section analysis of an AFM image. The cross-section analysis describes the peak-to-
valley height of a selected line of an AFM image. The selected line of the corresponding AFM

image denotes by dotted lines across the image.

51. N,N,N’,N’-Tetraphenylbenzidine (TAD)

Figure 5.1, 5.2, and 5.3 show the morphological change of TAD thin films. TAD thin
films were grown on different substrates with the following deposition parameters: vacuum of
2 x 10 mbar, deposition rate of 1.7 A/s, and a final thickness of 160 nm. Figure 5.1 shows
typical 4 pm x 4 pm images of as-deposited TAD thin films grown on a SiO,/p-Si substrate,
which exhibited an entirely amorphous and relatively flat surface with a mean roughness of

1.06 nm.
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Figure 5.1.AFM topographical image of a TAD thin film as deposited on a SiO,/p-Si substrate. Left side:
4 x 4 ym* AFM images, and Right side: Surface height of AFM images and the chemical structure of TAD. The

mean roughness R, was 1.06 nm and the root-mean square roughness Ry was 1.35 nm.
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After the sample was stored under an ambient atmosphere and at room temperature
(RT) for 3 days, the surface profile of TAD thin films was measured again by means of AFM
and optical microscopy. The films of TAD underwent a distinctive change in morphology
with the surface roughness greatly increased, as shown in Figure 5.2. The cross-section
analysis of the corresponding AFM images showed that the surface of TAD thin films was
crystallized after the sample has been stored in ambient atmosphere and at RT for 3 days.
Moreover, the mean roughness value was increased by a factor of 36 and the peak-to-valley
height was increased by a factor of 33, as shown in the cross-section analysis of Figure 5.2.
Peak-to-valley heights of 7 nm and 233 nm were obtained for a fresh sample and after the
sample was stored in ambient atmosphere and at RT for 3 days, respectively. Along with the
crystallization of TAD films, it has been shown in the cross-section analysis (in Figure 5.2)
that the peak-to-valley formations were also created between crystals. The valley formation
was necessary, because the heights of the resulting crystals were much higher than the peak-
to-valley heights of as-deposited films themselves. Hence, the depth of the lowest valleys
from the highest peaks is much higher than the thickness of the as-deposited TAD films itself.

It implies that the substrate surface was revealed by the crystallization.
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Figure 5.2.AFM topographical image of a TAD thin film after the sample was stored in ambient atmosphere and
at RT for 3 days. Left side: 12 x 12 um* AFM images, and Right side: Surface height of AFM images. The mean

roughness Ry was 38.6 nm and the root-mean square roughness Ry was 48.6 nm.

Figure 5.3 shows the optical micrographs of TAD thin films grown on p-Si substrate,

Si0O; substrate, glass substrate and field-effect transistor. The images were obtained after the
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samples were left in an ambient atmosphere and at RT for 3 days. The films grown on p-Si
substrate, SiO, substrate and glass substrate showed a rounded shape of crystal and large
voids. This indicates that the substrates were revealed by crystallization as observed
previously in the corresponding AFM images. The crystals with a radius of varying between
500 pm and 900 pm were observed. Figure 5.3(d) show a field-effect transistor with TAD as
active materials. The films of TAD crystallized in entire substrates, on the gold electrodes and
in the active channel. The resulting crystals of TAD films indicate that the films are not
morphologically stable in ambient atmosphere and at RT. This is the main cause why the
field-effect characteristic with TAD as active materials vanished even if the sample was
stored for more than 150 hours in a dynamic continuously evacuated chamber. To the best of
my knowledge, there is no publication yet, having reported on the surface morphology of
TAD thin films.

Figure 5.3.The optical microscopy images of TAD thin films after the samples were stored in ambient
atmosphere and at RT for 3 days. TAD thin films were grown on (a) p-Si substrate, (b) SiO, substrate, (c) Glass
substrate, and (d) Field-effect transistor.
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52. 2,2’,7,7’-Tetrakis-(diphenylamino)-9,9’-spirobifluorene (Spiro-TAD)

Figure 5.4, 5.5, and 5.6 show the surface morphology change of Spiro-TAD thin films,
the corresponding parent compound of TAD, grown on SiO, substrate, p-Si substrate, field-
effect transistor and mica substrates. Spiro-TAD was thermally evaporated with deposition
parameters: background pressure of 2 x 10 mbar, deposition rate of 4.5 A/s and a final
thickness of 90 nm. Figure 5.4(a) and Figure 5.5(a) show the surface morphology of Spiro-
TAD thin films grown on a SiO; substrate and a mica substrate directly after deposition. The
AFM images of both films showed very flat surfaces having a mean roughness of 1.56 nm for
films grown on a SiO; substrate and 0.21 nm for films grown on a mica substrate. However,
the surface of Spiro-TAD thin films grown on mica substrate was smoother than that grown
on SiO; substrate. Furthermore, the peak-to-valley height of Spiro-TAD thin films grown on
Si0, substrate (peak-to-valley height ~ 9.8 nm) was higher than that grown on mica substrate
(peak-to-valley height ~ 1.4 nm). This is the case, because the thermally oxidized SiO;

substrates have larger roughness (R; ~1 nm) than the mica substrates (R; ~ 0.2 nm) [84,85].
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Figure 5.4.AFM topographical images of a Spiro-TAD thin film on a SiO./p-Si substrate (4 x 4 pm?). (a) As
deposited; the mean roughness R, was 1.56 nm and the root-mean square roughness Ry was 1.96 nm and (b)
After the sample was stored in ambient atmosphere and at RT for 5 weeks; the mean roughness R, was 1.89 nm

and the root-mean square roughness Rq was 2.41 nm.
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As described previously in sub-chapter 5.1, the mean roughness of as-deposited TAD
thin films, the parent compound of Spiro-TAD, grown on a SiO, substrate was 1.06 nm. This
value is smaller than that of Spiro-TAD films. However, a similar value of peak-to-valley
height for both films was obtained. Peak-to-valley heights of 7 nm and 9.8 nm were obtained
for as-deposited TAD and as-deposited Spiro-TAD thin films, respectively. The surface
morphology of as-deposited TAD and as-deposited Spiro-TAD thin films grown on SiO;
substrate is similar in terms of the peak-to-valley height. Furthermore, it is clear that the as-
deposited TAD films exhibited larger grains-like and voids with respect to as-deposited Spiro-
TAD films. Moreover, the distance between adjacent grains-like in as-deposited TAD films is
longer than that in thin films of as-deposited Spiro-TAD. Therefore, the as-deposited Spiro-
TAD films are better than the as-deposited TAD films in terms of the grains-like and void

sizes.
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Figure 5.5.AFM topographical images of a Spiro-TAD thin film on a mica substrate (4 x 4 pm” and 8 x 8 pm?).
(a) As deposited; the mean roughness R; was 0.21 nm and the root-mean square roughness Ry was 0.27 nm and
(b) After the sample was stored in ambient atmosphere and at RT for 5 weeks; the mean roughness R, was 0.23

nm and the root-mean square roughness Ry was 0.29 nm.
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Figure 5.6.The optical microscopy images of Spiro-TAD thin films after the samples were stored in ambient
atmosphere and at RT for 9 months. Spiro-TAD thin films were grown on (a) SiO, substrate, (b) Field-effect
transistor, and (¢) p-Si substrate. (d) The chemical structure of Spiro-TAD.

After Spiro-TAD thin films were stored for 5 weeks in an ambient atmosphere and at
RT, the surface images of thin films were measured again. The as-deposited film underwent a
negligible change, the mean roughness level slightly changed from 1.56 nm to 1.89 nm for
films grown on SiO; substrates and from 0.21 nm to 0.23 nm for films grown on mica
substrates. The peak-to-valley heights of films after the samples have been stored for 5 weeks
were 12.1 nm for films grown on SiO; substrates and 1.7 nm for films grown on mica
substrates. Time dependent measurements of the surface morphology also showed that the
films of Spiro-TAD did not change significantly after the samples were exposed to ambient
atmosphere and at RT for 5 weeks. The roughness values and peak-to-valley heights on
average did not significantly change as well. In contrast, the roughness and peak-to-valley
height of TAD thin films after the sample has been stored for 3 days in ambient atmosphere
and at RT were increased by a factor of 36 and 33, respectively. Therefore, the films of Spiro-

TAD are more morphologically stable at RT and in ambient atmosphere than that of TAD.
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Figure 5.6 provides the large area scale of Spiro-TAD thin films, after the samples
have been stored for 9 months at RT and in ambient atmosphere. The surfaces of Spiro-TAD
thin films grown on SiO, substrate, p-Si substrate, and field-effect transistor have remained
flat and smooth. Moreover, Figure 5.6(b) also shows that Spiro-TAD thin films do not
crystallize and the active channel of field-effect transistor is still clean and smooth. Exposure
the field-effect transistor to ambient atmosphere also does not significantly influence the

transistor characteristics of Spiro-TAD, which will be described in chapter 6.

5.3. N,N’-Bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD)
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Figure 5.7.AFM topographical image of a TPD thin film as deposited on a SiO,/p-Si substrate. Left side:
4 x 4 ym* AFM images, and Right side: Surface height of AFM images and the chemical structure of TPD. The

mean roughness Ry was 0.7 nm and the root-mean square roughness Ry was 0.87 nm.

TPD has been widely used as hole transport materials in many studies. In this
experiment, TPD thin films were grown on silicon, silicon dioxide, and glass substrate.
Deposition parameters of TPD thin films were: vacuum of 2 x 10" mbar, deposition rate of
0.8 A/s, and a final thickness of 130 nm. Figure 5.7 shows an AFM image and a cross-section
analysis of an as-deposited TPD film. The scan range is 4 x 4 um®. The surfaces of as-
deposited TPD film were flat with a mean roughness of 0.7 nm and a peak-to-valley of

5.4 nm. The surface of as-deposited TPD films was smoother than those of as-deposited thin
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films of TAD and Spiro-TAD. The peak-to-valley height of as-deposited TPD films was also
lower than those of as-deposited thin films of TAD and Spiro-TAD. However, the as-
deposited TPD films exhibited lamellae-like structures with sharp edges separated by large
voids, which was also observed on as-deposited TAD films. This is in contrast with the as-
deposited Spiro-TAD films, as described previously in sub-chapter 5.2.

The surface of TPD films was measured again after the sample was stored in ambient
atmosphere and at RT for 12 days. The corresponding AFM image is shown in Figure 5.8.
The surface of TPD films underwent a morphological change from relatively flat surface to
lamellae-like structure separated by large voids. After 12 days, the mean roughness of TPD
thin films increased from 0.7 nm for as-deposited films to 27.9 nm and the peak-to-valley also
increased from 5.4 nm for as-deposited films to 175 nm. The heights of the resulting crystals
were much higher than the film thicknesses themselves. However, the height of the resulting
crystals of TPD films was lower than that of TAD films even though the height of the
resulting crystals of TPD film was measured after the sample has been left in ambient
atmosphere and at RT for 12 days. It implies that the film of TPD is more stable in ambient
atmosphere and at RT than that of TAD. However, TPD films are easier to crystallize with
respect to Spiro-TAD films.
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Figure 5.8.AFM topographical image of a TPD thin film after the sample was stored in ambient atmosphere and
at RT for 12 days. Left side: 12 x 12 um* AFM images, and Right side: Surface height of AFM images. The

mean roughness Ry was 27.9 nm and the root-mean square roughness Ry was 36.4 nm.
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Figure 5.9.The optical microscopy images of TPD thin films after the samples were stored in ambient
atmosphere and at RT for 12 days. TPD thin films were grown on (a) p-Si substrate, (b) SiO, substrate, (c) Glass
substrate, and (d) Field-effect transistor.

Qiu and Qiao reported that the roughness of a TPD thin film was 2.85 nm directly
after deposition and increased to 15.25 nm after the sample was left in air for 15 days [6]. In
contrast, Han et al. reported that the roughness of TPD thin films as deposited was 0.3 nm [5].
The films of TPD were grown at a background pressure of 10 Torr, a deposition rate of 2 — 3
A/s and a final thickness of 50 nm. However, the films were partially crystallized after one
week and completely crystallized after 3 months [65]. They also reported that the peak-to-
valley height was less than 10 nm for samples after deposition and was ca.250 nm after the
same sample was stored in ambient atmosphere for 3 months. These results agree very well
with the data showed in Figure 5.7 and 5.8. On the other hand, Mori et al. reported that the
crystallization of TPD could be successfully suppressed by plasma modification at least for 30
days, but the operating lifetime of OLED could not be improved [86]. Another evidence of
the drawbacks of TPD thin films was provided by Smith et al. [66]. They observed that the

degradation of an electroluminescent device can be attributed in part to the crystallization of
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the hole transport layer, in this case TPD thin films. The crystallization appears to be
nucleated from a defect present in the anode, which is indicated by the radial growth of
dendritic structure from a pum defect.

Figure 5.9 shows the optical micrographs of TPD films after the samples were left in
ambient atmosphere and at RT for 12 days. The size of crystals of TPD films grown on a p-Si
substrate was larger that those grown on SiO, substrate and glass substrate. For example, the
crystal sizes of 330 % 500 um? and 125 x 225 um® were obtained for films grown on p-Si
substrates and SiO, substrates, respectively. On the other hand, the size of crystal of 20 x 25
pm® was obtained for film grown on glass substrates. However, the size of the resulting
crystals of TPD films was smaller than that of TAD films, as shown in Figure 5.3. Finally,
Figure 5.9(d) shows an organic field-effect transistor with TPD as active materials. The TPD
films easily crystallized, as shown by crystal-like structure in entire areas of the device. Such
crystal-like structure was also observed in organic field-effect transistor with TAD as active
materials, as showed previously in Figure 5.3(d). The crystallization of TAD and TPD films
was mainly caused by lack of morphological stability. The glass transition temperature (T,) 1s
regarded as a mainly factor that influences the organic film stability. The T, of TAD and TPD
are 70 °C and 62 °C, respectively.

54. 2,2°,7,7’-Tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD)

Figure 5.10 and 5.11 show the surface morphology change of Spiro-TPD thin films.
The thin films of Spiro-TPD were grown on different substrates with following deposition
parameters: background pressure of 2 x 10 mbar, deposition rate of 0.7 A/s, and a final
thickness of 140 nm. The thin films of as-deposited Spiro-TPD were very smooth with a mean
of roughness of 0.28 nm and a peak-to-valley height of 1.9 nm (Figure 5.10(a)). The surface
of as-deposited Spiro-TPD film was also smoother than those of TPD and TAD films.
Moreover, the variation of peak-to-valley height of as-deposited Spiro-TPD films was around
three times lower than those of as-deposited TPD and TAD films. The surface roughness of
as-deposited Spiro-TPD films was also five times lower than that of as-deposited Spiro-TAD
films. The surface roughness of as-deposited Spiro-TAD, as-deposited Spiro-TPD, as-
deposited TAD, and as-deposited TPD films were compared as well. It was found that the
surface of as-deposited Spiro-TPD films was the smoothest among the films mentioned

above.



Chapter 5 Surface Morphology of Low Molecular Glasses 64

4.00

3.00

2.00

0 1.00 2.00 3.00 4.00 o0 1.00 2.00 3.00 4.00

L]
o NM o MM
w wn

) § i anan yila an, a8 oan AR ash AL
o ."‘—.‘,1{‘\,, Vv v R Ty rT RWC v
[=] [=]
W T T T wn T T
(1] 1.00 2.00 3.00 [ 1] 1.00 2.00 3.00
L] (1]

Figure 5.10.AFM topographical image of a Spiro-TPD thin film on a SiO,/p-Si substrate (4 x 4 um?). (a) As
deposited; the mean roughness R, was 0.28 nm and the root-mean square roughness Rq was 0.36 nm and (b)
After the sample was stored in ambient atmosphere and at RT for 2 months; the mean roughness R, was 0. 38 nm

and the root-mean square roughness Rq was 0.46 nm.

After the first measurements, the sample was stored in ambient atmosphere and at RT
for two months. Subsequently, the surface of films was measured again. The AFM image of
Spiro-TPD films did not change significantly, as shown in Figure 5.10(b). A mean roughness
of 0.38 nm and a peak-to-valley height of 2.2 nm were reported. These values were relatively
unchanged from the initial values, the as-deposited Spiro-TPD film. Therefore, the surface
morphology of Spiro-TPD films does not change as the films have been stored for 2 months
in an ambient atmosphere and at RT. In contrast, the films of TPD or TAD were easily
crystallized after the samples were exposed to ambient atmosphere for a few days. The mean
roughness of Spiro-TPD films after the sample is being left for 2 months was increased by a
factor of 1.4. This value is the same as the value obtained for Spiro-TAD films after the
sample has been stored in ambient atmosphere and at RT for 5 weeks. Finally, the mean
roughness value of Spiro-TPD films is the smallest values among the thin films of spiro-

linked compounds and their parent compounds.
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Figure 5.11 shows the optical microscopy images of Spiro-TPD thin films grown on
SiO, substrate, p-Si substrate and field-effect transistor, which the samples were measured
after the samples have been stored in ambient atmosphere and at RT for 15 months. The
surfaces of Spiro-TPD thin films did not change and were as smooth as the initial films. A
similar result was also observed on Spiro-TAD films, as shown previously in Figure 5.6.
Moreover, it will be proved later by transistor measurements that the transistor characteristics
of Spiro-TPD did not significantly change over 9 months as the samples were left under an
ambient atmosphere. Finally, Spiro-TPD thin films form an entirely amorphous and flat
surface. So far, no crystallization was observed in thin films of Spiro-TAD and Spiro-TPD,

which is in contrast with their corresponding parent compounds, TAD and TPD.
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Figure 5.11.The optical microscopy images of Spiro-TPD thin films after the samples were stored in ambient
atmosphere and at RT for 15 months. Spiro-TTB thin films were grown on (a) SiO, substrate, (b) Field-effect
transistor, and (¢) p-Si substrate. (d) The chemical structure of Spiro-TPD.
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55. N,N,N’,N’-Tetrakis(4-methylphenyl)benzidine (TTB)

Figure 5.12, 5.13, and 5.14 show the surface morphology change of TTB films
(growth parameters: vacuum of 2 x 10" mbar, deposition rate of 0.8 A/s and a final thickness
of 100 nm). Figure 5.12 shows the AFM image of an as-deposited TTB film. The surface was
relative smooth with a mean roughness of 0.69 nm. This value is the same as the value of the
as-deposited TPD film but smaller than those of as-deposited TAD and as-deposited Spiro-
TAD films. However, the surface roughness of as-deposited TTB films is much lower than
that of as-deposited Spiro-TPD films. The variation of the peak-to-valley height of as-
deposited TTB films was 5.6 nm, which is the same as that of as-deposited TPD films but
lower than that of as-deposited TAD films. In addition, the peak-to-valley height of as-
deposited TTB films was lower than that of as-deposited Spiro-TAD films but higher than
that of as-deposited Spiro-TPD films. However, it is clear that as-deposited TTB films
exhibited large voids on the surface, as shown in Figure 5.12. Similar results were also

reported for thin films of as-deposited TAD and TPD, as described in sub-chapter 5.1 and 5.3.
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Figure 5.12.AFM topographical image of a TTB thin film as deposited on a SiO,/p-Si substrate. Left side:
4 x 4 ym* AFM images, and Right side: Surface height of AFM images and the chemical structure of TTB. The

mean roughness R, was 0.69 nm and the root-mean square roughness Ry was 0.87 nm.

For the quantitative analysis of the surface, a second measurement was carried out

after a certain time. The TTB films were found to be crystallized as the samples were left in
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ambient atmosphere and at RT for 5 days. The transition is accompanied by a change in the
film corrugation. The mean roughness was increased by a factor of 30 over 5 days, as shown
in Figure 5.13. Similar results were also reported for thin films of TAD and TPD. The mean
roughness of TAD and TPD films was increased by a factor 36 and 40, respectively.
However, those values were obtained after the samples have been left in ambient atmosphere
for 3 days for TAD films and 12 days for TPD films. The peak-to-valley height of TTB films
obtained from the cross-section analysis was 155 nm after the sample has been left for 5 days.
The height of the resulting crystals was lower than those of TAD and TPD films. In addition,
the height of the resulting crystals was higher than the thickness of the as-deposited film
itself. The main caused of the crystallization is due to lack of the morphology stability, the T,
of TTB is 66 °C, and probably due to the oxidation product of TTB films as well.

Heun and Borsenberger qualitatively reported that the films of TTB showed no
tendency to crystallize over a period of several months [87]. The TTB thin films were grown
on nickel coated with a polyetylencterephthalate substrate with a deposition rate
of 120 A/s and a final thickness in the range of 11.0 um and 12.1 pm. The discrepancy of the
surface morphology of TTB thin films can be ascribed to different substrates are being used in
each experiment and probably also caused by different deposition parameters. Indeed, they
used very thick films so that the crystallization process could have occurred in a different

way.
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Figure 5.13.AFM topographical image of a TTB thin film after the sample was stored in ambient atmosphere and
at RT for 5 days. Left side: 12 x 12 um* AFM images, and Right side: Surface height of AFM images. The mean

roughness Ry was 20.6 nm and the root-mean square roughness Ry was 26.7 nm.
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Figure 5.14.The optical microscopy images of TTB thin films after the samples were stored in ambient
atmosphere and at RT for 5 days. TTB thin films were grown on (a) p-Si substrate, (b) SiO, substrate, (c) Glass
substrate, and (d) Field-effect transistor.

Figure 5.14 shows the optical micrographs of TTB films after the samples have been
stored under an ambient atmosphere and at RT for 5 days. The films grown on p-Si substrate,
SiO, substrate, glass substrate and an organic field-effect transistor were crystallized.
Moreover, the resulting crystals covered the whole substrates. This is in contrast with the
films of TAD and TPD, as shown in Figure 5.3 and 5.9. The resulting crystals of TAD and
TPD films were found to be circularly grown, which is not the case of TTB films. For
instance, the TPD films grown on glass substrates have a crystal size of 20 x 25 pm? after the
samples were left for 12 days in ambient atmosphere. In contrast, the TTB films crystallized
in most areas of the glass substrate, as shown in Figure5.14(c). This indicates that TTB films
have larger tendency to crystallize than TPD films. Field-effect transistors characterization of
both films will be presented in chapter 6, which support the argument that TPD film is more

stable under operation in ambient atmosphere than TTB film. However, a comparison of the
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morphology of TTB and TAD films can not be directly performed since both films show the

same tendency to crystallize.

56. 2,2°,7,7’-Tetrakis-(N,N’-di-p-methylphenylamino)-9,9’-spirobifluorene (Spiro-TTB)

Figure 5.15(a) shows topographic AFM images of as-deposited Spiro-TTB films
grown on SiO,/p-Si substrate. The thermal evaporation parameters were: background pressure
of 2 x 10 mbar, deposition rate of 1.2 A/s, and a final thickness of 130 nm. The surface of
as-deposited Spiro-TTB thin films was smooth with a mean roughness of 0.74 nm, which is
the same as those of TPD and TTB films. In addition, a peak-to-valley height of 5.7 nm was
obtained as well. These values are the same as that of TTB films, as described previously in
sub-chapter 5.5. The surface roughness of as-deposited Spiro-TTB films was higher than that
of Spiro-TPD films and was lower than that of Spiro-TAD films. The as-deposited Spiro-TTB

films contained no voids, which is in contrast with TTB films.
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Figure 5.15.AFM topographical image of a Spiro-TTB thin film on a SiO,/p-Si substrate (4 x 4 pm?). (a) As
deposited; the mean roughness R, was 0.74 nm and the root-mean square roughness Ry was 0.93 nm and (b)
After the sample was stored in ambient atmosphere and at RT for 2 months; the mean roughness R, was 0.75 nm

and the root-mean square roughness Ry was 0.95 nm. (c) The chemical structure of Spiro-TTB.

After the sample was left in ambient atmosphere and at RT for two months, the surface
morphology was measured again and the result is shown in Figure 5.15(b). The mean
roughness value is slightly increased and, by contrast, the peak-to-valley height decreased
from 5.7 nm to 5 nm. The change in surface roughness (~ 0.1 nm) of Spiro-TTB films was the
smallest among the materials used in this study. This indicates that Spiro-TTB film is

extremely stable in air and at RT. This result agrees very well with transistor measurement,
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which the output and transfer transistor characteristics do not change significantly over two
months as the sample was left in ambient atmosphere and at RT. Figure 5.16 shows the
surface morphology of Spiro-TTB films after the sample has been left under an ambient
atmosphere and at RT for four months. The surfaces of thin films were still smooth and clean.

Moreover, no crystallization was observed in entire the surface.

Figure 5.16.The optical microscopy images of Spiro-TTB thin films after the samples were stored in ambient
atmosphere and at RT for 4 months. Spiro-TTB thin films were grown on (a) Glass substrate, (b) p-Si substrate,
(c) SiO, substrate, and (d) Field-effect transistor.

5.7. N,N’-Diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (a-NPB)

Figure 5.17, 5.18, and 5.19 show the time dependency of the surface morphology of
vacuum-deposited 130 nm thick a-NPB films grown on different substrates at 2 x 10" mbar,
with a deposition rate of 0.75 A/s. Figure 5.17 shows that the surface of as-deposited o.-NPB

thin films were relatively smooth and flat with a mean roughness of 0.43 nm and a peak-to-
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valley of 2.86 nm. The surface of as-deposited a-NPB films was the smoothest film among
the as-deposited films of the parent compounds. In addition, the peak-to-valley height of as-
deposited a-NPB films was the lowest among the as-deposited parent compounds thin films
as well. This indicates that o-NPB films exhibited better film uniformity than other films of
parent compounds. However, Spiro-TPD, Spiro-TAD, and Spiro-TTB films are better than
a-NPB in terms of the uniformity of the surface, because the as-deposited a-NPB films

contained large voids.
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Figure 5.17.AFM Topographical image of an o-NPB thin film as deposited on a SiO,/p-Si substrate. Left side:
4 x 4 um* AFM images, and Right side: Surface height of AFM images and the chemical structure of o-NPB.

