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Abstract: Pentacene is a well-known conjugated organic molecule with high mobility and a sensitive
photo response. It is widely used in electronic devices, such as in organic thin-film transistors (OTFTs),
organic light-emitting diodes (OLEDs), photodetectors, and smart sensors. With the development
of flexible and wearable electronics, the deposition of good-quality pentacene films in large-scale
organic electronics at the industrial level has drawn more research attention. Several methods are
used to deposit pentacene thin films. The thermal evaporation technique is the most frequently used
method for depositing thin films, as it has low contamination rates and a well-controlled deposition
rate. Solution-processable methods such as spin coating, dip coating, and inkjet printing have also
been widely studied because they enable large-scale deposition and low-cost fabrication of devices.
This review summarizes the deposition principles and control parameters of each deposition method
for pentacene and its derivatives. Each method is discussed in terms of experimentation and theory.
Based on film quality and device performance, the review also provides a comparison of each method
to provide recommendations for specific device applications.

Keywords: pentacene; thin-film deposition; solution-process; thermal vacuum evaporation; organic
thin-film transistor; inkjet printing

1. Introduction

Since the discovery of pentacene in 1912, many studies have been conducted over the
decades to improve the conjugated organic molecule in terms of its solubility, stability, and
sensitivity to oxygen and moisture [1,2]. Many pentacene precursors and substitutes have
been made, and these pentacene derivatives had been synthesized and characterized for
suitable usage in organic thin film transistors (OTFTs, this term is used interchangeably with
organic field-effect transistor, OFET) [3,4], organic light emitting diodes (OLEDs) [5,6], and
other organic electronic devices, such as thin-film sensors [7-14]. Pentacene is preferable
due to its excellent semiconducting properties, being well understood and relatively cheap
compared to the latest generation of organic semiconductors. With the newer improved
pentacene derivatives, solution—process deposition has been made possible.

Pentacene itself contains five linearly fused aromatic rings and is also known as a
polyaromatic hydrocarbon. Figure 1 shows an illustration of the flat molecules and carbon
numbering of pentacene.
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Figure 1. Carbon numbering of pentacene.

Unfortunately, pentacene is sensitive to ambient air (moisture and oxygen) and has
low solubility, making it unstable when used with common fabrication techniques. Thus,
pentacene should only be deposited using evaporation techniques. Initially, only ultra-high
vacuum equipment was used in the deposition process for pentacene.

However, this technique is disadvantageous for industrial purposes as the process is
expensive and does not cater for the fabrication of large-area electronics. High-temperature
and high-vacuum conditions are needed in order to purify pentacene, which causes the
volume to be degraded in the heat [2]. As pentacene is sensitive to oxygen, it is even more
difficult to purify as contamination can occur quickly due to reaction with oxygen, meaning
it must be carefully stored and treated in an inert atmosphere. It is also very damaging for
pentacene to be exposed to water or UV light [2,15], as exposure has a huge influence on
the mobility and the threshold voltage of organic transistors.

To overcome some of these issues, a treatment (out of the other various methods)
involving self-assembled monolayers (SAMs) can be used to improve device performance.
The use of SAMs and other treatments is widespread, although they are not extensively
covered in this manuscript. In addition, an effective encapsulation process can also be
applied to avoid exposure to oxygen and moisture. Boukhili et al. [15] provide further
details on pentacene’s humidity effects. Pentacene and its derivatives are not new materials.
Nevertheless, they are still widely used in research and prototyping, either alone or in
conjunction (stacked or blended) with other compounds.

This manuscript is arranged into sections, first introducing pentacene and its deriva-
tives followed by thin-film characterization. Next, the main sections cover the different
deposition techniques. Within the main sections, there are a few treatments that are worth
mentioning concurrently to explain the improvements that can be made in device per-
formance. However, a focus is given to the rudimentary device fabrication techniques,
without tapping into the more complex techniques, which may produce better-performing
devices.

This manuscript provides background knowledge for readers who are unversed on
the subject. It is aimed at young or more experienced researchers moving into a closely
related or perhaps new field.

1.1. Pentacene Derivatives

The sensitivity of pentacene is due to its structure. This is because the diffusion of its
five rings tempers the aromaticity and causes it to be more reactive [16]. This commonly
occurs in the central ring, as the reaction of oxygen with the pentacene will produce an
endo-peroxide on the central ring. Light and oxygen are the causes of this degradation and
should be avoided during storage. These problems of solubility and stability were solved
over the years through the development of two different methods [17].

The first method involves soluble pentacene precursors, as shown in Figure 2, which
can be easily purified and deposited in solution form. This means that they are more
soluble than the planar pentacene when deposited onto a substrate and can be converted
into pentacene again using either heat or light. This process is called a retro-Diels—Alder
reaction, which allows the precursors to be reconverted into semiconducting pentacene.
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This makes it competitive with other soluble semiconducting polymers, such as polypyrrole
(PPy), polyaniline, and polydopamine (PDA).

200 °C
\

Figure 2. Example of a pentacene precursor structure.

The second method involves introducing substituents onto the aromatic core (Figure 3),
which increases the stability and solubility of the pentacene. It can also improve the elec-
trical properties due to the self-assembly of pentacene moieties, which causes them to
be packed closely together. This method has better purity control and allows solution
processing. It also improves the stability of the original pentacene against oxygen [18,19].
However, these pentacene derivatives cannot be converted back into pentacene in the way
pentacene precursors can.
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Figure 3. Structures of pentacene derivatives: (a) trimethylsilyl (TMS) pentacene; (b) triethylsilyl
(TES) pentacene; (c) triisopropylsilyl (TIPS) pentacene; (d) t-butyl pentacene; (e) hexyl pentacene.

The first pentacene precursor was proposed by Herwig et al. [20] in cooperation with
Phillips in 1996 by adducting a dichloromethane solution into the pentacene. However, the
heat required in this process is too high (~200 °C), making it incompatible with flexible
substrates. The method was later improved by Weidkamp et al. [21] in 2002, whereby
they prepared a precursor through the reaction of pentacene with a sulfinylamide in the
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presence of methyltrioxorhenium, which reduced the heating requirement to ~130 °C. They
then produced a second precursor using a retro-Diels—Alder reaction via heating and UV
lighting in the presence of a photoacid, whereby the non-converted precursor could be
removed with methanol. Many precursors have been published since then to improve this
method, as it helps to improve the solubility of the pentacene in the electronic fields.

The first pentacene derivative study was published in the year 2000, which focused
on solving the solubility issues with polyacenes [22]. In 2001, Anthony et al. [23] studied
the pentacene derivative of 6,13-bis(trimethylsilyethynyl)pentacene. Through this study;
several well-known pentacene derivatives were discovered, such as TMS-pentacene, TES-
pentacene, and TIPS-pentacene. This academic research approach was later adopted
by Merck, as it meant pentacene derivatives could be purified via crystallization and
column chromatography. It also significantly improved the stability issues against oxygen.
However, this method has also shown degradation towards UV light, even without the
presence of oxygen [24-27]. Additionally, the derivatives have an unfavorable influence on
the electronic properties.

The importance of this discovery is to use soluble pentacene in organic solvents
using solution-processable techniques such as spin coating and dip coating, as they are
cheaper and easier to scale up. The high-solubility conjugated polymers are known to
form homogenous films, which are important for obtaining large coverage areas and
reproducible devices.

1.2. Common Thin-Film Pentacene Deposition Techniques

As the original pentacene is not solution-processable, the only available technique
is the thermal vacuum evaporation technique, which is used to obtain continuous and
reproducible films. This technique is expensive and difficult to scale up, since it requires
high temperatures and very high vacuum pressures. However, it delivers high compound
purity and good adhesion between the thin film compound and the substrate. It also
provides easy control when depositing a very thin layer of material [2,15,28].

This solution-processable technique is widely studied and has been improved to
produce common organic devices [29]. This technique reduces the fabrication costs and
allows a broadened application of the devices on various substrates, such as flexible plastics
and paper-based materials [30]. The spin coating and dip coating methods both have their
advantages and disadvantages, depending on the solution and substrates being used [31].

1.3. Thin-Film Pentacene Characterization

There are three types of analysis methods that are used to observe the performances
and outcomes of thin films—structural, optical, and electrical characterization methods.

Structural analysis approaches such as atomic force microscopy (AFM) are commonly
used for topography imaging with ultra-small dimensions on any material surfaces, as well
as for structural assessments of biological molecules, cellular components, cells, and tissues.
This makes it suitable for viewing the surface morphology or topology of pentacene thin
films [32,33]. This approach enables the identification of the physical characteristics of the
materials, such as the roughness, as well as the electrical properties, such as the surface
potential [34]. This allows the analysis of the deposited material’s molecular position
and order, thereby helps to identify its effects on the device’s performance. Additionally,
X-ray diffraction (XRD) is utilized to determine lattice mismatch between the thin film
and substrate and to measure the stress and strain on the film caused by this lattice
mismatch. It can also be used to determine the dislocation quality and density of the film
by using rocking curve measurements and by measuring the lattice parameters in epitaxial
multilayer structures. Additionally, XRD can also be used to determine the thickness,
roughness, and film density. For thin-film characterization, it can help in identifying the
crystallization that occurs within the thin film structure. As the main function of XRD
is to identify phases presented in a crystalline material, it is commonly used to analyze
pentacene deposition, as pentacene is known to have a crystalline structure [35,36].
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Light absorption analysis approaches such as ultraviolet-visible spectroscopy (UV-Vis)
are used to identify the material band gap based on the absorbance values obtained from
the results. It can also be used to identify the compatibility of the pentacene thin-film
material with the device’s structural layers in terms of flow through electrons and holes
throughout the device structure [37,38].

As an example, the electrical characterization of thin-film pentacene transistors is
usually performed to measure the field-effect mobilities, the on/off current ratio, the
subthreshold slope, and the threshold voltage, depending on the kind of device being
fabricated [39,40].

Several other characterization approaches can be performed on deposited thin films
based on the standard thin-film deposition process [41-43]. Figure 4 shows a summary of
the soluble thin-film processes.

a N
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Figure 4. Soluble thin films—analysis, deposition, and applications.

2. Thermal Vacuum Evaporation Methods

Thermal vacuum evaporation techniques are employed when the organic semicon-
ductor can be sublimed, which is common for most small-molecule semiconductors [44,45].
Some examples of these techniques are organic molecular beam deposition (OMBD) [46]
and organic vapor-phase deposition (OVPD) [31].

