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In Silico Modeling of Indigo and Tyrian
Purple Single-Electron Nano-Transistors
Using Density Functional Theory Approach
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Abstract: The purpose of this study was to develop and implement an in silico model of indigoid-based single-
electron transistor (SET) nanodevices, which consist of indigoid molecules from natural dye weakly coupled to gold
electrodes that function in a Coulomb blockade regime. The electronic properties of the indigoid molecules were
investigated using the optimized density-functional theory (DFT) with a continuum model. Higher electron transport
characteristics were determined for Tyrian purple, consistent with experimentally derived data. Overall, these results can
be used to correctly predict and emphasize the electron transport functions of organic SETs, demonstrating their
potential for sustainable nanoelectronics comprising the biodegradable and biocompatible materials.
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Background
The development of organic semiconductors that are
capable of both hole and electron transport is of pivotal
importance in designing new organic field-effect transis-
tors (OFET) and optoelectronic nanodevices [1, 2].
Recently, the use of indigoids has been widely explored
in such devices with a view to the creation of natural
and sustainable semiconductors [3–5]. These botanical
substances were derived from the plants Indigofera tinc-
toria and Isatis tintora and have been employed as
organic dyes for the textile industry [6].
Indigoids, including indigo and its derivative, Tyrian

purple, are insoluble agents with a very high melting
point, a property which is explained by the presence of
inter- and intramolecular stabilizing hydrogen bonds (H-
bonds). On the other hand, the existence of π-skeleton
intermolecular interactions also strongly influences the
charge transport within indigo thin films [5]. Both mate-
rials are stable in terms of degradation within aerated
conditions [7] and tend to form tiny and highly crystal-
line films upon evaporation, which exhibit promising
charge transport properties [4]. Recent studies have
also reported the development of indigo-based OLEDs
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(organic light-emitting diodes) and OFET devices due
to the visible and near-infrared absorption spectra and
electron transport characteristics of indigoid molecules
[8, 9]. In particular, indigo and Tyrian purple show high
and almost perfectly balanced electron and hole charge
transport in OFET, owing to their reversible two-electron
reduction and oxidation [8]. Another example of OLED
devices contained a metal of 5-hydroxy-quinoxaline as a
host component and indigo-based electroluminescent
layer as a dopant material, comprising of a bisphenyl-
squarilium compound [10].
Various computational approaches have been adapted

and successfully implemented in the modeling of coherent
transport in different types of molecular junctions, includ-
ing density-functional theory (DFT), in combination with
non-equilibrium Green’s functions or semi-empirical
methods [11–14]. However, none of these in silico
methods are applicable in the case of molecular single-
electron transistors (SET) with incoherent electron trans-
port [15]. Therefore, Kaasbjerg and Flensberg have devised
a novel methodology, where they introduced a semi-
empirical model for simulating the properties of molecular
SETs, including a renormalization of the molecular charge
states due to the environment polarization [16]. However,
the possibility of indigoid integration within SET nanode-
vices remains to be investigated.
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In the present work, to improve the performance of
organic semiconductors, we modeled indigoid-based mo-
lecular SETs, which consist of the natural dye molecule
weakly coupled to gold electrodes using the optimized DFT
approach. These SET systems operate in the incoherent
transport regime, and the electron transport is described by
sequential tunneling of single electrons and a sequential
transport mechanism, such as Coulomb blockade, rather
than coherent, ballistic tunneling. The proposed in silico
approach has the potential to correctly predict experimen-
tally determined parameters and to explore the electronic
properties of indigoids as bio-inspired materials for the
development of novel organic semiconductors.

