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Introduction

Organic electronics have seen a vast improvement in performance over the last few
decades, thanks to dedicated and rigorous research.(1-7) Although organic semiconductors
cannot rival their inorganic counterparts, they offer an inexpensive and lightweight alternative
to already established silicon-based devices. The main factor hindering the performance of
organic electronic devices is the weak bonding of organic molecules in a solid state. This
weak bonding negatively affects the electron/hole mobility between neighboring molecules
inside organic thin films, limiting their use in high-performance electronics.(8,9) However,
the ability to tune the electronic and optical properties of organic semiconductors as well as
their compatibility with transparent and stretchable substrates enabled these materials to be

used in applications that are challenging for standard silicon-based semiconductors.(10-16)

The performance of organic electronic devices depends mainly on the long-range
ordering of organic molecules in a thin film and their intermolecular interactions.(9) Full
understanding of thin film structure is necessary to utilize the promising semiconducting

properties properly.

In this thesis, | will investigate the structure of thin films of organic molecules usable
in organic electronics. When deposited by organic molecular beam deposition, organic
molecules assemble into well-ordered thin films. Grazing-incidence wide-angle X-ray
scattering method is used to study the structure of prepared thin films. Electronic and optical
properties of organic semiconductors depend on the orientation of molecules. Organic
electronic devices such as organic field-effect transistors and organic solar cells require
specific molecular orientation with respect to the substrate in order to work efficiently. I use
growth templates to control the orientation of organic molecules. Templates are thin,
supporting layers, typically consisting of only a few atomic layers, which are able to influence
the orientation of grown organic thin films; an extreme case being a graphene layer. | use
mainly the few-layer MoS; template for its ability to achieve both desired configurations of an
organic thin film. Depending on conditions during the preparation, it is possible to prepare
MoS: templates with two different alignments. The influence of MoS, templates with

different alignments on the growth orientation of organic thin films is investigated.



Growth templates

The most common small organic molecules used in organic electronics are molecules
such as acenes, phenacenes, and fused-ring oligothiophenes with a conjugated core, extending
in one direction. This extended rod-like structure of OSCs then results in an anisotropy of
charge carrier transport. In order to successfully use small organic molecules in organic
semiconducting devices, the correct orientation of molecules must be considered to achieve
the desired performance. For example, hole transport mobility of acenes is dominant in the
direction perpendicular to conjugated rings (e.g., in the direction of m-m stacking), where
charge carriers can "jump" between conjugated cores of neighboring molecules. To properly
utilize acenes in OFETSs, molecules must be oriented perpendicular to the direction of charge
carrier transport between source and drain. In other words, a standing-up configuration of a

thin film is required to achieve the best possible performance of in-plane OFETS.

On the other hand, the optical anisotropy of organic molecules has to be taken into
account when used in organic photovoltaics (OPVs). For this purpose, the correct orientation
of molecules with respect to the direction of the incoming light is necessary. Most organic
molecules suitable for OPVs have their transition dipole moment located along their long
molecular axis. To properly implement an organic active layer into OPVs, the lying-down
configuration is required for optimal light absorption.(17) The orientation of organic thin film

can be controlled by employing growth templates.

Van der Waals (vdW) interactions between the substrate/layer and organic molecules
determine the orientation of a grown thin film. If the interactions between conjugated cores of
neighboring molecules are much stronger than molecule-substrate interaction, they tend to
grow in the standing-up configuration. On the other hand, a strong molecule-substrate
interaction can drive a lying-down morphology of a first monolayer. The thin film then
continues to grow in this configuration for a few additional layers. However, the lattice
mismatch between substrate and thin film causes strain that builds as a thin film thickness
increases, until it results in disorder.(18) To preserve the lying-down configuration beyond a
few nanometers, the molecule-substrate interaction must be comparable to molecule-molecule
interactions of grown molecules. This supports the strain relaxation after the first monolayer,

but the interaction is still strong enough to influence the orientation of a thin film.(17,18)



A growth template can effectively alter the strength of molecules-substrate interaction.
A template is a thin interlayer between a substrate and grown organic semiconducting layer.
An ideal template only influences the growth orientation of an organic layer but does not

change the molecular configuration of a thin film.