For molecules such as pentacene, the OMBD technique is frequently used [47-49]. The
technique uses a high to ultra-high vacuum (10~°~10~'2 Torr) to evaporate the material
(evaporant). The substrate is be placed parallel to the sublimed molecules inside a vacuum
chamber and a semiconductor layer is formed on the substrate. The advantage of this
technique is the efficient control of the growth conditions of the molecule film on the
substrate. This means that the thin film produced on the substrate is in a well-ordered
condition. The common thermal vacuum evaporation method is illustrated in Figure 5.
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Figure 5. Thermal vacuum evaporation method.

The OVPD technique, however, uses a relatively low vacuum pressure combined
with a carrier gas [50,51]. In this technique, the material is evaporated and the carrier gas
transports the molecules out through an outlet and towards the substrate that has been
placed underneath. This technique is illustrated in Figure 6.

In 2003, Sheraw et al. [52] fabricated OTFTs with five different pentacene derivatives
(TMS-pentacene, TES-pentacene, TIPS-pentacene, t-butyl-pentacene, and hexyl-pentacene)
on a highly doped silicon substrate. The substrate temperature was varied from 30 to
60 °C and the nominal rate of the thermal evaporation was 0.1-0.5 A s~!, while the
system’s base pressure range was 2-5 x 107> Pa. The hexyl-pentacene results showed
no field-effect-controlled conductivity. However, for TMS-pentacene fabricated at 30 °C,
a field-effect mobility of 107> cm? V~! s~! was obtained, similar to the result obtained
with TES-pentacene fabricated at 60 °C. TIPS-pentacene fabricated at 90 °C and t-butyl-
pentacene fabricated at 60 °C displayed the best operation results, with a field-effect
mobility of 107# cm? V-1 s~ 1.

From these results, AFM was performed to observe the smooth morphology of the thin
films of hexyl-pentacene, TMS-pentacene, and TES-pentacene, which led to low mobility.
The reason for the low mobility was the amorphous formation of the films. The amorphous
films cause the film to have a very smooth surface. Meanwhile, the surface morphology
for TIPS-pentacene contained tall, long, thin grains and inadequate substrate coverage
(Figure 7). The grain formation for TIPS and t-butyl thin films indicated the formation of
polycrystalline grain structures.

Therefore, OTFTs based on TIPS-pentacene and t-butyl-pentacene on an octadecyl
trichlorosilane (OTS)-treated substrate were fabricated. OTS is a silane coupling agent
(SAM), meaning the treatment provides a low-surface energy substrate for organic layer
growth and may reduce the tendency of the organic active layer and the silicon dioxide
interface to hydrolyze [53,54]. The results from this treatment showed no improvement for
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t-butyl-pentacene. However, massive improvements were shown by TIPS-pentacene, with
a field-effect mobility of 0.05 cm? V=1 s~ 1.

Carrier gas
Source
R 2 e
| O ° ° ° ° ° ° ° ° ° |
Heater

Figure 6. Organic vapor-phase deposition.

ﬁ
5 um

Figure 7. Grain formation of TIPS-pentacene thin film. Reprinted with permission from ref. [52].
2013 John Wiley and Sons.

The surface morphology of the TIPS-pentacene fabricated with the OTS-treated sub-
strate was further improved by increasing the channel thin-film thickness from 50 nm to
75 nm, with a highly improved mobility of 0.4 cm? V~! s~1. This increased film thickness
enlarged the grain size within the regions of continuous thin films between the grains.
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This was the best field-effect mobility performance during that time. This gave us the
knowledge that in order to obtain good performance, the surface morphology is important
in defining the field-effect mobility. The substrate treatment also played an important role
in this discovery. This shows that improvements can be made prior to the deposition of this
material. Later, in 2007, Knipp et al. [28] reported a better-performing pentacene thin-film
transistor deposited on a highly doped silicon wafer using the OMBD technique. Pure
pentacene was used in this deposition process. Before the deposition process, the dielectric
was treated with hexamethyldisilazane (HMDS) at a deposition rate of 0.5 A s~1. The
molecules were deposited at a base pressure of 5 x 10~° Pa, with the substrate temperature
kept constant at 70 °C.

A carrier mobility rate of 0.5 cm? V~! s~! was observed, with a pentacene thickness
of 10 nm. The subthreshold voltage was excellent at 0.2 V/decade. This is considered
relatively low for an OTFT prepared on a 50 nm thermal oxide layer. This should have
been two times higher than the obtained result, assuming that it was due solely to the gate
capacitance. This section shows that over the years, new improvements have been made in
the usage of pentacene.

Years later in 2012, Ochiai et al. [55] fabricated an OFET device using a polymer
dielectric polycarbonate (PC). The pentacene was deposited in a vacuum with a pressure
of 2 x 10~* Pa and with the substrate temperature held at 50 °C. The deposition rate was
set to 0.02 nm s, resulting in about 50 nm of pentacene thin film being formed.

The results showed a large mobility value of 0.62 cm? V~! s~1. This suggests the
polycarbonate enhanced the crystallinity of the pentacene and increased the conductivity
of the thin film. The high mobility was possibly due to the grain size and the microscopic
molecular structures within the thin film, which significantly increased the charge transport
properties. The efficient charge transport properties were highly influenced by the inter-
molecular interactions between the molecules, which were easily affected by the molecular
packing and minimization of their reorganization energy.

In 2016, Saikia et al. [56] fabricated a bilayer anode of an OLED device consisting
of fluorine-doped tin oxide (FTO) and pentacene. This was the first time pentacene was
utilized as a buffer layer in OLED research.

The pentacene thicknesses were 1 nm, 4 nm, 6 nm, and 10 nm. The optimal thickness
was found to be 6 nm, as this thickness increased the device’s current efficiency as well
as the power efficiency compared to the bare FTO anode layer. A balanced contribution
of the charge carrier’s thermionic emission was observed at this optimal thickness, which
enhanced the current efficiency, as proven by the transmittance spectra and surface resis-
tivity measurements. The obtained current efficiency was 6.6 Cd/A, which was higher
than for the bare FTO at 3.7 Cd/A. In this case, pentacene was used to enhance the OLED
performance. As pentacene is known for its high hole carrier mobility, it is commonly used
as a hole injection layer. Figure 8 illustrates the OLED structure.

In 2017, Lee et al. [24] studied the effects of the oxygen plasma flow rate generated
during magnetron sputtering of ruthenium oxide (RuOy) on pentacene-based OTFTs. For
this, different device structures were used, including bottom contact (BC) (Figure 9a,c) and
top contact (TC) (Figure 9b,d) devices. TC devices are known to show better performance
than BC devices due to the lower contact resistance between the source and drain electrodes
and the reduced electron scattering at the semiconductor layer interface. The band align-
ment between the electrodes and the semiconductor layer is one of the keys to attaining
good device performance. Note that pentacene has the highest occupied molecular orbital
(HOMO) of 5.1 eV, while the work function of RuOy is 4.92 eV.

The pentacene was deposited on a SAM-treated substrate measuring 50 nm in thick-
ness using OMBD at 70 °C (substrate temperature) and 2 x 10~° Torr with a deposition rate
range of 0.2-0.3 A s~1. The pentacene was patterned using a stencil mask. The oxidation of
the deposited pentacene was measured using a UV tip cleaner with several exposure times
of 30, 60, 120, and 180 min. When the magnetron sputtering deposited the RuOx electrodes,
oxygen could have reacted with the pentacene thin films.
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(a)
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Figure 8. Schematic of the multilayers of an OLED structure.
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Figure 9. The common OTFT schematic structures: (a) bottom gate, bottom contact; (b) bottom gate,
top contact; (c) top gate, bottom contact; (d) top gate, top contact.

It was identified that there was no effect from the oxygen plasma on the BC de-
vices; moreover, the device performance was found to be improve with the increase in
oxygen gas flow rate. The mobilities were found to increase from 0.205 cm? V=1 s~ to
0.435 cm? V~1 s~1. Similarly, with the TC device, as the oxygen flow rate increased, the
field-effect mobilities increased from 0.308 cm? V1 s71 t0 0.499 cm? V1 s~1. However,
in the TC device structure, the pentacene layer’s top surface was severely damaged and
caused a leakage current. This also caused the leakage path to be comparable to the intrinsic
channel and the devices eventually ceased operation overtime as the flow of the leakage
current became more dominant when the flow of oxygen flow increased.

This is well-known phenomenon happens in polymers and small molecules when
they interact with oxygen plasma. The acene rings in the molecular structure, which have a
high carrier density, are easily destroyed by oxygen and ultraviolet (UV) light. They create
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new bonds, which act as carrier traps that degrade the device performance. The reaction
with oxygen plasma in the TC device’s pentacene layer produced a derivative known as
6,13-pentacenequinone. The performance results for other thermally evaporated OTFTs
are listed in Table 1 [55,57-60]. Note that the table lists only the average typical values
relevant to this manuscript. The typical mobility rate for pristine pentacene OTFT is around
1 cm? V-1 s71; much higher mobility values have been reported in previous studies, such
as from our previous work, which required more complex treatments with mobility rates

of up to 4.7 cm? V-1s1[57].

Table 1. Electrical performance comparison of OTFTs based on pentacene and its derivatives.