Methods
The molecular structures (Fig. 1a, b) of indigo (CID
5318432) and Tyrian purple (CID 5491378) were obtained
from the PubChem database [17].
The molecular geometries were minimized using the

steepest descent minimization algorithm, and the 3D sdf
files were converted to the xyz coordinates by the Avo-
gadro software [18]. The total partial charge (σ and π)
distribution for the converted 3D structures (Additional
file 1: Figure S1) was calculated by the MarvinSketch
algorithm [19]. The SET microenvironment, consisting
of the source, drain, and gate electrodes was built by the
Virtual NanoLab v.2016.1 suite [20]. All the DFT calcula-
tions were performed using the Atomistix ToolKit software
[20]. In particular, the LDA (local-density approximation)
exchange correlation [21] was set with 75 Ha of mesh cut-
off and 300 K of electron temperature. The energy zero
parameter was measured as absolute energy for the SET
molecular energy spectrum. For the SET nanodevice, the
multi-grid Poisson solver was set to Neumann boundary
conditions instead of multipole used only for the isolated
molecules in the gas phase. The energy balance in the weak
coupling regime was calculated from the Eisland(N) func-
tion, which determined the energy of the island as a func-
tion of the number of electrons in the island. Similar energy
functions were introduced in the source and drain elec-
trodes, Esource(N) and Edrain(N). For the electron to move
Fig. 1 The molecular structure of indigo (a) and its derivative (6,6′-dibromo
from the source electrode onto the island, the electron must
have a lower energy on the island, such as the following:

Esource Mð Þ þ Eisland Nð Þ ≥ Esource M−1ð Þ þ Eisland N þ 1ð Þ

where N is the initial number of electrons on the island
and M is the initial number of electrons in the source
electrode. In order to move the electron from the island
to the drain electrode, it should possess a lower energy
in the drain electrode:

Edrain Kð Þ þ Eisland N þ 1ð Þ≥ Edrain K þ 1ð Þ þ Eisland Nð Þ

where K is the initial number of electrons in the drain
electrode.
Assuming that the electron with the maximum energy

tunnels onto the island, then the maximum energy
(Esource(M) − Esource(M − 1)) of the electron in the source
electrode is described as follows:

Esource Mð Þ−Esource M−1ð Þ ¼ −W þ eV
2

where W is the work function of the electrode and the V
applied bias.
The above tunneling criterion, gives rise to the following

condition:

−W þ eV
2

þ Eisland Nð Þ≥ Eisland N þ 1ð Þ

Similarly, −W− eV
2 is the minimum energy of an electron

in the drain electrode, namely

Eisland N þ 1ð Þ≥−W−
eV
2

þ Eisland Nð Þ

The requirement for a current in the device is therefore

e Vj j
2

≥ ΔEisland Nð Þ þW≥−
e Vj j
2

where ΔEisland(N) = Eisland(N + 1) − Eisland(N) is the char-
ging energy of the island.
indigo) as Tyrian purple (b)



Fig. 2 Isosurface plots of HOMO-LUMO eigenstates for indigo (a, b) and Tyrian purple (c, d) molecules. The molecular geometries were obtained
by relaxing the molecules in the neutral state

Table 1 Charging energy EN–1–EN of different charge states of
indigo and Tyrian purple molecules in the gas phase

State Charging energy (eV)

+2 −10.69 −10.43

+1 −6.49a −6.63a

0 –0.94(0.94)b –1.28(1.28)b

−1 3.27 2.71
aEI
bEA
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Results and Discussion
The configuration of modeled organic SETs was adjusted
where the “indigoid” island only weakly coupled to the
metal electrodes, tunneling the electrons from the
source to the gate in a time-dependent manner. There-
fore, to model this situation correctly, the DFT with
LDA and a double-ζ-polarized basis set were applied
[22]. The subsequent tunneling process from the island
to the drain electrode could be in this regard referred to
a transport mechanism, which is independent of the tun-
neling process into the island [23]. One of the prerequi-
sites for indigoid molecules to be exploited in SET
nanodevices is the presence of many alternating double
and single bonds because such patterns delocalize the
molecular orbitals, making it possible for electrons to
move freely over the conjugated area [24].
After the convergence of DFT calculations, the neutral