Another important role of growth templates is to control the interface between an
active organic layer and a substrate. Interface controls the initial nucleation of organic
molecules on a substrate during deposition. Growth templates aid the formation of high-
quality crystalline thin organic films by limiting the interfacial and structural disorder.(19)
Improved crystallinity of thin films leads to a substantial improvement of the charge carrier

transport capabilities of OSC active layers.

Finally, a growth template should have an excellent conductivity to provide charge

transfer between the active layer and electrodes of an electronic device.

In my work, | used a few-layer Molybdenum disulfide (MoS;) template to influence the
growth of the small organic molecules. It is relatively easy to prepare a large surface area of a
few-layer MoS; (or even a single monolayer) by the methods such as magnetron sputtering or

chemical vapor deposition.
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Figure 1: structure of MoS, monolayer. (source: www.ossila.com)

Due to its structure, MoS> can be used as a growth template for the deposition of OSCs.
Strong template-molecule interactions influence the growth orientation of deposited organic
molecules without a structural mismatch induced strain. This prevents the disorder of

deposited organic films so that organic molecules retain their structure even for a high number



of layers. Additionally, because of its semiconducting nature, the MoS, template provides an
excellent interface between the organic active layer and electrodes of an electronic device. As
shown in the Results part of my thesis, it is possible to prepare the MoS> growth templates
with two distinct crystal orientations. Depending on the alignment of the growth template,

organic molecules during the deposition grow in lying-down or standing-up configuration.



Objectives of study

The aim of the work will be the preparation of thin organic semiconductor layers
suitable for use in organic electronics. The structure of prepared thin films will be investigated
by X-ray diffraction methods such as GIWAXS and GISAXS. Furthermore, we will study the
structure of 2D materials such as graphene and MoS; and their influence on the orientation of
deposited thin organic films. Depending on the type of interaction between the 2D layer and
the vapor-deposited molecules, it is possible to achieve a different orientation of a thin film.
The ability to specifically control the structure of a thin organic film is essential for the use of

organic materials in electronics.

Goals:

1. Preparation of thin organic films suitable for use in organic electronics.

2. Study of the structure of thin organic layers employing the GIWAXS / GISAXS

method.

w

Study of the possible use of thin films such as graphene and MoS2 to control the

growth orientation of thin organic films.



Methods

MoS2 growth templates were prepared from the molybdenum precursor by Chemical
vapor deposition (CVD). CVD is a process in which a film of desired material is deposited
from a gaseous phase by chemical reaction of volatile precursors. In my case, the thin layer of
molybdenum on Si/SiO- substrate was sulfurized in vapors of sulfur.

Thin organic films were grown employing Organic molecular beam deposition.
During the deposition the desired organic material inside of effusion cell is heated up and
evaporated. . Due to the high vacuum inside a deposition chamber, evaporated molecules
propagate straight to the substrate surface without colliding with the rest gas molecules.(20)
On the substrate surface molecules condense to form a homogenous film with a thickness
ranging from Angstroms to micrometers. Thickness of the prepared thin film was measured

during the deposition using quartz crystal microbalance (QCM) monitor.

The thin film structure as well as MoS, template alignment was characterized by
grazing-incidence wide-angle X-ray scattering method. Using laboratory X-ray source, | was
able to determine the alignment of growth template and orientation of organic molecules. By
employing the synchrotron radiation, it was possible to observe in-situ growth of organic thin
film during the deposition, tracking the stress-induced changes of unit cell. Thanks to its high
brilliance, even early stages of growth can be observed.