Deposition . Carrier Mobilities Threshold
Reference No. Method Material (cm2 V-15-1) Ion/OFF Voltage (V)
~107°
TMS-pentacene, ~10-5 NIL
Thermal vacuum TES-pentacene, 0.4 NIL
[52] ) TIPS-pentacene, " 10° NIL
evaporation 10
t-butyl-pentacene, . NIL
hexyl-pentacene No field NIL
Y conductivity
Thermal vactum Pentacene 0.62 102 —8.5
evaporation
Pentacene precursor of
: 136N 0.031 -125
[55] Sulfinylacetamidopentacene
Spin coatin (SAP), 103
P & Pentacene precursor of
6,13-Dihydro-6,13- 0.09 5
methanopentacene-15-one '
(DMP)
[24] Organic molecular Pentacene 0.435 1.83 x 10° 4.77
beam
[57] Thermal vacuum Pentacene 2.5 107 —4
evaporation
Thermal vacuum 3
[58] . Pentacene 0.18 10 NIL
evaporation
[59] Thermal va.cuum Pentacene 0.1 3.3 x 10° 1.5
evaporation
Thermal vacuum
[60] . Pentacene 0.025 NIL -1
evaporation
[61] Spin coating TIPS-pentacene 0.002 102 3.2
[62] Spin coating TIPS-pentacene 0.005 NIL -1.3
[63] Spin coating TIPS-pentacene 0.6 100 NIL
[64] Spin coating TIPS-pentacene 1.66 7 x 10° NIL
[65] Spin coating TIPS-pentacene 3.40 104 —-10
[66] Spin coating TIPS-pentacene 0.05 NIL NIL
[67] Drop casting TIPS-pentacene 0.12 104 -0.2
[68] Drop casting TIPS-pentacene 0.005 NIL 5
[69] Drop casting TIPS-pentacene 0.00016 NIL —-10
[70] Drop casting TIPS-pentacene 0.57 NIL 0.27
[71] Drop casting TIPS-pentacene 222 1.3 x 10* —5.75
[72] Drop casting TIPS-pentacene 0.013 NIL —0.14
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Table 1. Cont.
Reference No. Dg;;i(t)i:lm Material Ca(ziezre/{ (;bsililt;es IoN/OFE Jj‘l:zzl:;l\c})

[73] Drop casting TIPS-pentacene 0.78 10% —0.56
[74] Drop casting TIPS-pentacene 0.15 NIL NIL
[75] Drop casting TIPS-pentacene 0.44 10° -0.3
[76] Dip coating TIPS-pentacene 3.0 10° 10

[77] Dip coating TIPS-pentacene 1.2 NIL NIL
[39] Dip coating TIPS-pentacene 0.047 NIL NIL
[78] Inkjet printing TIPS-pentacene 0.53 1.6 x 10° -0.7
[79] Inkjet printing TIPS-pentacene 0.23 2.01 x 10° NIL
[80] Inkjet printing TIPS-pentacene 0.22 5.7 x 10% —0.4
[81] Inkjet printing TIPS-pentacene 0.35 1.2 x 107 NIL

Other than the common OFETs and OLEDs, pentacene was also fabricated onto solar
cells. Biber et al. [82] fabricated a solar cell with the use of pentacene as part of their
active layer. The pentacene was stacked with perylene tetracarboxylic di-imide (PTCDI) to
form a donor-acceptor solar cell. This was performed by depositing the pentacene layer
beforehand onto a PEDOT-PSS layer via thermal evaporation at a pressure of 3 x 10~ Torr
with a deposition rate of 1 A s~! to obtain 50 nm of pentacene. PTCDI measuring 50 nm in
thickness was later deposited on top of the pentacene. Figure 10 shows an illustration of
the solar cell structure.

J-V Measurement
System

PEDOT:PSS

ITO

Figure 10. Illustration of the solar cell’s schematic structure.

The main objective was to determine the effects of the annealing time and temperature
on the power conversion efficiency. Two groups of samples were fabricated. For the first
group, the annealing temperatures were set to room temperature, 100 °C, and 150 °C
for 5 min. For the second group, the annealing times were 5 and 10 min at a constant
temperature of 100 °C.

The most important aspect in solar cells is the film morphology [82-85]. This can
be observed through AFM images, as the morphology of the organic stacked layer is
essential in analyzing a solar cell’s performance. In these images, the thin films that were
annealed at high temperatures have a more homogeneous structure will show greater
surface roughness compared to non-annealed or low temperatures. This is probably due
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to the increase in phase separation of the pentacene/PTCDI thin films, which allows an
increase in the crystallization locations of the PTCDI.

The surface roughness is known to influence the charge carrier collection and the charge
transport efficiency. Since the thin film’s roughness is decreased, this allows a larger contact
area at the interface of the stacked materials, which enables it to boost the charge collection
efficiency, giving a higher power conversion energy value. This is because high annealing
temperatures activate the energy in the material’s atoms, leading to larger grain sizes.

However, this was only seen in the PTCDI layer, while the pentacene layer on the
other hand showed decreased surface roughness with increases in both the annealing
temperature and annealing time, which caused the efficiency of the solar cell to degrade.
This was due to the reduction in charge collection, which increased the diffusion length of
the excitons in the organic material and decreased the photocurrent. The combination of
these layers did increase the light harvesting ability throughout the visible solar spectrum
region. The decrease in the pentacene film’s surface roughness resulted in efficiency rates
of 0.33%, 0.12%, and 0.06% for room temperature, annealing at 100 °C, and annealing at
150 °C, respectively [83].

Recently, pentacene layering for perovskite solar cells was investigated by Zhang et al. [86].
This study was performed to replace PEDOT-PSS as the hole transport layer in perovskite solar
cells, as it is known to cause corrosion on the perovskite layer during the operation. Pentacene is
seen as a good replacement due to its high hole mobility and the ease of its synthesis. Pentacene
was deposited on an ITO substrate and the substrate temperature was varied between room
temperature, 40 °C, 80 °C, and 120 °C.

Based on the XRD observation, the pentacene characteristic peaks under the preheated
substrate at 40 °C were significantly narrower than the other conditions. The grain size
of the pentacene crystallites was measured to be 70 nm, which was larger than the others.
The pentacene thin film was further observed with SEM and AFM to study the surface
morphology of the film (Figure 11). Under SEM observation, the pentacene morphology
under the same preheated substrate conditions showed smaller holes on the surface and
its crystallization increased vertically. This indicated that the crystallization is good for
the perovskite—pentacene layer contact. The AFM observation of the same conditions
showed that the pentacene thin film had high regularity and a lower surface roughness of
3.62 nm. The J-V measurement revealed that the solar cells exploiting the pentacene thin
film produced a 5.7% power conversion efficiency (PCE) rate, which was much higher than
the efficiency of the device based on bare ITO, with a 1.6% PCE rate. This shows that the
pentacene thin film has a deep impact on the performance of perovskite solar cells.

Figure 11. SEM images (a-d) and AFM images (e-h) of pentacene films prepared via thermoevaporation
of pentacene on ITO substrates preheated at RT, 40 °C, 80 °C, and 120 °C, respectively. Reprinted with
permission from ref. [86]. 2019 Elsevier.
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Lubert-Perquel et al. [87] deposited pentacene with different deposition rates and dis-
covered that the slower deposition rate was optimal for pentacene based on crystallization
formation. However, pentacene forms better crystallites in mixed depositions. Thus, the
study of pentacene in polymer blends is encouraging to improve the crystal growth of
pentacene thin films [88,89].

In this study by Lubert-Perquel et al. [87], pentacene was co-evaporated with p-
terphenyl, which was used to dilute pentacene in crystal and thin-film forms. A silicon
wafer was used as the substrate. A 200 nm film was deposited onto the substrate at a base
pressure of 3 x 10”7 mbar using OMBD. It was found that the ratio of the thin film to bulk
phases was highly reliant to the orientation of the film. This study was aimed to provide a
methodology for obtaining the desired orientation.

The addition of pentacene as the dopant in the p-terphenyl changed the thin film mor-
phology and reduced the grain size by an order of magnitude. The higher the pentacene
concentration, the smaller the grain size. The crystallites formed appeared to be more
regular and the roughness was reduced from 93.5 nm to 16.5 nm. Since pentacene has
polymorphism properties and grows in a mixed phase, its growth varies in temperature,
thickness, and deposition rate. They achieved a pentacene thin film phase of d = 15.0 A
combined with a bulk phase of d = 14.1 A. As the deposition rate increased, the thin film
showed a lattice spacing with an isostructural increase of 0.1 A. However, no phase sepa-
ration was found when pentacene was mixed with p-terphenyl; it formed a homogenous
blend instead, which enabled the gradual aggregation of the molecules to be investigated
even further for use in organic devices. Other thermally evaporated optoelectronic device
performance comparisons are listed in Table 2 [90,91].

Table 2. Performance comparison of pentacene-based optoelectronic devices.

Reference Deposition . . Current rower Ture On Quantum e
No. Method Device Material Efficiency Efficiency Voltage Yield (%) Consumption
(Cd A1) (Im W-1) ) Efficiency (%)
[56] Thermal vacuum o gy Pentacene 6.6 34 5.8 NIL NIL
evaporation
[82] Thermal vacuum g, cells Pentacene NIL NIL NIL NIL 0.33
evaporation
[86] Thermal vacuum - g, 1ar Cells Pentacene NIL NIL NIL NIL 5.7
evaporation
[90] Thermal vacuum OLED Pentacene NIL NIL 5.0 32 NIL
evaporation
[91] Thermal vacuum oy b, Pentacene 3.4 NIL NIL NIL NIL

evaporation

It can be seen that the thermal vacuum evaporation method has been used in several
studies for the deposition of pentacene. Other studies have also involved the implementa-
tion of this method with pentacene derivatives, such as, TMS-pentacene, TES-pentacene,
TIPS-pentacene, t-butyl pentacene, and hexyl-pentacene, to observe their performances
as active layers in OFET devices. Throughout these studies, it was clear that the film
morphology is the main influence on the device performance. This led to the application of
a surface treatment on the substrates prior to pentacene deposition. The commonly used
surface treatments in these studies were OTS, HMDS, and PFDTES.

Beside the crystallinity, other factors requiring consideration are the temperature
and surface conditions for pentacene deposition. Lassnig et al. [92] reported using three
different surface conditions, namely sputtered, sputtered plus carbon, and unsputtered
plus carbon, at sample temperatures of 200 K, 300 K, and 350 K during pentacene deposition
to produce high-mobility pentacene transistors.

AFM characterization was focused on the gold contact, the SiO; along the channel
region, and the critical gold/SiO, transition region which revealed the underlying layer
growth responsible for the electrical properties (Figures 12-14).
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Figure 12. Pentacene deposition at 200 K: 1.5 monolayers on SiO; (a) and gold (b), plus 7.5 monolayers

on the gold contact—channel transition region (c). The corresponding cross-sections are indicated in

the AFM scans by a line and shown underneath correspondingly. Reprinted with permission from
ref. [92]. 2015 Elsevier.

x/ um

Figure 13. Pentacene deposition at 300 K: 1.5 monolayers on SiO; (a) and gold (b), plus 7.5 monolayers
on the gold contact—channel transition region (c). The corresponding cross-sections are indicated in
the AFM scans by a line and shown underneath correspondingly. Reprinted with permission from
ref. [92]. 2015 Elsevier.

Based on the AFM, Lassnig et al. [92] effectively combined the temperature and surface
conditions for the pentacene deposition sequence using sputtering. The sequence consisted
of four monolayers (ML) of pentacene deposited at 350 K as the layer within the channel
with the most optimal charge transport features, followed by a four-ML covering layer
deposited at 200 K, with optimal connection of the active layer to the gold electrodes.
This method achieved a substantial carrier mobility increase compared to all other single-
deposition temperature sputtering procedures.
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Figure 14. Pentacene deposition at 350 K: 7.5 monolayers on SiO, (a) and gold (b), and on the gold
contact—channel transition region (c). The corresponding cross-sections are indicated in the AFM
scans by a line and shown underneath correspondingly. Reprinted with permission from ref. [92].
2015 Elsevier.