form (q = 0) of the indigoid molecules was inspected to
determine the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbital levels and to
compare these values with the ionization (EI) and affinity
(EA) energies. The occupations showed a level of 47 for
HOMO (EHOMO = –4.28 eV) and 48 for LUMO (ELUMO = –
2.94 eV) for indigo (Fig. 2a, b) and a level of 53 for HOMO
(EHOMO = –4.59 eV) and 54 for LUMO (ELUMO =–3.21 eV)
for Tyrian purple (Fig. 2c, d). The predicted values are in
good agreement with the reported HOMO-LUMO energy
gap of 1.3 eV for pure indigo previously published by
Ramachandran and coauthor [9]. However, the LUMO
level of Tyrian purple is deeper at –3.21 eV, which gives the
ability to operate stably in the air for both p- and n-
channels for at least 30 min with repeated cycling [4]. On
the contrary, no air-stable n-type operation for indigo was
observed in the experiment, probably due to the high-lying
LUMO level (–2.94 eV) and oxygen atoms contribution as
electron acceptors [4, 25].
To perform the evaluation of EI and EA for indigoids,

an explicit calculation of the total energy (Eq) of the
system with charge (q) was achieved. For this purpose,
EI was defined as follows:

EI ¼ E Nð Þ−E N−1ð Þ ¼ E0−Eþ1

where E0 is the energy of the neutral system with N
electrons and E+ 1 is the energy of the positive ion with
N − 1 electrons. Similarly, the affinity energy is given by
the formula

EA ¼ E Nð Þ−E N þ 1ð Þ ¼ E0−E−1

In general, the EI value is the cost of removing a single
electron from the molecule that equals to HOMO, and the
EA value is the energy gain of adding a single electron that



Fig. 3 The charge stability diagram for indigo (a) and Tyrian purple (b) SETs, calculated in the gas phase. The colors show the number of charge
states in the bias window for a given gate voltage and exhibit the typical diamond shapes also seen in experimental Coulomb blockade
measurements. The color map is blue (0), light blue (1), green (2), orange (3), and red (4)
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corresponds to LUMO. However, the experimentally de-
termined [4] values (EHOMO = –5.5 and ELUMO = –3.8 eV)
for indigo and Tyrian purple (EHOMO = –5.8 and
ELUMO = –4.0 eV) in the gas phase showed rather poor
correlation with the calculated ones (Table 1), which must
to be improved by the self-consistent calculations of these
molecules in the SET environment.
Next, the roughly estimated charge stability diagrams

for indigo and Tyrian purple were calculated and plotted
(Fig. 3), assuming that these molecules retain their prop-
erties in the gas phase even when it is part of the complete
SET geometry. However, this model is only a rough ap-
proximation, since the molecular charge states are renor-
malized in the electrostatic SET environment. Therefore,
the in silico model of these molecules connected to gold
electrodes was implemented to investigate the electronic
function of indigoids in a SET setup based on the calcu-
lated total energies for indigo and Tyrian purple in the gas
phase. This preliminary test was performed through the
formalism described in the M&M section as the energy
Fig. 4 The geometry of the molecular SET environment of indigo (a) or Ty
environment, which simulates metal source-drain electrodes on top of a di
the Hartree potential difference calculated by solving the Poisson equation
value of 2 V and zero source-drain bias. The molecular geometries were ob
balance in the weak coupling regime using the work func-
tion (W = 5.28 eV) of gold [26].
Furthermore, the dependence of the additional ener-

gies of the gate voltage (VG) is mandatory in order to
assess the linear coefficient, which is called the gate
coupling constant (α).

ΔE N ;VGð Þ ¼ ΔE Nð Þ þ αVG

In order to simplify the simulated approach, the value
α was set to 1, and the conditions for transmission
through given molecular charge states were calculated
by the following equation:

−
VSDj j
2

≤ ΔE NVGð Þ þW≤
VSDj j
2

It is clear from Fig. 3 that the conductance is directly
related to the number of energy levels inside the bias
window. In this regard, for any given value of VSD (source-
drain bias voltage) and VG, the calculated number of
rian purple (b). Both molecules are modeled within an electrostatic
electric substrate (shellac) with a metal back-gate. ΔVH is denoted for
. The contour plot shows the induced electrostatic potential for a VG
tained by relaxing the molecules in the neutral state



Fig. 5 E(q, VG) as a function of VG for indigo (a) and Tyrian purple (b) SET nanodevices. This function was calculated in the SET environment.
Different curves represent different charge states of the natural dye molecule, blue (−2), green (−1), red (0), turquoise (1), and violet (2)