Results

Characterization of growth template

Growth templates are thin layers that can influence the molecular orientation of thin
organic films. During the deposition, van der Waals interactions force the growing molecules
to adopt one of two commonly observed configurations, either standing-up or lying-down. To
achieve the desired configuration, it is usually necessary to select the correct template. In my
work, | studied the structures of few-layer MoS, films prepared by sulfurization of
molybdenum films. | observed that it is possible to prepare few-layer MoS; films with two
different crystal orientations depending on the preparation conditions. MoS; is a
semiconducting material with a layered structure, where two atomic layers of sulfur enclose
an atomic layer of molybdenum. The alignment of these MoS; layers can be determined by
GIWAXS measurement. Stacking of individual MoS; layers leads to a strong 002 Bragg peak.
From the position of this diffraction peak in the GIWAXS pattern, we were able to determine
the MoS; alignment. | showed that when a 1 nm thick layer of molybdenum film is sulfurized,
the resulting few-layer MoS; film adopts horizontal alignment (Fig. 2a), where the individual
MoS: layers are parallel to the substrate surface. On the other hand, after sulfurization of 3 nm
thick molybdenum film, we obtained a vertically aligned MoS: (Fig. 2b) film with the layers
perpendicular to the substrate surface. Few-layer MoS; films can be used as growth templates
for OSCs. Depending on the alignment, different van der Waals interaction of MoS; with

deposited molecules is expected.
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Fig. 2: GIWAXS pattern of MoS2 growth template with a) horizontal b) vertical alignment.



Growth of small organic molecules on growth templates

As mentioned in the theoretical part of my thesis, graphene is the most frequently used
growth template. Since its structure is almost identical to conjugated cores of OSCs, only a
small mismatch-induced strain is expected on a thin film. In fact, even a single layer of
graphene is able to influence the growth orientation of deposited molecules. Furthermore, it
provides an excellent interface to support the nucleation as well as facilitate the charge carrier
transport between electrodes and organic thin film. In our work, we studied the growth of
5,5'-bis(naphth-2-yl)-2,2'-bithiophene (NaT2) thin film on the graphene template. NaT2
belongs to the family of oligothiophenes, which are extensively studied for their exceptional
charge carrier mobilities. NaT2 consists of an oligothiophene conjugated core that is end-
capped by naphthalene groups to enhance the molecular packing in a thin film. We deposited
the NaT2 molecules onto a Si/SiO> substrate with a graphene growth template on top by
OMBD. The structure of prepared thin films was studied by GIWAXS technigue. One of the
substrates used had unintentional cracks in its graphene template layers, as shown by helium-
ion microscopy. In these cracks, the bare Si/SiO, substrate was exposed. GIWAXS patterns
showed a plethora of pronounced Bragg peaks that result from a well-ordered thin film
structure. After the data analysis and unit cell structure calculation, we were able to
distinguish between three distinct molecular configurations of NaT2 molecules. Most of the
observed Bragg reflections belong to the lying-down configuration of NaT2 molecules.
Interestingly, we observed two slightly different orientations of the lying-down molecules.
Both of these configurations have an identical unit cell structure. Only a slight difference in
orientation with respect to the substrate surface was observed, namely that one structure was
rotated by 22° around the b-axis when compared to the other observed structure. On the other
hand, in cracks with missing growth template to control the orientation, we observed the third
distinct orientation. On the exposed Si/SiO substrate, NaT2 molecules grow in the standing-
up configuration. This is common for molecules grown on substrates, where substrate-
molecule interaction is miniscule. Sharp Bragg spots in GIWAXS pattern suggest that there is
no gradual transition between the configurations. After deposition of NaT2 molecules on the
second substrate a defect-free graphene template, we still observe both lying-down
configurations. The standing-up configuration was absent, which confirms that it was only
present on the exposed substrate surface. However, two different lying-down configurations
were still present. While their same unit cell parameters suggest the identical molecular
packing in a unit cell, the fact that one is slightly rotated might influence the charge carrier

transfer at domain boundaries.



We could not determine the reason for the different lying-down configuration. One
possible explanation might be the thickness-dependent orientation. Hosokai at al.(21) in their
work showed the presence of two distinct polymorphs of picene thin films when grown on
Si/SiO2 substrate. Employing different incidence angles during the GIWAXS measurements,
they were able to determine the structure at different depths of a thin film. They concluded
that depending on the film thickness, the unit cell changes from one polymorph to another. In
our case, there is no change of unit cell structure between the two observed lying-down
configurations, only a slight orientation shift. This can be explained by template-molecule and
molecule-molecule force interactions. At the beginning of the thin film growth, there is a
strong vdW force controlling the orientation of the molecules. After the first few layers are
fully closed, the molecule-molecule interactions become dominant, slightly changing the

orientation of the later NaT2 layers.
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Fig. 3: GIWAXS pattern of NCOH molecules grown on a) vertically b) horizontally aligned

MoS: growth template.