The mean roughness R, was 0.43 nm and the root-mean square roughness Ry was 0.54 nm.

In contrast, thin films of a-NPB showed different features after the sample was left in
ambient atmosphere and at RT for 3 days, as shown in Figure 5.18 and 5.19. The AFM image
of a-NPB films underwent a distinctive change with the mean surface roughness greatly
increased. The film morphology undergoes a phase transition from amorphous to oriented
lamellae with sharp edges separated by large voids. This indicates that a-NPB thin films
easily crystallized as the samples were left in ambient atmosphere for 3 days. The mean
roughness has increased by a factor of 84 and the peak-to-valley was 187 nm (increased by a
factor of 67). The change in surface roughness of a-NPB films was the roughest among the
films of the parent compounds. Moreover, the change in the peak-to-valley formation of a-

NPB films was also the highest among the films of the parent compounds. This finding is
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very suspicious, because the T, (95 °C) of a-NPB is the highest among the parent compounds.
Therefore, the resulting crystal of a-NPB films is probably not due to crystallization of a-NPB
itself but probably caused by the oxidation product of a-NPB. However, this phenomenon is

not understood yet.
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Figure 5.18.AFM topographical image of an o-NPB thin film after the sample was stored in ambient atmosphere
and at RT for 3 days. Left side: 12 x 12 um* AFM images, and Right side: Surface height of AFM images. The

mean roughness R, was 36.1 nm and the root-mean square roughness Ry was 45.1 nm.

The resulting crystals of a-NPB films were also observed in thin films grown on p-Si
substrate, SiO, substrate, glass substrates, and field-effect transistor (see Figure 5.19). For
example, a size of crystal of 360 x 360 pm’® was obtained for films grown on p-Si substrate
and glass substrate. On the other hand, a crystal size of 880 x 510 pm? was obtained for film
grown on SiO, substrate. A similar crystal size was also reported for TAD films; a radius of
crystal is in the range of 500 pm and 900 pm. Figure 5.19(d) shows an organic field-effect
transistor with a-NPB as active materials. The films of a-NPB easily crystallized as TAD,
TPD and TTB films. Such crystal-like structure was also observed in organic field-effect
transistor with a-NPB as active materials. These observations explain the vanishing of FET
behavior of a-NPB transistors after the samples were stored for 3 days in ambient atmosphere

and at RT.
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Figure 5.19.The optical microscopy images of a-NPB thin films after the samples were stored in ambient
atmosphere and at RT for 3 days. a-NPB thin films were grown on (a) p-Si substrate, (b) SiO, substrate, (c)
Glass substrate, and (d) Field-effect transistor.

The surface morphology of a-NPB thin films was also reported by other groups. Qiu
and Qiao reported that the roughness of a-NPB thin films grown on ITO substrates (at a
vacuum of 10” Torr, a deposition rate of 4 A/s and a final thickness of 40 nm) has remained
relatively smooth over 15 days with a roughness of 0.2 — 0.4 nm [6]. The origin of this
discrepancy was not understood yet, but somehow it could be attributed to differences in
deposition parameters and/or pre-treatment of the substrate. In contrast, all organic films
presented here were thermally evaporated onto HMDS-treated SiO,/p-Si substrate and
followed by morphological characterization with a Digital Instruments Nanoscope Multimode
III. Moreover, the comparison of the surface morphology between each film will be easier.
This step was also taken because all organic field-effect transistors were prepared on HMDS-
treated SiO, pre-defined substrates. However, the surface morphology of thin film do not
exactly show the morphology of one or two first monolayer of organic films near gate

insulator surfaces whereas it plays an important role in organic field-effect transistors.
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58. 2,2°,7,7-Tetra-(N-phenyl-1-naphtylamine)-9,9"-spirobifluorene (Spiro a-NPB)

Figure 5.20 and 5.21 show the surface morphology change of thin films of Spiro
0-NPB. The thermal evaporation parameters were: background pressure of 2 x 10 mbar,
deposition rate of 0.7 A/s, and a final thickness of 130 nm. Figure 5.20(a) shows the surface
morphology of as-deposited Spiro a-NPB film. The thin film was very smooth and flat with a
very small roughness of less than 0.6 nm. This value was higher than that of as-deposited a-
NPB films but lower than those of TAD, TPD, TTB, Spiro-TAD, and Spiro-TTB films. The
peak-to-valley height of Spiro a-NPB films was 3.2 nm, which is higher than those of a-NPB
and Spiro-TPD films but much lower than those of TAD, TPD, TTB, Spiro-TAD and Spiro-
TTB films.

The surface of thin films was measured again after the sample was stored at RT and
under ambient atmosphere for 2 months. The AFM image is shown in Figure 5.20(b).
Generally, the surface of films did not show any change. However, the roughness of surface
was slightly increased to 0.8 nm and the peak-to-valley height was increased by a factor of 2.
These values were larger than those obtained for Spiro-TPD and Spiro-TTB films but smaller
than that obtained for Spiro-TAD films. Finally, Figure 5.21 shows the large areas of the
surface morphologies grown on different substrates, after the sample have been stored in
ambient atmosphere for 7 months. The films have remained smooth and flat and, indeed, the

transistor characteristics did not significantly change, which will be presented in chapter 6.
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Figure 5.20.AFM topographical image of a Spiro o-NPB thin film on a SiO,/p-Si substrate (4 x 4 um®). (a) As
deposited; the mean roughness R, was 0.52 nm and the root-mean square roughness Ry was 0.65 nm and (b)
After the sample was stored in ambient atmosphere and at RT for 2 months; the mean roughness R, was 0.79 nm

and the root-mean square roughness Ry was 0.99 nm. (c) The chemical structure of Spiro o-NPB.
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(d)

Figure 5.21.The optical microscopy images of Spiro o-NPB thin films after the samples were stored in ambient
atmosphere and at RT for 7 months. Spiro a-NPB thin films were grown on (a) Glass substrate, (b) p-Si
substrate, (¢) SiO, substrate, and (d) Field-effect transistor.

5.9. Summary of chapter 5

The surface morphologies of as-deposited TAD, TPD, TTB, a-NPB, Spiro-TAD,
Spiro-TPD, Spiro-TTB, and Spiro a-NPB thin films grown on HMDS-treated SiO,/p-Si pre-
defined substrates exhibited entirely amorphous and flat surfaces. However, the films of as-
deposited parent compounds exhibited lamellae-like structure and large voids, which are not
the case of the corresponding spiro-linked compound films. The thin films of as-deposited
parent compounds have a maximum mean roughness of 1.06 nm and peak-to-valley heights of
less than 7 nm. On the other hand, the as-deposited spiro-linked compound thin films have a
maximum mean roughness of 1.56 nm. The peak-to-valley height extracted from the cross-
section analysis exhibited a maximum height of 9.8 nm for Spiro-TAD films and a minimum

height of 1.9 nm for Spiro-TPD films.
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The samples were left in an ambient atmosphere and at RT for a certain time. It was
found that the films of the corresponding parent compounds crystallized easily after the
samples have been stored under an ambient atmosphere and at RT for several days. As a
result, mean roughnesses of films were increased by a factor of larger than 30. The resulting
crystals were a rounded shape with a crystal size of larger than 125 x 225 pm?, except TPD
films grown on glass substrates had a size of crystal of 20 x 25 pm?. Moreover, the heights of
the resulting crystals were much higher than the thicknesses of films themselves. This
indicates that the substrates were revealed by crystallization.

In contrast, the as-deposited spiro-linked compound thin films did not change
significantly after the samples have been stored in ambient atmosphere and at RT for several
months. The films still formed very flat surfaces with mean roughnesses of less than 1.9 nm
and peak-to-valley heights of less than 12 nm. Moreover, the optical micrographs have shown
that the films grown on different substrates were also clean and flat. No crystallization has
been observed.

Based on AFM and optical microscopy data, TAD, TPD, a-NPB, and TTB films do
not form morphologically stable amorphous films at RT and in an ambient atmosphere. The
thin films were easily crystallized after the samples have been exposed in ambient atmosphere
and at RT for a certain time. If such materials are used as active layer in devices, for instance
OLED, the operating lifetime of the devices will suffer. An example is the hole transport layer
easily crystallized and disturb the function of layer. Subsequently, it was followed by aging of
the devices. Finally, the devices do not work anymore. Therefore, high morphological and
chemical stabilities of organic materials are required. The introduction of a central (spiro-)
carbon atom, linking two hole transport moieties, yields materials capable of forming
morphologically very stable thin amorphous films. The surface morphologies of Spiro-linked
compound thin films were flat and smooth. Moreover, their surface morphologies do not
change as the samples were left in ambient atmosphere over several months. This result is
sustained by time-dependent measurements of field-effect transistors, which will be presented

in chapter 6.
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Chapter 6
Field-Effect Mobility of Charge Carriers in

Thin Films of Low Molecular Amorphous Materials

In this chapter, the field-effect mobility of charge carriers in low molecular amorphous
thin films based on bottom-contact organic field-effect transistors (OFET) structures is
presented. The charge carrier mobility was extracted from the transfer characteristics as
previously described in chapter 2. The hole mobility of charge carrier is presented in two
regimes of the transistor characteristics i.e. in the linear regime and in the saturation regime.
The electrical measurements, transfer and output characteristics, were measured in air and in a
vacuum. Furthermore, the time dependency of the field-effect mobility of the charge carriers
is also presented in order to gain a deep insight into the dependency of the device
characteristics with increasing time of exposure to ambient atmosphere. Additionally, these
results are compared with the results obtained by other groups and with different methods as
well. The gate bias in the transfer characteristics was swept both from ON states to OFF states

(dotted lines) and vice versa (solid lines).

6.1. N,N,N’,N’-Tetraphenylbenzidine (TAD)

Figure 6.1(a) shows the output characteristics of a TAD field-effect transistor (FET)
measured in air and at room temperature (RT). The channel currents were plotted against the
drain voltage for different gate voltages. The drain current increases as the gate voltage is
increased towards larger negative voltage, which underwent an effective field-effect
modulation caused by the variation of the gate bias. The sign of the field-enhanced current (Ip
< 0 with Vg < 0) is consistent with an accumulation regime, owing to the p-type character of
TAD. At low drain biases (Vp < 10 V); however, the output characteristics exhibit some
nonlinearities which can be attributed to the non-ohmic contacts between TAD and the gold
electrodes. Figure 6.1(b) shows the variation of channel conductivity with gate voltage for a

constant drain voltage of -20 V and -60 V. The channel conductivity rises by a factor of 1.65
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x10% (Vp = -20 V) and 5.5 x 10* (Vp = -60 V) as the gate voltage is being scanned from 0 V to
-60 V. Moreover, the channel conductivity does not significantly change as the gate bias is
being scanned reversely, from -60 V to 0 V. The device operates between depletion and
accumulation for these gate voltages. No evidence for the formation of an inversion layer has
been observed. Figure 6.1(b) shows a small hysteresis in the transfer characteristics as well.
The origin of this effect could be attributed to charge trapping with gaseous oxygen and/or
water vapors. By extrapolating the linear regime (Vp = -20 V) in Figure 6.1(b) to Vg axis, the
fitted threshold voltage is -9.8 V. A carrier mobility of 1.7 x 10” cm*/Vs is obtained from the
slope of the linear regime. In the saturation regime (Vp = -60 V), the mobility can be
calculated from the slope of the plot of the square-root of the saturated drain current versus
Ve. A fitted threshold voltage of -3 V and a carrier mobility of 4.4 x 10° ¢cm®/Vs were
obtained.

Figure 6.1(c) shows the output characteristics of a TAD FET measured in vacuum and
at RT. The saturated drain current measured in vacuum was 52 % higher than the values
measured in air. On the other hand, Figure 6.1(d) shows the variation of channel conductivity
with gate bias, measured in vacuum, for a constant drain voltage of -20 V and -60 V. The
channel conductivity rises by a factor of 4 x10* (Vp = -20 V) and 1.4 x 10° (Vp = -60 V) as
the gate voltage is being scanned from +2 V to -60 V. Moreover, the channel conductivity
does not significantly change as the gate bias is being scanned from -60 V to +2 V. It also
means that the channel conductivity is increased by a factor of 2.5 for both drain voltages (Vp
=-20 V and Vp = -60 V) as the device is being measured in vacuum. Nevertheless, the hole
mobility measured in vacuum and in air were in the same order of magnitude. The hole
mobility was 2.9 x 10° cm?/Vs for linear regime operation and 6.7 x 10° cm?Vs for
saturation regime operation. The mobility values calculated from the saturation regime are
larger than the corresponding values, calculated from the linear regime by factors of 2.3 and
3.3, for measurements performed under vacuum and in air, respectively. This is something
routinely observed in experiments and is ascribed to the fact that oxygen may diffuse in the
organic film and act as an acceptor [44,88]. The switch-on voltage Vs, i.e. an onset voltage at
accumulation mode, was 0 V measured in air and +2 V measured in vacuum, as shown in
Figure 6.1(b) and 6.1(d), respectively. The fitted threshold voltage V1 was -9 V extracted in
the linear regime and -1.4 V extracted in the saturation regime. (To the best of my knowledge,

there is no result of the hole mobility of charge carriers in TAD thin films from another

group)
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Figure 6.1.Output and transfer characteristics of a TAD FET, W =2 mm, L =5 pm, C;=17.3 nF/cm?. (a).Output

characteristics measured in air. The inset depicts the chemical structure of TAD. (b).Transfer characteristics

measured in air, (¢).Output characteristics measured in vacuum and (d).Transfer characteristics measured in

vacuum.
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Figure 6.2.Hysteresis characteristics of a TAD FET (W =2 mm, L = 5 pm, C; = 17.3 nF/cm®) measured at RT
and in air (a) and in vacuum (b). (c).Drain current of a TAD FET measured in air and in continuously evacuated
chamber. The saturated drain current was measured at Vp = Vg = -60 V. The saturated drain current is plotted
linearly versus time (left side) and the field-effect mobility is plotted semi-logarithmically versus time (right
side).

Figure 6.2(a) and 6.2(b) shows the hysteresis of the transfer characteristics observed in
a TAD FET. Moreover, the hysteresis depends on the environment, in which the measurement
was taken. The measurements performed in vacuum revealed less hysteresis in the transfer
characteristics than those performed in air. Furthermore, the hysteresis was strongly present at
low drain biases for measurements performed in air. Therefore, the hysteresis effect can be
attributed to the charge trapping effect or gaseous oxygen and water vapor effects. In contrast,
the hysteresis measured in vacuum did not significantly show a dependency on the drain bias.
This indicates that the environment plays an important role on the device characteristics.
Figure 6.2(c) shows the time dependency of the saturated drain current (at Vp = Vg=-60 V)
and field-effect mobility of charge carriers. Initially, the saturated drain current increased
substantially, as the device was stored for 24 hours in a continuously evacuated chamber.
However, the saturated drain current decreased by 47 % after the chamber was continuously
evacuated for 75 hours. Finally, the saturated drain current was nearly zero after the device
was stored in vacuum for more than 150 hours and no transistor effect could be observed.
This implies that device aging took place even if the sample was placed or stored in a
dynamic vacuum. The AFM and optical microscopy images of TAD thin films on various
substrates supported this result that TAD thin films crystallized easily after the samples were

stored in ambient atmosphere and at RT for a few days, as reported previously in chapter 5.
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Figure 6.3.Variation of the hole mobility of a TAD film as a function of gate bias. Data were recorded at 294 K

and measured in vacuum.

Figure 6.3 shows the variation with gate bias of the field-effect mobility for TAD
FETs. The mobilities are obtained by utilizing equation 2.14. The mobility increases from
very low values (4.2 x 10° cm?/Vs at -5 V) to 7.6 x 10” cm*/Vs at -60 V. The most striking
feature revealed by Figure 6.3 is a quasi-linear gate bias dependence of the field-effect
mobility. The mobility clearly exhibits strong gate bias dependence. The apparent gate-
voltage dependence would in fact be due to the charge concentration, which is mainly
confined in the first 5 nm of semiconductor layer away from the insulator/semiconductor

interface.

6.2. 2,2°,7,7’-Tetrakis-(diphenylamino)-9,9’-spirobifluorene (Spiro-TAD)

2,2°,7,7’-Tetrakis-(diphenylamino)-9,9’-spirobifluorene or Spiro-TAD is the corres-
ponding spiro-compound of N,N,N’,N’-Tetraphenylbenzidine (TAD). Figure 6.4(a) shows a
typical set of drain current against source-drain voltage curves for different source-gate
voltages, measured on a device with a channel length of 10 pm and a channel width of 4 mm.
The measurement was carried out in air and at RT. Although a clear saturation of the drain
current is observed when the drain voltage exceeds the gate voltage, the onset of the curves is
far from being linear. At low drain biases, the currents deviate from the expected linear

relationship which can be attributed to the non-ohmic contacts between the organic materials
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and the gold electrodes. Figure 6.4(b) also shows the transfer characteristics of a typical
Spiro-TAD FET measured in air. Spiro-TAD is a p-type semiconductor and the device
operates in the accumulation mode. A small reverse gate bias of 4 — 6 V is sufficient to turn
the channel OFF or ON. In enhancement mode operation, i.e., between Vg = 0 V and V¢ =
-60 V, the ON/OFF ratio is typically 46 for Vp = -20 V and 140 for Vp = -60 V. However,
since the turn-OFF voltage is small compared to practical supply voltages the full ON/OFF
ratio between accumulation and depletion mode can be exploited. ON/OFF ratios of typically
2.4 % 10* for Vp =-20V and 6.6 x 10 for Vp = -60 V can be obtained when Vg is being
scanned from +6 V to -60 V. The field-effect mobility of charge carriers in Spiro-TAD thin
films is 3.3 x 10™ cm?/Vs extracted in the linear regime and 5.7 x 10™ ¢m?/Vs extracted in the
saturation regime. The fitted threshold voltage and the switch-on voltage were +1 V extracted
in the saturation regime and +4 V.

Figure 6.4(c) and 6.4(d) show the output and transfer characteristics for the same
device measured in vacuum and at RT. The field-effect mobilities of charge carriers in Spiro-
TAD thin films were 4.0 x 10” cm?/Vs for linear regime operation and 7 x 10 cm?®/Vs for
saturation regime operation. The fitted threshold voltage and the switch-on voltage were
+1.4 V and 0 V, respectively. An ON/OFF ratio of 1.6 x 10° can be obtained at a drain bias of
-20 V and the gate bias is being scanned from 0 V to -60 V. The measurements carried out in
air and in vacuum gave the mobility values calculated from the saturation regime of
approximately a factor of 1.8 larger than those calculated from the linear regime. In addition,
the mobility values measured in a vacuum are approximately a factor of 1.2 larger than those

measured in air. This indicates that Spiro-TAD FETs are stable under operation in ambient

atmosphere.
0.6 10° : ; ;
®)
< <
I~|:"0.4' E
3 3]
c-0.2 =
£ s
a a
O'O- T T T T = T 10-13 T T T T T T
0 -10 -20 -30 -40 -50 -60 10 0 -10 -20 -30 -40 -50 -60

Drain Voltage [V] Gate Voltage [V]



Chapter 6 Field-Effect Mobility of Charge Carriers in Thin Films of Low Molecular Amorphous Materials 85

-5
0.8 . . . . . 10 — T T "
(© (@ Vp =-60 V]
g 064 Vg =-60V| z
5 -0.41 5
3 3]
c £
£ 02 £
0,10V 10 1
0.0+ T T T 1\‘ T A 10-13 T T T T T T
0 -10 -20 -30 -40 -50 -60 10 0 -10 -20 -30 -40 -50 -60
Drain Voltage [V] Gate Voltage [V]

Figure 6.4.0utput and transfer characteristics of a Spiro-TAD FET, W =4 mm, L =10 um, C; = 19.9 nF/cm?.
(a).Output characteristics measured in air. The inset depicts the chemical structure of Spiro-TAD, (b).Transfer
characteristics measured in air, (¢).Output characteristics measured in vacuum and (d).Transfer characteristics

measured in vacuum. All measurements were performed after thermal evaporation of Spiro-TAD.

In sub-chapter 6.1 the field-effect mobility of charge carriers in TAD thin films has
been described. The measurements performed in air and at RT showed that the mobilities of
holes in Spiro-TAD FETs are approximately a factor of 2 (for linear regime operation) and
1.3 (for saturation regime operation) larger than those in TAD FETs. In addition, the
mobilities of holes in Spiro-TAD FETs measured in vacuum are approximately a factor of 1.3
(for linear regime operation) and 1.04 (for saturation regime operation) larger than those in
TAD FETs. The mobilities obtained in the saturation regime in TAD FETs are the same as the
values in Spiro-TAD FETs for measurements having been performed in vacuum. However,
the mobilities of holes are different by a factor of 1 — 2 between TAD and Spiro-TAD being

measured in air.
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Figure 6.5.Hysteresis characteristics of a Spiro-TAD FET (W =2 mm, L = 10 um, C; = 19.9 nF/cm?) measured at
RT and in air (a) and in vacuum (b). (c).The field-effect mobility of charge carriers in Spiro-TAD thin films at
different ratios of the channel width to the channel length (W/L).

Figure 6.5(a) and 6.5(b) show the transfer characteristics of a Spiro-TAD FET
measured in air and in vacuum at different gate biases. Both measurements performed in
vacuum and in air exhibited no hysteresis in the transfer characteristics on the time scale of dc
measurements. This indicates that Spiro-TAD thin films were stable in air. The measurement
performed in vacuum gives only 10% difference in drain current with respect to the
measurement performed in air. The mobility of charge carriers in many devices were found to
be independent of the geometry of the devices (the ratios of the channel width to the channel
length), as shown in Figure 6.5(c). The hole mobility in Spiro-TAD thin films was also
measured by means of time of flight (TOF) techniques by other groups. Bach et. al reported
that a hole mobility of 3 x 10 cm?/Vs at an electric field of 1.6 x 10° V/cm was obtained
[73]. They also observed that the transient photocurrent exhibits a pronounced plateau, which
is followed by a longer tail indicating non-dispersive transport in Spiro-TAD. The charge
transport is then called non-dispersive if the photocurrent stays constant while the carriers
drift across the device. On the other hand, the charge transport is called dispersive, if no
constant photocurrent plateau is observed and the current drops monotonically. Another
Spiro-compound was also characterized by TOF techniques, namely 2,2°,7,7’-tetrakis-(N,N-
di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-MeOTAD). The hole mobility in this
material is 1.5 x 10 cm?/Vs at an electric field of 2.4 x 10° V/cm and 1 x 10 cm*/Vs at an
electric field of 1.2 x 10° V/em (the thickness of thin films for both conditions was 1 pm)
[89].
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Below threshold voltages or switch-on voltages, i.e. for higher positive gate biases an
OFF current as low as 1 pA was measured in all device geometries. Two pathways are
possible for the measured OFF current: through the channel due to the intrinsic conductivity
of the materials and via the insulating layer and the gate electrode. In order to obtain
information about the influence of gate leakage on the OFF current, gate leakage
measurements were performed and it was found that the gate leakage current was lower than
the drain current for devices in operation. For details, please take a look at chapter 4,
especially in Figure 4.7. The independence of the OFF current on geometry parameters such
as channel width W indicates that this value is close to the accuracy limit of the measurement
setup. Thus, the determined ON/OFF ratios can be regarded as lower limits. The ON/OFF
ratio at Vp =-5V was 2 X 10%. At Vp =-60 V, the unsaturated ON/OFF ratio was 5 x 10° for
Spiro-TAD. The dependence of the measured ON/OFF ratios on the device geometry was
also investigated. Since the measured OFF current was independent on the device parameters,
and the ON current is proportional to the ratio W/L according to equation 2.11, the highest
ON/OFF values have been obtained for large channel widths and small channel lengths. The
highest ON/OFF ratios with values of 1.5 x 10° was measured for device with W =5 mm,
L=35 pum, and at Vp =-60 V.

In order to investigate the influence of gaseous oxygen and moisture, the sample was
stored in ambient atmosphere and at RT for 9 months. After that, the transistor characteristics
were measured again. The results are shown in Figure 6.6. The saturated drain current
measured in air decreased by 23 % with respect to a fresh device. The drain current measured
in vacuum decreased only by 9 %. Nevertheless, the hole mobility measured in vacuum
decreased typically 12 % for linear regime operation and 2 % for saturation regime operation
(22 °C, a relative humidity of 24 %). In contrast, the hole mobility measured in air decreased
typically 52 % for linear regime operation and 28 % for saturation regime operation. The
field-effect mobility change was clearly obtained for linear regime operation and under an
ambient atmosphere. The origin of this result can be attributed to gaseous oxygen acting as a
trap, as the sample is being stored in ambient atmosphere and at RT for 9 months. In addition,
the fitted threshold voltage measured in vacuum also shifted from +1.4 V for a fresh device to
-5 V after 9 months. It means that more charges were needed to turn on the transistor after the
sample has been stored in air and at RT for 9 months. This is in contrast with the result
obtained for TAD thin films. The saturated drain current of a TAD FET decreased by 47 % as
the sample is being stored in a continuously evacuated chamber for 75 hours. Finally, the

saturated drain current was nearly zero after the device was stored in vacuum for more than
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150 hours and no transistor effect could be observed. As a result, a Spiro-TAD FET is more
stable under operation in air than a TAD FET. The stability of Spiro-TAD FET is in contrast
with organic transistors based on the small molecule pentacene. OFET based on pentacene
showed a decrease in mobility of typically 30 % after the sample has been stored for 3 months

at 25 °C and a relative humidity of 50 % [9].

)

-0.3+

-0.2+

-0.1+

Drain Current [uA]
Drain Current [A]

-10,0V, 10V

0.0+

X

0 -10 -20 -30 -40

Drain Voltage [V]

-50

-60

410 -20 30 -40 -50 -60
Gate Voltage [V]

(d)

© Vg =60V

-0.4-

-0.2+

Drain Current [uA]
Drain Current [A]

oV, 10V

-0V

0.0' T
-60 10 O

0 -10

10 -20 -30 -40 -50 -60
Gate Voltage [V]

30 -40 -50

-20
Drain Voltage [V]

Figure 6.6.0utput and transfer characteristics of a Spiro-TAD FET, which was measured after the sample was
stored in ambient atmosphere and at RT for 9 months, W =4 mm, L = 10 pm, C; = 19.9 nF/cm’. (a). Output
characteristics measured in air, (b).Transfer characteristics measured in air, (c).Output characteristics measured

in vacuum, and (d). Transfer characteristics measured in vacuum.