Fig. 6 Linear relationship of the gate coupling (α) and the charge
values for indigo and Tyrian purple SETs
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charge states in the bias window corresponded to the
charge stability diagrams for indigo (Fig. 3a) and Tyrian
purple (Fig. 3b). If the charging energy of the “indigoid”
island in the gas phase is modified by an electrostatic gate
through a tuning of the VG parameter, the energy levels of
SET are moved in and out of the bias window.
In order to improve accuracy, the indigoid molecules

were positioned in a SET environment, which consists of
the source, drain, and gate gold electrodes. The system was
set up for the DFT analysis, where the organic molecule
was placed on top of a 3.7 Å thick dielectric slab, with a
metal back-gate and surrounded by a source and drain
metal electrodes. Since the organic molecules are only
weakly coupled to the electrodes, the main interactions
with the electrodes are electrostatic forces [27]. These inter-
actions were modeled using a continuum model of the elec-
trodes with shellac dielectric. The latter component, known
as natural resin (εr = 3.9ε0), is widely used as a substrate
and a dielectric layer for OFETs [28]. Finally, the whole sys-
tem was modeled as an isolated device configuration due to
the transport mechanism, which is a sequential tunneling,
rather than a coherent ballistic tunneling (Fig. 4a, b).
Considering that the gold electrodes function as elec-

tron reservoirs, the energy of an additional electron was
described by the work function of these electrodes.
Hence, the lowest energy was detected at the most stable
and uncharged state of indigoid molecules for given VG

values, where negative VG stabilized positively charged
ions and vice versa (Fig. 5a, b).
On the contrary, the gate dependence is close to linear,

and the slope is related to the charge state of the indi-
goid molecule. To investigate this dependence further, a
relation describing the total energy as E(q,VG) and
charge function was used [29]:

E q;VGð Þ ¼ αqVG

The relationship between E(q,VG) and VG is non-linear
because the atoms closest to the dielectric region screen
VG for the rest of the molecule, decreasing the gate
coupling. A difference in the charges on different atoms
in the indigoid molecule alters a molecular dipole, which
in turn contributes to E(q,VG).
In the regions starting from 0 to 5 gate voltage, the

minimal E(q,VG) states were detected for Tyrian pur-
ple due to the bromination of this molecule (Fig. 5b).
Since, the polarizability of a halogen atom increases
in the order of F < Cl < Br, bromine shows large po-
larizability between the halogen atoms [30]. These
data also reflected the experimentally determined rela-
tive permittivity values of 4.3 for indigo and 6.2 for
Tyrian purple calculated from the geometric capaci-
tance at high frequency (>1.0 MHz) [4]. Moreover,
the indigoid-based nanodevices exhibited ambipolar
operation with the electron (μe) and hole (μh) mobil-
ities from 10−2 to 0.2 cm2(V × s)−1. In a more recent
study, higher mobilities in Tyrian purple were also re-
ported with the μe and μh values of 0.4 cm2(V × s)−1

[31]. However, the analyzed SET nanodevices are
different from any conventional OFET, which only



Table 2 Charging energy EN–1–EN of different charge states of
indigo and Tyrian purple molecules in the SET environment

State Charging energy (eV)

+2 −7.15 −6.63

+1 −5.46a −5.43a

0 −2.42(2.42)b −2.48(2.48)b

−1 −0.7 −0.89
aEI
bEA
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controls the charge density between the electrodes
but on the single-electron transport through the en-
ergy modifications of molecular orbitals [32, 33].
Therefore, the gate coupling effect (Fig. 6) for Tyrian

purple is represented by a lower value (α = 0.44) than
that for indigo (α = 0.52) as a result of the weaker coup-
ling of the indigo derivative to the metal gate. Hence,
indigo is located closer to the shellac substrate to allow
all atoms to be almost identically shifted by the gate po-
tential, which shows a more linear relationship between
the total energy and VG.
Additionally, the refined EI and EA coefficients (Table 2)