Summary

The main objective of this work was to prepare and study thin organic films that can
be used as an active layer in organic electronic devices. Since the orientation of molecules in a
thin film have a significant impact on the performance of electric devices, the possibility of
controlling this orientation by using growth templates was investigated.

Thin films were prepared by an organic molecular beam deposition method. OMBD is
an ideal method for the preparation of thin, well-ordered organic films with a controllable

thickness.

Thin film structure was investigated by GIWAXS measurements. From GIWAXS
patterns, | was able to determine the crystallinity of a thin film, its orientation with respect to

the substrate and unit cell structure.

Predominately, | focused on the few-layer MoS, growth templates to control the
orientation of prepared organic thin films. Depending on parameters during the preparation, it
is possible to prepare a few-layer MoS, template with two distinct crystal orientations. Van
der Waals interaction between the template and deposited molecules then controls the
orientation of a prepared thin film. When thin films were deposited on the top of a
horizontally aligned MoS, template, | observed a lying-down configuration of organic
molecules. The reason for this is a relatively strong interaction between the template and
molecules of the first monolayer. In situ GIWAXS measurements during the thin film growth
show a progression of slight strain at the early stages of deposition. This is a result of a small
mismatch between the template and thin film structure. However, the rapid relaxation of this
strain after only a few layers allows the thin film to continue growing with the desired
orientation. This would not be the case if the template and thin film structure mismatch was
significant, resulting in a disordered thin film. On the other hand, using a vertically aligned
MoS, template, | observed a standing-up configuration of a thin film. This proves the
feasibility of using the MoS: layer as a growth template.



List of Author's publications

Bodik, M.; Kraj¢ikova, D.; Hagara, J.; Majkova, E.; Barak, L; Siffalovi¢, P. Diffraction
Pattern of Bacillus Subtilis CotY Spore Coat Protein 2D Crystals. Colloids Surfaces B
Biointerfaces 2021, 197, 111425.
https://doi.org/https://doi.org/10.1016/j.colsurfb.2020.111425.

Annusova, A.; Bodik, M.; Hagara, J.; Kotlar, M.; Halahovets, Y.; Micusik, M.; Chlpik,
J.; Cirak, J.; Hofbauerova, M.; Jergel, M.; Majkova, E.; Siffalovi¢, P. On the Extraction
of MoO x Photothermally Active Nanoparticles by Gel Filtration from a Byproduct of
Few-Layer MoS2  Exfoliation.  Nanotechnology 2020, 32 (4), 45708.
https://doi.org/10.1088/1361-6528/abc035

Bodik, M.; Maxian, O.; Hagara, J.; Nadazdy, P.; Jergel, M.; Majkova, E.; Siffalovic, P.
Langmuir—Scheaffer Technique as a Method for Controlled Alignment of 1D Materials.
Langmuir 2020, 36 (16), 4540-4547. https://doi.org/10.1021/acs.langmuir.0c00045.

Huss-Hansen, M. K.; Hodas, M.; Mrkyvkova, N.; Hagara, J.; Jensen, B. B. E.; Osadnik,
A.; Litzen, A.; Majkova, E.; Siffalovic, P.; Schreiber, F.; Tavares, L.; Kjelstrup-Hansen,
J.; Knaapila, M. Surface-Controlled Crystal Alignment of Naphthyl End-Capped
Oligothiophene on Graphene: Thin-Film Growth Studied by in Situ X-Ray Diffraction.
Langmuir 2020, 36 (8), 1898-1906. https://doi.org/10.1021/acs.langmuir.9b03467.

Hagara, J.; Mrkyvkova, N.; Nadazdy, P.; Hodas, M.; Bodik, M.; Jergel, M.; Majkova,
E.; Tokér, K.; Hutér, P.; Sojkova, M.; Chumakov, A.; Konovalov, O.; Pandit, P.; Roth,
S.; Hinderhofer, A.; Hulman, M.; Siffalovic, P.; Schreiber, F. Reorientation of -
Conjugated Molecules on Few-Layer MoS2 Films. Phys. Chem. Chem. Phys. 2020, 22
(5), 3097-3104. https://doi.org/10.1039/C9CP05728E.