It is worth mentioning that the effect of the polymer layer on the thin-film pentacene
was also studied by depositing the polymer as a dielectric layer. It was found that the
polymer caused the pentacene to form a good crystalline growth, which in turn improved
the device carrier mobility [93,94]. Pentacene has also been assessed in other aspects by
using this deposition method—pentacene was studied as an active layer, a buffer layer,
and also as a dopant. This deposition method is not only applied in the fabrication of
OFET devices but also in the fabrication of other devices, such as OLEDs and solar cells.
For the thermal vacuum evaporation technique, devices are individually fabricated due
to the limitations on space in the vacuum chamber. This deposition method is very costly,
time-consuming, and not suitable for mass production. Hence, other deposition methods
have been explored in order to solve these issues in the production process. The following
alternative deposition methods, namely spin coating, dip coating, drop casting, and inkjet
printing, are discussed in this review.

3. Spin Coating Method

Spin coating is one of the most used methods in academic studies, as well as in
industry, due to its capability for mass production at cheaper costs [95-98]. It is also easier
to perform as it only requires a few drops of solution. The solution is dropped on top of a
substrate that is held onto a chuck within the spin coater, as illustrated in Figure 15. The
spinning process starts with a certain acceleration rate and remains at a constant speed for
a period of time. Upon completion, the desired thin film will form via a combination of
evaporation processes and liquid flow. An additional step such as heat or UV treatment
may be required depending on the solution’s characteristics [31].

The surface coverage is important in this technique to ensure the uniformity of the thin
film being deposited [99,100]. Bharti et al. [101] studied the deposition of TIPS-pentacene
using this method with different dropping positions of the solution onto the substrate
(Figure 16). They studied the effect it has on the alignment and crystallinity of the pentacene
when it is deposited off-center to the substrate. Compared to the usual central dropping, the
off-centered dropping approach was better for the crystallinity and pentacene alignment.

The thickness of the thin-film layer depends on the spin speed and duration of the
spin. The solution’s properties, such as its density, viscosity, shear thinning, evaporation
rates, and liquid flow, also effect the thickness. By altering the acceleration and spin speed,
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the liquid flow can be controlled. The evaporation rate on the other hand can majorly
impact the morphology of the thin film. This method is suitably used to deposit pentacene
precursors or pentacene derivatives, as they both are in solution form.

The solubility enables researchers to use pentacene with other soluble polymers in
order to improve device performance. In 2016, Ozério et al. [61] produced a blend of P3HT-
TIPS-pentacene as a thin film. The blended solution was deposited via spin coating onto
two different Al,Oj3 insulators. One of the insulators was treated with HDMS while the
other was not. A glass substrate was used to produce the OFET devices. They discovered
that the crystalline growth in the thin film was better with the HDMS-treated Al,O3. This
is highlighted because crystallinity it is important to determine the performance of the
device.

For TIPS-pentacene, the carrier mobility depends greatly on the crystal orienta-
tion [102-104], crystalline thickness, crystalline domain size, and presence of cracks.
Past research had showed a mobility rate of 1.8 cm? V! s~! for TIPS-pentacene tran-
sistors [105,106]. This result depends on the solution concentration, solvent selection,
temperature of the thermal treatment, method of deposition, and substrate material. In
general, it has been shown that solvents with a high boiling point deliver slow crystal
growth. This enables the thin film to be formed with a large lamellar structure, possibly
giving higher mobility.

Rotating

Drying

Figure 15. Spin coating method.
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Figure 16. Illustration of the dropping positions: (a) central dropping; (b) off-centered dropping.

Although heat treatment is needed for complete solvent evaporation, temperatures
above 60 °C could damage the thin-film organic semiconductor. For this reason, it is
not easy to obtain devices with uniform characteristics. Hence, polymer blends were
developed to improve the morphology of the TIPS-pentacene. Doing so enabled control of
the crystallinity of the film, grain size, and other parameters.

Ozério et al. [61] obtained a 1.2 x 1073 cm?2 V1571 mobility rate for the P3BHT-TIPS-
pentacene blend on an untreated oxide and 2.0 x 1073 V=1 s~! on a treated oxide. It was
noted that the mobility could be higher with the presence of percolation of the crystalline
domains as a continuous film along the surface. Moreover, the on/off current ratio was 102
in both cases, with a 10~ A rate for the off current. This value was relatively high due to
the leakage in the oxide and not due to the carrier conduction in the semiconducting blend.

Subsequently, Ozoério et al. [62] studied the solvent’s effects on the thin film morphol-
ogy and the optical properties of the PSBHT-TIPS-pentacene blend. Chloroform, toluene,
and trichlorobenzene were used in their investigation by fabricating OFETs and using the
P3HT-TIPS-pentacene blend as the active layer. An aluminum oxide substrate (Al,O3)
was treated beforehand with HDMS. The semiconducting blend was mixed at a ratio of
1:1 (wt/wt) and dissolved separately in the three different solvents (chloroform, toluene,
and trichlorobenzene). The boiling points of these solvents were 60 °C, 110 °C, and 200 °C,
respectively. The prepared solutions were each filtered before being deposited by spin
coating onto an Al,Os layer at 1000 rpm for 60 s. The deposition was performed in a
glovebox and the thickness produced was ~100 nm. The thin film was then annealed for
2 hin a vacuum oven at a temperature of 100 °C to remove the residual solvent.

The TEM images for the thin film produced with the chloroform solvent showed that
the TIPS-pentacene could be aggregated on the upper surface due to the phase difference
(Figure 17). The high volatility of the solvent was found to be the cause of this. The high
crystallization of the TIPS-pentacene was due to the solution’s saturation during the spin
coating process as the solvent evaporated. This highly volatile solvent has a lower surface
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tension than the solute, which is also influenced by the spinner rotation, which means
there is insufficient time for the film to organize properly, instead producing high surface
roughness and structural defects [63,107,108].

201 (@)
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g1 5- —— Toluene
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Figure 17. Representative TEM images of the P3HT nanoparticles synthesized from (a) chloroform,
(b) toluene/chloroform (1:4 v/v), (c) toluene, and (d) intensity particle size distribution of P3BHT

nanoparticles obtained from DLS. Reprinted with permission from ref. [107]. 2012 American Chemical
Society.

The TEM images for films formed using toluene solvent show differences in the
crystallites” ordering compared to the film prepared using the chloroform solvent and
the trichlorobenzene solvent. The film prepared with chloroform solvent shows “stripes”
and “stretch marks” patterns of crystallites, while the film prepared with toluene solvent
formed a smaller aggregated TIPS-pentacene with more “stretch marks” patterns of crys-
tallites than the “stripes” pattern. However, the trichlorobenzene solvent’s thin film were
seen to be more homogenous and less intense segregation. The crystalline aggregates
were not observed in this thin film due to the low volatility of the solvent. This caused
the solvent’s evaporation speed to be very low and delayed the solution’s saturation.
Large aggregates of the TIPS-pentacene molecules were not formed on the surface when
trichlorobenzene was used as the solvent. The molecule ordering in semiconducting poly-
metric materials has a considerable effect on the optoelectronic properties, such that the
carrier mobility can be increased to a large degree by the molecule ordering. The UV-Vis
spectra observations showed a narrower band gap for the thin film blends produced with
toluene and trichlorobenzene. The device performances were observed based on the dif-
ferent solvents, namely chloroform, toluene, and trichlorobenzene, with mobility rates
of 0.7 x 103 em?2V-1s1,10x 103 em?V1s 1, and 50 x 103 em?2 V11, respec-
tively. The thin film blend produced with the trichlorobenzene solvent showed the best
performance. This was due to the improved P3HT crystalline lamella ordering.
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These results were observed in bottom gate, top contact device structures. It is believed
that better performance could be obtained with top gate, top contact structures, as the
current in the configuration was localized in an accumulated layer at the interface with
the dielectric, while the molecules of the TIPS-pentacene were found to be concentrated
on the upper surface. If the conduction was localized in the concentrated region of the
TIPS-pentacene molecules, this could improve device performance.

The effect of crystallization on the TIPS-pentacene blended with an insulating polymer,
polystyrene (PS), was studied by Madec et al. [105]. The solution blend was spin-coated
onto a silicon substrate during the process of fabricating an OFET gas sensor. They observed
the effects of the different spin coating duration on the crystallization of TIPS-pentacene,
degree of phase separation, and field-effect characteristics of the thin film. The gas sensor
characteristics were also affected by the spin coating duration.

This led to the discovery that vertical phase-separated structures were formed with
TIPS-pentacene gathered on the top and PS gathered at the bottom, which caused a differ-
ence in the surface energy. Even though the vertical phase-separated structures were not
influenced by the spin coating duration, the crystal growth of TIPS-pentacene molecules
on the PS was still governed by it. A short spin coating time such as 3 s or 5 s would lead
to 1D crystal growth, as it causes the excess residual solvent to induce convective flow in
the drying droplet. Therefore, with a 50 s spin coating time, 2D crystal growth is achieved.

For comparison, the thin film with 1D crystal growth contained large-scale inter-
crystal gaps, while the thin film with 2D crystal growth was found to be continuous with
a high-density void. The field-effect mobility obtained from the 2D crystal growth thin
film was ~0.6 cm? V! s~! and the on/off current ratio was 10°. It also exhibited a better
sensing result compared to the 1D crystal growth, which had a field-effect mobility of
~0.3 cm? V1 s~ and an on/off current ratio of 10°, which was due to the film thickness and
the porous film structure. The 2D molecular crystals have a unique optoelectronic property
that cannot be achieved in conventional bulk crystals. Thus, by utilizing their ultrathin
structural features and superior interface qualities, one can enhance the performance of
OFETs. Combining the intrinsic properties, such as the lightweight construction, material
versality, and chemical and environment stability, would enable the 2D crystals to be used
for advanced electronic technology applications [109].

It is known that the electrical performance of OTFTs is greatly dependent on the
surface energy of the gate dielectric. Considering the active channel is located at the
interface between the dielectric and semiconductor layers, a hydrophobic treatment of
the gate dielectric surface can effectively increase the carrier mobility by several orders
of magnitude. Therefore, it is crucial that the gate dielectric’s surface energy be lowered
to improve the mobility. This would require a trade-off between the surface energy and
surface wettability, making it challenging to produce a uniform thin film of an organic
semiconductor on a hydrophobic dielectric (low surface energy) using a simple spin coating
method.