of indigo and Tyrian purple molecules and their corre-
sponding charge stability diagrams (Fig. 7a, b) calcu-
lated in the SET environment showed a good
correlation with the experimentally determined data
previously described elsewhere [4]. The relatively high
values of ionization energy and the low values of
electron affinity for the indigoid compounds also
make them useful for OLED applications owing to
the low energy barrier for the creation of holes and
the injection of electrons [9].
From these diagrams, it is clear that the non-linear de-

pendence of E(q,VG) on VG is not detectable because the
diagrams only depend on the ΔE values between the charge
states. The excitation energy for indigo is greater than for
Tyrian purple, but this energy term of the second electron
Fig. 7 The full self-consistently calculated charge stability diagrams for indi
the SET environment. The colors show the number of charge states in the
green (2), orange (3), and red (4)
is smaller than for the first one in both modeled systems.
Overall, in terms of stability, mobility, low operating volt-
age, and ON/OFF ratio, the indigoid OFET nanodevices are
among the best reported in the literature [34].
Conclusions
SETs have been proposed as a future alternative to
modern Si-based electronics. The use of single mole-
cules, or nanoscale collections of single molecules, as
electronic components is the ultimate goal for conven-
tional electronics in order to minimize electrical
circuits, replacing bulk materials. Some SETs were
successfully realized within individual carbon nano-
tubes, organic molecules, and self-assembled gold
nanoparticles in an experiment [35–37]. The other ex-
ample of promising SETs based on graphene is being
heavily investigated in research labs, because this ma-
terial promises a band gap tunable by electrostatic
gates [38]. For this reason, we have developed the in
silico model of the indigoid-based SET nanodevices
using the optimized DFT methodology. This theoret-
ical approach was able to correctly predict the main
electronic properties of the natural dye molecules
weakly coupled to gold electrodes. The improved
electron transport characteristics were determined for
Tyrian purple SET system, operating in the incoherent
transport regime and describing by sequential tunnel-
ing of single electrons and sequential transport
mechanism, such as Coulomb blockade, rather than
coherent, ballistic tunneling. As the best available
organic semiconductors, indigoids demonstrate the
potential for sustainable electronics based on the bio-
degradable and biocompatible materials. Concerning
the aforementioned experimental data, our simulation
results inspire confidence that indigoid-based SET
devices will work and be competitive to normal tran-
sistors soon or more in the far future.
go (a) and Tyrian purple (b) SETs. These diagrams were calculated for
bias window for a given VG. The color map is blue (0), light blue (1),
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Additional file

Additional file 1: Figure S1. Total partial charge distribution calculated
for indigo (A) or Tyrian purple (B). Legend: Both molecules are
protonated, depicted as ball-and-stick models, and colored according to
their atomic composition (CPK). (PDF 164 kb)

Funding
The authors are grateful to the BMBF (Bundesministerium für Bildung und
Forschung) for their partial support of this work by providing the BMBF01
grant to Jens-Albert Broscheit. This publication was funded by the German
Research Foundation (DFG) and the University of Wuerzburg in the funding
program Open Access Publishing.

Authors’ Contributions
SS conceived of the study, participated in its design and coordination,
performed the DFT calculations and analysis of results, and drafted the
manuscript. NR, CF, and JB conceived of the study and participated in its
design and coordination, and analysis of results. All authors read and
approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Anesthesia and Critical Care, University of Würzburg, 97080
Würzburg, Germany. 2Sapiotec Ltd., 97078 Würzburg, Germany.

Received: 24 April 2017 Accepted: 8 June 2017

References
1. Zaumseil J, Sirringhaus H (2007) Electron and ambipolar transport in organic

field-effect transistors. Chem Rev 107(4):1296–1323
2. Bisri SZ, Piliego C, Gao J, Loi MA (2014) Outlook and emerging semiconducting

materials for ambipolar transistors. Adv Mater 26(8):1176–1199
3. Irimia-Vladu M, Sariciftci NS, Bauer S (2011) Exotic materials for bio-organic

electronics. J Mater Chem 21(5):1350–1361
4. Glowacki ED, Voss G, Leonat L, Irimia-Vladu M, Bauer S, Sariciftci NS (2012)

Indigo and Tyrian purple—from ancient natural dyes to modern organic
semiconductors. Isr J Chem 52(6):540–551