Figure 6.7 shows the variation of the field-effect mobility of Spiro-TAD as a function
of gate voltage. The variation of the mobility with gate bias is practically linear at a gate bias
lower than -50 V. At a gate bias higher than -50 V, the mobility is super-linearly dependent
on the gate bias. The origin of this behavior is not fully understood. Moreover, the hole
mobility of a TAD and a Spiro-TAD thin film as a function of gate bias are also plotted in the
inset of the Figure 6.7. At gate biases lower than -10 V, the hole mobility in a TAD thin film



Chapter 6 Field-Effect Mobility of Charge Carriers in Thin Films of Low Molecular Amorphous Materials

89

is smaller than that in a Spiro-TAD thin film. However, in the range of -10 V and -60V the

hole mobility of both materials seem to be the same.
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Figure 6.7.Variation of the hole mobility of a Spiro-TAD thin film as a function of gate bias at 294 K. The inset

shows gate-voltage dependent mobility of TAD (from Figure 6.3) and Spiro-TAD based-field-effect transistors

measured at 294 K.
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Figure 6.8.The normalized drain current against drain voltage of Spiro-TAD with different channel lengths

(L=2 pm, 5 pm, 10 pm), while channel width is constant (W = 3 mm).
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Figure 6.9.Families of normalized drain currents for L =2 pm, 5 pm, 10 pm at different gate fields as a function
of longitudinal field (Ep = Vp/L). Vp ranges for all transistors, from 0 V to -60 V. Solid lines is for channel width

3 mm and dotted lines is for channel width 5 mm.

Figure 6.8 shows the normalized drain current with different channel length (a channel
width of 3 mm) against drain bias. At low drain biases, a nonlinear behavior of the drain
current was observed. As expected, the behavior of drain current is severely limited by the
two dimensional electric field in the active channel. This effect is the so-called short channel
effect and shows a sharp increase with increasing drain bias. Short channel conditions are
present when the channel length L is comparable to the sum of the source and drain depletion
layer widths [20]. When this happens the potential distribution in the channel region, as well
as the electric field becomes two dimensional and the gradual channel approximation (E, >>
Ey) 1s no longer valid (see Figure 2.1 for details). In Figure 6.9, a family of the drain current
for the transistor with different channel lengths at different gate fields is presented as a
function of the longitudinal electric fields (Ep = Vp/L). The value of drain bias ranges for all
transistors, from 0 to -60 V. The drain currents plotted in Figure 6.9 have been normalized by
multiplying each of them by the corresponding channel length. The drain currents are ideally
identical when the gate field is the same. But this is not the case. Take a look at devices with
channel width 3 mm (solid lines) in Figure 6.9. The drain currents increase when the channel
length decreases. This effect, which is most evident when Ep > 10° V/cem, indicates that at a
high electric field an increase of mobility possibly occurs. The short channel effect was also

reported for o-hexathienylene thin film transistors [90]. However, the hole mobilities in
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devices with short channel length are still in the same order of magnitude with those with long

channel length.

6.3.  N-N’-Bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD)

The output and transfer characteristics of a TPD FET measured in air and at RT are
shown in Figure 6.10(a) and 6.10(b). A clear saturation of drain current is observed when the
drain voltage exceeds the gate voltage; however, the onset of the curves is far from being
linear. The drain current at a gate bias of -60 V and drain bias of -60 V was 0.82 UA.
Furthermore, Figure 6.10(b) shows the variation of channel conductivity with varying gate
bias. The channel conductivity rises by a factor of 1.7 x 10° (Vb =-20 V) and 7 x 10° (Vp =
-60 V) as the gate voltage is being scanned from 0 V to -60 V. The switch-on voltage was
between 0 V and -2 V. On the other hand, the fitted threshold voltage extracted in the
saturation regime was +2.1 V. The hole mobility extracted in the linear regime was 5.6 x 10~
cm’/Vs. In addition, the hole mobility measured in the saturation regime was 7.4 x 107
cm’/Vs, which is higher than the values measured in the linear regime

Figure 6.10(c) and 6.10(d) show the output and transfer characteristics of a TPD FET
measured under a vacuum and at RT. The saturated drain current (at Vp = Vg = -60 V) of
TPD-based FETs measured in vacuum was only 2.4 % higher than the values measured in air.
In contrast, the saturated drain current in a TAD FET measured in vacuum was 52 % higher
than the values measured in air. This result indicates that TPD thin films are more stable
under operation in air than TAD thin films. The hole mobility extracted in the linear regime
was 6.3 x 10 cm?*/Vs. On the other hand, the hole mobility in the saturation regime was
8.5 x 10 cm?*/Vs. The mobility of holes in a TPD film is higher than those in TAD and
Spiro-TAD films. Figure 6.10(d) shows the variation of channel conductivity with varying
gate bias as the device is being measured in vacuum. The channel conductivity measured in
vacuum rises by a factor of 3.7 x 10’ (Vp = -20 V) and 1.5 x 10* (Vp = -60 V) as the gate
voltage is being swept from 0 V to -60 V. The fitted threshold voltage extracted in the

saturation regime was +2.0 V.
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Figure 6.10.Output and transfer characteristics of a TPD FET, W = 4 mm, L = 10 um, C;=19.9 nF/em?.

(a).Output characteristics measured in air. The inset depicts the chemical structure of TPD, (b).Transfer

characteristics measured in air, (c).Output characteristics measured in vacuum, and (d). Transfer characteristics

measured in vacuum.

Table 6.1.Hole mobilities in TPD thin films extracted from TOF and FET measurements.

Device and Material Field-effect mobility 4 Reference
[cm®/Vs]
TOF TPD 1x10° 87
TOF TPD 1x10” 9]
TOF TPD (2-3)x 10" 92
FET TPD 8.5x 107 This work
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Figure 6.11.The field-effect mobility of charge carriers in TPD thin films at different ratios of the channel width
to the channel length (W/L).

Figure 6.11 shows the dependency of field-effect mobilities of charge carriers on the
geometry of FETs, i.e. the ratio of the channel width (W) to the channel length (L). The hole
mobility measured in vacuum is slightly higher than the values measured in air. Moreover, the
hole mobility does not depend significantly on the geometry of FETs. The hole mobility of
devices with W/L smaller than 500 were slightly lower than those in devices with W/L higher
than 1000. As a result, the hole mobilities in TPD thin films measured in air and in vacuum
were in the range of (7 — 9) x 10” ¢cm?/Vs. Determining hole mobility in TPD thin films was
also reported by means of TOF techniques. It was found that the hole mobility in TPD thin
films was in the range of (2 — 3) x 10~ cm?/Vs at an electric field of 3 x 10° V/cm [87,91,92].
The discrepancies in both methods possibly originate from the strong dependence of the hole
mobility on the charge carriers density in organic semiconductors [93]. Various methods have
been used to characterize the hole mobility in TPD thin films as displayed in Table 6.1. The
mobility obtained from TOF measurement was higher than the values obtained from FET

measurement. The origin of this result is not fully understood yet.
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Figure 6.12.Transfer characteristics of a TPD FET (L = 10 um, W = 4 mm, C; = 19.9 nF/cm”) measured in air (a)
and in vacuum (b). (c).Transfer characteristics (Vp = -20 V) of the FET measured in air for fresh sample and
after the sample was stored in ambient atmosphere, in the dark and at RT for 9 days. (d).Hysteresis of the
transfer characteristics (at Vp = -40V) for devices with different channel lengths (L =2 pm and 10 pm), while
the channel width W was constant (W = 2 mm). The solid lines denote the advancing curve and the dotted lines

denote the receding curve.

Figure 6.12(a) and 6.12(b) show the transfer characteristic of a FET measured first in
air and then under a vacuum of 107 mbar. The transfer characteristic was measured twice.
First, the gate bias was swept from an OFF state to ON state, the advancing curve. Second,
the gate bias was swept from an ON state to OFF state, the receding curve. The measurements
performed in air and in vacuum do not give any difference in amount of the hysteresis.
Moreover, the hysteresis is not totally absent under vacuum. The hysteresis seems to be
present in both conditions. A large amount of the hysteresis is observed after the sample was
stored in ambient atmosphere for nine days, as shown in Figure 6.12(c). The hysteresis was
also clearly observed in the device with short channel length, for instance the channel length L
of 2 uym as shown in Figure 6.12(d). Therefore, the channel length affects the hysteresis and it
i1s more pronounced for devices with short channel length. Generally, the hysteresis effect in

organic FETs could be ascribed to a doping/de-doping with gaseous oxygen [94]. Similar
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results are also reported for pentacene and poly(thienylene vinylene)-based FETs [27].
Moreover, the hysteresis effects were also observed on carbon nanotube FETs [95] and FETs

comprising semiconducting platinum-based chain structures [96].
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Figure 6.13.Time dependent measurement of a TPD FET. (a).Transfer characteristics of a TPD FET measured in
air. The switch-on voltage shifts toward more positive gate bias with increasing time. (b).Saturated drain current
(at Vp = Vg = -60 V) is plotted linearly against time (left side) and field-effect mobility is plotted semi-

logarithmically against time (right side).

Figure 6.13(a) supports previous results, in which the transfer characteristics were
measured after the sample was stored in ambient atmosphere for 2 days and 9 days. The
switch-on voltage after 9 days shifts toward more positive gate bias with respect to the initial
curve. However, at a drain bias of -60 V and a gate bias of -60 V, the drain current has
remained constant after the sample was stored in air and at RT for 9 days. On the contrary, at
a drain bias of -60 V and a gate bias of -20 V the drain current is significantly decreased as
the sample was stored in ambient atmosphere for 9 days. A deterioration of the material was
clearly observed for a measurement performed at a drain bias of -5 V. In this case, the drain
current at a gate bias of -60 V significantly decreased after 9 days. Figure 6.13(b) shows that
the drain current significantly decreased after the sample was stored in air for more than 10
days. Moreover, the hole mobility in TPD thin films decreased by a factor of eight after the
samples were stored in air and at RT for 7 months. It was also found that an aging of the
devices characteristics was accompanied by changes in the surface morphology of the
corresponding thin films. Moreover, the investigating issue of device stability in the presence
of gaseous oxygen and moisture became a primary intention. For examples, it was found that
the field-effect mobility in pentacene FETs decreased by 30% after the sample was stored in
ambient atmosphere for 500 hours. The adsorption of water molecules on the pentacene layer

was the main reason for the degradation [97]. Water molecules caused not only a decrease in
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device parameters such as mobility, and ON/OFF ratio, but also a hysteresis in the electrical
characteristics.

Figure 6.14 shows the variation of the field-effect mobility in a TPD thin film as a
function of gate bias. The charge carrier mobilities linearly depend on the gate bias. However,
it becomes a super-linear dependency as the gate bias increases (Vg < -50 V). Moreover, the
mobility clearly depends on the gate bias. For instance, the mobility was around 5 x 10
cm?/Vs at a gate bias of -5 V and increased to 10~ cm?/Vs at a gate bias of -60 V. This is in
contrast with the gate bias dependence of the field-effect mobility in a TAD FET. A mobility
of 4.2 x 10 cm?/Vs was obtained at gate bias -5 V, which is the same as the values for TPD
FET. However, a mobility of 7.6 x 10™ ¢cm?/V's was obtained at a gate bias of -60 V, which is
much lower than that obtained for TPD FET. This result implies that the mobility of holes in
TPD strongly depends on the gate bias with respect to TAD.

Mgt [CM2/Vs]
5

1 10 100
-Gate Voltage [V]

Figure 6.14.Variation of the hole mobility of a TPD film as a function of gate bias. Data were recorded at 294 K

and measured in vacuum.

Shirota et.al also presented a similar molecule as TPD, but the phenyl chain is
connected with another phenyl chain on a different position, namely in ortho, para, and meta
positions [98]. The chemical structure of the corresponding material is displayed in the next
page. They are N,N’-di(biphenyl-2-yl)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine (0-BPD),
N,N’-di(biphenyl-3-yl)-N,N’-diphenyl-[1,1°-biphenyl]-4,4’-diamine (m-BPD), and N,N’-
di(diphenyl-4-y1)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine (p-BPD). The hole drift

mobility was measured by means of TOF techniques. Furthermore, they found that the hole
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mobilities were 6.5 x 10 cmz/Vs, 53 x 107 cmZ/Vs, and 1.0 x 10° cm?®/Vs for 0-BPD,
m-BPD, and p-BPD, respectively [98]. Especially on meta position, the mobility of charge
carrier in methyl-substituted diphenylamine is higher than the mobility of charge carrier in
phenyl-substituted diphenylamine. However, there is a hint from the result obtained by
Shirota et.al that a substitution on para position with an appropriate substituent gives relative

high charge carrier mobility rather than the one on the other positions.

0-BPD m-BPD p-BPD

6.4. 2,2°,7,7’-Tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD)

Spiro-TPD is the corresponding spiro-compound of the before described and well-
known organic hole transport materials, TPD. Figure 6.15(a) shows a typical drain current vs.
drain bias plot of a Spiro-TPD FET at various gate voltages, where the channel width W and
the channel length L were 4 mm and 10 um. The drain current at a gate bias of -60 V and
drain bias of -60 V was 0.52 JA. The transistor action is observed for negative gate voltages,
i.e., transport are due to positive charges. Moreover, Figure 6.15(b) shows the variation of
channel conductivity as a function of gate bias. ON/OFF ratios of 6.9 x 10* and 2.4 x 10’ can
be obtained at drain biases of -20 V and -60 V as the gate bias is being scanned from +2 V to -
60 V. The hole mobilities extracted in the saturation regime and linear regime
were 5.2 x 10 cm?/Vs and 2.5 x 10” ¢cm?/Vs, respectively. In addition, the fitted threshold
voltages for in air operation were +2.2 V extracted in the saturation regime and -4.5 V

extracted in the linear regime, respectively. The device turns on at +2 V.

Figure 6.15(c) shows the output characteristics measured in vacuum and at RT. The
saturated drain current was increased by 25 % with respect to the measurement performed in
air. Moreover, Figure 6.15(d) shows the transfer characteristics as the gate bias is being
scanned from +10 V to -60 V and vice versa. The hole mobilities were 7 x 10 cm*/Vs
extracted in the saturation regime and 3.7 x 10 cm?/Vs extracted in the linear regime.

ON/OFF ratios of 9 x 10* and 2.9 x 10> can be obtained at drain biases of -20 V and -60 V as
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the gate bias is being scanned from +3 V to -60 V. The fitted threshold voltages for operation
in vacuum were +1.4 V extracted in the saturation regime and -2.3 V extracted in the linear
regime. The switch-on voltage was +3 V for in vacuum operation. In many p-type organic
FETs, a positive switch-on voltage is observed [99]. This is often caused by unintentional
extrinsic doping of the organic film [40]. A positive, reverse gate bias is then required to
deplete the bulk of the film. If a negative switch-on voltage is observed, it indicates a low
extrinsic doping level of the film. The mobility of holes in TPD films has been described
previously in sub-chapter 6.3. It was found that the hole mobility extracted in the linear
regime in thin films of TPD is two times higher than the that in thin films of Spiro-TPD as the
sample has been measured in air. However, the hole mobility in thin films of TPD, measured

in air and extracted in the saturation regime, is 42 % higher than that in thin films of Spiro-

TPD.
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Figure 6.15.0utput and transfer characteristics of a Spiro-TPD FET, W = 4 mm, L = 10 um, C; = 19.9 nF/cm’.
(a).Output characteristics measured in air. The inset depicts the chemical structure of Spiro-TPD, (b).Transfer
characteristics measured in air, (c).Output characteristics measured in vacuum and (d).Transfer characteristics

measured in vacuum. All measurements were performed after thermal evaporation of Spiro-TPD.
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Figure 6.16.Hysteresis characteristics of a Spiro-TPD FET (W =2 mm, L = 10 pm, C; = 19.9 nF/cm?) measured
at RT and in air (a) and in vacuum (b). (c).The field-effect mobility of charge carriers in Spiro-TPD thin films at
different ratios of the channel width to the channel length (W/L).

Figure 6.16(a) and 6.16(b) show the transfer characteristics of a Spiro-TPD FET
measured in air and in vacuum, respectively. A clear hysteresis in the transfer characteristics
was observed for measurement carried out in air. However, the measurement carried out in
vacuum exhibited only a small increase in the drain current with respect to the measurement
carried out in air. Furthermore, the variation of mobility with devices geometry such as the
ratio of the channel width to the channel length is relative small, as shown in Figure 6.16(c). It
implies the high reproducibility of the results, which the mobility of holes does not depend on
the geometry of devices. The ON/OFF ratio at a drain bias of -5 V was 2 x 10* and at a drain
bias of -60 V was 6 x 10°. The highest ON/OFF ratio with a value of 3.6 x 10° was measured

for a channel length of 5 um, a channel width of 5 mm, and at a drain bias of -60 V.
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The transfer and output characteristics of a FET were also measured after the sample
was stored in ambient atmosphere and at RT for 9 months, as shown in Figure 6.17. A
nonlinear behavior at low drain biases was also observed, which is attributed to the non-
ohmic contacts between the gold electrodes and Spiro-TPD. Moreover, the presence of the
hysteresis behavior in the transfer characteristics curve measured in air, for fresh sample and
after the sample was stored in ambient atmosphere for 9 months, were observed as well. The
origin of this effect is not clear yet, but probably due to oxygen acting as a dopant upon

keeping the sample for a certain time in ambient atmosphere.

For fresh device, the saturated drain current decreased by 19 % as the sample was
measured in air. After the sample was stored in ambient atmosphere and at RT for 9 months,
the saturated drain current for measurement carried out in air decreased by 8 %. In addition,
the drain current decreased by 13 % for measurement carried out in vacuum. In contrast, the
saturated drain current of a Spiro-TAD FET decreased by 23 % for measurement carried out
in air and by 9 % for measurement carried out in vacuum after the sample has been stored for
9 months in air and at RT. It implies that Spiro-TPD is more stable for operation in air than
Spiro-TAD. After the device was stored for 9 months in ambient atmosphere and at RT, the
mobility of holes extracted in the saturation regime and measured in vacuum was dropped by
3 %, which is similar with the value obtained for Spiro-TAD FETs. However, the hole
mobility in thin films of Spiro-TPD measured in vacuum decreased typically by 32 % for
linear regime operation. For in air operation, the hole mobilities dropped by 8 % and 11 % for
linear regime operation and saturation regime operation, respectively. However, the OFF
current and the switch-on voltage do not change significantly over 9 months. The fitted
threshold voltage measured in vacuum shifted from +1.4 V to -2.4 V after 9 months, which is

similar with the values obtained for Spiro-TAD FETs.

Based on these results, the field-effect mobility changes of holes in Spiro-TPD is
smaller than that in Spiro-TAD as the devices have been operated under an ambient
atmosphere. Moreover, the saturated drain current and field-effect mobility of holes in TPD,
the corresponding parent compound of Spiro-TPD, decreased by 86 % and 70 %, respectively,
after the sample has been stored in ambient atmosphere for 236 days (ca.8 months). It implies

that Spiro-TPD FETs are stable under operation in ambient atmosphere than TPD FETs.
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Figure 6.17.0utput and transfer characteristics of a Spiro-TPD FET, which was measured after the sample was
stored in ambient atmosphere and at RT for 9 months, W =4 mm, L = 10 um, C; = 19.9 nF/cm®. (a).Output
characteristics measured in air, (b).Transfer characteristics measured in air, (c).Output characteristics measured

in vacuum, and (d).Transfer characteristics measured in vacuum.

Figure 6.18 shows the dependency of the field-effect mobility of charge carriers on the
gate bias. The mobility was linearly dependent on the gate bias (-50 V < Vg < -5 V). In
contrast, the mobility is super-linearly dependent on the gate bias at Vg <-50 V. This result is
not fully understood. In the inset of Figure 6.18, the mobility of holes in thin films of TPD is
also plotted with the mobility of holes in thin films of Spiro-TPD. At low gate biases (Vg >
-15 V), the mobility of holes in thin films of TPD is smaller than that in thin films of Spiro-
TPD. It implies that the mobility of holes in thin films of TPD is strongly dependent on the
gate bias, whereas the mobility of holes is weakly dependent on the gate bias in thin films of
Spiro-TPD. In a FET, an applied gate voltage gives rise to the accumulation of charge in the
region of the semiconducting layer that it close to the insulator (accumulation layer thickness
< 5 nm). As these accumulated charge carriers fill the lower-lying states, any additional
charges in the accumulation layer will occupy states at relatively high energies. Consequently,

the additional charges will require less activation energy to hop away to a neighboring site.
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This results in a higher mobility with increasing gate bias [60,61]. However, the mobility first
increased linearly with the gate bias and then tends to saturate or decrease at high gate biases.
This effect could be attributed to the contact resistance effect as reported for other materials
[23]. The contact resistance between source/drain electrode and the semiconductor behaviors

are caused by the channel length which is small enough that the contact resistance dominates

the overall device resistance.
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Figure 6.18.Variation of the hole mobility of a Spiro-TPD thin film as a function of gate bias at 294 K. The inset

shows gate-voltage dependent mobility of TPD (from Figure 6.14) and Spiro-TPD based-field-effect transistors
measured at 294 K.
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Figure 6.19.0utput and transfer characteristics of a Spiro-TPD FET after the device was stored in air for 100
days, following immersed in water and degassing in vacuum. (a).Transfer characteristic at a drain bias of -40 V,
filled circles denotes advancing measurement and open circles denotes receding measurement, (b).Output
characteristics measured at a gate bias of -60 V, and (c).Transfer characteristics measured at a drain bias

of -40 V.

Figure 6.19 shows the transistor characteristics of a Spiro-TPD FET (W=2mm, L =5
pm, Ci = 19.9 nF/ecm?®) for different conditions or environments. Figure 6.19(a) shows the
hysteresis in the transfer characteristic after the sample was stored in ambient atmosphere and
at RT for 100 days. This hysteresis is due to the presence of a trapped mobile charge which
probably came from moisture. The trapped mobile charge is more obvious, as the sample was
immersed in water for 20 hours (Tyater = 20 °C). The hysteresis in the transfer characteristics
was larger and the drain current was substantially lower than before, as shown in Figure
6.19(a). However, if the sample was degassed under vacuum for 1 hour the drain current

increased, but the hysteresis effect does not disappear. This implies that the presence of water
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in the device is difficult to remove. Figure 6.19(b) shows the output characteristics of a Spiro-
TPD FET at a gate bias of -60 V for different conditions. The evolution of the field effect
mobility for different conditions is: 6.8 x 10” cm?/Vs after deposition of Spiro-TPD, 6.6 x
10° cm?/Vs after the device was stored in ambient atmosphere for 100 days, 1.2 x 107
cm?’/Vs after the sample was stored in ambient atmosphere for100 days and subsequently the
device was immersed in water for 20 hours, and 3.2 x 10” cm?/Vs after the sample was stored
in ambient atmosphere for 100 days, subsequently the device was immersed in water for 20
hours, and the device was degassed under vacuum for 1 hour. The corresponding fitted
threshold voltages are +1.4 V,-09V, -12.4 V, and -11 V, respectively. Figure 6.19(c) also
shows that the switch-on voltage shifts toward positive gate bias. The fitted threshold voltage
V7 for organic FETs in the accumulation regime is given by [100]

qn,d
— c

V; =

+Vig (6.1)

where Vg is the flat-band potential, q is the elementary charge, d is the film thickness, and n,
is the charge carrier density. Assuming the flat-band voltage to be invariant, the charge carrier
density is the only parameter which can be changed. For the following calculation, Vg was
assumed being zero, d was 140 nm, C; was 19.9 nF/cm?® and gis 1.6 x 10" C. The number of
charge carriers was 8 x 10> cm™ after the sample was stored in ambient atmosphere for 100
days. This value increased to 1.1 x 10'7 cm™ after the sample was stored for 100 days and,
subsequently, the sample was immersed in water for 20 hours. However, if the sample was
degassed under vacuum for 1 hour, the charge carrier density decreased by 11 %. In contrast,
the mobility increased by a factor of 2.7. This indicates that the degassing treatment
effectively pull oxygen, water and or moisture out of the sample. The large concentration of
charge carriers after the sample has been stored for 100 days and was immersed in water for
20 hours is probably dominated by traps, because the mobility does not increase with
increasing the number of charge carriers. Therefore, the charge carrier density does not
reflect the free charge carrier but rather a composition between free and trap charge carrier
density in film.

Similarly, it was also found that the adsorption of H,O on pentacene layer was the
main reason for the degradation of devices. It was indicated by appearance of a broadband
centered at 3443 cm™ in infrared spectrum which attributed to incorporated of H,O molecules.
Without encapsulation, the mobility decreases rapidly by 30 % over 500 hours. In contrast, a
small decreasing in mobility of 5 % was found for device encapsulated with ultraviolet

curable resin [97]. The mechanism of degradation caused by H,O molecules can be explained
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by diffusion of H;O molecules into devices and interact with the trapped charge. As a result,
the concentration of the traps increased. As a result, a high OFF current was observed. In
contrast, field-effect transistors comprising platinum-based tetrakis((S)-1-amino-3,7-
dimethyloctane)platinum(II)tetrachloroplatinate(II), as the active layer revealed a remarkably
characteristic after the device was immersed in water (Tyater = 90 °C) for 12 hours. The device
did not deteriorate, but the ON/OFF ratio increased by a factor of ten [96]. The origin of this

effect was attributed to a removal of ionic impurities by rinsing with water.