Hagara, J.; Mrkyvkova, N.; Feriancova, L.; Putala, M.; Nadazdy, P.; Hodas, M.; Shaji,
A.; Nadazdy, V.; Huss-Hansen, M. K.; Knaapila, M.; Hagenlocher, J.; Russegger, N.;
Zwadlo, M.; Merten, L.; Sojkova, M.; Hulman, M.; Vlad, A.; Pandit, P.; Roth, S.; Jergel,
M.; Majkova, E.; Hinderhofer, A.; Siffalovic, P.; Schreiber, F. Novel Highly Substituted
Thiophene-Based n-Type Organic Semiconductor: Structural Study, Optical Anisotropy
and Molecular Control. CrystEngComm 2020. https://doi.org/10.1039/DOCEQ1171A.

Hutar, P.; Spankova, M.; Sojkova, M.; Dobrocka, E.; Vegso, K.; Hagara, J.; Halahovets,
Y.; Majkova, E.; Siffalovic, P.; Hulman, M. Highly Crystalline MoS2 Thin Films
Fabricated by Sulfurization. Phys. status solidi 2019, 256 (12), 1900342.
https://doi.org/10.1002/pssb.201900342.

Hulman, M.; Sojkova, M.; Végso, K.; Mrkyvkova, N.; Hagara, J.; Hutér, P.; Kotrusz, P.;
Hudec, J.; Tokar, K.; Majkova, E.; Siffalovic, P. Polarized Raman Reveals Alignment of
Few-Layer MoS2 Films. J. Phys. Chem. C 2019, 123 (48), 29468-29475.
https://doi.org/10.1021/acs.jpcc.9b08708.

Kalosi, A.; Demydenko, M.; Bodik, M.; Hagara, J.; Kotlar, M.; Kostiuk, D.; Halahovets,
Y.; Vegso, K.; Marin Roldan, A.; Maurya, G. S.; Angus, M.; Veis, P.; Jergel, M,;



Majkova, E.; Siffalovic, P. Tailored Langmuir-Schaefer Deposition of Few-Layer MoS2
Nanosheet Films for Electronic Applications. Langmuir 2019, 35 (30), 9802-9808.
https://doi.org/10.1021/acs.langmuir.9b01000.

Mrkyvkova, N.; Hodas, M.; Hagara, J.; Nadazdy, P.; Halahovets, Y.; Bodik, M.; Tokar,
K.; Chai, J. W.; Wang, S. J.; Chi, D. Z.; Chumakov, A.; Konovalov, O.; Hinderhofer, A,;
Jergel, M.; Majkova, E.; Siffalovic, P.; Schreiber, F. Diindenoperylene Thin-Film
Structure on MoS2 Monolayer. Appl. Phys. Lett. 2019, 114 (25), 251906.
https://doi.org/10.1063/1.5100282.

Zaprazny, Z.; Korytar, D.; Jergel, M.; Halahovets, Y.; Kotlar, M.; Matko, I.; Hagara, J.;
Siffalovi¢, P.; Keckés, J.; Majkova, E. Characterization of the Chips Generated by the
Nanomachining of Germanium for X-Ray Crystal Optics. Int. J. Adv. Manuf. Technol.
2019, 102 (9), 2757-2767. https://doi.org/10.1007/s00170-019-03392-z.

Nadazdy, P.; Hagara, J.; Jergel, M.; Majkova, E.; Mikul\"\ik, P.; Zaprazny, Z.; Korytar,
D.; Siffalovi¢, P. Exploiting the Potential of Beam-Compressing Channel-Cut
Monochromators for Laboratory High-Resolution Small-Angle X-Ray Scattering
Experiments. J. Appl. Crystallogr. 2019, 52 (3), 498-506.
https://doi.org/10.1107/S1600576719003674.

Sojkova, M.; Siffalovic, P.; Babchenko, O.; Vanko, G.; Dobroc¢ka, E.; Hagara, J.;
Mrkyvkova, N.; Majkova, E.; 1zak, T.; Kromka, A.; Hulman, M. Carbide-Free One-Zone
Sulfurization Method Grows Thin MoS2 Layers on Polycrystalline CVVD Diamond. Sci.
Rep. 2019, 9 (1), 2001. https://doi.org/10.1038/s41598-018-38472-9.