Hence, two major approaches were taken. The first was to apply doping to change the
surface tension of the organic semiconductor solution, thereby improving the surface wetta-
bility [61]. However, this doping had significant effects on the purity and the crystallinity of
the semiconductor, directly impacting the mobility of the OTFT. The second was to dissolve
the organic semiconductor in a solvent, which allowed the surface tension to be modified
and enabled a continuous thin film to form on a hydrophobic dielectric. This approach was
reported previously by Liu et al. [110], whereby OTFTs were fabricated by employing a
low surface tension hexane as the solvent. A small-molecule thin film was deposited on
the octadecyltrimethoxysilane (OTMS)-treated dielectric surface; however, the mobility
was low at 0.02 cm? V~1 571, albeit this showed an improvement in wettability. This report
showed the importance of controlling the wettability of the organic semiconductor solution
on hydrophobic surfaces to form uniform and continuous thin films.

In another related study, Wang et al. [64] investigated a low-viscosity organic semi-
conductor solution by spin coating a hydrophobic surface. Different solvents were tested
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to find the most suitable for producing a smooth, uniform, and continuous thin film.
TIPS-pentacene was dissolved in hexane, toluene, chlorobenzene, 1,2-dichlorobenzene,
and 1,2,3 4-tetrahydronaphthalene individually. Each solution was spin-coated onto an
OTS/Si0; substrate. They found that hexane produced the best results in terms of device
performance. It improved the solution’s wettability by completely wetting the hydrophobic
OTS/Si0; surface. It also formed a continuous and uniform thin film. TIPS-pentacene
samples prepared with hexane solution were further studied with different spin speeds
and concentrations under ambient conditions, which were then annealed at 40 °C for
15 min. When the solution was dropped onto the substrate, a tri-phase contact line of the
solution, substrate, and air was formed. In the beginning of the droplet evaporation, the
evaporation-induced capillary flow forced the solute to transport to the tri-phase contact
line region. The motion of the solute in the droplet was mainly influenced by the drag
force and more solutes were transferred out to the tri-phase contact line, which then caused
the solute—substrate Van der Waals and electrostatic interactions to increase. This resulted
in contact line pinning and suggested that there was no surface tension. However, there
was still a large effect of the surface tension when the tri-phase contact line was unpinned,
as it extended the surface state between a solid and liquid. The surface tension of the
hexane solution was 18.4 m] m~2, which was approximate to the surface tension of the
OTS/SiO, substrate (18 mJ m~2). The continuous film was formed when the nucleation at
the tri-phase contact line was produced due to the supersaturated solution.

There are three factors that affect the electrical properties: post-annealing, the spin
coating speed, and the solution concentration. Post-annealing contributes to the enhance-
ment of the field-effect carrier mobility. AFM images showed that the TIPS-pentacene
morphology changed significantly after post-annealing at 40 °C for 15 min, while the
RMS of the surface roughness was compared before and after the post-annealing, which
resulted in a decrease from 18.7 nm to 2.37 nm. It was also noticed that the re-crystallized
TIPS-pentacene became smooth and showed improved uniformity after post-annealing.
The carrier mobility of the OTFT was shown to increase after the post-annealing from 0.12
to 1.66 cm? V~1 s1. This improvement was observed due to the better crystallinity of the
thin film after the post-annealing process.

The second factor, the spin coating rotational speed, influences the carrier mobility.
The solution was prepared using the hexane solvent with a 10 mg ml~! TIPS-pentacene
concentration. The morphologies and film thicknesses of the produced thin films were
observed. When the spin speed was increased from 1000 rpm to 9000 rpm, the film
thickness gradually decreased from 46 nm to 15 nm. Thinner films are formed at higher
spin speeds due to the stronger centrifugal forces. All TIPS-pentacene films underwent the
post-annealing process at 40 °C for 15 min. The mobility was seen to increasing as the speed
increased from 1000 rpm to 7000 rpm, with 0.28 cm? V1 s~ 1 at 1000 rpm, 1.12 cm? V—1 57!
at 3000 rpm, 1.34 em? V-1 s 1 at 6000 rpm, and 1.66 em? V-1 s~1 at 7000 rpm. The thinner
semiconducting layer reduced the parasitic resistance and improved the injection efficiency
of the carriers [111,112]. However, when the spin speed reached 9000 rpm, the mobility
reduced 0.85 cm? V~! s~1. Consequently, a film that is too thin can cause defects such as
pin holes, grain boundaries, and trap states in the organic thin film.

The third factor, the solution concentration, is also known to influence the carrier
mobility. The thin films” morphologies and thicknesses produced with different solution
concentrations of TIPS-pentacene at, 1, 4, and 10 mg ml~1 and prepared with hexane
solvent were observed. The spin speed was set to 7000 rpm and all films were post-
annealed at 40 °C for 15 min. It was observed that when the concentration of the solution
increased, the film RMS surface roughness gradually decreased and the thickness of the
thin film gradually increased. At 1 mg ml~!, the film RMS was 4.91 nm, with a thickness
of 7 nm. The carrier mobility was merely 0.011 cm? V=1 s71. At 4 mg ml~!, the film
RMS decreased to 3.26 nm with an increased thickness of 13 nm and a carrier mobility of
0.37 cm? V~! s71. The concentration of 10 mg ml~! gave the best results, with a film RMS
of 2.37 nm, thickness of 22 nm, and carrier mobility of 1.66 cm?2 V-1g1,
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Wang et al. [64] obtained an important result for a solution-processed organic semi-
conductor thin film that was prepared in an ambient environment. The spin-coated organic
solution’s low wettability on the hydrophobic OTS-treated SiO; dielectric was effectively
improved by using hexane as the solvent for the solution. The reduced surface tension con-
tributed to the solution droplets’ increasing ability to adhere to the surface of the dielectric
with low surface energy. The performance levels of other spin-coated OFETs are listed in
Table 1, along with the ones discussed here.

The spin coating deposition method is one of the early solution-processable techniques.
This allows materials such as pentacene to be deposited in solution form. The most
commonly used soluble pentacene is TIPS-pentacene. It can be seen throughout this section
that most research has been performed by spin coating TIPS-pentacene as the active layer.
There are many important considerations when it comes to soluble processes—mainly the
solution’s characteristics, such as its density, viscosity, evaporation rates, shear thinning,
and liquid flow. This is where the choice of solvent and the solution concentration are
important in determining these characteristics. Many have used solvents such as toluene,
chloroform, chlorobenzene, and others in order to provide a uniform thin-film layer, as
previously mentioned.

The morphology of the thin film is very important in producing good device per-
formance. This includes the crystallinity growth of the soluble pentacene layer, leading
to polymer blending studies. Polymer is known to improve the crystalline growth of
pentacene. Thus, the solubility process allows them to be blended together as a single
solution. Such blends have been observed and investigated based on the different ratios
and concentrations between the TIPS-pentacene and the polymer. However, the common
issues that can be seen throughout the blending are the non-uniformity of the deposited
thin film and the influence of the thin film thickness on the carrier mobility. It is known that
the thin film’s thickness depends on the spin speed and duration of the process. The spin
coating deposition method is usually performed in a glove box in an inert environment,
since it is vulnerable to contamination from humidity and oxygen, which can interact with
the material when exposed to ambient air. When compared to thermal vacuum evaporation,
the above are some of the disadvantages of the spin coating deposition process, although
it is a cheaper alternative. To overcome these issues, the effects of the surface treatment
have been studied when applied before the TIPS-pentacene deposition. Other alternative
approaches to improve the uniformity of the film have also been studied, such as the
implementation of a post-annealing process. This shows that the spin coating deposition
method is not entirely suitable for all device fabrication scenarios due to the issues stated
above. Further treatments need to be designed to obtain good device performances. There-
fore, other solution-processable methods are also discussed in this review to compare and
determine the suitability of these deposition methods with the desired device fabrication
approaches.

4. Drop Casting Method

The drop casting method is an alternative deposition method that is more suitable for
small-area deposition [113-115]. This method is performed by dropping a specified amount
of solution on a static substrate and letting the solution evaporate for a desired amount of
time. The substrate can also be baked to enhance the evaporation process. A solid thin film
will then be formed on the substrate once the solution has dried up. The advantage of this
method is its simple process. However, this method’s main disadvantages are the difficulty
in obtaining a uniform and continuous coating on the deposited layer. The thickness of the
deposited layer is also uncontrollable. Figure 18 shows an illustration of the drop casting
method.

In 2016, Park et al. [116] used this deposition method to study terahertz modulation
using a TIPS-pentacene thin film deposited on a patterned silicon substrate. The experiment
was performed by drop casting 50 pL of TIPS-pentacene solution with a concentration of
2 mg/mL onto the substrate. It was then covered with a glass lid and heated on a 50 °C
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hotplate for 5 min. Despite the non-uniformity in the deposition process, the concentration
of carriers injected into the TIPS-pentacene thin film rapidly became consistent over the
whole area of the organic layer near the organic/inorganic interface. This was probably
due to the fast in-plane diffusion of the carriers in the thin film itself.
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Figure 18. Drop casting method.

The drop casting approach soon became known for producing semiconductors with
a good crystallite structure, increasing device performance. Raghuwanshi et al. [67] in-
vestigated the crystal growth of TIPS-pentacene and its electrical stability on a flexible
OFET upon bending. The tensile strain effect on the field-effect mobility was studied.
TIPS-pentacene was mixed with toluene (1 wt.%) by stirring at 70 °C for 2.5 h. The solution
was then deposited onto the substrate, which was tilted at an angle of ~5° and later covered
with a glass Petri dish to maintain the substrate in a solvent-rich environment throughout
the drying process. The substrate then underwent heat treatment at 80 °C to remove the
residual solvent.

The solution was drop-casted on top of hafnium dioxide (HfO;) cross-linked with
poly(4-vinylphenol) (PVP), as it offered a suitable surface for the TIPS-pentacene depo-
sition, which resulted in a highly ordered arrangement for the crystal growth of the
TIPS-pentacene. The device was operated at a low voltage of —15 V and showed excellent
p-channel characteristics. It achieved a maximum carrier mobility of 0.12 cm? V=1 s~ and
threshold voltages as low as —0.2 V. The device was conditioned to a tensile strain test
with different bending radii for a period of 5 min, which resulted in a slight decrease in
mobility and also an increase in the threshold voltage. The changes in the device perfor-
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mance were mainly caused by the changes in the dielectric morphology, as well as the
surface roughness caused by the strain. Additionally, a disruption in uniformity at the
semiconductor—dielectric interface also occurred, which was influenced by the magnitude
of the strain rather than the duration. This indicated that the device had very good electrical
stability under mechanical strain.