6.5. N,N,N’,N’-Tetrakis(4-methylphenyl)-benzidine (TTB)

Figure 6.20(a) shows the output characteristics of a TTB FET measured in air and at
RT. A small nonlinearity of the drain current at low drain biases was observed. This could be
explained by the presence of a small potential barrier for charge injection at the contacts
between TTB and the gold electrodes. Furthermore, Figure 6.20(b) shows the transfer
characteristics measured in air as the gate bias is being scanned from +10 V to -60 V and vice
versa. The transfer characteristics were measured at drain biases of -20 V and -60 V. The
hysteresis in the transfer characteristics was observed as well, which described the difference
between the drain current obtained from the advancing and receding curve. The field-effect
mobilities of charge carriers were 6.3 x 10 cm?/Vs extracted in the linear regime and 1.12 x
10” ecm?/Vs extracted in the saturation regime. The fitted threshold voltages of -6.2 V and
+1.1 V were obtained from the linear regime and the saturation regime, respectively.
Moreover, the modulation of channel conductivities of 2 x 10* (Vp=-20 V) and 4.1 x 10* (Vp
=-60 V) were obtained as the gate bias is being scanned from -60 V to +2 V.
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Figure 6.20.Output and transfer characteristics of a TTB FET, W = 2 mm, L = 5 pm, C;=17.3 nF/cm’.
(a).Output characteristics measured in air. The inset depicts the chemical structure of TTB, (b).Transfer
characteristics measured in air, (c).Output characteristics measured in vacuum, and (d). Transfer characteristics

measured in vacuum.

Figure 6.20(c) and 6.20(d) show the output and transfer characteristics of the same
sample measured in vacuum and at RT. Surprisingly, the saturated drain current substantially
increased by 100 % with respect to the values obtained from the measurement carried out in
air. The difference in the drain current between measurements carried out in air and in
vacuum for TTB FETs is the largest among the FETs based on materials used in this study. In
the saturation regime, the field-effect mobility of charge carriers and the fitted threshold
voltage for in vacuum operation were 1.8 x 10° cm?/Vs and + 5.7 V, respectively. In addition,
the field-effect mobility of charge carriers extracted in the linear regime gave lower values
than that extracted in the saturation regime. In the linear regime, a field-effect mobility of 1.4
x 10™ ¢cm*/Vs and a fitted threshold voltage Vr of -5.9 V were obtained. Moreover, ON/OFF
ratios of 2.1 x 10* and 5.2 x 10* were obtained for Vp=-20 V and -60 V, respectively, as the
gate bias is being scanned from -60 V to +3 V. Those values are slightly higher than those
obtained from measurement performed in air. In conclusion, the field-effect mobility of holes

in thin films of TTB was the lowest value among the materials investigated in this thesis.

Table 6.2.Hole mobilities in TTB thin films extracted from TOF and FET measurements.

Device and Material Mobility p4 Reference
[cm*/V s]
TOF TTB 7x 10" 87
TOF TTB 1 %107 101
FET TTB 1.8 x 10 This work
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Figure 6.21.Hysteresis characteristics of a TTB FET (W =2 mm, L = 5 pm, C; = 17.3 nF/cm”) measured at RT
and in air (a) and in vacuum (b). (c).Variation of the hole mobility of a TTB film as a function of gate bias. Data

were recorded at 294 K and measured in vacuum.

The mobilities of charge carrier in TTB thin films investigated by TOF techniques and
FET methods are presented in Table 6.2. In 1995, Heun and Borsenberger reported that the
charge carrier mobility in TTB thin films was around 7 x 10* cm?/Vs at an electric field of
1.6 x 10° V/em (film thickness was between 11 and 12.1 pm) [87]. Two years before, they
also reported a mobility of 1 x 10™ cm?/Vs at an electric field of 1.45 x 10° V/em (film
thickness was 5.5 pm) [101]. As observed during measurement, the TTB FET did not stable
as operating in air, even if the sample was stored under vacuum. Moreover, the maximum
drain current measured in vacuum is 100 % higher than the values measured in air. A similar
result was also revealed in the transfer curves, as shown in Figure 6.21(a) and 6.21(b). The
hysteresis in the transfer characteristics measured in vacuum is smaller than that measured in
air. However, the transistor effect vanished even if the sample was stored in a continuously

evacuated chamber for a few days. Additionally, Figure 6.21(c) shows the variation of the
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hole mobility of a TTB film as a function of gate bias. The mobilities were obtained from the
transfer characteristics at Vp = -10 V measured in vacuum. As shown in Figure 6.21(c), the
mobility is linearly dependent on the gate bias. The mobility increases from very low values
(7.2 x 107 cm?/Vs at a gate bias of -5 V) to 1.8 x 10™ ¢cm?/Vs at a gate bias of -60 V. This is
different with TPD (Figure 6.14), but similar with TAD (Figure 6.3). The most striking

feature revealed in Figure 6.21 is a linear gate bias dependence of the field-effect mobility.

6.6. 2,2°,7,7’-Tetrakis-(N,N’-di-p-methylphenylamino)-9,9’-spirobifluorene
(Spiro-TTB)

Figure 6.22(a) shows the output characteristics of a 2,2°,7,7’-tetrakis-(N,N’-di-p-
methylphenylamino)-9,9’-spirobifluorene (Spiro-TTB) FET for a fresh sample measured in
ambient atmosphere and at RT. At low drain biases, a nonlinearity in the output
characteristics was observed, which can be attributed to the non-ohmic contacts between
Spiro-TTB and the gold electrodes. The maximum drain current at Vp = Vg = -60 V was
0.8 HA. In addition, Figure 6.22(b) shows the transfer characteristic of the same sample. The
hole mobilities measured in air were 3.2 x 10” cm?/Vs for saturation regime operation and 2.3
x 10° ¢cm?/Vs for linear regime operation. Along with the mobilities, the fitted threshold
voltages of +0.9 V and -7.5 V were obtained for saturation regime operation and for linear
regime operation. In contrast, the device turn on or turn off at +4 V. ON/OFF ratios of 1.5 x
10° (Vp =-20 V) and 1.8 x 10> (Vp = -60 V) can be obtained as the gate bias is being scanned
from +4 V to -60 V. Those values are one order of magnitude larger than those obtained for
TTB FETs, as described in the previous sub-chapter.

Figure 6.22(c) shows a typical set of drain current against drain bias at different gate
biases, measured in vacuum and at RT. The saturated drain current measured in vacuum was
38 % higher than that measured in air. In contrast, the saturated drain current of a TTB FET,
the corresponding parent compound of Spiro-TTB, increased by 100 % as the device is being
measured in vacuum. It is clear that a Spiro-TTB FET is more stable under operation in air
than a TTB FET. Moreover, the channel conductivities rise by factors of 4 x 10° (Vp = -20 V)
and 1 x 10° (Vp = -60 V) as the gate voltage is being swept from +7 V to -60 V. The switch-
on voltage was +7 V, which is higher than the values obtained for in air operation. The hole
mobilities were 4 x 10 cm?/Vs for linear regime operation and 5.9 x 10° cm?/Vs for

saturation regime operation, which are higher than the values obtained from measurement
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performed in air. On the other hand, the fitted threshold voltages extracted in the saturation

regime and linear regime were +2.8 V and -5.1 V, respectively.
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Figure 6.22.0utput and transfer characteristics of a Spiro-TTB FET, W =5 mm, L =10 um, C; = 17.3 nF/cm?.
(a).Output characteristics measured in air. The inset depicts the chemical structure of Spiro-TTB, (b).Transfer
characteristics measured in air, (¢).Output characteristics measured in vacuum and (d).Transfer characteristics

measured in vacuum. All measurements were performed after thermal evaporation of Spiro-TTB.

The mobility of holes in thin films of Spiro-TTB is higher than that in thin films of
TTB but lower than those in thin films of Spiro-TAD and Spiro-TPD. Interestingly, the
switch-on voltage of Spiro-TTB FETs is the largest among the FETs based on the materials
used in this study. This result can be understood from the HOMO level point of view. As
described previously in chapter 3, the HOMO level of Spiro-TTB exhibits the largest potential
barrier for charge injection among the materials investigated in this thesis with respect to the
work function of gold electrodes. Therefore, it was not surprising if Spiro-TTB FETs exhibit
large switch-on voltage, which means that large gate bias is then required to deplete the bulk
of the film. In other words, a large bias is required in order to bring the HOMO level of Spiro-
TTB and the Fermi level of gold electrode into equilibrium. Ideally, the HOMO level of the
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active material lies at the value of the work function of the electrode. Hence, zero bias is
required to turn the device on. Figure 6.23 shows the variation of field-effect mobility of
charge carriers in different devices. Devices with small ratios of the channel width to the
channel length (W/L) have slightly smaller mobility than ones with a high W/L. However, this

effect is not very pronounced.
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Figure 6.23.The field-effect mobility of charge carriers in Spiro-TTB thin films at different ratios of the channel
width to the channel length (W/L).

After the same sample was stored in ambient atmosphere and at RT for 4 months, the
characteristics of the same device were measured again. The results are shown in Figure 6.24.
It was found that the hole mobility decreased by 13 % for in vacuum operation and 21 % for
in air operation. The saturated drain current at Vg = Vp = -60 V decreased by 10 % measured
in air and 20 % measured in vacuum after the sample was stored at RT and in ambient
atmosphere for 4 months. The mobility of hole in Spiro-TTB FET is decreased by 31 % for
linear regime operation after the sample has been stored for 4 months. On the other hand, the
mobility of hole is decreased by 24 % for saturation regime operation.

The fitted threshold voltages extracted in the linear regime were +0.7 V for in air
operation and -5.7 V for in vacuum operation. O the other hand, the fitted threshold voltages
extracted in the saturation regime were +6.3 V for in air operation and +3.1 V for in vacuum
operation. The switch-on voltage was also shifted after 4 months from +7 V to +14 V for in
vacuum operation (Figure 6.24(d)) and from +4 V to +23 V for in air operation (Figure

6.24(b)). It was also found that the Vg, of Spiro-TTB is the largest among the investigated
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spiro-compounds. This effect could be probably attributed to the large trapped charges

concentration in thin films of Spiro-TTB.

Drain Current [HA]

0 -10 -20 -30 -40 -50 -60
Drain Voltage [V]
'1.0 T T T T T
© ]
< -08- VG =-60 V]|
=
€ .0.61
.
5
O -0.41
c
g 0.2
a e 0V,10V ;
10V
0.0' T T T T = T
0 -10 -20 -30 -40 -50 -60

Drain Voltage [V]

10-5 T T T T T T T T
1(b) Vp=-60 V.
<
5
O
C
[
a
10" ———
30 20 10 0 -10 -20 -30 -40 -50 -60

Gate Voltage [V]

Drain Current [A]

-13

E

30 20 10 0 -10 -20 -30 -40 -50 -60

Gate Voltage [V]

Figure 6.24.0Output and transfer characteristics of a Spiro-TTB FET, which was measured after the sample was

stored in ambient atmosphere and at RT for 4 months, W=5mm, L = 10 um, C; = 17.3 nF/cm®. (a).Output

characteristics measured in air, (b).Transfer characteristics measured in air, (c).Output characteristics measured

in vacuum, and (d).Transfer characteristics measured in vacuum.
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Figure 6.25.Hysteresis characteristics of a Spiro-TTB FET (W =2 mm, L = 5 pm, C; = 17.3 nF/cm®) measured at
RT and in air (a) and in vacuum (b). (c).Variation of the hole mobility of a Spiro-TTB thin film as a function of
gate bias at 294 K. The inset shows gate-voltage dependent mobility of TTB (from Figure 6.21(c)) and Spiro-
TTB based-field-effect transistors measured at 294 K.

The saturated drain current obtained from the transfer characteristic among the FETs
based on spiro-linked compounds are compared. For Spiro-TTB FET, the drain current
maximum (at Vp = Vg = -60 V) measured in vacuum was increased by 38 % with respect to
the measurement carried out in air, which is only ca. 10 % for Spiro-TAD or Spiro-TPD.
Furthermore, the hysteresis in the transfer characteristics was clearly observed, as displayed in
Figure 6.25(a) and 6.25(b). It did not only occur under operation in air but also under
operation in vacuum. Furthermore, Figure 6.25(c) shows the dependency of the field-effect
mobility in a Spiro-TTB thin film on the gate bias. The mobility in a Spiro-TTB FET is
linearly dependent on the gate bias. The mobility increases from 1.6 x 10™ cm?*/Vs at a gate
bias of -5 V) to 8.8 x 10™ cm?/Vs at a gate bias of -60 V. In contrast, the mobility of holes in a
TTB FET increases from very low values (7.2 x 10”7 ¢cm?/Vs at a gate bias of -5 V) to 1.8 x
10”° cm?/Vs at a gate bias of -60 V. In conclusion, the mobility of holes in a TTB thin film is
much lower than that in a Spiro-TTB thin film, as shown in the inset of Figure 6.25(c).

In the next discussion, the transistor data of Spiro-TTB from two different treatments
of the raw materials are presented. First, the Spiro-TTB was used after chemical purification.
Second, Spiro-TTB was used after chemical purification and with two additional thermal
sublimations. In order to make the analysis easier, both transistors used the same geometry
and the capacitance of the gate dielectric. In addition, the thickness of Spiro-TTB in both

devices was 130 nm. In this experiment, the channel length and channel width were 10 pm
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and 2 mm, respectively, and the capacitance per unit area of the gate dielectric was 17.3

nF/cm®.
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Figure 6.26.Output and transfer characteristics of Spiro-TTB FETs. Two Spiro-TTB FETs were fabricated. First,
transistor utilized chemical purified Spiro-TTB which used without additional thermal sublimation. Second,
transistor utilized Spiro-TTB with two additional thermal sublimations.

The transistor based on Spiro-TTB with two additional sublimations exhibited large
OFF current (current at zero gate bias). The ratio of OFF current between FETs based on
Spiro-TTB with two additional thermal sublimations and without thermal sublimation was 42
(see Figure 6.26(a)). At high gate biases (for instance Vg = -60 V), however, the drain current
of the transistor-based on Spiro-TTB with two additional thermal sublimations was only twice
higher than that without thermal sublimation. The transfer characteristics of the corresponding
films are shown in Figure 6.26(b). The switch-on voltage Vs, of the device based on Spiro-
TTB without thermal sublimation was around +2 V. In contrast, the Vg, of the device based on
Spiro-TTB with two additional thermal sublimations was around +24 V. Additionally, the
fitted threshold voltage is +2.7 V for device without thermal sublimation and is +21.2 V for
device based on Spiro-TTB with two additional thermal sublimations. However, the field-
effect mobility remains relatively unaffected, 2.25 x 10 c¢m?/Vs for device based on Spiro-
TTB without thermal sublimation and 3.05 x 10” ¢cm?/Vs for device based on Spiro-TTB with
two additional thermal sublimations. The shift of the fitted threshold voltage or the switch on
voltage can be originated by material defects in Spiro-TTB with two additional thermal
sublimations. The sublimation was carried out in high vacuum and at temperatures higher
than the T,. Therefore, after the process the material is probably changed, in which Spiro-

TTB is possibly not pure anymore.
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6.7.  N,N’-Diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (a-NPB)

The output and transfer characteristics of an a-NPB FET measured in air and in
vacuum is shown in Figure 6.27. Figure 6.27(a) and 6.27(b) show the output and transfer
characteristics of an o-NPB FET measured in air and at RT. The saturated drain current
measured in air was 0.49 pA. ON/OFF ratios of 7.7 x 10* (Vp = -20 V) and 2.5 x 10° (Vp =
-60 V) were obtained as the gate bias is being swept from 0 V to -60 V. The hole mobility in
a-NPB thin film extracted in the linear regime was 2.4 x 10° c¢cm®/Vs. In the saturation
regime, the hole mobility is slightly higher than that extracted in the linear regime. A mobility
value of 4.1 x 107 cm?/Vs and a fitted threshold voltage of -6.7 V can be obtained. However,

the device turns on or off at -4 V.

Figure 6.27(c) shows the output characteristics measured in vacuum and at RT. The
saturated drain current increased by 53 % with respect to the measurement carried out in air.
Figure 6.27(d) clearly shows that the OFF current of a-NPB FET measured in vacuum (loge
~0.2 nA) was higher than the values measured in air (lopgr ~2 pA). As a result, the
measurements performed in vacuum gave ON/OFF ratios of 1.4 x 10° (Vp = -20 V) and 3.5 x
10° (Vp = -60 V) as the gate bias is being scanned from 0 V to -60 V, which are lower than the
values measured in air. This result implies that even if the sample was stored in a continuous
evacuated chamber for 24 hours, the aging of the corresponding thin films could not be
prohibited. Moreover, it is possible that device aging already takes place after the deposition
of 0-NPB. The hole mobilities were 3.5 x 10” ¢cm?/Vs for linear regime operation and 6.1 x
10° cm?/Vs for saturation regime operation. The fitted threshold voltage extracted in the

saturation regime was -4.4 V.

Von Malm [102] previously reported that the field-effect mobility of holes in an a-
NPB thin film utilizing a bottom-contact field-effect transistor was 4.58 x 10~ cm?/Vs (W =
20 cm, L = 5 um, C; = 15 nF/cmz). Therefore, this result agrees very well with the results
obtained in this experiment. Other results were also reported by other groups by means of
TOF techniques, bottom-contact FET methods and transient electroluminescence
measurements. Chen et.al measured the hole mobility in thin films of a-NPB by utilizing
TOF methods with a-NPB thickness of 1 pm and at an electric field of 10° V/cm [103]. They
reported a mobility of 5.1 x 10™* cm?®/Vs. Sizuka et al. also reported the field-effect mobility
of hole in o-NPB thin films using a bottom-contact FET (W = 116 mm, L =

100 pm, C; = 17.3 nF/cm?) and the temperature of substrate during thermal evaporation was
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kept constant at 80 °C [104]. A hole mobility of 9.3 x 10™* cm?/Vs was reported. This value is
in contrast with the values obtained in this thesis. The difference in mobility values is caused
by different substrate temperature during thermal evaporation at which the substrate
temperature in this experiment was 25 °C. On the other hand, the hole mobility values
obtained from the FET technique is one order of magnitude lower than the values obtained
from the TOF technique. Kovac et al. utilized transient electroluminescence (TEL)
measurements to extract the hole mobility in a-NPB thin films [105]. They found a mobility
of (1 — 3) x 10 ¢cm?/Vs, which is similar to the values obtained from the TOF technique.

Table 6.3 displays the hole mobilities in a-NPB thin films extracted from the TOF and FET

techniques.
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Figure 6.27.Output and transfer characteristics of an a-NPB FET, W = 2 mm, L = 5 pm, C; = 17.3 nF/cm.
(a).Output characteristics measured in air. The inset depicts the chemical structure of a-NPB, (b).Transfer

characteristics measured in air, (c).Output characteristics measured in vacuum, and (d). Transfer characteristics

measured in vacuum.
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Table 6.3.Hole mobilities in a-NPB thin films extracted from the FET, TOF and TEL techniques.

Device and Material Field-effect mobility p Reference
[cm?®/Vs]
FET o-NPB 4.58 x 107 102
TOF o-NPB 5.1x10™ 103
FET o-NPB 9.3 x 10" 104
FET o-NPB (4-6)x10° This Work
TEL o-NPB (1-3)x10* 105
-6.0x10”7 @ : ; ; , -9.0x10 )
< <
= -4.0x1071 g -6.0x10"
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Figure 6.28 . Hysteresis characteristics of an a-NPB FET (W =2 mm, L = 5 pm, C; = 17.3 nF/cm”) measured at

RT and in air (a) and in vacuum (b). (c).Variation of the hole mobility of an o-NPB thin film as a function of

gate bias at 294 K.

Figure 6.28(a) and 6.28(b) show the transfer characteristic of an a-NPB FET measured

in air and in vacuum, respectively. The drain current is clearly dependent on the environment,

where measurement performed in vacuum exhibited higher drain current than that performed

in air. The measurements performed in air involve moisture, which acts as a trap, and thus
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limits the current between the source and drain electrodes. Figure 6.28(c) shows the variation
of the field-effect mobility in an a-NPB thin film for different gate biases. A variation of the
hole mobility in the range of one order of magnitude was obtained as the gate bias is being
scanned from -5 V to -60 V. The variation of the mobility value in a-NPB films for varying
gate voltages is the smallest value among the corresponding parent compounds. The mobility

increases from 5 x 10° cm?/Vs at a gate bias of -5 V to 8 x 10° ¢cm?/Vs at a gate bias of

-60 V.

6.8. 2,2°,7,7’-Tetra-(N-phenyl-1-naphthylamine)-9,9’-spirobifluorene (Spiro a-NPB)

Figure 6.29 and 6.30 show the output and transfer characteristics of a Spiro a-NPB
FET for a fresh sample and after the sample was stored in ambient atmosphere and at RT for 3
months. At low drain biases (Vp < -5 V), a nonlinear behavior of the drain currents versus
drain bias was observed, which could be attributed to the non-ohmic contacts behavior
between the gold electrodes and Spiro a-NPB. There is a potential barrier (~0.1 eV) for
charge injection from the gold electrodes to Spiro a-NPB. However, the field-effect mobility
of holes measured upon exposure to air were 1.5 x 10” ¢cm?/Vs extracted in the linear regime
and 2.9 x 10” cm?/Vs extracted in the saturation regime. The fitted threshold voltages were
-8.6 V for linear regime operation and -4.2 V for saturation regime operation. In contrast, the
switch-on voltage of the device was 0 V, as shown in Figure 6.29(b). Moreover, ON/OFF
ratios of typically 6.4 x 10* for Vp = -20 V and 1.8 x 10° for Vp = -60 V can be obtained from

the transfer characteristics when the Vg is being scanned from 0 V to -60 V.
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Figure 6.29.0utput and transfer characteristics of a Spiro a-NPB FET, W= 5 mm, L = 10 pm, C; = 19.9 nF/em?.
(a).Output characteristics measured in air. The inset depicts the chemical structure of Spiro a-NPB, (b).Transfer
characteristics measured in air, (¢).Output characteristics measured in vacuum and (d).Transfer characteristics

measured in vacuum. All measurements were performed after thermal evaporation of Spiro a-NPB.

Figure 6.29(c) and 6.29(d) show the output and transfer characteristics measured in
vacuum and at RT. The saturated drain current measured in vacuum was 30 % higher than the
values measured in air. The fitted threshold voltage was -10.4 V extracted in the linear regime
and -4.2 V extracted in the saturation regime. Hole mobilities were 2.55 x 10” cm?*/Vs
extracted in the linear regime and 4.3 x 10” ¢cm?/Vs extracted in the saturation regime. These
values were higher that those values obtained from the measurement performed in air.
Comparing the measurement performed in air and under vacuum, the ON/OFF ratios of
device measured in vacuum increased to 1.1 x 10° for Vp = -20 V and 2.6 x 10° for Vp =

-60 V as the gate bias is being swept from 0 V to -60 V.
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Figure 6.30.0Output and transfer characteristics of a Spiro a-NPB FET, which was measured after the sample was
stored in ambient atmosphere for 3 months, W =5 mm, L = 10 pm, C; = 19.9 nF/cm?. (a).Output characteristics
measured in air, (b).Transfer characteristics measured in air, (¢).Output characteristics measured in vacuum, and

(d).Transfer characteristics measured in vacuum.

The same device was then stored at RT and in ambient atmosphere for 3 months. After
that, the transistor characteristics were measured again. It was found that after 3 months the
saturated drain current decreased by 11 % and the hole mobility decreased by 4 %. Spiro a-
NPB thin films were relatively stable under operation in air and not influenced by moisture.
These results are similar with the results obtained for Spiro-TAD or Spiro-TPD transistors in
which the hole mobility decreased by ca.2 % after the sample was stored in ambient
atmosphere and at RT for 9 months. On the other hand, the transistor turns on at 0 V and
slightly shifts toward positive bias after 3 months (Vs = 1 - 2 V). Similar result were also
obtained for the fitted threshold voltage, which shifts from -4.2 V to -4.8 V for in air
operation, after the sample was stored for 3 months in ambient atmosphere and at RT.
Moreover, ON/OFF ratios of 5 x 10* for Vp = 20V and 2 x 10° for Vp = -60 V can be
obtained as the gate bias is being scanned from +1 V to -60 V and measured in air. The
measurement carried out in vacuum gave ON/OFF ratios of 7.2 x 10* for Vp=-20V and 1.9
x 10° for Vp = -60 V as the gate bias is being swept from +2 V to -60 V, which are lower than
those measured for a fresh device.

Figure 6.31(a) and 6.31(b) show the hysteresis in the transfer characteristics of a Spiro
a-NPB FET measured in vacuum and in air. The drain current maximum measured in vacuum
was 50% higher than the values measured in air. Furthermore, Figure 6.31(c) shows the
dependency of the field-effect mobility on the geometry of devices. It is clear that the field-
effect mobility of holes is not influenced by the geometry of devices as also observed for
other spiro-linked compounds. Figure 6.32 shows the dependency of the field-effect mobility
in a Spiro a-NPB thin film on the gate bias. The mobility of hole in Spiro a-NPB FET was
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linearly dependent on the gate bias. Moreover, the mobility of hole in a-NPB thin films is
higher than that in Spiro a-NPB thin films, as shown in the inset of Figure 6.32. For Spiro a-
NPB, the mobility increases from 4.3 x 10° cm?/Vs at Vg = -5 V to 3 x 107 cm?/Vs at Vg =
-60 V. In contrast, the mobility increases from 5 x 10°cm?/Vs at Vg = -5 V to 8 x 10”° cm*/Vs
at Vg =-60 V for a-NPB FETs.
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Figure 6.31.Hysteresis characteristics of a Spiro a-NPB FET (W = 3 mm, L = 10 um, C; = 19.9 nF/cm?)
measured at RT and in air (a) and in vacuum (b). (c).The field-effect mobility of charge carriers in Spiro a-NPB

thin films at different ratios of the channel width to the channel length (W/L).
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Figure 6.32.Variation of the hole mobility of a Spiro a-NPB thin film as a function of gate bias at 294 K. The

inset shows gate-voltage dependent mobility of a-NPB (from Figure 6.28(c)) and Spiro-TTB based-field-effect
transistors measured at 294 K.