5. Pitayatanakul O, Higashino T, Kadoya T, Tanaka M, Kojima H, Ashizawa M,
Kawamoto T, Matsumoto H, Ishikawa K, Mori T (2014) High performance
ambipolar organic field-effect transistors based on indigo derivatives. J
Mater Chem C 2(43):9311–9317

6. Comlekcioglu N, Efe L, Karaman S (2015) Extraction of indigo from some
Isatis species and dyeing standardization using low-technology methods.
Braz Arch Biol Technol 58(1):96–102

7. Irimia-Vladu M, Glowacki ED, Troshin PA, Schwabegger G, Leonat L,
Susarova DK, Krystal O, Ullah M, Kanbur Y, Bodea MA, Razumov VF, Sitter H,
Bauer S, Sariciftci NS (2012) Indigo—a natural pigment for high
performance ambipolar organic field effect transistors and circuits. Adv
Mater 24(3):375-+

8. Irimia-Vladu M (2014) “Green“ electronics: biodegradable and biocompatible
materials and devices for sustainable future. Chem Soc Rev 43(2):588–610

9. Joshi A, Ramachandran CN (2016) Charge transport and optical properties
of the complexes of indigo wrapped over carbon nanotubes. Phys Chem
Chem Phys 18(20):14040–14045

10. Thompson ME, Forrest SR, Burrows PE, You Y, Shoustikov A (1999) The
Trustees Of Princeton University and The University of Southern California.
Organic light emitting devices containing a metal complex of 5-hydroxy-
quinoxaline as a host material. U.S. Patent 5,861,219

11. Corbel S, Cerda J, Sautet P (1999) Ab initio calculations of scanning
tunneling microscopy images within a scattering formalism. Phys Rev B
60(3):1989–1999
12. Taylor J, Guo H, Wang J, (2001) Ab initio modeling of quantum transport
properties of molecular electronic devices. Phys Rev B 63 (24).

13. Zahid F, Paulsson M, Polizzi E, Ghosh AW, Siddiqui L, Datta S (2005) A
self-consistent transport model for molecular conduction based on
extended Huckel theory with full three-dimensional electrostatics. J
Chem Phys 123(6):64707

14. Kienle D, Bevan KH, Liang GC, Siddiqui L, Cerda JI, Ghosh AW (2006)
Extended Huckel theory for band structure, chemistry, and transport. II.
Silicon. J Appl Phys 100 (4).

15. Kubatkin S, Danilov A, Hjort M, Cornil J, Bredas JL, Stuhr-Hansen N, Hedegard P,
Bjornholm T (2003) Single-electron transistor of a single organic molecule with
access to several redox states. Nature 425(6959):698–701

16. Kaasbjerg K, Flensberg K (2008) Strong polarization-induced reduction of
addition energies in single-molecule nanojunctions. Nano Lett 8(11):3809–3814

17. Li Q, Cheng T, Wang Y, Bryant SH (2010) PubChem as a public resource for
drug discovery. Drug Discov Today 15(23-24):1052–7

18. Hanwell MD, Curtis DE, Lonie DC, Vandermeersch T, Zurek E, Hutchison GR
(2012) Avogadro: an advanced semantic chemical editor, visualization, and
analysis platform. J Cheminformatics 4

19. Pirok G, Mate N, Varga J, Szegezdi J, Vargyas M, Dorant S, Csizmadia F
(2006) Making “real” molecules in virtual space. J Chem Inf Model
46(2):563–568

20. Brandbyge M, Mozos JL, Ordejon P, Taylor J, Stokbro K (2002) Density-
functional method for nonequilibrium electron transport. Phys Rev B
65(16).

21. Vosko SH, Wilk L (1980) Influence of an improved local-spin-density
correlation-energy functional on the cohesive energy of alkali-metals. Phys
Rev B 22(8):3812–3815

22. Latajka Z, Scheiner S (1984) Improvement of polarized double-zeta basis-
sets for molecular-interactions—complexes of Nh3, Oh2, and Fh with H+
and Li+. Chem Phys Lett 105(4):435–439

23. Savaikar MA, Banyai D, Bergstrom PL, Jaszczak JA (2013) Simulation of
charge transport in multi-island tunneling devices: Application to
disordered one-dimensional systems at low and high biases. J Appl Phys
114(11).