Since it is recognized that the crystallization of pentacene has a big influence on device
performance, most investigations have been performed based on this assumption [117-120].
Blends of polymer solutions with pentacene solutions are considered to have the best
potential to improve crystal growth. Asare-Yeboah et al. [121] studied the crystal growth of
TIPS-pentacene with a poly(x-methyl styrene) (P«MS) blend to improve the performance
of OTFTs. This investigation was performed with a temperature gradient technique to
avoid the issues of the formation of random crystal orientations and poor areal coverage.

The TIPS-pentacene was mixed with P«MS in toluene, using 5 mg/mL of both. The
blended solution was then drop-casted onto a substrate placed inside a Petri dish and sealed
with parafilm. This was to allow the crystallization to occur in a solvent-rich environment.
The crystal growth was facilitated by the slow solvent evaporation, which led to a large
crystal size. By employing the temperature gradient technique, this not only improved
the crystal alignment and enhanced the areal coverage but also eliminated the thermal
cracks that were reported in the non-blended TIPS-pentacene thin film. This elimination
enhanced the charge transport and increased the mobility to 107! cm? V—1.

In 2017, Shih et al. [68] fabricated a solution-processable high-voltage organic thin-
film transistor (HVOTEFT). The use of high-voltage technologies at more than 100 V is not
common in the organics field. This study was performed using TIPS-pentacene as the
active layer, which was compared with a vacuum evaporation process for pure pentacene.
A piranha-cleaned 100 mm diameter borosilicate glass plate was used as the substrate. In
the solution process, TIPS-pentacene was dissolved in anisole at a concentration of 2 wt.%.
It was then drop-casted in an ambient environment onto the substrate, which was angled
at 4.5°. This process was performed over a 50 °C hotplate for 4-5 h. The substrate was
covered while drying to provide a solvent-rich environment, as the solvent evaporates to
form crystallization. It was then encapsulated with Perylene-C to ensure protection from
moisture and chemical reactions.

The TIPS-pentacene-based HVOTFT showed varying results, which was probably
caused by its semi-random crystal growth orientation. The breakdown voltage was 120 V
and the carrier mobility was 0.005 cm? V~! s71, which could be improved if larger crystal
grains could be grown. When compared to the thermally deposited pentacene-based
HVOTFT the results were better, with a breakdown voltage of 400 V and carrier mobility of
up to 0.05 cm? V~! s71. Hence, this study showed the possibility of flexible MEMS appli-
cations with the demonstrated solution-processed HVOTFT, with further improvements
needed in terms of the crystal growth, crystal orientation, and grain size.

The following year, they improved the TIPS-pentacene-based HVOTFT by apply-
ing a SAM treatment in the fabrication process. The surface treatment was performed
before the TIPS-pentacene was drop-casted, ss they had discovered in their previous
study [69] that the leakage conduction paths in the bulk of the thin film were the cause
of the poor Ion/Iopr current ratio and low breakdown voltage. In order to improve
this deficiency, the TIPS-pentacene layer thickness was lowered by coating the substrate
with 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES) SAM in a desiccator for 12 h.
This process decreased the sample’s effective surface energy, which would help with the
spreading of the TIPS-pentacene solution during the deposition process.

It was found that the surface treatment caused the solution to accumulate close to the
lower part of the sample due to the low surface energy, which produced only a thin layer
of TIPS-pentacene at approximately 100 nm on the majority of the surface. This was a huge
difference compared to their previous study, whereby a ~1-um-thick TIPS-pentacene layer
was deposited. With this surface treatment they managed to obtain a high breakdown



Polymers 2022, 14, 1112

24 of 38

voltage exceeding 450 V. Additionally, an improved Ion/Iopr current ratio and output
characteristics were also achieved.

Concurrently, Raghuwanshi et al. [70] reported a blending system for an organic
semiconductor and polymer for low-voltage flexible OFETs. TIPS-pentacene was used
along with polystyrene as the polymer blend. Many things must be considered in this
process, such as the deposition strategy, material properties of the polymer, the solvent
used, and the mixing proportion, in order to obtain good electrical performance for the
resulting OFET devices. Polystyrene is known as an insulating polymer that is able to
form a phase-separated structure with small-molecule organic semiconductors. It does not
disturb the TIPS-pentacene molecular bonds and can improve the uniformity of the thin
layer morphology. It also provides good solubility in common organic solvents.

A flexible polyethylene terephthalate (PET) coated with ITO was used as the substrate.
TIPS-pentacene (0.5 wt.%) and polystyrene were prepared separately in a toluene solvent.
These solutions were stirred at 70 °C for 3 h and then a variety of blends were prepared. The
TIPS-pentacene-to-polystyrene ratios were 3:1, 1:1, and 1:3 by volume, and the solutions
were stirred for 30 min. The blended solutions were then drop-casted and the samples
were covered with a Petri dish to provide a toluene-rich environment during evaporation.
This whole process was performed in a dark room in ambient conditions.

Based on the results, the evaporation rate was slower with the higher polystyrene
volume, which caused better crystallinity growth. The performance of the device increased
with the increases in polystyrene in the blended ratio. The blended semiconductor ratios of
3:1, 1:1, and 1:3 showed maximum field-effect mobilities of 0.24, 0.25, and 0.57 cm? V~ 1 s~ 1,
respectively.

With increasing studies being performed on flexible devices, conformal OFETs have
also entered into the research scope, with the potential to provide improvements to the
current electronic devices, such as flexible displays, radio frequency identification tags,
sensors, and logical circuits [122]. Zhou et al. [71] fabricated OFETs via drop casting a
TIPS-pentacene solution onto a trichloro(phenyl)silane (PTS) dielectric, which was treated
with an anti-solvent cross-linked poly(vinyl alcohol) (c-PVA). The structure was a bottom
gate, top contact conformable OFET.

The fabrication started by dissolving TIPS-pentacene in chlorobenzene at a 0.1 wt.%
concentration. This was then drop-casted onto the surface of the PTS-treated c-PVA layer
with the substrate inclined. The substrate was baked at 50 °C under ambient condition to
allow the crystallization process to occur.

The inclined drop casting method resulted in the growth of a vast, well-oriented
single-crystal TIPS-pentacene microribbon array. This microribbon array had regular
edges, a smooth surface, and high crystallinity. The array presented the best electrical
results reported at that time, with a carrier mobility of 2.22 cm? V~! s71. In addition,
when the array was peeled off to become a conformed device, the carrier mobility was
0.87 cm? V—1 s=1 which was excellent device performance for a conformable OFET.

Through the drop casting deposition method, the study of the application of pentacene
solutions for device fabrication has broadened from conventional OFETs to electrolyte-
gated OFETs (EGOFETs). Lago et al. [72] reported the use of TIPS-pentacene as a high-
performance biocompatible electronic device that can operate in water. Organic semicon-
ductors such as pentacene have attracted interest and have been implemented in new
applications due to their fascinating properties, including their flexibility, transparency,
and low-cost processability. This deposition method, which is more affordable and simple,
makes device fabrication a lot easier and more cost-efficient. In their study, they aimed to
develop a biocompatible sensor, focusing on the stability of the device operation when in
prolonged contact with a strong saline solution.

TIPS-pentacene with a concentration of 0.5 wt.% was mixed with toluene. It was then
drop-casted in ambient air at room temperature. The contact angle was approximately
100°, which showed the hydrophobicity of the deposited thin film. Even with such a
simple deposition technique and the absence of a controlled environment during the



Polymers 2022, 14, 1112

25 of 38

deposition process, they obtained good performance from the fabricated device compared
to the existing EGOFET devices that had been reported previously. The device operation
could sustain a strong electrolyte at 37 °C and the growth of living cells was successfully
accomplished directly on top of the device’s active layer. The device could also operate as
a neural interface to recognize cells’ electrical activities.

Raghuwanshi et al. [73] expanded their studies on the blending of TIPS-pentacene
and polystyrene in OFETs by again using a hybrid dielectric, although this time on a
paper substrate. The emerging paper electronic field focuses on reusable and renewable
devices. The use of paper has various advantages. It is known to be the most common
resource used daily, with the benefits of being cheap, biodegradable, foldable, and with
low roll-to-roll printing costs. However, its porous surface and high surface roughness
restrict its usage in the fabrication of OFETs. A rough paper surface was planarized using
a solution-processed polyvinyl alcohol (PVA) layer. The devices achieved a high carrier
mobility rate of 0.78 cm? V~! s~1. The devices were observed to be highly stable during
their operational period, with good performance compared to OFETs fabricated on glass
and plastic. The performance levels of other drop-casted OFETs comparisons are listed in
Table 1 [74,75].

Here, we review multiple flexible OTFTs and high-voltage OTFTs that were fabricated
using the drop casting deposition method, along with discussing new and profound OFET
structures. This deposition method is mostly performed to study the operational capability
of such devices. The method is usually performed on a small substrate, avoiding the
use of large amounts of materials, as the first step is usually just a draft of the device.
Polymer blending has also been studied through this deposition method, which was found
to produce high-quality crystalline growth. There is no other force that influences the
deposited droplet; hence, the crystal growth orientation is only influenced by the substrate’s
surface tension. Although it produces seemingly good crystal growth and is suitable for the
fabrication of flexible and conformable devices, the thin film’s uniformity is not guaranteed.
The non-uniformity of the thin film causes the carrier mobility of the device to be low and
similar to that of spin-coated thin films. Furthermore, it is not suitable for mass production.
Similar to spin coating, this technique is also very vulnerable to contamination from oxygen
reactions with the material and humidity, which can damage the material unless the process
is performed in an inert environment.

5. Dip Coating Method

The dip coating method is also a commonly used technique, as it is fast and offers high
uniformity when depositing thin-film layers [123-125]. The downside is that it requires a
large amount of precursor solution in the reservoir. It is usually used to form thin films with
complex and varying surface morphologies. It is conducted by suspending the substrate
onto a clipper and then immersing it in the precursor solution below it. After a specified
amount of time, the substrate will then be raised from the solution, enabling liquid film
formation. It will then undergo an evaporation process that allows it to then form into a
solid thin film. The thin film can then be processed further through thermal annealing or
any other type of post-processing technique. Figure 19 shows an illustration of the dip
coating method.

The increase or withdrawal speed of the substrate from the precursor solution de-
termines the thickness of the thin-film layer. Other procedures can also be performed to
alter the thickness of the thin film, such as varying the concentration of the precursor, the
substrate temperature during the deposition, the acceleration rate, or even by performing
the deposition at an angle [126-129]. However, it must be noted that several other forces
influence the formation of the thin film, including the inertial forces, viscous drag, gravity,
and the gradient of the surface tension [31].
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Figure 19. Dip coating method.