6.9.  The Influence of a methyl group in symmetrically spiro-linked compounds

In the last section of this chapter, the influence of methyl group on para or meta
positions in spiro-linked compounds is presented. Three materials were used, namely Spiro-
TAD, Spiro-TPD, and Spiro-TTB. In order to compare their charge transport, the same
geometry of the FETs was used. The channel width was 3 mm and the channel length was
5 Mm. In addition, all devices have the same capacitance of the gate dielectric.

At low drain biases, Spiro-TAD transistors exhibited a near ohmic contact with the
gold electrodes. On the contrary, Spiro-TPD and Spiro-TTB showed a nonlinear behavior
especially at drain biases of lower than -5 V, as shown in Figure 6.33. This behavior can be
explained by utilizing the metal-semiconductor theory, which is adopted from conventional

MOSFET theory. The HOMO level of Spiro-TAD, Spiro-TPD, and Spiro-TTB laid at
-5.00 eV, -4.97 eV, and -4.875 eV.



Chapter 6 Field-Effect Mobility of Charge Carriers in Thin Films of Low Molecular Amorphous Materials 122

-400 — : : : -150 — :
(a) ——Spiro-TAD (b) +Sp!ro-TAD
—_ Spiro-TPD Vg=-40V —— zp!ro—TPD
,,,,,, iro- —_— —a— Spiro-TTB
.<E(, -3004 Spiro-TTB <
- £.-100
5 -30V =
= g
£ -200- =
O O
= — 20V = 504
S -100- 3
[a] [a)
7777777777777777777777 -10Vv
0= ‘ ‘ i oV 01 , . . ; ; .
0 -5 -10_ -5 20 -25 -30 0 5 10 -15 -20 -25 -30
Drain Voltage [V] Drain Voltage [V]

Figure 6.33.(a).Output characteristics of Spiro-TAD, Spiro-TPD, and Spiro-TTB transistors with a channel
length of 5 pm and a channel width of 3 mm. All devices have the same capacitance per unit area of the gate

dielectric. (b).The output characteristic was plotted only at a gate bias of -20 V.

Figure 6.34 shows the visualization of the energy *“band” diagrams of the gold
electrodes-spiro-linked compounds contacts. In this context, the smallest potential barrier
(~ 0.1 eV) is obtained for charge injection from the gold electrodes to Spiro-TAD. In contrast,
Spiro-TTB builds a potential barrier of 0.225 eV for charge injection with respect to the gold
electrodes, which is the largest potential barrier for charge injection among the spiro-linked
compounds. Therefore, the charge injection between the gold electrodes and Spiro-TAD is
more efficient than that between the gold electrodes and Spiro-TPD or Spiro-TTB.
Introducing methyl groups either in para or meta positions will decrease the HOMO level of
the corresponding compounds with respect to the vacuum level. However, a relative large
potential barrier will exist with respect to the work function of the gold electrode. A potential
barrier between the metal and the active material does not solely determine the current
injection. A nonlinear behavior in the output characteristics of a FET was also reported by
CNRS group (France). They addressed the effects of the non-ohmic contacts to a series
resistance between the organic layer and the gold contacts [23]. On the other hand, ultraviolet
photoelectron spectroscopy (UPS) study revealed the existence of electron and hole barriers
for several materials [106,107]. These barriers can be attributed to a dipole layer between the
metal electrode and the first layer of the active materials. Consequently, the charge injection
will be limited. However, the nonlinearity in the output characteristics is not fully understood

yet.
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Figure 6.34.Visualization of the energy ““band” diagrams of Metal-Semiconductor contacts.

6.10. Summary of chapter 6

The hole mobilities in TAD, TPD, TTB, a-NPB, Spiro-TAD, Spiro-TPD, Spiro-TTB,
and Spiro o-NPB thin films have been extracted by utilizing field-effect transistors methods.
Table 6.4 shows the average values of the hole mobilities in corresponding thin films
extracted in the linear regime and in the saturation regime. The measurements were also
performed in air and in vacuum. The hole mobilities in the linear regime are slightly lower
than the values measured in the saturation regime. Moreover, the hole mobilities measured in
vacuum are larger than those measured upon exposure to air. It indicates that oxygen or
moisture acts as a dopant, prohibiting the hopping transport of positive charges, which form

radical cations when sitting on a molecule.

The hole mobilities in thin films of Spiro-TAD and Spiro TTB are higher than the hole
mobilities in their corresponding parent compound TAD and TTB. In contrast, the hole
mobilities in TPD and a-NPB thin films are higher than the hole mobilities in Spiro-TPD and
Spiro a-NPB. However, the field-effect mobilities of charge carriers in spiro-linked
compounds and their corresponding parent compounds are in the same order of magnitude
(~10” cm?/Vs). Spiro-linked compounds have formed morphologically very stable thin
amorphous films. Moreover, the hole mobilities in these thin films did not significantly
change after the samples were stored in ambient atmosphere and at RT up to nine months. In
contrast, the hole mobilities in thin films of the corresponding parent compounds decreased
with increasing time of exposure to air as well as when the samples were kept under vacuum,
resulting in a complete loss of FET performance. In conclusion, the introduction of a spiro

center between two identical hole transport moieties strongly improves the thermal stability of
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the amorphous state, without substantially changing the mobilities of positive charges.

Despite the mobilities of charge carrier of both classes being in the same order of magnitude,

spiro-linked compounds thin film transistors are more stable under operation in air than thin

film transistors based on their corresponding parent compounds.

Table 6.4.Hole mobilities in hole transporters extracted from FET measurements.

Material Hole Mobility Hole Mobility Hole Mobility Hole Mobility Stability
Linear regime, Saturation regime, Linear regime, Saturation regime,
in air in air in vacuum in vacuum
[10° cm?/Vs] [10° em?/Vs] [10° cm?/Vs] [10° cm?/Vs]

Not stable in air,

transistor effect
vanished after 175
TAD 1.7 4.4 2.9 6.7 hours stored under

vacuum

Stable in air up to
iro-TAD ) ) 4 9 months, mobility
Spiro 3.3 3.7 7 decreased by 2 %

Stable in air for

TPD 5.6 7.4 6.3 8.5 One week

Stable in air up to
Spiro-TPD 2.5 5.2 3.7 7 9 months, mobility
p decreased by 3 %

TTB 0.63 1.12 1.4 1.8 Not stable in air
Stable in air up to
Spiro-TTB 2.3 3.2 4 5.9 4 months, mobility
p decreased by 13 %

a-NPB 24 4.1 3.5 6.1 Not stable in air
Stable in air up to
Spiro a-NPB 1.5 2.9 2.55 4.3 3 months, mobility

decreased by 4 %
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Chapter 7
Temperature-Dependence in

Low Molecular Amorphous Thin Films

In this chapter, the characteristic features of temperature dependent behavior for all
materials used in this study are presented. The materials used in this study are amorphous, as
described in chapter 5. However, the mobility value of charge carriers in amorphous materials
obtained from field-effect transistor methods is too small to be described by band transport.
Hence, it has been generally accepted that the charge transport takes place by hopping
between localized states. As presented in the previous chapters, the materials used in this
study are p-type semiconductors. Consequently, the charge transport is governed by positive
charges (holes), which form radical cations when located on a molecule. Generally, hole or
electron transport occurs by the transfer of charges from states associated with the donor or
acceptor functionalities. For hole transport, molecules (or polymers) are initially positively
charged (radical cation). Under an applied electric field, neutral molecules will transfer
electrons to the radical cation, this process results in the motion of positive charge. This
occurs only if the molecules behave donor-like in their neutral state. For electron transport,
electrons are displaced from the anion radicals to neutral molecules, which require that the
functionalities be acceptor-like in the neutral state [59].

A few models have been proposed to explain temperature and electric dependencies of
the mobility of charge carriers in amorphous materials, which include the Arrhenius model
[58] and the Gaussian disorder formulism [52,59]. First, the Arrhenius model describes the
hopping transport as resulting from a single level of traps or an activation energy arising from
polaron relaxation and is described by the expression in equation 2.24 [58]. Second, the
Gaussian disorder (GD) model or Béssler model uses the notion that both the energy levels
and intersite distance of the transport sites are subject to a distribution in an amorphous solid
medium. The authors assume a Gaussian distribution for both the energetic and the positional
disorder supported by the fact that the absorption profiles of amorphous materials generally

feature Gaussian line shapes. Monte Carlo simulations are based on the Miller-Abrahams
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jump rates of hopping process from within a Gaussian distribution of localized states, which
results in equation 2.18.

In this chapter, hysteresis in the transfer characteristics is defined as the difference in
the current-bias curve, when during a measurement the bias (gate or drain bias) is swept from
OFF state (low bias) to ON state (high bias), the advancing curve, and vice versa, the
receding curve. The transfer curve presented here was swept from ON state to OFF state

(dotted line), advancing curve, and vice versa (solid line), receding curve.

7.1.  N,N,N’,N’-Tetraphenylbenzidine (TAD)

N,N,N’,N’-Tetraphenylbenzidine (TAD) thin films showed a lack of morphological
stability as presented previously in chapter 5 so that it significantly influences the transistor
performances. Figure 7.1(a) shows the hysteresis in the transfer curves of a TAD field-effect
transistor (FET) measured in vacuum and at different temperatures, whereas the drain bias
was kept constant at -60 V. It has been shown in Figure 7.1(a) that the magnitude of the
hysteresis strongly decreases with decreasing temperature, so only at relatively high
temperatures the measurements will be negatively affected. The hysteresis of the curve
measured near room temperatures (RT) was small and the hysteresis was completely absent at
lower temperatures. This is probably due to the number of charge carriers obtained between
the advancing and the receding curve being similar. In contrast, the hysteresis was clearly
observed at high temperatures, which could be attributed to the fact that the number of charge
carriers from the receding measurement (dotted lines) is smaller than the values obtained from
the advancing measurement (solid lines). Some possible causes are charge trapping at the
interface between the active layer and the SiO,-gate dielectric layer [108,109], defect sites in
the active layer [110,111], oxygen and water vapor [94,95]. However, the origin of this effect
is not understood at this time and is a very interesting subject for further studies, especially
from the application point of view.

Along with the hysteresis in the transfer characteristics, the fitted threshold voltages
shift towards small bias with increasing temperatures, as shown in Figure 7.1(b). Similar
results were also observed for FETs based on pentacene, quaterthiophene, and sexithiophene
[112,113]. The threshold voltage in organic transistors is indicative of the trap density. When
the magnitude of trapped charge is high, the threshold voltage is large in magnitude and when

the extent of trapping is low, the threshold voltages and changes in threshold voltage with
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temperature are relative small [114]. Figure 7.1(b) shows that the threshold voltages shift
towards small bias with increasing temperature. It implies that the charge transport is
thermally activated. As the temperature is increased, the charges have more thermal energy to
hop from one molecule to the next. Therefore, the number of trapped charges also gets lower
with increasing temperature. This agrees with the shift of the threshold voltage towards small

bias with increasing temperature, as shown in Figure 7.1(b).
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Figure 7.1.(a).Hysteresis characteristics of a TAD FET measured at different temperatures. The drain bias was
kept constant at -60 V. The inset shows the chemical structure of TAD. (b).The fitted threshold voltages are

linearly plotted against temperatures.

Figure 7.2(a) and 7.2(b) show the mobility of charge carriers in TAD thin films as a
function of temperature. The dependency of the field-effect mobility on the temperatures is
shown in two representations, namely a reciprocal of temperature in the Arrhenius
representation and an inverse square of temperature in the GD Model. The Arrhenius model
fits the data better than the GD model, as indicated by standard deviation of the fitting. The
standard deviation of the fitting for the Arrhenius model is 0.02. In contrast, the standard
deviation of the fitting for the GD model is 0.05. Furthermore, the residual values, which are
defined as the difference between the experimental data and the fitted line, are also displayed
in Figure 7.2(c) and 7.2(d). The fluctuation of the residual values in the Arrhenius model is
smaller than the fluctuation in the GD model. Furthermore, prefactor mobilities of 7.6 x107
cm?/Vs and 4.4 x 107 cm?/Vs were obtained from the Arrhenius and the GD Model,
respectively. The Arrhenius plot yields an activation energy for the hole mobility of 0.22 eV,
which corresponds to shallow trapping sites. The relation between the activation energy E,
and the width of the energetic disorder distribution ¢ is given by equation 2.21 [52]. If the

value of the activation energy is inserted in equation 2.21, a value of 0.080 eV was obtained
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for . On the other hand, the GD model gave a width of the energetic disorder distribution o
0f 0.077 eV, which has a corresponding 7, of 596 K (7, = 26/3k). The o values obtained from
both methods gave a difference of 0.003 eV, which is a very small value and can be
neglected. From the GD model, an E, value of 0.203 eV was obtained, which is 0.017 eV

lower than the value obtained from the Arrhenius model.
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Figure 7.2.Field-effect mobilities of charge carriers in a TAD thin film against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (c) the inverse of the temperature, and (d) the inverse square of the temperature.

Figure 7.3 shows the gate bias dependence of the field-effect mobility in a TAD FET
at different temperatures. The mobilities were calculated as described previously in chapter 2.
The dependence of the field-effect mobility on the gate bias was quasi-linear for different
temperatures. When the data, as shown in Figure 7.3, is fitted to u(¥s) o const. x V", then it
yields A of 0.68 £ 0.05, 0.94 £ 0.02, 1.03 £ 0.01, and 1.11 £ 0.01 for 241 K, 275K, 294 K,
and 326 K, respectively. The coefficient A describes how fast the mobility increases with
increasing gate bias. If A is large, the mobility strongly depends on the gate bias. On the other
hand, if A is small, it implies that the mobility is weakly dependent on the gate bias. As shown
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in Figure 7.3, the A values increase with increasing temperature. This implies that at low
temperatures the mobility of holes is weakly gate dependent with respect to the mobility at
high temperatures. At low temperatures, the weak gate dependence of the mobility is due to
low thermal energy for charge carriers to hop from one molecule to the adjacent. As a result,
the mobility is weakly dependent on the gate bias and a high threshold voltage is obtained at

low temperatures.
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Figure 7.3.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a TAD FET
(W=2mm, L =5 um, C; =17.3 nF/em®). The curve is plotted as a function of the gate bias for various

temperatures (T =241 K, 275 K, 294 K, 326 K).

7.2. 2,2°,1,7’-Tetrakis-(diphenylamino)-9,9’-spirobifluorene (Spiro-TAD)

Figure 7.4 (a) shows the hysteresis in the transfer characteristics of a Spiro-TAD FET
measured in vacuum and at different temperatures. The magnitude of hysteresis in the transfer
characteristics was clearly observed with increasing temperature. The fitted threshold voltage
also increases toward positive bias with increasing temperature, as shown in Figure 7.4(b).
Both effects have been described in the previous sub-chapter. Figure 7.5(a) and 7.5(b)
represent the field-effect mobilities presented in the Arrhenius and the GD model,
respectively. The fitted line in Figure 7.5(a) and 7.5(b) satisfy the corresponding model, the
Arrhenius and the GD model, quite well. However, the fitted line in the Arrhenius model is
better than that in the GD model. The standard deviation of the fitting in the Arrhenius model
is 0.03 and is 0.13 in the GD model. Moreover, Figure 7.5(c) and 7.5(d) represent the residual

values plotted against 1/T and 1/T?, respectively. The fluctuation of the residual values in the
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Arrhenius model is more distributed around the middle (residual value = 0) than that in the

GD model.
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Figure 7.4.(a).Hysteresis characteristics of a Spiro-TAD FET measured at different temperatures. The drain bias
was kept constant at -60 V. The inset shows the chemical structure of Spiro-TAD. (b).The fitted threshold

voltages are linearly plotted against temperature.

The Arrhenius model gave a prefactor mobility u, of 4.0 x107 cm?/Vsand an
activation energy of 0.110 eV. If equation 2.21 was used, a value of g, = 0.057 eV was
obtained. The notation o, and o, denote the width of the energetic disorder distribution
obtained from the Arrhenius and the GD model, respectively. On the other hand, the GD
model gave a prefactor mobility of 4.0 x 10 cm?/Vs and a 044 0f 0.057 eV (T, = 441 K). If
the oy is inserted in equation 2.21, the activation energy of 0.111 eV was obtained, which
agrees very well with the values obtained from the Arrhenius model. These values were lower
than the values obtained from the TOF technique, as reported by Bach et al. [73]. A prefactor
mobility of 1.6 x 10? ¢m?/Vs and a width of Gaussian distribution o of 0.080 eV were
reported. The u, obtained from the TOF technique is 1 — 2 orders of magnitude higher than
that obtained from the FET technique. Moreover, the width of density of states (DOS)
obtained from the TOF technique is also higher than that obtained from the FET method.
However, the origin of this discrepancy is not understood at this time. Additionally, a similar
spiro-compound, namely 2,2°,7,7’-tetrakis-(N, N-di-p-methoxyphenylamino)-9,9’-spirobi-
fluorene (Spiro-OMeTAD) has a prefactor mobility of 4.7 x 10%cm*/Vs and an energetic
disorder of 0.101 eV [89].
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Figure 7.5.Field-effect mobilities of charge carriers in a Spiro-TAD thin film against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (c) the inverse of the temperature, and (d) the inverse square of the temperature.

The field effect mobilities of charge carriers in thin films of TAD and Spiro-TAD
were already presented. First, in the Arrhenius models the prefactor mobility of both materials
is different by a factor of 19. The prefactor mobility of TAD is higher than that of Spiro-TAD.
Second, the activation energy of Spiro-TAD is exactly a half of the activation energy of TAD.
On the contrary, the width of DOS of TAD is much larger than that of Spiro-TAD. It can be
understood that the width of DOS describes the fluctuation of hopping site energy. Moreover,
it arises from the superposition between intermolecular and intramolecular contributions
[52,115]. Intermolecular contribution arises from the fluctuation of polarization energy due to
charge-dipole and Van-der-Waals interactions. In contrast, intramolecular contribution arises
from the variation of the molecular geometry due to bond rotation. As a result, the difference
in the variation of molecular geometry may also lead to the difference in the fluctuation of the
polarization energy. Therefore, the variation of the molecular geometry of Spiro-TAD is
probably smaller than TAD or TPD due to the rigid structure of the spiro-linked compound. It

suggests that decreasing the variation of molecular geometry by restricting the internal
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rotation or by increasing the symmetry of the compound results in the decrease of the width of
the DOS like what we obtained for spiro-linked compound. However, the field-effect
mobilities of charge carriers in both thin films are in the same order of magnitude. This
implies that the spiro junction does not significantly influence the effective mobility, but
rather gives a narrow DOS caused by two perpendicular TAD molecules linked by a spiro
center. It is well known that the DOS is determined by dipole moments of constituents.
Furthermore, the prefactor mobility is also dependent on the dipole moment of the molecules

which decreases with increasing dipole moment.
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Figure 7.6.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a Spiro-TAD
FET (W =2 mm, L = 10 um, C; = 19.9 nF/cm?). The curve is plotted as a function of the gate bias for various
temperatures (T =225 K, 275 K, 325 K, 375 K).

Figure 7.6 shows the gate bias dependence of the field-effect mobility in a Spiro-TAD
FET at different temperatures. At |Vg| < 40 V, the dependence of the field-effect mobility on
the gate bias was quasi-linear for different temperatures. However, the mobility goes over to a
super-linear increase for |V > 40 V. It can be understood by observing the output
characteristic of the corresponding transistors, as shown previously in chapter 6. At large gate
biases and at a given drain bias (for instance Vp = -10 V), the transconductance g, (see
equation 2.13) was small because the drain current saturated. This is due to non-ohmic contact
behavior between the materials and the gold electrodes. As a result, the mobility is large as
the g,, is small according to equation 2.14. When the data (for |V < 40 V) in Figure 7.6 is
fitted to u(Vs) o const. X VGL, then it yields A = 1.30 £ 0.04, 1.70 £ 0.05, 1.87 + 0.04, and
1.82 £ 0.01 for 225 K, 275 K, 325 K, and 375 K, respectively. The coefficient A decreased at

a temperature of 375 K, which can be possibly caused by a dynamic process in thin films near
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the glass temperature (T,) of Spiro-TAD. The coefficient A obtained for Spiro-TAD is slightly
higher than that obtained for TAD. This implies that the mobility of hole in Spiro-TAD is
stronger dependent on the gate bias than that in TAD.

7.3.  N-N’-Bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD)

Figure 7.7(a) shows the transfer characteristics of a TPD FET measured at different
temperatures. No hysteresis has been observed. The fitted threshold voltage was also linearly
plotted against temperature, as shown in Figure 7.7(b). The fitted threshold voltage change in
field-effect transistors (FETs) of TPD is smaller than those in FETs of TAD and Spiro-TAD.
This implies a small bias is required, especially at high temperatures, to fill the lower-lying
state of the active layers. Furthermore, Figure 7.8 shows the field-effect mobilities of charge
carriers are plotted in the Arrhenius and the GD model, whereas the fitting in the Arrhenius
model was better than that in the GD model. The standard deviation of the fitting for the
Arrhenius model is 0.5 and is 1.0 for the GD model. In addition, the fluctuation of the residual
values in the Arrhenius model is smaller than that in the GD model, as shown in Figure 7.8(c)
and 7.8(d). Prefactor mobilities of 8.0 x 10™* cm?/Vs and 2.0 x 10™* cm?/Vs were obtained
from the Arrhenius and the GD model, respectively. A width of DOS of 0.045eV (7, =
348 K) was obtained from the GD model, which is the smallest DOS in thin films of low
molecular amorphous. In contrast, the width of DOS obtained from the TOF technique gave a
value of 0.077 eV [87,92]. Additionally, the width of DOS obtained for TPD is smaller than
that obtained for TAD. The temperature dependence of the mobility follows an Arrhenius-like
law with an apparent activation energy of 0.057 eV, which is much lower than the value
obtained from the TOF technique (E, = 0.120 eV) [91]. The origin of discrepancies in both

models is not fully understood.



Chapter 7 Temperature-Dependence in Low Molecular Amorphous Thin Films 134

-8,0X10-7 T T T T T 10 T T T T T T
(@ H3C© ©0H3 > (b)
<]
— 7 325K, g sl
<-6.0x10 NI ) £
% > -0 —g m—N
= 7 3 0- o mn-ummEH
S -4.0x10 " 4 =
2 3
.% £
= -7 | -5
A -2.0x10 g
=
0 -10 -20 -30 -40 -50 -60 200 220 240 260 280 300 320 340

Gate Voltage [V] Temperature [K]

Figure 7.7.(a).Hysteresis characteristics of a TPD FET measured at different temperatures. The drain bias was
kept constant at -60 V. The inset shows the chemical structure of TPD. (b).The fitted threshold voltages are

linearly plotted against temperature.
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Figure 7.8.Field-effect mobilities of charge carriers in a TPD thin film against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (¢) the inverse of the temperature, and (d) the inverse square of the temperature.
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Figure 7.9.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a TPD FET (W
=2 mm, L =10 um, C; = 19.9 nF/cm?®). The curve is plotted as a function of the gate bias for various

temperatures (T =225 K, 275 K, 294 K, and 325 K).

Figure 7.9 shows the gate bias dependence of the field-effect mobility in a TPD FET at
different temperatures. The dependence of the field-effect mobility at |V < 30 V was quasi-
linear for different temperatures. In contrast, the mobility is a super-linear increase for |Vg| >
30 V. This result is similar with the result obtained for Spiro-TAD. The origin of this effect is
due to a non-ohmic contact between TPD and the gold electrodes, resulting in saturation of
drain current at high gate biases and at a given drain bias (Vp = -10 V). When the data (for
|Vs| < 30 V), as shown in Figure 7.9, is fitted to u(Vs) o const. x V", then it yields A = 1.58
+0.03, 1.79 £ 0.03, 1.75 £ 0.02, and 1.63 + 0.01 for 225 K, 275 K, 294 K, and 325 K,
respectively. The coefficient A was also decreased at a temperature of 325 K which can be
attributed to dynamic process in thin films near the T, of TPD (T, = 333 K). The coefficient A
obtained for TPD is larger than that obtained for TAD. This result indicates that the mobility
of charge carriers in thin films of TPD is stronger dependent on the gate-induced charge

density than that in thin films of TAD.

7.4.  2,2°,7,7-Tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-TPD)

Figure 7.10(a) shows the hysteresis in the transfer characteristic of a Spiro-TPD FET
measured at different temperatures, T = 200 K, 250 K, 298 K, 350 K, and 400 K. The
hysteresis was clearly observed at high temperatures. Figure 7.10(b) shows the fitted

threshold voltage was plotted against temperature. The fitted threshold voltage also increases
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with increasing temperature, which is similar with the results obtained for TAD, Spiro-TAD,
and TPD. However, the fitted threshold voltage change (between +1 V and +5 V) in the
range of 200 K and 400 K was smaller with respect to the results obtained for Spiro-TAD
(between -8V and +7 V) and TAD (between -8 V and +1 V). In contrast, this result was
higher than that obtained for FETs based on TPD, which the threshold voltage change was
between 0 V and +2 V. Furthermore, Figure 7.11(a) and 7.11(b) shows the field-effect
mobilities of charge carriers are plotted in the Arrhenius and the GD model. The Arrhenius
model fits the date better than the GD model. The standard deviation of the fitting for the
Arrhenius model was 0.3. In contrast, the standard deviation of the fitting for the GD model
was 1.4. Figure 7.11(c) and 7.11(d) represent the residual values plotted against 1/T and 1/T°.
The fluctuation of the residual values in the Arrhenius model is smaller than that in the GD
model. Prefactor mobilities of 8.0 x 10™* cm?/Vs and 2.0 x 10™* cm?/Vs were obtained from
the Arrhenius and the GD model, respectively. However, the width of DOS was 0.051 eV,
which is similar with the result obtained for TPD (¢ = 0.045 eV). The corresponding 7, for
Spiro-TPD is 394 K and the activation energy is 0.071 eV.
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Figure 7.10.(a).Hysteresis characteristics of a Spiro-TPD FET measured at different temperatures. The drain bias
was kept constant at -60 V. The inset shows the chemical structure of Spiro-TPD. (b).The fitted threshold

voltages are linearly plotted against temperature.