24. Sun L, Diaz-Fernandez YA, Gschneidtner TA, Westerlund F, Lara-Avila S,
Moth-Poulsen K (2014) Single-molecule electronics: from chemical design to
functional devices. Chem Soc Rev 43(21):7378–7411

25. Anthopoulos TD, Anyfantis GC, Papavassiliou GC, de Leeuw DM (2007) Air-
stable ambipolar organic transistors. Appl Phys Lett 90 (12).

26. Riviere JC (1966) Work function of gold—(5.28 +-002 contact potential
difference method vacuum 10-10 torr surface contamination ion vs Hg
pumps E). Appl Phys Lett 8(7):172

27. Perrin ML, Verzijl CJO, Martin CA, Shaikh AJ, Eelkema R, van Esch JH, van
Ruitenbeek JM, Thijssen JM, van der Zant HSJ, Dulic D (2013) Large tunable
image-charge effects in single-molecule junctions. Nat Nanotechnol 8(4):
282–287

28. Irimia-Vladu M, Glowacki ED, Schwabegger G, Leonat L, Akpinar HZ, Sitter H,
Bauer S, Sariciftci NS (2013) Natural resin shellac as a substrate and a dielectric
layer for organic field-effect transistors. Green Chem 15(6):1473–1476

29. Stokbro K (2010) First-principles modeling of molecular single-electron
transistors. J Phys Chem C 114(48):20461–20465

30. Duarte DJR, Sosa GL, Peruchena NM, Alkorta I (2016) Halogen bonding. The
role of the polarizability of the electron-pair donor. Phys Chem Chem Phys
18(10):7300–7309

31. Kanbur Y, Irimia-Vladu M, Glowacki ED, Voss G, Baumgartner M,
Schwabegger G, Leonat L, Ullah M, Sarica H, Erten-Ela S, Schwodiauer R,
Sitter H, Kucukyavuz Z, Bauer S, Sariciftci NS (2012) Vacuum-processed
polyethylene as a dielectric for low operating voltage organic field effect
transistors. Org Electron 13(5):919–924

32. Oehzelt M, Koch N, Heimel G (2014) Organic semiconductor density of
states controls the energy level alignment at electrode interfaces. Nat
Commun 5

33. Frolova LA, Rezvanova AA, Lukyanov BS, Sanina NA, Troshin PA, Aldoshin
SM (2015) Design of rewritable and read-only non-volatile optical memory
elements using photochromic spiropyran-based salts as light-sensitive
materials. J Mater Chem C 3(44):11675–11680

34. Klauk H, Zschieschang U, Pflaum J, Halik M (2007) Ultralow-power organic
complementary circuits. Nature 445(7129):745–748

35. Postma HW, Teepen T, Yao Z, Grifoni M, Dekker C (2001) Carbon nanotube
single-electron transistors at room temperature. Science 293(5527):76–9

dx.doi.org/10.1186/s11671-017-2193-7


Shityakov et al. Nanoscale Research Letters  (2017) 12:439 Page 8 of 8
36. Martinez-Blanco J, Nacci C, Erwin SC, Kanisawa K, Locane E, Thomas M, von
Oppen F, Brouwer PW, Folsch S (2015) Gating a single-molecule transistor
with individual atoms. Nat Phys 11(8):640

37. Wang F, Fang JY, Chang SL, Qin SQ, Zhang XA, Xu H (2017) Room
temperature Coulomb blockade mediated field emission via self-assembled
gold nanoparticles. Phys Lett A 381(5):476–480

38. Zhang Y, Tang T-T, Girit C, Hao Z, Martin MC, Zettl A, Crommie MF, Shen YR,
Wang F (2009) Direct observation of a widely tunable bandgap in bilayer
graphene. Nature 459(7248):820–3


	Outline placeholder
	Abstract

	Background
	Methods
	Results and Discussion
	Conclusions
	Additional file
	Funding
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