Bodik, M.; Annusova, A.; Hagara, J.; Micusik, M.; Omastova, M.; Kotlar, M.; Chlpik,
1.; Cirak, J; gvajdlenkové, H.; Angus, M.; Roldan, A. M.; Veis, P.; Jergel, M.; Majkova,
E.; Siffalovi¢, P. An Elevated Concentration of MoS2 Lowers the Efficacy of Liquid-
Phase Exfoliation and Triggers the Production of MoOx Nanoparticles. Phys. Chem.
Chem. Phys. 2019, 21 (23), 12396-12405. https://doi.org/10.1039/C9CP01951K.

Sojkova, M.; Vegso, K.; Mrkyvkova, N.; Hagara, J.; Hutar, P.; Rosova, A,
Caplovi¢ova, M.; Ludacka, U.; Skakalova, V.; Majkova, E.; Siffalovic, P.; Hulman, M.
Tuning the Orientation of Few-Layer MoS2 Films Using One-Zone Sulfurization. RSC
Adv. 2019, 9 (51), 29645-29651. https://doi.org/10.1039/CORA06770A.

Jergel, M.; Halahovets, Y.; Matko, I.; Korytar, D.; Zaprazny, Z.; Hagara, J.; Nadazdy,
P.; Siffalovi¢, P.; Ke&kés, J.; Majkova, E. Finishing of Ge Nanomachined Surfaces for X-
Ray Crystal Optics. Int. J. Adv. Manuf. Technol. 2018, 96 (9), 3603-3617.
https://doi.org/10.1007/s00170-018-1853-9.



References

1. Lee E-K, Lee MY, Choi A, Kim J-Y, Kweon OY, Kim J-H, et al. Phenyl Derivative of
Dibenzothiopheno[6,5-b:6',5'-f] Thieno[3,2-b] Thiophene (DPh-DBTTT): High
Thermally Durable Organic Semiconductor for High-Performance Organic Field-Effect
Transistors. Adv Electron Mater [Internet]. 2017 Oct 1;3(10):1700142. Available from:
https://doi.org/10.1002/aelm.201700142

2. Naibi Lakshminarayana A, Ong A, Chi C. Modification of acenes for n-channel OFET
materials. J Mater Chem C [Internet]. 2018;6(14):3551-63. Available from:
http://dx.doi.org/10.1039/C8TC00146D

3. Li L, Tang Q, Li H, Yang X, Hu W, Song Y, et al. An Ultra Closely n-Stacked Organic
Semiconductor for High Performance Field-Effect Transistors. Adv Mater [Internet].
2007 Sep 17;19(18):2613—7. Available from: https://doi.org/10.1002/adma.200700682

4. Suraru S-L, Zschieschang U, Klauk H, Wiirthner F. Diketopyrrolopyrrole as a p-
channel organic semiconductor for high performance OTFTs. Chem Commun
[Internet]. 2011;47(6):1767-9. Available from:
http://dx.doi.org/10.1039/CO0CC04395H

5. Katz HE, Lovinger AJ, Johnson J, Kloc C, Siegrist T, Li W, et al. A soluble and air-
stable organic semiconductor with high electron mobility. Nature [Internet].
2000;404(6777):478-81. Available from: https://doi.org/10.1038/35006603

6. Takimiya K, Kunugi Y, Konda Y, Ebata H, Toyoshima Y, Otsubo T. 2,7-
Diphenyl[1]benzoselenopheno[3,2-b][1]benzoselenophene as a Stable Organic
Semiconductor for a High-Performance Field-Effect Transistor. J Am Chem Soc
[Internet]. 2006 Mar 1;128(9):3044-50. Available from:
https://doi.org/10.1021/ja057641k

7. Guo X, Kim FS, Jenekhe SA, Watson MD. Phthalimide-Based Polymers for High
Performance Organic Thin-Film Transistors. J Am Chem Soc [Internet]. 2009 Jun
3;131(21):7206-7. Available from: https://doi.org/10.1021/ja810050y

8. Dimitrakopoulos CD, Mascaro DJ. Organic thin-film transistors: A review of recent
advances. IBM J Res Dev. 2001;45(1):11-27.