The experimental results revealed that the field effect mobilities in Spiro-TPD thin
films are minor affected by temperature. Therefore, the width of DOS of Spiro-TPD is the
smallest among thin films of low molecular amorphous spiro-linked compounds. This value is
near the value of organic glass polytriarylamines obtained by TOF techniques at which a
value of 0.057 eV was obtained [116]. However, the activation energy of TPD is smaller than

that of Spiro-TPD. A similar result was also obtained for the width of DOS. Additionally, the
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prefactor mobility obtained from the Arrhenius and the GD model for Spiro-TPD and TPD is

the same.
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Figure 7.11.Field-effect mobilities of charge carriers in a Spiro-TPD thin film against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (c¢) the inverse of the temperature, and (d) the inverse square of the temperature.

Figure 7.12 shows the gate bias dependence of the field-effect mobility in a Spiro-TPD
FET at different temperatures. The dependence of the field-effect mobility on the gate bias
(|Vs| <40 V) was quasi-linear for different temperatures. However, the mobility goes over to
a super-linear increase for | V| > 40 V. This result is similar with the results obtained for TPD
and Spiro-TAD. The origin of this effect is due to a non-ohmic contact between Spiro-TPD
and the gold electrodes, resulting in saturation of drain current at high gate biases and at a
given drain bias (in this case Vp =-10 V). When the data (for |Vs| <40 V) is fitted to u(Vg) o
const. x V¢, then it yields A = 0.81 £ 0.01, 0.89 £ 0.01, and 0.93 + 0.01, for 225K, 275 K,
and 350 K, respectively. The coefficient A obtained for Spiro-TPD is comparable to the values
obtained for TAD but much lower than the values obtained for TPD and Spiro-TAD.
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Figure 7.12.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a Spiro-TPD
FET (W =2 mm, L = 10 um, C; = 19.9 nF/cm?®). The curve is plotted as a function of the gate bias for various
temperatures (T =225 K, 275 K, and 350 K).
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Figure 7.13.(a). Temperature dependence of field-effect mobility for a Spiro-TPD at gate biases of -2.5 V, -10 V,
-15V,-20V, and -30 V. (b). The activation energy of field-effect mobility plotted against gate voltage.

Figure 7.13(a) shows the temperature dependence of the field-effect mobility for a
Spiro-TPD FET at different gate biases (Vg =-2.5V, -10 V, -15 V, -20 V, and -30 V). The
dotted lines are least-squares fits used to extract the activation energy. Figure 7.13(b) shows
that the mobility is simply thermally activated. Error bars are included to show the improved
linear fits. The dependence is Arrhenius-like with the apparent activation energy decreasing
with increasing gate biases. At high gate biases, the activation energy saturates at a value of
0.050 eV. Therefore, the mobility increases with the gate bias as the activation energy

decreases. The decrease of the activation energy with increasing absolute gate bias value is
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probably a result of accumulated charges filling the lower-lying states. Therefore, any
additional charge carriers will occupy sites with a higher energy and less energy will be

required to jumping to neighboring sites [27,60,61].

7.5. N,N,N’,N’-Tetrakis(4-methylphenyl)-benzidine (TTB)

Figure 7.14(a) shows the transfer characteristics of a TTB FET measured at various
temperatures. However, no hysteresis in the transfer characteristics has been observed for
different temperatures. Figure 7.14(b) shows that the fitted threshold voltage increases toward
positive bias with increasing temperature. The temperature-dependence measurements were
taken after the sample stored in a continuously evacuated chamber for ca. 20 hours. If the
chamber is continuously evacuated for more than 48 hours, a decreasing in the drain current is

observed. Consequently, a reduction in the mobility of holes is obtained.
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Figure 7.14.(a).Hysteresis characteristics of a TTB FET measured at different temperatures. The drain bias was
kept constant at -60 V. The inset shows the chemical structure of TTB. (b).The fitted threshold voltages are

linearly plotted against temperature.
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Figure 7.15.Field-effect mobilities of charge carriers in TTB thin films against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (¢) the inverse of the temperature, and (d) the inverse square of the temperature.

Figure 7.15 shows that both representations of the mobility, the Arrhenius and the GD
model, are well fitted. However, it is clear that the temperature dependence behavior follows
the Arrhenius model rather than the GD model. The fitting of the data represented in the
Arrhenius model and the GD model gave a standard deviation of 0.9 and 1.9, respectively.
Moreover, the fluctuation of the residual values in the Arrhenius model is more distributed
around the middle (residual value = 0) than the fluctuation in the GD model, as shown in
Figure 7.15(c) and 7.15(d).

The GD model gave a width of the DOS of 0.092 eV (7, = 711 K), which is 0.014 —
0.023 eV higher than the value obtained from the TOF method [91,101]. In addition, the
prefactor mobility of 4.5 x 102 cm?/Vs was obtained from the GD model, which is a
physically meaningful for a low molecular amorphous film. This value is also in the same
order of magnitude with the value obtained from the TOF technique. The TOF measurements

gave a prefactor mobility of 3 x 102 cm?/Vs for the GD model [87]. In 1993 Borsenberger
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and Fitzgerald also showed that prefactor mobilities of 2 x 10? cm?/Vs and 1.4 cm?*/Vs were
obtained from the GD and the Arrhenius model, respectively [101]. In addition, the activation
energy of 0.190 eV extracted from the Arrhenius model was also reported.

In contrast, the prefactor mobility obtained from FET methods for the Arrhenius
model was 33 cm?/Vs, which is unrealistic for a non-crystalline material. This value is the
highest values among materials used in this study. In addition, an activation energy of

0.330 eV was obtained from the FET method.

10" — .
o 245K
o 275K
a 294K
& .5 v 325K
> 1075 E
E
=)
5107 3
1 ]
107 :
1 10 100

-Gate Voltage [V]

Figure 7.16.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a TTB FET
(W=2mm, L =5 um, C; =17.3 nF/em®). The curve is plotted as a function of the gate bias for various

temperatures (T =245 K, 275 K, 294 K and 325 K).

Figure 7.16 shows the gate bias dependence of the field-effect mobility in a TTB FET
at different temperatures. The dependence of the field-effect mobility on the gate bias was
linear for different temperatures. This result is similar with the result obtained for TAD. It can
be understood by observing the output characteristic of the corresponding thin films, as shown
previously in sub-chapter 6.5. At large gate biases and at a given drain bias (for instance Vp =
-10 V), the transconductance g,, (see equation 2.13) increases and not saturated. As a result,
the mobility increases as the inverse of g, decreases, according to equation 2.14. When the
data, as shown in Figure 7.16, is fitted to u(Vs) o const. + V4", then it yields A = 0.99 + 0.01,
1.17 £ 0.01, 1.27 £ 0.01, and 1.24 £ 0.01 for 245 K, 275 K, 294 K, and 325 K, respectively.
The coefficient A obtained for TTB is higher than that obtained for TAD but lower than that
obtained for TPD.
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7.6. 2,2°,7,7-Tetrakis-(N,N’-di-p-methylphenylamino)-9,9’-spirobifluorene
(Spiro-TTB)

Figure 7.17(a) shows the hysteresis in the transfer curves of a Spiro-TTB FET
measured at different temperatures, whereas the drain bias was kept constantly at -60 V. In
addition, this effect was accompanied by a shift in the fitted threshold voltage toward positive
gate bias with increasing temperature, as shown in Figure 7.17(b). However, the threshold
voltage near RT is immensely shifted to positive bias. The origin of this effect is not
understood yet. Figure 7.18(a) and 7.18(b) show the mobility of charge carriers in Spiro-TTB
thin films as a function of temperature. The dependency of the field-effect mobility on the
temperatures is shown in two representations, namely a reciprocal of the temperature in the

Arrhenius model and an inverse square of the temperature in the GD model.
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Figure 7.17.(a).Hysteresis characteristics of a Spiro-TTB FET measured at different temperatures. The drain bias
was kept constant at -60 V. The inset shows the chemical structure of Spiro-TTB. (b).The fitted threshold

voltages are linearly plotted against temperature.

The Arrhenius model is more suitable than the GD model, as indicated by standard
deviation of the fitting. The standard deviation of the fitting for the data represented in the
Arrhenius model is 0.47. In contrast, the standard deviation of the fitting for the data
represented in the GD model is 1.48. Furthermore, the residual values are also displayed in
Figure 7.18(c) and 7.18(d). The fluctuation of the residual values in the Arrhenius model is
smaller than that in the GD model.
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Figure 7.18.Field-effect mobilities of charge carriers in Spiro-TTB thin films against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (c) the inverse of the temperature, and (d) the inverse square of the temperature.

Prefactor mobilities of 0.2 cm?/Vs and 3.3 x 10~ cm?/Vs were obtained for Arrhenius
and GD model, respectively. The prefactor mobility extracted from the Arrhenius model for
Spiro-TTB is the highest value among spiro-linked compounds. In the previous sub-chapter, a
prefactor mobility of 33 ¢cm?/Vs was obtained for TTB by extracting from the Arrhenius
model. Both prefactor mobilities, TTB and Spiro-TTB, obtained from the Arrhenius model
are unrealistic for a non-crystalline material. Hence, the Arrhenius model is not applicable to
describe the charge transport in TTB and Spiro-TTB. However, it is really difficult to
understand why the charge transport of some materials can be described by the Arrhenius
model and the others can not be. This issue is not understood yet and needs to be investigated
in future.

A width of DOS of 0.076 eV (T, = 587 K) was obtained by using the GD model for
Spiro-TTB, which agrees very well with the value of TTB thin films obtained from the TOF
technique [87]. The activation energy obtained from the Arrhenius model was 0.206 eV. This
value is smaller than that obtained for TTB. In addition, Bach et al. [73] reported TOF
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measurement for Spiro-m-TTB, which a prefactor mobility of 1.6 x 10 cm?*/Vs and a width
of DOS of 0.080 eV were obtained. The prefactor mobility obtained for Spiro-m-TTB was
five times higher than that obtained for Spiro-TTB. However, a similar width of DOS was

obtained for both materials.
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Figure 7.19.(a).Transfer characteristics of a Spiro-TTB FET measured at different temperatures and a drain bias
of -20 V. (b).Gate bias and temperature dependence of the field-effect mobility of charge carriers in a Spiro-TTB
FET (W =2 mm, L =5 um, C; = 17.3 nF/cm?). The curve is plotted as a function of the gate bias for various
temperatures (T =240 K, 270 K, 320 K and 360 K).

The transfer characteristics of a Spiro TTB FET measured at different temperatures
were also shown in Figure 7.19(a). The switch-on voltages shift towards positive gate bias
with decreasing temperatures. As the temperature is decreased, the ON current is reduced.
Consequently, the mobility is decreased with decreasing temperature. The threshold voltage
appears to become more negative with decreasing temperature, as shown in Figure 7.17(b).
As a consequence, the amount of charge in the channel is determined by gate voltage and the
switch on voltage and is dependent on the temperature. Figure 7.19(b) shows the gate bias
dependence of the field-effect mobility in a Spiro-TTB FET for different temperatures. The
field-effect mobility was quite independent of the gate bias for different temperatures. When
the data for |V <45 V, as shown in Figure 7.19(b), is fitted to u(Vs) o« const. + Vs, then it
yields A = 0.21 £ 0.01, 0.27 £ 0.01, 0.45 £ 0.01, and 0.67 £ 0.01 for 240 K, 270 K, 320 K,
and 360 K, respectively. The factor A obtained for Spiro-TTB is the smallest among the
materials used in this study. This implies that the mobility of charge carriers in Spiro-TTB
films is relative unaffected by gate-induced charge carriers, which is in contrast with
generally observed in organic transistors. This characteristic has a great advantage because

one needs the mobility of charge carriers in devices remains constant as the bias is being
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applied during device operation. Therefore, Spiro-TTB is a good material as hole transport
layer in organic devices due to relatively weak gate dependence of the mobility of charge
carriers with respect to other materials such as Spiro-TAD, Spiro-TPD, Spiro a-NPB or the
parent compounds, TAD, TPD, TTB, and a-NPB.

7.7.  N,N’-Dipheyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (a-NPB)

Figure 7.20(a) shows that the hysteresis of the transfer characteristics of an a-NPB
FET, which were measured at a drain bias of -60 V. There is no significant hysteresis in the
transfer characteristics over a wide range of temperature. Moreover, the fitted threshold
voltage increases toward positive bias with increasing temperature, as shown in Figure
7.20(b). The threshold voltage change is also small (between -5 V and -2 V) over a wide
range of temperature (250 K < T < 350 K).
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Figure 7.20.(a).Hysteresis characteristics of an a-NPB FET measured at different temperatures. The drain bias
was kept constant at -60 V. The inset shows the chemical structure of a-NPB. (b).The fitted threshold voltages

are linearly plotted against temperature.

Figure 7.21(a) and 7.21(b) show the field-effect mobilities presented in the Arrhenius
and the GD model, respectively. The fitted line in Figure 7.21(a) is better than that in Figure
7.21(b). Therefore, the temperature-dependence follows the Arrhenius model rather than the
GD model. The standard deviation of the fitting in the Arrhenius model is 0.01 and is 0.04 in
the GD model. Moreover, Figure 7.21(c) and 7.21(d) represent the residual values plotted

against the inverse of the temperature and the inverse square of the temperature. The
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fluctuation of the residual values in the Arrhenius model is more distributed around the

middle (residual value = 0) than that in the GD model.

-8
-8 . . . .
(@ (b)
= 97 i @ -9 .
2 2
£ £
%-10- . .3'._.10- _
£ 11 . = 114 ]
-12 . . . . . . -12 . : : :
28 30 32 34 36 38 40 42 6 10 12 14 16 18
1000/T [1/K] 10%/T? [1/K?]
0.10 . . . . . : 0.10
(© (d)
u
0.05- ] 0.05-
= | | —_
2 0.004"® . SR . fgﬁ 0.00
> ] | = 7] |
5] o] | |
o © ] | ]
-0.054 | -0.051 =
-0.10 : : : : :
-0.10 . . . . . .
28 30 32 34 36 38 40 42 6 8 10 12 14 16 18
1000/T [L/K] 10°/T% [1/K?]

Figure 7.21.Field-effect mobilities of charge carriers in a-NPB thin films against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (¢) the inverse of the temperature, and (d) the inverse square of the temperature.

A width of DOS of 0.071 eV was obtained from the GD model, which relates to a T,
of 549 K. This results agree very well with the results obtained from the TOF technique (¢ =
0.073 eV) [117]. Prefactor mobilities of 5 x 102 cm?/Vs and 2 x 10~ ¢cm?®/Vs were obtained
for the Arrhenius and the GD model, respectively. The TOF data gave a prefactor mobility of
0.35 cm*/Vs for the GD model [117]. Moreover, an activation energy of 0.174 eV was
obtained from the Arrhenius model.

Figure 7.22(a) shows the transfer characteristic of a Spiro a-NPB FET measured at
different temperatures. The drain current increases with increasing temperature. The switch-
on voltage is relatively unaffected by decreasing or increasing temperature. As a consequence,

the amount of charge in the channel is determined only by gate voltage and is independent of
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the temperature. This result corresponds very well with other materials-based field-effect
transistors such as poly(2,5-thienylene vinylene) (PTV) and poly(3-hexylthiophene) (P3HT),
reported by Philips groups [22]. They reported that the V, for PTV, pentacene, and P3HT
were +1 V, +1 V, and +2.5 V, respectively. Furthermore, Vj, is temperature independent. In

a-NPB FETs, the Vs, is -1.5 V, which does not depend on the temperature as well.
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Figure 7.22.(a).Transfer characteristics of an o-NPB FET measured at different temperatures and a drain bias of
-20 V. (b).Gate bias and temperature dependence of the field-effect mobility of charge carriers in a Spiro-TTB
FET (W =2 mm, L =5 um, C; = 17.3 nF/cm?). The curve is plotted as a function of the gate bias for various
temperatures (T =250 K, 270 K, 294 K and 350 K).

Figure 7.22(b) shows the gate bias dependence of the field-effect mobility in an a-
NPB FET at different temperatures. The dependence of the field-effect mobility on the gate
bias was linear for different temperatures. When the data for |V < 50 V, as shown in Figure
7.22(b), is fitted to u(Vs) o< const. + Vs, then it yields A = 0.84 £ 0.01, 0.87 £ 0.01, 0.95
0.02, and 1.05 £ 0.01 for 250K, 270 K, 294 K, and 350 K, respectively. The coefficient A

obtained for a-NPB is the lowest value among the parent compounds such as TAD, TPD and
TTB.

7.8. 2,2°,7,7-Tetra-(N-phenyl-1-naphthylamine)-9,9’-spirobifluorene (Spiro a-NPB)

Figure 7.23(a) shows that the hysteresis in the transfer characteristics of a Spiro
a-NPB FET, measured at a drain bias of -60 V and at various temperatures. The hysteresis
was clearly observed with increasing temperature. The magnitude of the hysteresis strongly

decreases with decreasing temperature, so only at relatively high temperatures the
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measurements will be negatively affected. The hysteresis in the curve measured near RT was
small and the hysteresis was completely absent at low temperatures. The fitted threshold
voltages also increase toward positive bias with increasing temperatures, as shown in Figure
7.23(b).

Figure 7.24(a) and 7.24(b) represent the field-effect mobilities presented in the
Arrhenius and GD model, respectively. The fitted line in Figure 7.24(a) and 7.24(b) satisfy
the corresponding model, the Arrhenius and the GD model, quite well. However, the fitted
line in the Arrhenius model is better than in the GD model. The standard deviation of the
fitting in the Arrhenius model is 0.04 and is 0.07 in the GD model. Moreover, Figure 7.24(c)
and 7.24(d) represent the residual values plotted against the inverse of the temperature and the
inverse square of the temperature. The fluctuation of the residual values in the Arrhenius
model is smaller than that in the GD model. Prefactor mobilities of 8 x 102 ¢cm?*/Vs and 3 x
10° cm?®/Vs were obtained for the Arrhenius and GD model, respectively. These values are in
the same order of magnitude with the value obtained for a-NPB FET (u, =2 x 10~ cm?/Vs).
However, this value is lower than the value for a-NPB obtained from the TOF technique (u, =
0.35 cm?/Vs) [117]. A width of distribution & of 0.077 eV was obtained, which agrees very
well with the results obtained from the TOF technique (¢ = 0.073 eV) [117] and FET
techniques (6 = 0.071 eV). The corresponding 7, and the activation energy of Spiro a-NPB
are 596 K and 0.205 eV, respectively.

10 T T T T T T
'20 T T T T T ;‘ (b)
@ oy oo S
— (=]
S 45 O.O g 350 K. 8 5 1
= -15 4 .
z Co OO 1S
g e IS8 5
S -1.04 § 2 04
U [%2]
< - R .
€ 051 ; F 5. e
(@] 2 ./I
50K 210K E
0.0 —_— " 10 e
0 -10 -20 -30 -40 -50 -60 240 260 280 300 320 340 360
Gate Voltage [V] Temperature [K]

Figure 7.23.(a).Hysteresis characteristics of a Spiro a-NPB FET measured at different temperatures. The drain
bias was kept constant at -60 V. The inset shows the chemical structure of Spiro a-NPB. (b).The fitted threshold

voltages are linearly plotted against temperature.
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Figure 7.24.Field-effect mobilities of charge carriers in Spiro a-NPB thin films against (a).The reciprocal of the
temperature in the Arrhenius representation, and (b).The inverse square of the temperature in the GD Model. The

residual is plotted versus (c) the inverse of the temperature, and (d) the inverse square of the temperature.

-3
10" %0k 7
o 310K
A 330K
. v 350K
g 107 3
=
o,
[510° 3
=
10° -
1 10 100

-Gate Voltage [V]

Figure 7.25.Gate bias and temperature dependence of the field-effect mobility of charge carriers in a Spiro

o-NPB FET (W =3 mm, L = 10 um, C; = 19.9 nF/cm?). The curve is plotted as a function of the gate bias for
various temperatures (T =270 K, 310 K, 330 K and 350 K).
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Figure 7.25 shows the gate bias dependence of the field-effect mobility in a Spiro-TTB
FET at different temperatures. The dependence of the field-effect mobility on the gate bias
was quasi-linear for different temperatures. When the data for |V5| < 50 V, as shown in Figure
7.25, is fitted to u(Vg) oc const. + V4", then it yields A = 0.77 + 0.01, 0.79 £+ 0.01, 0.92 + 0.01,
and 0.95 + 0.01 for 270 K, 310 K, 330 K, and 350 K, respectively. The coefficient A obtained
for Spiro a-NPB is smaller that those obtained for a-NPB, Spiro-TAD and TPD but higher
than that obtained for Spiro-TTB. In addition, the A values of Spiro a-NPB are similar with
the values obtained for Spiro-TPD.

7.9.  Summary of chapter 7

The temperature dependencies of the mobilities of charge carriers in TAD, TPD, TTB,
a-NPB, Spiro-TAD, Spiro-TPD, Spiro-TTB and Spiro a-NPB thin films have been presented
in two models, namely the Arrhenius and the Gaussian disorder (GD) model. However, the
data presented in the Arrhenius model are better fitted than those in the GD model. The fitting
of the data represented in the Arrhenius model gave a lower standard deviation value than that
in the GD model. Moreover, the residual values presented in the Arrhenius model were more
evenly distributed around the middle (residual value = 0) than those in the GD model.
Therefore, the temperature dependence of mobility follows the Arrhenius model rather than
the GD model. Moreover, the fitted threshold voltage increases toward positive bias with
increasing temperature. Finally, the mobility of charge carriers in spiro-linked compound thin
films are relatively unaffected by temperature with respect to their corresponding parent
compound. Table 7.1 summarizes all parameters that have been extracted from FET
techniques. The TOF data obtained from the literature were also presented.

The prefactor mobilities obtained for TAD and Spiro-TAD were in the range of 10™
cm?’/Vs and 10 cm?/Vs. These values are realistic for low molecular amorphous thin films.
However, the prefactor mobilities obtained for TAD were one order of magnitude higher for
both models than that obtained for Spiro-TAD. The GD model gave a width of DOS of 0.077
eV for TAD which is 0.020 eV higher than the values obtained for Spiro-TAD. This implies
that the width of DOS in Spiro-TAD is smaller than that in TAD. As a consequence, the
activation energy of charge carriers to hop from one molecule to the next in TAD was higher

that that in Spiro-TAD.
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Spiro-TPD and its corresponding parent compound, TPD, have the same prefactor
mobilities obtained from both models. The prefactor mobilities were in the range of 2 x 10
cm?/Vs and 8 x 10™ cm?/Vs. Similar results were also obtained for a width of DOS. The GD
model gave a value of 0.045 eV and 0.051 eV for TPD and Spiro-TPD, respectively. Notably,
the values of the width of DOS obtained for TPD is the smallest among the materials used in
this study. In addition, this value was also higher than the value obtained by TOF methods
[87,92]. The prefactor mobility obtained from TOF techniques was two orders of magnitude
higher than that obtained from FET methods [87,92].

In most studies, the temperature range for which measurements can be performed is
sufficiently narrow that an exponential dependence on 1/T cannot be readily distinguished
from a 1/T relationship. In this study, a 1/T dependence provides a better description of the
experimental results. However, the problem concerning the use of an Arrhenius model is the
magnitude of the prefactor mobility. For TTB and Spiro-TTB, the Arrhenius plot notoriously
overestimates the prefactor mobilities with values typically between 0.2 and 33 c¢m?/Vs for
Spiro-TTB and TTB, respectively. The values obtained for Spiro-TTB (u, = 0.2 cm?*/Vs) is
acceptable for low molecular amorphous films, but the values for TTB is really unrealistic (33
cm?’/Vs). In addition, the GD model gave a value of 4.5 x 10? cm*/Vs and 3.3 x 10” cm?*/Vs
for TTB and Spiro-TTB, respectively. Furthermore, the width of DOS for TTB is the largest
among the materials used in this study.

The prefactor mobilities in a-NPB and Spiro a-NPB were in the range of 10~ cm?*/Vs
and 107 ¢cm?®/Vs, which is a realistic value for low molecular amorphous film. The width of
DOS in a-NPB and Spiro a-NPB was also similar. Values of 0.071 eV and 0.077 eV were
obtained for a-NPB and Spiro a-NPB, respectively.
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Table 7.1.Transport parameters extracted from the FET and TOF techniques.

Material and

Method Arrhenius model Gaussian disorder model Ref.

U, [em?/Vs] | E, [eV] | o [eV] | uo [em*/Vs] | o[eV] | E,[eV]
Eq.2.21 Eq.2.21

TAD FET 7.6 x 107 0.220 | 0.080 4.4 %107 0.077 1 0.203 this work

Spiro-TAD FET | 4.0x10° | 0.110 | 0.057 4.0x10" | 0.057 |0.111 this work

TPD FET 8.0 x 10" 0.057 ] 0.041 2.0x10* 0.045 | 0.069 this work

Spiro-TPD FET 8.0x 10" | 0.071 | 0.046 2.0x10* | 0.051 | 0.089 this work

TTB FET 33 0.330 | 0.098 4.5x 107 0.092 | 0.289 this work
Spiro-TTB FET 0.2 0.206 | 0.078 3.3x10° 0.076 | 0.197 this work
a-NPB FET 5.0x107 0.174 | 0.071 2.0x10° 0.071 ]0.172 this work

Spiro a-NPB FET | 8.0 x 102 | 0.205 | 0.077 3.0 x10° | 0.077 | 0.203 this work

TPD TOF NA 0.203 | 0.077 32 x107 0.077 1 0.203 87,92
a-NPB TOF NA NA | NA 0.35 0.073 ] 0.182 117
TTB TOF NA NA | NA 3.0 x 107 0.078 | 0.208 87
TTB TOF 1.4 0.190 | 0.075 1.9x 107 0.069 |0.158 101
Spiro-TAD TOF NA NA | NA 1.6x 10~ 0.080 | 0.219 73
Spiro-m-TTB TOF NA NA | NA 1x107 0.080 | 0.219 73
Spiro-MeO-TAD NA NA | NA 4.7 %107 0.101 | 0.349 &9

TOF




Chapter 8 Asymmetrically Spiro-linked Compounds 153

Chapter 8
Asymmetrically Spiro-linked Compounds

In chapter 6 the field-effect mobilities of charge carriers in thin films of symmetrically
spiro-linked compounds and the corresponding parent compounds have been described. A
symmetrically spiro-linked compound is defined as a material consisting of two identical
functional groups linked with a spiro carbon center, as shown in Figure 1(a). The functional
groups can be associated with a donor, acceptor and emitter molecule. In the case of previous
results, the functional groups are donor molecules, for instance TAD, TPD, TTB and o-NPB.
Besides symmetrically spiro-linked compounds, asymmetrically spiro-linked compounds have
been already synthesized [17]. In this context, the term asymmetric means that the functional
groups in the upper and lower half are not identical; giving a combination of donor and
emitter (Figure 1(b)), donor and acceptor (Figure 1(c)), or acceptor and emitter (Figure 1(c))

in asymmetrically spiro-linked compounds.