The dip coating deposition allows researchers to study the possibility of depositing
materials on rigid, flexible, and three-dimensional substrates, leading to a wide range of
device development approaches for light-weight, flexible, and potentially low-cost devices.
This has increased the interest in the deposition approach for large-area applications. In
2017, Wang et al. [76] fabricated a single-crystalline organic nanoribbon array on large-area
OFETs. Usually, OFETs are made in smaller areas measuring ~10 cm? in research labs.
Instead, they fabricated OFETs in a large area measuring 50 cm? by using the dip coating
method. Bottom gate, top contact OFETs were constructed on silicon wafers with 300 nm
of thermally grown SiO, gate dielectric as the substrate. TIPS-pentacene was used as the
active channel. A low boiling point solvent was preferred; thus, the solution was prepared
using dichloromethane at a concentration of 4 mg mL~!. The withdrawal speeds in the
dip coating process were 10, 30, 60, 80, and 120 um s~ 1, in order to observe and obtain
the optimum results for achieving high carrier mobility. This dip coating process was
performed at room temperature.
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The nanoribbons were observed to be deposited along the withdrawal direction as the
dichloromethane solvent gradually evaporated. The nanoribbons formed in a continuous
and well-aligned manner. The withdrawal speed at 80 pm s~! was the most optimal
for producing uniform and continuous crystal growth. The continuous crystal growth
suggested the OFET device had high mobility. Nanoribbons measuring approximately
50 nm in thickness and 7-10 pm in width were obtained at this withdrawal speed, which
had faceted edges with a ~1.2 nm smooth surfaces. Withdrawal speeds below 60 pm s~}
produced periodically aligned and short nanoribbons. At this rate, the TIPS-pentacene
gradually accumulated at the contact line, which made the solution’s meniscus become too
weighty, causing the depinning force to increase. This resulted in the formation of the short
nanoribbon arrays. However, when the withdrawal speed was increased up to 120 um s~*,
non-continuous and defected nanoribbon arrays formed with lower crystallinity. It is
known that the carrier mobility is highly affected by the crystallinity of the thin film. Other
possible influences were further observed by varying the channel length from 10 to 200 pm.
It was found that the carrier mobility gradually increased from 0.1 to 1.35cm? V-1 s~ as
the channel was lengthened [76]. The influence of the different metallic electrodes was also
investigated by using electrodes such as gold (Au), silver (Ag), copper (Cu), and aluminum
(Al). From this, researchers found that Cu exhibited better performance due to the valence
band position of the HOMO at 5.37 eV [130-132]. Ag and Al were found to have a similarly
low work function of ~4.2 eV, while the work function of Au was 5.1 eV. The working
principle for Cu was more aligned with the working principle of TIPS-pentacene at 5.34 eV.
This enabled them to combine the optimized configurations and achieve carrier mobilities
as high as 3.2 cm? V-1s~1[76].

The following year, Yang et al. [133] demonstrated a two-phase dip coating process in
order to avoid the need for a large volume of solution simply by using a floating thin layer
of solution on a reservoir of denser liquid, which did not form a homogenous mixture.
This method requires strong wetting between the solvent and the substrate to promote the
spreading of the solvent when it is withdrawn from the solution. This is also to ensure that
the solution spreads continuously. TIPS-pentacene was used by mixing it with hexane at a
concentration of 2 mg/mL. To start, a beaker was filled with 80% water and the substrate
was partially submerged. As the substrate was withdrawn from the reservoir, the prepared
solution was pipetted onto the water surface. The withdrawal speed was 1.2 cm h~! and
only 20 puL of solution was pipetted.

The results for this technique showed that the thin film yielded an oriented crystalline
morphology with efficient charge transport along the long axis of the crystallites, with
the hole mobility reaching 0.83 cm? V~! s~1. This technique was shown to be robust
and required a minimal amount of material. It can also be completed in a short time
with simplified instrumentation. Hence, it could be a preferrable method for low-cost
applications.

It is clear that solution-processable pentacene can form crystalline and highly oriented
polycrystalline films, which can influence the field-effect mobility [134]. However, in
obtaining the field-effect mobility results, it must be noted that the bias dependency
of the contact resistance of the source and drains electrodes on the channel can cause
overestimation [135]. This is also due to the linearly aligned electrode arrangement, which
produces a geometric mean of in-plane anisotropic mobilities in two-dimensional sheet
conductors [136].

As mentioned above, it can be said that the dip coating deposition method does
improve the continuity of the thin-film layer, which increases the uniformity of the thin
film and results in less defects compared to the spin coating method. As discussed, this
approach is preferable for various types of substrates that are flexible and irregular in
shape, as this deposition method allows the solution to be spread over the substrate’s
entire surface. The withdrawal speed is the main factor determining the thickness of
the film. Other factors such as viscosity, liquid density, gravity, and surface tension can
also influence the thickness. This is important, a as thin film’s thickness plays a role in
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enabling the carrier mobility flow. The withdrawal speed also influences the crystallinity
growth of the thin film. Note that TIPS-pentacene was mainly used in the dip coating
method. The crystalline growth of TIPS-pentacene thin films is important in producing a
high carrier mobility rate. The optimum withdrawal speed and the type of solvent used
when preparing the solution itself influence the formation of the thin film. This deposition
method has shown much improvement as compared to the spin coating deposition method.
However, this deposition method is not favorable due to the large volume of solutions
used as the reservoir. This causes a lot of material waste, which conflicts with the aim of
reducing the costs of the device fabrication process.

6. Inkjet Printing Method

The inkjet printing method is a widely used approach for digital printing, allowing
high precision and control. During inkjet printing, droplets of ink with adjusted viscosity
are propelled through a nozzle under piezoelectric or thermal force, which are deposited
onto a substrate [137-139]. This technique can be applied with a wide range of materials.
However, it also relies on the solution having sufficiently high surface tension while having
sufficiently low viscosity to allow the solution to flow the through nozzle head only when
required and to not leak uncontrollably. The quality of the solution is important in obtaining
a uniform deposition.

For piezoelectric inkjet printing, the solution is deposited according to the voltage
pulse applied to the piezo transducer by distorting the nozzle and creating pressure to
force out a controlled amount of solution. To stop the flow, the polarity of the voltage
is reversed, expanding the nozzle. This inkjet printing deposition method is suitable for
complex morphologies and arrays of materials [140-145]. Figure 20 shows an illustration
of the inkjet printing method.
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Figure 20. Inkjet printing method.

This method makes it possible for large-area deposition of various soluble materi-
als. Since polymer blends have been known to overcome the difficulty of controlling
crystal growth in soluble-processed TIPS-pentacene, as shown in previous studies [146],
Cho et al. [78] investigated the behavior of TIPS-pentacene and amorphous polycarbonate
(APC) in a polymer blend as the active layer using inkjet printing. Although the single-
droplet inkjet printing of TIPS-pentacene with other polymer blends has been reported
previously [147,148], the fabricated thin-film transistors showed issues in terms of film
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uniformity, especially when a geometrical parallel-type source drain was used, as the
crystal orientation of the TIPS-pentacene in the single droplet was quite arbitrary.

Continuing from the study by Cho et al. [78], the active layer solution of TIPS-pentacene/
APC was also compared with mixtures of TIPS-pentacene/PS and TIPS-pentacene/PaxMS.
The OTFT was fabricated on ITO substrates. The inkjet process was controlled with a head
frequency of 200 Hz and 1000 DPI resolution. The print nozzle diameter was set to 30 pm.
The inkjet printing was performed twice at 25 °C, then it was performed in succession with
an interval of 3 s set by the printing system. The solvent was then air-dried and the deposited
layers were annealed at 80 °C for 1 h on a hot plate in a nitrogen glove box.

The ratio of the blend was determined using the Flory—-Huggins [149,150] and Cahn-
Hilliard theories [151], whereby the Gibbs free energy when blending a polymer with
TIPS-pentacene was evaluated. It is important to determine this ratio as it can affect the
segregation strength between the TIPS-pentacene and the polymer phase. According to
the theories, phase separation becomes easier with more positive Gibbs free energy values.
In this study, the ratios were varied from 1:1 to 1:8 and were tested based on the OTFT
performances. The highest mobility rate was obtained at 0.53 cm? V~! s! from the 1:4
ratio. This characteristic was observed to be closely related to the measurement of the
phase separation strength between the TIPS-pentacene and the polymer phase. The crystal
structures were then observed based on the various ratios. The crystals of inkjet-printed,
non-blended TIPS-pentacene were highly anisotropic with various grain sizes, which led to
a mobility rate of 0.22 cm? V=1 s=1. The 1:1, 1:6, and 1:8 blended ratios produced plate-like
wave crystalline structures with a random orientation, which resulted in carrier mobilities
of 027 cm? V=1 571,035 cm? V-1 571, and 0.17 cm? V! s71, respectively. Meanwhile, the
1:2 and 1:4 blended ratio produced stripe-shaped crystallite domains, resulting in carrier
mobility rates of 0.46 cm? V~! s~! and 0.53 cm? V~! s71, respectively. This shows that the
optimal TIPS-pentacene/APC mixing ratio induces strong phase separation and sequential
crystal orientation, and it has a strong influence on the electrical properties of OTFTs.

The effect of the ink viscosity in wt.% on the device performance was examined [78].
The concentration was varied from 0.1 wt.% to 2.0 wt.% and it was found that the electrical
performance of TIPS-pentacene/APC relied on the concentration as well as the viscosity
of the inks. The average field-effect mobility seemed to increase from 0.04 cm? V=1 s~ to
0.53 cm? V~! 57! when the concentrations were decreased from 2.0 wt.% to 1.0 wt.%. How-
ever, ink concentrations below 0.5 wt.% resulted in a lower mobility rate of 0.07 cm? V—1 s~!
compared to the 1.0 wt.% and 1.5 wt.% concentrations at 0.53 cm? V~! s~! (mentioned
above) and 0.29 cm? V~1 571, respectively. The inkjet-printed film with higher viscosity of
2.0 wt.% exhibited a broad and even distribution of TIPS-pentacene at all depth positions
of the layer, with a slight occurrence of TIPS-pentacene at the top of the surface of the thin
layer. The thin film with a 1.5 wt.% concentration showed a disconnected TIPS-pentacene
layer in the top area, while at 1.0 wt.% the TIPS-pentacene was found to be discrete and
showed a sharp phase separation in the upper area of the film. The OTFTs with the low-
viscosity inks at 0.1 wt.% and 0.5 wt.% concentrations showed barely any distinguishable
TIPS-pentacene layer at any position of the film, which meant that there were very small
numbers of TIPS-pentacene crystals. Thus, ink viscosities lower than 0.5 wt.% does not
produce a good OTFT performance.