10.

11.

12.

13.

14.

15.

16.

17.

Britting W. Introduction to the Physics of Organic Semiconductors [Internet]. Physics
of Organic Semiconductors. 2005. p. 1-14. (Wiley Online Books). Available from:
https://doi.org/10.1002/3527606637.ch

Yamashita Y. Organic semiconductors for organic field-effect transistors. Sci Technol
Adv Mater [Internet]. 2009 Apr 1;10(2):24313. Available from:
https://doi.org/10.1088/1468-6996/10/2/024313

LiuY, Cheng P, Li T, Wang R, Li Y, Chang S-Y, et al. Unraveling Sunlight by
Transparent Organic Semiconductors toward Photovoltaic and Photosynthesis. ACS
Nano [Internet]. 2019 Feb 26;13(2):1071-7. Available from:
https://doi.org/10.1021/acsnano.8b08577

Jones BA, Facchetti A, Marks TJ, Wasielewski MR. Cyanonaphthalene Diimide
Semiconductors for Air-Stable, Flexible, and Optically Transparent n-Channel Field-
Effect Transistors. Chem Mater [Internet]. 2007 May 1;19(11):2703-5. Available from:
https://doi.org/10.1021/cm0704579

Qian Y, Zhang X, Xie L, Qi D, Chandran BK, Chen X, et al. Stretchable Organic
Semiconductor Devices. Adv Mater [Internet]. 2016 Nov 1;28(42):9243-65. Available
from: https://doi.org/10.1002/adma.201601278

Lipomi DJ, Tee BC-K, Vosgueritchian M, Bao Z. Stretchable Organic Solar Cells. Adv
Mater [Internet]. 2011 Apr 19;23(15):1771-5. Available from:
https://doi.org/10.1002/adma.201004426

Savagatrup S, Printz AD, O’Connor TF, Zaretski A V, Lipomi DJ. Molecularly
Stretchable Electronics. Chem Mater [Internet]. 2014 May 27;26(10):3028—-41.
Available from: https://doi.org/10.1021/cm501021v

Deb K, Bera A, Saha B. Tuning of electrical and optical properties of polyaniline
incorporated functional paper for flexible circuits through oxidative chemical
polymerization. RSC Adv [Internet]. 2016;6(97):94795-802. Available from:
http://dx.doi.org/10.1039/C6RA16079D

Singha Roy S, Bindl DJ, Arnold MS. Templating Highly Crystalline Organic

Semiconductors Using Atomic Membranes of Graphene at the Anode/Organic



18.

19.

20.

21.

Interface. J Phys Chem Lett [Internet]. 2012 Apr 5;3(7):873-8. Available from:
https://doi.org/10.1021/jz201559g

Witte G, Woll C. Growth of aromatic molecules on solid substrates for applications in
organic electronics. J Mater Res [Internet]. 2011/03/03. 2004;19(7):1889-916.
Available from: https://www.cambridge.org/core/article/growth-of-aromatic-
molecules-on-solid-substrates-for-applications-in-organic-
electronics/BOCF5FCD529B32FE95A9417A1453F272

Lee CH, Schiros T, Santos EJG, Kim B, Yager KG, Kang SJ, et al. Epitaxial growth of
molecular crystals on van der Waals substrates for high-performance organic
electronics. Adv Mater. 2014;26(18):2812—7.

Gary S. May CJS. Fundamentals of Semiconductor Manufacturing and Process Control
[Internet]. Fundamentals of Semiconductor Manufacturing and Process Control. 2006.
25-81 p. (Wiley Online Books). Available from:
https://doi.org/10.1002/0471790281.ch2

Hosokai T, Hinderhofer A, Bussolotti F, Yonezawa K, Lorch C, VVorobiev A, et al.
Thickness and Substrate Dependent Thin Film Growth of Picene and Impact on the
Electronic Structure. J Phys Chem C [Internet]. 2015 Dec 31;119(52):29027-37.
Available from: https://doi.org/10.1021/acs.jpcc.5b10453