Donor/Acceptor/Emitter

Donor/Acceptor/Emitter

(@)

Donor Donor Acceptor

Emitter

(©) (d)

Figure 8.1.Schematic view of the spiro concept; symmetrically spiro-linked compounds (a) and asymmetrically

spiro-linked compounds (b,c,d).

In this chapter, the charge transport in an asymmetrically spiro-linked compound will
be presented. The method used in this study is still the field-effect transistor. The materials
used in this experiment were 2,7-bis-(N,N’-diphenylamino)-2’,7’-bis(biphenyl-4-y1)-9,9’-
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spirobifluorene (Spiro-DPSP) and 2,7-bis-(N,N’-diphenylamino)-2’,7’-bis(spirobifluorene-2-
y1)-9,9’-spirobifluorene (Spiro-DPSP?). The synthesis of these materials is described
elsewhere [17]. The chemical structures of both materials are shown in Figure 8.2. They
belong to the class of asymmetrically spiro-linked compounds in which two different
functional chromophores are linked together by a central spiro atom. In this case, the
functional units consist of a sexiphenyl/terfluorene-derivative and a bis(diphenylami-
no)biphenyl moiety. Generally, spiro-compounds are known as glass-forming materials with
high glass transition temperatures and a good morphological stability, which makes them well
suitable for organic electronic devices. The symmetrically substituted parent compounds of
Spiro-DPSP and Spiro-DPSP? are  2,2’,7,7’-tetrakis(diphenylamino)-9,9’-spirobifluorene
(Spiro-TAD), 2,2°,7,7’-tetrakis(biphenyl-4-y1)-9,9’-spirobifluorene (Spiro-6®), and 2,2°,7,7’-
tetrakis(9,9’-spirobifluoren-2-y1)-9,9-spirobifluorene (4-Spiro®). The glass transition tempe-
ratures of Spiro-DPSP and Spiro-DPSP* are 159°C and 210 °C [17], which lie between the
glass transition temperatures of Spiro-TAD (133 °C) and 4-Spiro” (273 °C) [70,118].

Spiro-DPSP Spiro-DPSP?

Figure 8.2.The chemical structures of asymmetrically spiro-linked compounds used in this study, Spiro-DPSP

and Spiro-DPSP”.

8.1.  Transistor characteristics measured in the dark and surface morphology

The fabrication and characterization of Spiro-DPSP and Spiro-DPSP? transistors
follow the experimental procedures as described previously in chapter 4. The results are
shown in Figure 8.3 and 8.4. The mobilities of charge carriers in the saturation regime were
extracted by utilizing equation 2.11. Figure 8.3(a) shows the output characteristics of a Spiro-
DPSP field-effect transistor (FET) measured in air, in the dark and at room temperature (RT).

The channel currents were plotted against the drain voltage for different gate voltages. The
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drain current increases as the gate voltage is increased towards larger negative voltage, which
underwent an effective field-effect modulation caused by the variation of the gate bias. The
sign of the field-enhanced current (Ip < 0 with Vs < 0) is consistent with an accumulation
regime. Figure 8.3(b) shows the variation of channel conductivity with varying gate voltage at
a drain voltage of -60 V. The channel conductivity rises by a factor of 2 x 10" as the gate
voltage is being scanned from 0 V to -60 V. The device operates between depletion and
accumulation for these gate voltages. No evidence for the formation of an inversion layer has
been observed. In the saturation regime (¥ = -60 V), the mobility can be calculated from the
slope of the plot of the square-root of the saturated drain current versus V. A fitted threshold
voltage of -9 V and a carrier mobility of 7.6 x 10 ¢cm?/V's were obtained. The device turns on

at-6 V.
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Figure 8.3.0Output characteristics (a) and transfer characteristics (b) of a Spiro-DPSP transistor (L = 5 um, W =
4 mm, and C; = 20.93 nF/cmz) measured in air and in the dark. The transfer curve was obtained at drain bias

-60 V. The drain current is plotted logarithmically and the square-root of drain current is plotted linearly.

Figure 8.4(a) shows a typical set of drain current of a Spiro-DPSP* FET plotted
against drain voltage for different gate voltages; measured on a device with a channel length
of 5 um and a channel width of 5 mm. The measurement was carried out in air, in the dark
and at RT. Although a clear saturation of drain current is observed when the drain voltage
exceeds the gate voltage, the onset of the curves is far from being linear. At low drain biases,
the output characteristic exhibits some nonlinearities which can be attributed to the non-ohmic
contacts between Spiro-DPSP? and the gold electrodes. An ON/OFF ratio of typically 4.2 x
10° can be obtained when the Vg is being scanned from 0 V to -60 V and ¥ = -60 V. The
field-effect mobility of charge carriers in Spiro-TAD thin films is 9.2 x 107 cm?/Vs extracted
in the saturation regime. The threshold voltage and the switch-on voltage were -6.7 V and

0V, respectively.
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Figure 8.4.0utput characteristics (a) and transfer characteristics (b) of a Spiro-DPSP? transistor (L = 5 um, W =
5mm, and C; = 17.3 nF/cm”) measured in air and in the dark. The transfer curve was obtained at drain bias

-60 V. The drain current is plotted logarithmically and the square-root of drain current is plotted linearly.

The transistor characteristics of Spiro-DPSP and Spiro-DPSP* FETs measured in the
dark and in air have been already presented. The transistor characteristics of the
corresponding symmetrically substituted parent compounds of these materials, 2,2°,7,7’-
tetrakis(diphenyl-amino)-9,9’-spirobifluorene (Spiro-TAD), 2,2°,7,7’-tetrakis(biphenyl-4-yl)-
9,9’-spirobi-fluorene (Spiro-6®), have been characterized as well. The transistor characteristic
of a Spiro-TAD FET has been presented in sub-chapter 6.2. However, no transistor action has
been observed on FETs based on Spiro-6®. A possible cause is a large potential barrier for
charge injection from the gold electrodes (work function = 5.1 eV) to the HOMO level of
Spiro-6®@ (Epomo = 5.9 £ 0.1 eV) [71]. As a result, the charge injection from the gold
electrode to spiro-6®@ is poor and thus no transistor effect can be observed.

In chapter 5 the surface morphology of symmetrically spiro-linked compounds and the
corresponding parent compound have been presented. In order to compare those results, the
surface morphology of vacuum-deposited asymmetrically spiro-linked compounds thin film
grown on Si0,/p-Si substrates will be presented as well. The surface images were obtained by
means of tapping-mode atomic force microscopy, as described previously in chapter 5. Figure
8.5 shows the surface morphology of spiro-6® films grown on a mica substrate. The surface
was entirely flat and smooth with a mean roughness of 0.4 nm and a root-mean square
roughness of 0.5 nm. A peak-to-valley height of 3.1 nm was obtained from the cross-section
analysis. Additionally, the mean roughness of Spiro-TAD films was 1.56 nm and 0.21 nm
obtained for the sample grown on a SiO,/p-Si substrate and a mica substrate, respectively.
The surface morphology of a Spiro-TAD film was described in sub-chapter 5.2. Figure 8.6
shows the surface morphology of Spiro-DPSP thin films grown on HMDS treated SiO,/p-Si

substrates. The surfaces of the thin film were smooth and flat with a mean roughness of 0.9
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nm and a root-mean square roughness of 1.1 nm. The variation of peak and valley of the

surface was less than 5 nm, as shown in the cross-section analysis.

o 1.00 2.00 3.00

Figure 8.5.AFM topographical image of a Spiro-6® thin film on a mica substrate. Left side: 4 x 4 um> AFM
images, and Right side: Surface height of AFM images and the chemical structure of Spiro-6®. Dotted lines in

AFM image denote the cross-section analysis.

1.00 2.00 3.00

Figure 8.6.AFM topographical image of a Spiro-DPSP thin film on a SiO./p-Si substrate. Left side: 4 x 4 um’
AFM images, and Right side: Surface height of AFM images and the chemical structure of Spiro-DPSP. Dotted

lines in AFM image denote the cross-section analysis.

Figure 8.7 shows the surface morphology of Spiro-DPSP* thin films grown on HMDS
treated SiO,/p-Si substrates. The surfaces of the thin films were flat with a mean roughness of
0.27 nm and a root-mean square roughness of 0.33 nm. This value is smaller than the values
obtained for Spiro-DPSP, indicating the surface of Spiro-DPSP? films is smoother than that of

Spiro-DPSP films. The cross-section analysis shows that the variation of peak and valley of
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the surface was less than 2 nm. This implies that the surface of Spiro-TAD films is rougher

than those of Spiro-DPSP and Spiro-DPSP? films.
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Figure 8.7.AFM topographical images of a Spiro-DPSP? thin film as deposited on a SiO,/p-Si substrate. Left
side: 4 x 4 yum* AFM images, and Right side: Surface height of AFM images and the chemical structure of

Spiro-DPSP?. Dotted lines in AFM image denote the cross-section analysis.

A preliminary experiment has shown an intramolecular charge transfer between two
constituent moieties in asymmetrically spiro-linked compounds [17]. However, the
optoelectronic properties of these materials have not been elucidated. There is a hint from the
absorption and emission spectra that a charge transfer takes place in a molecule upon
illumination. Therefore, it is a very interesting idea to observe the effect of illumination on the
device performance. In the following discussion, the influence of light exposure on organic

field-effect transistors based on asymmetrically spiro-linked compounds is presented.

8.2.  Influence of light exposure on asymmetrically spiro-linked compounds field-effect
transistors

8.2.1. Device fabrication and characterization

Ultraviolet-Visible and Fluorescence measurements of the active materials were
carried out with a Perkin-Elmer Lambda 900 UV/VIS/NIR spectrophotometer and a Hitachi
F-4500 fluorescence spectrophotometer, respectively. Device fabrication follows the

experimental procedures described in chapter 4. For Spiro-DPSP and Spiro-DPSP?, the films
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were grown with the following deposition parameters: vacuum of 2 x 10 mbar, deposition
rate of 0.04 nm/s — 0.06 nm/s and a final thickness of 100 nm.

The influence of light exposure on asymmetrically spiro-linked compounds FETs were
carried out in air, inside a light-shield insulating enclosure. The devices were illuminated with
a Nichia ultraviolet (UV) LED NSHU 590E (Amax = 374 nm, FWHM = 11 nm) as a light
source. The distance between the devices and the light source was 2.2 cm and the illumination
area was (1.77 + 0.10) cm®. The illumination intensity can be controlled by tuning the bias or
current of the Nichia UV LED. The illumination intensity is defined as the ratio of incident
optical power to the active illumination area. The incident optical power of the UV LED was
recorded with an AP30UV photodiode detector (Scientech) supplied with a H410 display. The
accuracy of measurement is 5 %. Since the thickness of the film is 100 nm, it was assumed
that the light intensity is relatively constant across the film and the irradiance inside the
organic film at the channel is approximately equal to the irradiance at the surface film. This
implies that the photons are uniformly absorbed throughout the organic film. Since light is
used as a third or additional gate electrode, we refer to use organic phototransistor (OPT)
term in the following discussion. A schematic view of an organic phototransistor is shown in

Figure 8.8.

UV Light

/Spiro—Compound

b Drain (Au) .Source (Au) L\,

Gate Dielectric (SiO2)

7
Gate Electrode (Si)

Figure 8.8.Standard bottom-contact structure of organic phototransistor fabricated through conventional

77

lithography where ultraviolet light was used as a third or additional gate electrode.
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8.2.2. 2,7-Bis-(N,N’-diphenylamino)-2’,7’-bis(biphenyl-4-yl)-9,9’-spirobifluorene
(Spiro-DPSP)

The spectroscopic properties of Spiro-DPSP in different solvents and in neat films are
displayed in Figure 8.9. The absorption primarily takes place in the sexiphenyl chain, which
can be deduced by comparison of the spectra and absorption coefficients of Spiro-DPSP,
Spiro-6® and Spiro-TAD. The absorption maximum is between Ap.x = 338 nm in hexane and
Amax = 347 nm in thin films, as shown in Figure 8.9(a). Therefore, the absorption is only
weakly influenced by the polarity of the environment, which indicates no interaction between
the upper and lower part of the molecule in the ground state. This is different for the emission
behavior. There is a large solvatochromic shift of the emission band from 419 nm in hexane

to 520 nm in dichloromethane.
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Figure 8.9.Absorption (a) and emission (b) spectra of Spiro-DPSP. The measurements of absorption spectra were
carried out for thin films and in solution (hexane and dichloromethane). Emission spectra of Spiro-DPSP were

measured with various concentration of dichloromethane in hexane [17].

Figure 8.9(b) shows the shifting of maxima of emission for different ratios of
dichloromethane/hexane as solvent. In apolar environments, a direct relaxation under light
emission is preferred, while a polar environment favors a charge transfer between the
molecular halves, leaving the positive charge in the amine moiety and the negative charge in
the sexiphenyl chromophore. Comparable intramolecular charge transfer effects were also
found in other spiro-conjugated dyes [119,120] and are related to an overlap of higher
molecular orbital of the two halves that have the appropriate symmetry (e.g. two

perpendicular nodal planes) [121]. Since hole transport via hopping between the
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bis(diphenylamino)biphenyl sites is faster than electron transport on the sexiphenyl units, the
material can thus be regarded as an ideal photoconductor in which every excitation center of
the one-component system catries its own electron trap. Without the need of a heterojunction
for charge separation, this is the ideal prerequisite for applications like photorefractive
systems [122] or phototransistors. The shift of the fluorescence maxima upon increasing
solvent polarity depends on the difference in permanent dipole moments between ground and
excited state. This behavior is also observed in spirobifluorene derivatives where the 2’ or 7’
position of spirobifluorene center is substituted with a strong electron acceptor such as the
1,3,4-oxadiazole groups {2,7’-bis-(, N-diphenylamino)-2-(5-(4-tert-buthylphenyl)-1,3,4-
oxadiazole-2-y1)-9,9’-spirobifluorene) or Spiro-DPO}[17] or where both of these positions
are substituted with 1,3,4-oxadiazole groups [123].

-1x10°® : , , : — 1.0 . . : : :
(@) < (b)
— —e—in Dark —_ ] |
L -8x10° —owitn Light oo i = 0.8
< oo £
= DDDD _ = |
S -6x10° o Ve= | 5 069 ]
> D'DD DDDDDDD 20V S -
© -9 EFD DDDDDD _8 04' 4
£ -4x107 5 o -5V o n [ ]
g E(ErZDDD DDDDDDDDDDDDD 10V it 0.2
. D/DD' DDDDDD ) @ LT 4
0% et/ oy | S
0 EESE::H ju) muuuuuuuuumuuuﬂﬂﬁi ov [%2] 0.0+ ! i | . . , 4
0 10 20 30 | -40 0 50 100 150 200 250 300
Drain Voltage [V] INlumination Intensity [uW/cm’]
10°
(©

< 10°4 §

p c

g g

g 10'1‘)‘ g 5

8 /OO Pholonll Dark (é

£ g

g 10™ a)

10724 < : ; '
20 10 0 -10 -20 -30

Gate Voltage [V]

Figure 8.10.(a).Output characteristic of an OPT at different gate voltages in the dark (closed circles) and under
illumination with 191 #W/cm® (open squares). The channel length of the device was 10 um and the channel
width 2 mm, respectively (C; = 20.93 nF/cm?), (b).Dependency of the saturated photocurrent on the illumination
intensity (Vp =-30 V and zero gate bias), and (c).Transfer characteristic at constant drain voltage (Vp = -10 V)
in the dark and under illumination with 127 #W/cm®. The drain current is plotted both logarithmically (left side)
and linearly (right side). Photoirradiation shifts the transfer curve horizontally towards higher gate voltages.

From the slope in the linear plot, the mobility can be obtained [15].
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Figure 8.10(a) displays the output characteristics of a Spiro-DPSP phototransistor
measured in the dark and under an illumination of 191 yW/cm® for different gate voltages.
The transistors can be operated as three terminal devices with two electrical contacts (source
and drain electrodes) and light as the amplifying gate, or as four terminal devices with an
additional electrical gate, allowing additional biasing of the device by the electrical field-
effect. Light works in the devices in a manner similar to the conventional field-effect by
increasing the number of mobile charge carriers in the channel. Generally, a clear increase in
the drain current was observed under illumination. Without illumination, the drain current is
in the order of 10 pA and increases to several nA upon illumination. The dependency of the
photocurrent in the saturation region at Vp =-30 V on the irradiation intensity is plotted in
Figure 8.10(b). In this case, the gate bias was kept constantly at Vs = 0 V. An increase in
irradiation intensity leads to an increase of the photocurrent. The mean sensitivity can be
given as 1.3 A/W, but there are some deviations from linearity in the sensitivity curve. The
mean sensitivity or responsivity is defined as a ratio of the drain photocurrent density to the
illumination intensity. This sensitivity is lower than for amorphous silicon (300 A/W) [124],
but higher than for polymer devices (1 A/W) [125,126,127,128]. The detail behavior of the
sensitivity curve is subject to current investigations, but first hints can be obtained from the
transfer characteristic.

Figure 8.10(c) shows the transfer characteristic of the OPT in the dark and under
illumination with 127 uW/cm® for a drain voltage of -10 V. A ratio of photocurrent to dark
current as high as 5 x 10 can be obtained which is comparable to amorphous silicon
phototransistors. The transfer characteristics clearly show that the Ip — Vg curves are not
substantially changed in shape or magnitude but rather displaced by a shift in the fitted
threshold voltage (from -9 V in the dark to + 15 V at 127 uW/cm?). The threshold voltage for

organic field-effect transistors in the accumulation regime is given by [100]

d
Vp=— o + Vg
Ci (8.1)

where Vg is the flat band potential, ¢ the elementary charge, and n, the bulk carrier density.
Assuming the flat band voltage to be invariant, the charge carrier density is the only
parameter that can be changed by illumination, causing the shift in the threshold voltage.
From Figure 8.10(c), it becomes clear that low light intensities could not be measured at zero

gate voltage. Instead, the optimum working point can be adjusted by choosing a gate bias
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directly at the switch-on voltage under dark conditions, in this case at -6 V. The OPT operates
in the linear regime according to equation 2.9 and in the saturation regime according to
equation 2.11. It allows the extraction of the charge carrier mobility. For Spiro-DPSP
transistors, values of 1.3 x 10° cm?/V s and 7.6 x 10°® cm?/Vs were obtained for linear and
saturation regime, respectively.

Figure 8.11 shows the characteristics of a Spiro-DPSP phototransistor with a different
of the channel length, the channel width, and the capacitance of the gate dielectric. The drain
photocurrent is significantly increased under illumination with 127 uW/cm?®, as shown in
Figure 8.11(a). Figure 8.11(b) shows the difference between drain photocurrent and drain
dark current versus drain bias for different gate voltages. The drain photocurrent upon various
illumination intensities and the dark current are given in Figure 8.11(a). The difference
between drain photocurrent and dark current seems to be constant at low drain biases for a
given gate bias. However, the difference of current is clearly observed at high drain biases.
The drain current in the accumulation regime is relatively unaffected by the illumination, as
shown in Figure 8.11(c). However, the drain photocurrents at accumulation regime are
significantly higher than the dark current. Moreover, the switch-on voltage shifts towards
positive gate bias by increasing the incident light intensity. This effect was also observed in

amorphous silicon phototransistor [129,130].
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Figure 8.11.(a).Output characteristics of a Spiro-DPSP phototransistor (L =5 ym, W =2 mm, and C; = 17.27
nF/cm?) at different gate voltages measured in the dark (open squares) and under illumination with 127 yW/cm®
(open circles), and (b).The difference between drain photocurrent and drain dark current is plotted versus the
drain bias at different gate biases. These values are obtained from Figure 8.11(a). (c).Transfer characteristics at
constant drain voltage (Vp=-10 V) measured in the dark and under illumination with 32 zW/cm?, 64 uW/cm?,

and 127 uW/cm®. The drain current is plotted semi-logarithmically. Photoirradiation shifts the transfer curve

horizontally towards higher gate voltages.
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Figure 8.12.Schematic process of light induced current in organic phototransistor based on intramoleculer charge

transfer between two constituent moieties.

In amorphous silicon phototransistors, the illumination produces a change in the
density of deep states, causing the bulk Fermi level to be moved with respect to the
conduction band. The photogenerated electrons and holes disturb the balance between
diffusion and drift currents that existed in the dark. Furthermore, the photogenerated electron-
hole pairs are separated and electrons are swept towards the gate and holes away from the
gate. The electron-hole pairs induce a redistribution of the space charge in the localized states.
Moreover, the band bending will be reduced and after some time a steady state is reached, in
which the bending is reduced by a certain amount and there is no longer a current flow
perpendicular to the semiconductor/insulator interfaces [129]. However, this mechanism is

difficult to apply in organic phototransistors, whereas the transport in organic semiconductors
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is governed by a hopping mechanism. Moreover, light absorption in organic semiconductor
results in the formation of exciton, a bound electron-hole pair, rather than the free electron-
hole pairs directly produced in inorganic semiconductor.

A blank experiment using Spiro-TAD instead of Spiro-DPSP and Spiro-DPSP* as the
organic film was performed in order to show how the effect is related to the bipolar character
of the material. In that case, no photocurrent was observed. This observation suggests that the
underlying mechanism can be sufficiently explained by photoinduced charge transfer between
bis(diphenylamino)biphenyl and sexiphenyl sites upon illumination, as shown in Figure 8.12,
and not an improved charge injection at the organic/metal electrode interface, as it was
suggested in the case of photocurrent multiplication in other materials [131].

Generally, organic transistors operate in the accumulation mode and a strong inversion
has not been observed yet. Since in classical MOSFET the threshold voltage refers to the
onset bias of the strong inversion, the threshold voltage in organic transistor is merely a fit
parameter and so the concept of the threshold voltage has no physically meaning in OFET.
Therefore, the term switch-on voltage will be used to obtained physical parameter such as the

number of bulk carriers, which have already described in chapter 2.
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Figure 8.13.(a).Dependence of the switch-on voltage and the fitted threshold voltage on light intensity, and
(b).Dependence of the field-effect mobility on light intensity.

Based on the model that Meijer et.al proposed [22], the V, is increased toward high
positive bias by increasing the incident light intensity. For instance, V, is -5 V for condition
in the dark, +17 for illumination of 32 xW/cm?, +35 V for illumination of 64 xW/cm® and
+47 V for illumination of 127 4 W/cm® (Figure 8.13(a)). For simplicity, the shift of ¥, or the
fitted threshold voltage could be attributed to the increase in conductivity or the number of

charge carriers upon increasing incident light intensity. Figure 8.13(a) also shows that the
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switch-on voltage or the fitted threshold voltage shifts as far as 50 V upon illumination.
However, the mobility of charge carriers is relatively unaffected by the illumination, as shown
in Figure 8.13(b).

In inorganic field-effect phototransistor structures the illumination is directly
performed on the gate electrode, where the internal photoemission of charge carriers from the
gate electrode into the channel as observed in GaAs field-effect phototransistors can not be
neglected [132]. In organic phototransistors the illumination directly performed on the active

materials. As a result, such an internal photoemission effect can be neglected.
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Figure 8.14.(a).Drain photocurrent is plotted versus drain bias at different illumination intensities and the gate
bias is being zero, (b).Saturated drain photocurrent (at V', = -30 V) is plotted versus the illumination intensity,
(c¢).Square-root of the drain photocurrent is plotted versus natural logarithmic of the incident optical power, and
(d).The bulk charge carriers mobility in Spiro-DPSP due to the illumination versus the number of bulk charge

carriers Np. For comparison, the field effect mobility as a function of induced charge is given.

Organic phototransistors based on spiro-linked compounds show that the UV light can
completely serve as the third electrode, as shown in Figure 8.14(a). An interesting

characteristic is the transistor characteristic was observed as the gate bias is being zero. The
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channel and bulk conductivity can be tuned by varying the illumination intensity. This
indicates that the gate electric function can be replaced optically. Furthermore, the presence of
the saturation regime as shown in Figure 8.14(a) implies that the drain photocurrent under
illumination is also channel restricted. From Figure 8.14(a), the ratio of the drain photocurrent
to the dark drain current at a drain bias of -30 V is 1.5 x 10°. This value is comparable to
amorphous silicon phototransistor which has a ratio of 3.5 x 10° at V5 = V) = 10 V under
illumination of 10000 Ix [133]. High current ratios originate from the very low OFF current,
the drain current at zero gate bias which is in the range of pA. High purity materials endowed
with amorphous character give very low OFF current. Indeed, most spiro-linked compound
thin films are not influenced by moisture, even though the sample was stored in ambient
atmosphere up to nine months as described previously in chapter 6.