Using the optimal ratio of 1:4, various solvents were tested for the TIPS-pentacene/APC
solution, including toluene, toluene/chloroform, toluene/p-xylene, and toluene/ tetralin.
This was to investigate the effects of solvents on the field-effect mobility. The boiling point
was the focus, as only 5 wt.% of the minor solvent was mixed with 95 wt.% of the major
solvent (toluene), which was fixed. Toluene/p-xylene was shown to produce the highest
mobility of 0.53 cm? V~1 s~! compared to toluene/chloroform, toluene, and toluene/tetralin,
which exhibited carrier mobility rates up to 0.30, 0.31, and 0.40 cm? V~! s71, respectively.
This led to the observation of the thin films” morphologies. It was shown that the Marangoni
and convective flows of the drying ink are crucial for controlling the morphology of the
inkjet droplets [152]. The high boiling point solvent, which was used as the major solvent,
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was mixed with a lower boiling point solvent, which was used as the minor solvent to
control the evaporation rate of the droplets. As the evaporation rate increased at the edges
of the droplets, this caused a buildup of convective flow from the center toward the drying
edge of the droplets. This drove the surface tension gradient between the center and edge
of the droplets. However, the opposing Marangoni flow arose in order to recirculate the
solvents in the droplet. When the lower minor solvent boiling point was used, it produced
a greater convective flow toward the drying edge, resulting in a higher edge wall of the
droplet, which was known as the coffee ring effect. Thus, in this case, where a higher
minor solvent boiling point was used, a weaker convective flow was created, with a smaller
coffee ring effect. This behavior of the inkjet droplets influenced the morphology of the
final printed thin film. Better-oriented TIPS-pentacene crystals were produced from the
toluene/p-xylene solvents compared to the others. This also resulted in non-oriented large
grain boundaries.

Finally, a comparison was made using different polymers in the blending system,
namely PS and PaMS. These TIPS-pentacene polymer blends were inkjet-printed and
resulted in carrier mobility rates of 0.2 and 0.34 cm?2 V-1 g1 for TIPS-pentacene/PS and
TIPS-pentacene/PaMS, respectively, which were lower than for TIPS-pentacene/APC.
This was due to the differences in the degree of phase separation of each polymer and the
TIPS-pentacene. This indicated that the segregation strength between the PS and PaMS
was weaker than for APC. This showed that APC is a good polymeric binder candidate for
the inkjet printing of TIPS-pentacene as compared to PS and PaMS. The optimized inkjet
printing process for TIPS-pentacene/APC OTFTs was used to fabricate OTFTs on a flexible
PET substrate. The carrier mobility was 0.27 cm? V~1 s=1 which was considered to be
sufficient for the operation of the electronic display.

A low-voltage OTFT on a plastic substrate was fabricated by Lai et al. [80]. Again,
TIPS-pentacene was used as the active channel, which was inkjet-printed using a 16 nozzle
cartridge with a volume of 10 pL in a single drop. The solution was prepared at a concentra-
tion of 1.5 wt.% using anhydrous anisole as the solvent. Anisole was chosen because of its
high boiling point of 153.8 °C, which avoided evaporation before the printing process was
completed. The printed organic semiconductor was dried in ambient air and completely
dried after 1 min. The fabricated device was able to operate at a low voltage of less than
5V, with a carrier mobility of 0.22 cm? V~! s~1. This study showed that the possibility of
using multiple-nozzle inkjet printing on a plastic substrate to fabricate OTFTs and to obtain
good carrier mobility. The performance levels of other inkjet-printed OFETs are listed in
Table 1 [81].

It can be recognized that the inkjet printing deposition method is a modernized
method that provides uniform thin films and potentially well-oriented crystal growth. This
is due to the efficient use of the materials and almost complete lack of defects such as
pinholes that can be formed on the thin films, as previously reported. Previous studies
have revolved more around the concentrations of materials used for the deposition process
and the inkjet printer configurations. The inkjet process is costly in terms of its machinery;
however, it does allow high-quality thin-film deposition at a faster rate and allows mass
production. It is very suitable for use in industrial production sites. There is no material
waste when it comes to this deposition method, as it uses the materials efficiently (additive
versus subtractive fabrication). There is no limitation on the types of materials used, as
one is also able to use polymer blends with this printing method. Flexible substrates have
also been studied with this deposition method, indicating its suitability for roll-to-roll
fabrication, which could be considerably cheaper.

An important thing to mention is that the rest of the techniques discussed in this
manuscript are all blanket deposition approaches, whereas the inkjet method is a “pattern”
deposition approach, meaning that the deposition pattern can be produced in specific area
with a specific shape, without using a mask or photoresist as the template. This offers
a great advantage compared to other deposition methods and potentially reduces the
fabrication steps and costs.
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Other novel deposition methods are also used, such as flow coating [153], the pen
writer deposition method [154], the use of magnetic nanoparticles [155], the spray de-
position method [89], the matrix-assisted pulsed laser evaporation (MAPLE) deposition
method [156], the roll-to-roll deposition method [156], the gas blow coating deposition
method [156], and the blade coating deposition method [156]. These techniques are not
covered in this manuscript and do not widely involve pentacene or its derivatives as yet.

7. Conclusions

As with many other organic semiconductors, the pentacene has several disadvantages,
such as its sensitivity to oxygen, humidity, and light, which could cause defects in the
deposited thin-film layers, and hence in the resulting devices. Over the years, researchers
have conducted many studies to overcome these issues. One of the outcomes of those
studies has been the synthetization of pentacene derivatives, which are separated into two
types: pentacene precursors and pentacene substitutes. The precursors allow the use of
pentacene in a soluble process and still obtain the pristine pentacene as the desired layer via
a heating process. This is achieved by mixing pure pentacene with a chemical additive that
turns it into a solution. Once this solution is deposited onto a substrate and has undergone
the post-annealing process, the additive will be removed, which leaves behind the original
pentacene. However, this technique is not widely used due to the poor characteristics of
the pentacene that remains. Therefore, pentacene substitutes are used, which can improve
the characteristics of the thin film. This involves a permanent change to the pentacene
molecule to improve its viability. This can be seen in its stability during exposure to
oxygen, humidity, and light. It has been proven to not be easily damaged by ambient
environments, as compared to pristine pentacene. The most studied pentacene substitute
is TIPS-pentacene, which has been discussed throughout this manuscript. The importance
of the thin-film layer being uniform is well-know and it must have well-oriented crystal
growth. The thickness of the thin-film layer also plays an important role in ensuring good
flow of the charge carrier. The use of polymer blending also enhances the crystalline growth
of this material, which contributes to its performance merits.

This review has compared the various commonly used deposition methods that
are associated with pentacene and its derivatives, including the classic thermal vacuum
evaporation method, which as the initial method used for thin-film deposition. This
approach uses pure pentacene in solid form to produce a uniform thin film, which results
in good device performance. However, the disadvantage of this deposition method is the
cost of the equipment and materials, as the specified amount of material can only be used in
a single deposition process as compared to the soluble-process deposition method, where
the same amount can be used for multiple depositions. This limits its production rate and
output, as it is performed in a small vacuum chamber. For these reasons, when aiming to
achieve low-cost fabrication at mass production rates, soluble process deposition methods
are used. The commonly used soluble process deposition method in lab environment is
the spin coating process. This is favorable as the cost of the equipment is not as expensive
as the equipment used for thermal vacuum evaporation. It also does not require a large
volume of source material to be used in its deposition process, which minimizes material
waste. Hence, it is suitable for multiple device fabrication on a single substrate by using
a small amount of source material. It forms a uniform thin-film layer, which can be
enhanced with the use of surface treatments. The crystalline growth of the material in
the thin film is also excellent, although the crystal orientation is highly influenced by the
centrifugal force during the spinning process. This method has several disadvantages, as
the outcome of the deposited layer is uncertain and is vulnerable to chemical reactions
with the ambient environment. This issue is overcome by utilizing a glove box in an inert
environment. The drop casting method is usually used for deposition on small substrates.
It is preferable for the drafting of newly proposed devices and is suitable for flexible and
conformable substrates. It has also been shown to produce good crystalline growth due to
the small concentrated area involved. Nevertheless, the uniformity of the thin film itself
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is not guaranteed, as it is influenced by the gravitational force and the surface tension of
the solution itself. This is a low-cost deposition method, as it uses only a small volume
of material and is not normally used for mass production, which makes it a preferable
method when it comes to new device structures or proposals. The dip coating method
produces very uniform thin-film layers with good crystalline growth. This method is
suitable for deposition on flexible and irregularly shaped substrates. The only downside
of this deposition method is that it is not suitable for mass production, as it requires a
large reservoir. This is costly and results in a large amount of material waste. Lastly, the
inkjet printing method does not focus on the thin-film layer; instead, it forms a uniform
and crystalline thin-film layer. This eliminates material waste as it uses the material in an
efficient manner. It is suitable to use this method when a change of the device structure is
the main variable in the study. Although the equipment is costly, it is well refined for the
soluble process method and can also be used for mass production with high production
speeds. The inkjet printing technology is mature, and thanks to this it can be integrated
with organic electronics. Every deposition method has its specified purposes, and they
can be used according to their suitability for the desired device. All of these deposition
methods are still being used in ongoing research studies to find ways to improve and
enhance their usage.

On a final note, pentacene is not a new material and has been widely studied over
the last few decades. Due to its excellent optical and electrical properties, it could have a
place in the rising market of wearable and flexible electronics. The synthesis of pentacene
derivatives with tunable solubility and optoelectronic properties is the focus of ongoing
research. The deposition of solution-based materials pentacene has attracted a lot of atten-
tion and opened new doors for the low-cost fabrication of thin-film transistors, memory
cards, and circuits for flexible and large-area electronics. Digital printing techniques such
as inkjet printing have attracted a lot of industry interest due to their advantages, such
as their high speed, low costs, and high precision. The synthesis and preparation of suit-
able inks for different printing process are key to this process. Other attractive directions
for pentacene research based on new applications continue to arise. Pentacene-based
OTFTs have been widely studied, although there are still many application opportunities
to be developed. For example, for biosensors and bioelectronics, pentacene OTFTs could
be used for personal healthcare, the detection of different molecules (protein, ammonia,
acetone, ethanol, etc.) closely related with different diseases, or real-time monitoring of
strain and stress during sports. Combined with other semiconductor materials such as
graphene, tungsten diselenide (WSe2), and zinc oxide (ZnO), pentacene shows promise for
application in wide-bandwidth photodetectors and transistors, which have great potential
in various other applications, ranging across flexible radio frequency identification tags
(RFID), intelligent textiles, smart packaging, imaging, and solar cells.
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