The saturated drain photocurrent in a floating gate scheme depends on incident light

power as described for inorganic phototransistors based on GaAs, which is given by [132]

\/E oc In(P) 8.2)

where P is the incident light power. Figure 8.14(b) shows the drain photocurrent is linearly
plotted versus the illumination intensity. However, the drain photocurrents do not increase
linearly with increasing illumination intensity. Figure 8.14(c) shows a plot of the square-root
of the saturated drain photocurrent versus natural logarithmic of the incident light power. The
fitted line in Figure 8.14(c) satisfies equation 8.2 quite well. There is a deviation at low light
intensities, for instance at a light intensity of 6 xW/cm”. However, the square-root of drain
photocurrent is linearly increased with the natural logarithmic of light intensity at light
intensities larger than 30 4 W/cm?.

The threshold of incident optical power Pry is derived from the intersection of the
linear fit of the square-root of the saturated drain photocurrent versus natural logarithmic of
the incident optical power with the abscissa. A value of 14 4W is obtained for Spiro-DPSP
phototransistor. A threshold optical power in the context of organic phototransistors could be
regarded as the minimum optical power to cause a photoelectric effect. Below Pry, the
material is insensitive and, therefore, no light can be detected. Furthermore, the fitted
threshold voltage is increased by increasing the illumination intensity. Therefore, the number
of the bulk carrier is also increased by increasing the illumination intensity according to
equation 8.1. Figure 8.14(d) shows the dependency of the bulk carriers on the number of bulk

charge carrier, which is estimated using equation 8.7 and 8.8. The dependency of the induced
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carrier density on the field-effect mobilities is also provided. The contribution of bulk carrier
mobility can be negligible to the total mobility in devices, even though the number of bulk
carriers is a half lower than the number of field-induced charge in the active channel.
However, the bulk carriers dominate the behavior in the depletion mode whereas the field-
induced charge in the active channel does not exist yet. That is the reason why the threshold
voltage or the switch-on voltage shifts toward positive gate bias with increasing illumination
intensity. In the following text, the number of the bulk carriers due to the illumination from a
well-known method in organic/inorganic semiconductors is derived [28]. For a small drain
bias, the depletion layer width is given by equation 2.15. Furthermore, the gate dielectric

capacitance per unit area is given by

<o Eins

G =

ins (8.3)
and the semiconductor layer capacitance is given by

A
CS éb ‘%‘em
CISGI’}’Z (8.4)

where &, is the permittivity of vacuum (8.85 x 10 C/(J cm)), &, the relative dielectric
constant of the gate insulator, &, the relative dielectric constant of the active layer, d;,s the
thickness of the insulator, d., the thickness of the active layer, and A4 the active area of the
transistors (L x W). Then, the depletion layer width (Equation 2.15) for the pinch-off
condition can be calculated (the pinch-off voltage is the voltage at which the FET is driven far
enough into depletion, eventually the entire film will be depleted of mobile charge and no
more current will flow); Vyiuen = Vs - Vio. This is the case in which the depletion layer is equal
to the semiconductor layer thickness. By inserting W, is equal to di.m, equation 8.3 and

equation 8.4 to equation 2.15, the number of the bulk carrier Nz was obtained as

N = 2 o Vpinch
5= dsem 2 2 dsem dins
q (G + )
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For calculating Np, &em = 3.18, dsen = 100 nm, d;s = 200 nm, &y 3.9, and Viiper = Vs - Vo
were substituted to equation 8.5. V, is the switch-on voltage of the phototransistor without
illumination, and Vs is the corresponding switch-on voltage upon illumination. Finally, the

bulk charge carriers mobilities is calculated by using equation 8.6 [28]

LI

Foie = Ny g W oo Vi Vo=V (8.6)

where W is the channel width, and L the channel length. The result of those calculations is

shown in Figure 8.14(d).
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Figure 8.15.(a).Ratio of drain photocurrent to drain dark current is plotted against gate biases. The dotted lines

indicate the switch-on voltage, and (b).The responsivity is plotted against gate biases.

Figure 8.15(a) shows the ratio of drain photocurrent to dark current at different gate
biases. A maximum ratio of 1.9 x 10’ is obtained at the switch on voltage. However, the ratio
of drain photocurrent to drain dark current decreased and reached the ratio of ca.3 when the
gate bias is being larger than the switch-on voltage. This happened because the channel
current at Vg < V,, becomes significant with respect to the bulk current. Thus, the current at
Ve < V,, was a contribution of the channel current due to the field-effect and the current from
the illumination effect. Consequently, the ratio of drain photocurrent to drain dark current is
optimum at V¢ > Vy,. However, this ratio also depends on the illumination intensity, as shown
in Figure 8.15(a).

Figure 8.15(b) shows the operational responsivity of Spiro-DPSP phototransistors at

different gate biases and illumination intensities. The maximum operational responsivity of
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Spiro-DPSP phototransistors is 1.3 A/W at Vg = -12 V. However, the ratio of drain
photocurrent to dark current at that point is 10, which is very low for photosensing
application. The optimal responsivity of 1.1 A/W can be obtained at the switch-on voltage (Vg
= -6 V); giving a ratio of drain photocurrent to dark current of 1.9 x 10°. At V=0V, a ratio
of photocurrent to dark current of 1.6 x 10° and a responsivity of 0.7 A/W can be obtained.
However, this responsivity is still lower than the responsivity of single crystal silicon (300
A/W) [124], but higher than polymer photoresponsive [125,126,127,128]. Notably, the
operational responsivity is defined as A4Jp/Pj,., where AJp = Jp pn — JIp dark. Pine 15 the incident
light intensity, Jp 4« 1s the current density in the dark, and Jpp is the current density upon
illumination. Moreover, the responsivity covers a broad range of the gate bias with increasing
the illumination intensity. For instance at a light intensity of 127 xW/cm?, an operational

responsivity of larger than 0.01 A/W can be obtained in the range of the gate biases between

+40 V and -20 V.
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Figure 8.16.(a).Time-resolved response of Spiro-DPSP phototransistor (W = 2 mm, L = 10 ym, C; = 20.93
nF/cm?) upon irradiation with 191 uW/ecm® at V5=V, =-10 V. The photoswitching of the drain current is
reversible with a relaxation time of 10.3 s [15]. (b).Time-resolved response of the phototransistor (W =2 mm, L
=5 um, C; = 17.27 nF/cmz) upon irradiation with 127 ,uW/cm2 at Vg=-20 V, and Vp=-10V. The

photoswitching of the drain current is reversible with a relaxation time of 10 s.

The time-resolved response of the phototransistor are also measured, as shown in
Figure 8.16(a) and Figure 8.16(b). Figure 8.16(a) shows that the response cannot be described
by a single response time but rather as a combination of a fast increase of photocurrent at the
beginning and a second, slower process in the order of tens of seconds. For the fast response,
the time constant is approximately 1.5 seconds in this case, but depends on irradiation
intensity and wavelength. The relaxation after switching the light off can be fitted by a single

exponential decay quite well, giving a rather long time constant of 10.3 seconds. Since this
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relaxation time is related to the recombination of the photoseparated charges, it can be
improved by an appropriate material design, thus allowing faster detection speeds. Figure
8.16(b) shows that the drain photocurrent reached 90% of maximum current in less than 3
seconds.

As mentioned previously, Spiro-DPSP consists of a sexiphenyl and a bis(diphenyl-
amino)biphenyl moiety. Both functional molecules are linked by a spiro carbon atom.
However, what would happen if two functional molecules were simultaneously evaporated.
Could a phototransistor effect be also observed? Regarding this question, an organic
phototransistor was made at which the active layer was deposited by co-evaporating Spiro-
TAD and Spiro-6@ (Spiro-TAD : Spiro-6®@ = 1:1). Spiro-TAD and Spiro-6@ are the
symmetrically substituted parent compounds of Spiro-DPSP. The absorption spectrum of
Spiro-TAD : Spiro-6® (1:1) thin films indicates the absorption (Ayax = 346 nm) takes place in
spiro-6®. Figure 8.17 shows the phototransistor characteristic based on Spiro-TAD : Spiro-
6@ (1:1). The co-evaporated thin film is also light sensitive like Spiro-DPSP. The field-effect
mobility of hole in the linear regime is 2.6 x 10~ ¢cm?/Vs, which is five times smaller than the
hole mobility in Spiro-DPSP. The drain current at Vp = -30 V and Vg = -20 V is 1.3 nA
measured in the dark and 5.1 nA measured upon illumination with 127 xW/cm®. Figure
8.17(a) also shows that there is a current of 0.7 nA at Vp = Vs = 0 upon illumination, which is
higher than the dark current (~ 0.01 nA). The origin of this effect is not understood yet.

Figure 8.17(b) shows the transfer characteristic measured in the dark and under
illumination with 32 and 64 xW/cm®. The switch-on voltage also shifts toward positive gate
bias with increasing the illumination intensities. A similar result was also reported for Spiro-
DPSP phototransistor. Moreover, the mobility of holes is also not affected by the illumination.
The drain photocurrent of co-evaporation thin films is also five times smaller than the drain
photocurrent of Spiro-DPSP phototransistor. The origin of this effect is due to the fact that the
co-evaporation process does not exhibit homogeneous distribution of Spiro-TAD and
Spiro-6® in thin films as is the case with bis(diphenylamino)biphenyl and sexiphenyl sites in
Spiro-DPSP. A maximum operational responsivity of 0.17 A/W can be obtained at the switch-
on voltage (V¢ = -3 V), which is one order of magnitude lower than the value obtained for
Spiro-DPSP phototransistors. A maximum ratio of drain photocurrent to dark current of 60
can be obtained at the switch-on voltage. This value is much lower than the value obtained for
Spiro-DPSP phototransistor. At V= 0 V, the ratio of photocurrent to dark current of 26 and
the responsivity of 0.13 A/W can be obtained. Based on this result, the charge transfer does

not only take place in Spiro-DPSP, but also in co-evaporation of Spiro-TAD and Spiro-6D.
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This result supports the concept of intramolecular charge transfer mechanism in Spiro-DPSP
phototransistors. However, the charge transfer is more effective in Spiro-DPSP than that in

Spiro-TAD : Spiro-6® (1:1).
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Figure 8.17.(a).Output characteristic of Spiro-TAD : Spiro-6® (1:1) phototransistors (L =5 ym , W =2 mm, and
C; = 17.27 nF/cm®) at different gate voltages in the dark (open squares) and under illumination with
127 uW/em® (open circles). (b).Transfer characteristic at constant drain voltage (V5 = -10 V) in the dark and
under illumination with 32 zW/cm?, and 64 yW/cm®. The drain current is plotted semi-logarithmically (left side)

and linearly (right side). Photoirradiation shifts the transfer curve horizontally towards higher gate voltages.

8.2.3. 2,7-Bis-(N,N’-diphenylamino)-2’,7’-bis(spirobifluorene-2-yl)-9,9’-spirobifluorene
(Spiro-DPSP?)

Another photosensitive asymmetrically spiro-linked compound is 2,7-bis-(N,N -
diphenylamino)-2’,7’-bis(spirobifluorene-2-y1)-9,9’-spirobifluorene (Spiro-DPSP?). It belongs
to the class of asymmetrically spiro-linked compounds in which two different functional
chromophores are linked together by a central spiro atom. In this case, the functional units
consist of a terfluorene-derivative and a bis(diphenylamino)biphenyl moiety. Figure 8.18(a)
shows the absorption of Spiro-DPSP? in thin films and in solution (hexane and
dichloromethane). The absorption maximum is at Am,x = 354 nm in solution and in thin films.
There is no shift in absorption maxima as observed in Spiro-DPSP. Therefore, the absorption
is not influenced by the polarity of the environment. The emission behavior exhibits a large
solvatochromic shift. The emission maximum Aen, shifts from 415 nm measured in hexane to
544 nm measured in dichloromethane. Similar to Spiro-DPSP, a direct relaxation under light

emission is preferred in apolar environments, while polar environment favors a charge
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transfer between the molecular halves, leaving the positive charge in the amine moiety and the

negative charge in the terfluorene-derivative chromophores.
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Figure 8.18.Absorption (a) and emission (b) spectra of Spiro-DPSP?. The measurements of absorption spectra
were carried out for thin films and in solution (hexane and dichloromethane). Emission spectra of Spiro-DPSP?

were measured with various concentration of dichloromethane in hexane.
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Figure 8.19.(a).Output characteristics of a Spiro-DPSP? phototransistor (L = 5 um, W = 5 mm, and C; = 17.27
nF/cm?) at different gate voltages measured in the dark and under illumination with 64 4W/cm®. (b).Transfer
characteristics at constant drain voltage (Vp = -20 V) measured in the dark and under illumination with
32 uW/em?®, 64 yW/cm® and 127 uW/ecm?®. The drain current is plotted semi-logarithmically. Photoirradiation

shifts the transfer curve horizontally towards higher gate voltages.

Figure 8.19(a) shows the output characteristic of Spiro-DPSP* phototransistor
measured in air and in two conditions: in the dark and under illumination with 64 ,uW/cm2.
The drain current significantly increased upon illumination as also observed for Spiro-DPSP
phototransistors. The drain current at Vg = Vp = -30 V was 2.9 nA measured in the dark and
increased to 8.7 nA measured under illumination with 64 yW/cm®. However, the output

characteristic exhibits some nonlinearities at low drain biases, which can be attributed to the
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non-ohmic contacts between Spiro-DPSP? and the gold electrodes. In addition, UV light did
not improve the charge injection. This argument was supported by evidence that the drain
current at low drain biases did not increase significantly upon illumination.

Figure 8.19(b) shows the transfer characteristics (¥p = -20 V) measured in the dark
and under illumination with 32, 64 and 127 xW/cm®. The drain current at accumulation
regime is slightly affected by the illumination. The drain current at Vs = -20 V measured in
the dark was 1.1 nA. The drain current increased to 4.6 nA, 5.7 nA and 6.3 nA under
illumination with 32, 64 and 127 uW/cm®, respectively. This implies that the channel
conductivity was controlled by gate biases and light intensities. The switch-on voltage shifts
toward positive gate bias as the light intensities impinged on the surface increase.

Another feature is a shift of the switch-on voltage towards more positive gate bias by
increasing illumination intensity. Figure 8.20(a) shows that the switch-on voltage or the fitted
threshold voltage shifts as far as 50 V upon illumination. A fitted threshold voltage or switch-
on voltage corresponds with a number of charge carriers in thin films according to equation
8.1. The field-effect mobility of hole measured in the linear regime was 2.7 x 107 ¢cm?*/Vs.
The hole mobilities measured in air are the same as the values measured in vacuum.
Furthermore, the field-effect mobility of charge carriers is independent of the illumination

intensity, as shown in Figure 8.20(b).
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Figure 8.20.(a).Dependence of the switch-on voltage and the fitted threshold voltage on light intensity, and
(b).Dependence of the field-effect mobility, extracted in the linear regime, on light intensity.
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Figure 8.21.(a).Ratio of the current upon illumination to the dark current is plotted against gate biases. The

dotted lines indicate the switch-on voltage, and (b).The responsivity is plotted against gate biases.

Figure 8.21(a) shows a ratio of the drain current upon illumination to the dark current
at different gate biases. A maximum ratio of 2.1 x 10’ can be obtained at the switch-on
voltage. This value is similar with the value obtained for Spiro-DPSP phototransistor. It is
also clear that the ratio of drain photocurrent to the dark current depends on the illumination
intensity and the gate biases. Moreover, the ratio of drain photocurrent to the dark current
decreases as the gate bias is being swept towards more negative gate biases (Vg < V). This
evidence caused by the fact that the channel current (due to field-effect) becomes significant
at Ve < V. As a result, the ratio of drain photocurrent to dark current decreases as the gate
bias increases toward more negative biases.

Figure 8.21(b) shows the operational responsivity at different gate biases and
illumination intensities. The shape of responsivity is similar with the transfer characteristics.
The maximum operational responsivity of Spiro-DPSP* phototransistors is 0.44 A/W at Vg =
-20 V. This value is three times lower than the value obtained for Spiro-DPSP phototransistor.
However, at that point (V¢ = -20 V) the ratio of drain photocurrent to dark current is 6, which
is very low for photodetector application. The optimal value is at switch-on voltage (Vs, =
0 V). A responsivity of 0.24 A/W and a ratio of drain photocurrent to dark current of 2.1 x 10°
can be obtained at that point. Additionally, a responsivity of 1.1 A/W and a ratio of drain
photocurrent to dark current of 1.9 x 10° can be obtained at the switch-on voltage for Spiro-

DPSP phototransistor.
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Figure 8.22.Time-resolved response of Spiro- DPSP? phototransistors (W =5 mm, L = 5 um, C; = 17.27 nF/cm?)
upon irradiation with 64 yW/cm?* at V= Vp=-20 V.

Figure 8.22 shows the time-resolved response of Spiro-DPSP? phototransistors
measured at Vp = Vg = -20 V. The photocurrent reached its maximum in 3 seconds and the
relaxation needs more than 15 seconds. It is clear that the response time of Spiro-DPSP
phototransistor is slower than of Spiro DPSP phototransistor. One interesting feature revealed
in the time-resolve response is the drain photocurrent maximum decreased with increasing
time which is not observed in Spiro-DPSP phototransistors. This result is not fully understood

yet.

-3.5 . . . . .
[lumination Intensity [,uW/cmz] (a)

——90

Drain Photocurrent [nA]

0 5 10 15 20 25 -30
Drain Voltage [V]



Chapter 8 Asymmetrically Spiro-linked Compounds 177

-
T T T v T T T T T T 5 ;2 6 T T

— 3.01 (b <

< B ol

£, 251 i =

|5 5 4

L 2.0 i % 4

S 15 - ] :

S S

£ 1.0 E § 2]

c - 5

) - S - P =37 uW

7 00{ m®m - E 2 TH
e T m w0

- _ 2 g -12 -11 -10 -9 -8

IHlumination Intensity [uW/cm<] In [Optical Power (W)]

Figure 8.23.(a).Drain photocurrent is plotted against drain bias at different illumination intensity, the gate bias
being zero, (b).Saturated drain photocurrent of Spiro-DPSP? phototransistors (at ¥, = -30 V) is plotted against
illumination intensity. Dotted line is a visual guide for the eye. (c).Square-root of saturated photocurrent is

plotted against natural logarithmic of the incident optical power.

Figure 8.23(a) shows the drain photocurrents are plotted versus drain bias as the gate
bias is being zero. The drain photocurrent increases linearly against drain bias with increasing
illumination intensities. An interesting feature revealed in the output characteristics is the
linearity of the drain photocurrent versus drain bias. This implies no barrier exists between the
electrode and Spiro-DPSP? upon illumination. A plausible cause is the charge is injected from
the gold electrode with increasing gate bias (V¢ < 0) and drain bias (Vp < 0). In contrast, the
charge is already present in films (bulk and channel) upon illumination and then the drain bias
drives the charge between the source and drain electrodes. This indicates that the charges have
no barrier since the charges are not injected, but already present due to photoinduced charge
transfer upon illumination. Therefore, these are two different situations. It was also found that
no clear saturation of drain photocurrent was observed. Additionally, the drain photocurrent
of 2.9 nA can be obtained at ¥ = -30 V and with illumination of 96 xW/cm?®. Figure 8.23(b)
shows the drain photocurrent is plotted linearly against illumination intensity. Two regimes
have been observed in this figure, i.e. /;;, < 30 ,uW/cmZ and I, > 30 ,uW/cmz. At Iy, < 30
uW/cm?, the drain photocurrent slowly increased with increasing illumination intensity. In
contrast, the drain photocurrent greatly increased with increasing illumination intensity at
> 30 uW/cm?®. Therefore, there is a boundary between these regimes which is the so called
threshold point (L, mreshoa = 20 ,uW/cmz). In addition, Figure 8.23(c) shows a plot of the
square-root of the drain photocurrent is plotted against the natural logarithm of the incident

optical power. A threshold of incident optical power of 37 uW is obtained according to
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equation 8.2, which is higher than the values obtained for Spiro-DPSP. This implies that
Spiro-DPSP is better than Spiro-DPSP? in term of sensivity to UV light.

8.3.  Summary of chapter 8

In summary, organic phototransistors based on asymmetrically spiro-linked
compounds 2,7-bis-(N,N’-diphenylamino)-2’,7’-bis(biphenyl-4-y1)-9,9’-spirobifluorene
(Spiro-DPSP) and 2,7-bis-(N,N’-diphenylamino)-2’,7’-bis(spirobifluorene-2-y1)-9,9’-spirobi-
fluorene (Spiro-DPSP?) have been demonstrated. Intramolecular charge transfer between a
sexiphenyl/terfluorene-derivative and a bis(diphenylamino)biphenyl moiety leads to an
increase in the charge carrier density upon illumination, providing the amplification effect.
The OFF current is significantly increased by a factor which is comparable with devices
based on amorphous silicon. Upon illumination, the drain current in the accumulation regime
remains relatively unaffected by the illumination and the charge carrier mobility is relatively
constant. Furthermore, the illumination strongly shifts the threshold voltage or the switch-on
voltage toward more positive gate bias. Based on these results, single layer amorphous
organic semiconductors based on Spiro-DPSP and Spiro-DPSP? seem to be very attractive for
low-cost ultraviolet photodetector application. Another possible application could be non-
volatile memory devices. The stored charge affects the threshold voltage or switch-on voltage.
For erasing the stored charge and returning the device to a lower threshold or switch-on

voltage state, ultraviolet light can be used [18,134,135].
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Conclusions

A comparison between the charge transport properties in low molecular amorphous
spiro-linked compound thin films such as 2,2°,7,7’-tetrakis-(diphenylamino)-9,9’-spirobi-
fluorene (Spiro-TAD), 2,2°,7,7’-tetra-(m-tolyl-phenylamino)-9,9’-spirobifluorene (Spiro-
TPD), 2,2°,7,7’-tetrakis-(N,N’-di-p-methylphenylamino)-9,9’-spirobifluorene (Spiro-TTB),
and 2,2’,7,7’-tetra-(N-phenyl-1-naphtylamine)-9,9"-spirobifluorene (Spiro o-NPB) and the
corresponding parent compound thin films such as N,N,N’,N’-tetraphenylbenzidine (TAD),
N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD), N,N,N’,N’-tetrakis(4-methyl-
phenyl)benzidine (TTB), and N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine
(a-NPB), has been demonstrated. Finally, organic thin film phototransistors (OPTs) based on
asymmetrically spiro-linked compound thin films have been demonstrated for the first time.
The photoresponsive material applied in OPTs were 2,7-bis-(N,N’-diphenylamino)-2’,7’-
bis(biphenyl-4-yl)-9,9’-spirobifluorene (Spiro-DPSP) and 2,7-bis-(N,N’-diphenylamino)-
2°,7°-bis(spirobifluorene-2-y1)-9,9’-spirobifluorene (Spiro-DPSP?).

Thin films based on these materials were fabricated by thermal evaporation and the
surface morphology was characterized by means of atomic force microscopy and optical
microscopy techniques. All films were amorphous, smooth and flat. Directly after deposition
the spiro-linked compound films showed very smooth surfaces with mean roughnesses of less
than 1.6 nm and peak-to-valley heights of less than 10 nm. After the samples were left in
ambient atmosphere for a certain time, the quality of the surface did not change significantly.
Mean roughnesses of less than 1.9 nm and the peak-to-valley heights of less than 12 nm were
obtained after the samples have been left in ambient atmosphere and at room temperature for
several months. In contrast, the films based on the corresponding parent compounds
crystallized easily after the samples were left in ambient atmosphere/in vacuum for a few
days. Initially, the parent compound films have a maximum mean roughness of 1.06 nm and
peak-to valley height of less than 7 nm. However, a mean roughness of up to 39 nm and a
peak-to-valley height of up to 233 nm were obtained after the samples have been left in
ambient atmosphere and at room temperature for a few days. The resulting crystal heights
were much higher than the thicknesses of thin films themselves. This implies that the
substrates were revealed by crystallization. Based on these results, the surface morphological
stability of the spiro-linked compound thin films is better than those of their corresponding

parent compounds thin films.
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The field-effect mobilities of charge carriers in parent compound thin films are slightly
higher than those in their corresponding spiro-linked compound thin films. However, both
mobilities are in the same order of magnitude (~ 10° cm?/Vs). The transistor characteristics of
spiro-linked compound field-effect transistors (FETs) were measured for fresh devices and
after the devices have been stored for a certain time. The hole mobilities in spiro-linked
compound thin films decreased typically by 2 % after the samples have been stored in
ambient atmosphere and at room temperature for 9 months. In contrast, organic FETs based
on the parent compound thin films degraded after the devices have been left for a few days in
ambient atmosphere/vacuum.

Generally, it was found that the measurements performed under vacuum give less
hysteresis in the transfer/output characteristics than those performed in air. The hysteresis in
the transfer curve is also gate bias and temperature dependent. The hysteresis is clearly
observed at high gate biases and high temperatures. This effect could be ascribed to either
charge trapping effect or defects in the active layers. Comparing spiro-linked compounds and
their parent compound-based FETS, the mobility of holes in spiro-linked compound thin films
are relatively unaffected by temperature with respect to their corresponding parent compound
thin films. Furthermore, temperature dependence of the mobility was analyzed in two models,
namely the Arrhenius model and the Gaussian Disorder model. The Arrhenius model tends to
give a high value of the prefactor mobility. However, it is difficult to distinguish whether the
temperature behaviors of the material under consideration follows the Arrhenius model or the
Gaussian Disorder model due to the narrow accessible range of the temperatures.

Organic phototransistors based on asymmetrically spiro-linked compounds, Spiro-
DPSP and Spiro-DPSP?, have been demonstrated. Intramolecular charge transfer between a
sexiphenyl/terfluorene-derivative and a bis(diphenylamino)biphenyl moiety leads to an
increase in the charge carrier density upon illumination, providing the amplification effect.
The OFF current is significantly increased by a factor which is comparable to devices based
on amorphous silicon. Upon illumination, the drain current in the accumulation regime is
relatively unaffected by the illumination and the charge carriers mobility is relatively
constant. However, the illumination strongly shifts the threshold voltage. Remarkably, the
phototransistor can work in two terminal devices (source and drain) and with the incident UV
light acting as an optical gate electrode. Therefore, employing a single layer amorphous
organic semiconducting device seems to be very attractive for low-cost ultraviolet

photodetector applications.
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