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Organic field effect transistors (OFETs) have been an innovate field of research in many ways, starting from the
synthesis of organic molecular and polymeric semiconductors, to exploring various device architectures for
diverse fabrication methods and finally to establishing practical applications such as bio-electronic sensors, ion
pumps, bio-integrated circuits, etc. These achievements have been possible because of the special properties
of organic semiconductors, one of them being the easy, versatile, low energy device fabrication, due to
inherently lower processing temperatures of organic materials compared to their inorganic counterparts. In
this paper, we introduce a group of industrial vat orange dyes in OFETs, i.e. vat orange 1, vat orange 3 and vat
orange 9, and investigate their processability and material properties via cyclic voltammetry, FTIR, UV-Vis
spectroscopy, X-ray diffraction, photoluminescence, film forming characteristics by atomic force microscopy,
and finally look into their charge transport in fabricated organic field effect transistors. These materials that
have natural quinone moieties are highly appealing for future investigations in organic electronics applications

rsc.li/materials-c

Introduction

Microelectronic devices, such as flexible or conformable
displays,®’ plastic solar cells,® smart cards and sensors,’
inverters,'™"" frequency information tags'>'® (i.e. inventory
labels and price tags) etc., are propelling the emerging field of
organic electronics."® In the last two decades, tremendous
advancement has been accomplished so that the performances
of the best organic field-effect transistors (OFETs) produced
nowadays'>™"° compete with commercial amorphous hydroge-
nated silicon-based field effect transistors (electron carrier
mobilities of ~1 em® Vs~ " and on/off current ratios surpassing
6 orders of magnitude).>>*' Organic materials on the other
hand achieved such levels of performance by continuous pro-
gress in molecular design and precise control over the solution/
vapor phase semiconductor film growth conditions.?*>* The
attractiveness of organic electronic materials is reflected in the
possibility of their customized synthesis processes.>>?°
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including field effect transistors, solar cells and electrochemical energy storage.

Moreover, their suitability for large scale production using
solution cast (even roll-to-roll (R2R) and printing) thin
films*’° on various substrates®® at low temperatures®"??
may truly be the revolutionizing event of the electronics
technology.*® Materials employed in such applications include
both small molecule semiconductors, as used for example in
organic light emitting diode displays (OLEDs)** and solution
processible polymeric organic semiconductors for organic solar
cells®*® and field effect transistors fabrication.>*” Both small
molecules as well as polymeric semiconductors can be advan-
tageously employed in large area R2R industrial production.®
As has been demonstrated in the packaging industry, R2R
processing is also compatible with vacuum deposition
methods®**° for small organic molecules. While the vacuum
processible molecules can be purified to a very high degree
prior to the device fabrication,*"** solution-processed materi-
als are more likely to present impurities.**** In addition,
solution-based processing may require extensive cleaning
steps,*® to avoid contamination of the devices with ionic
impurities, which in the case of OFETs may give rise to
undesired ionic electret effects,”” causing bias stress degrada-
tion or hysteresis in transfer characteristics.***° The issue of
impurities in the solution processed semiconductors could be
mitigated by vertical phase separation and crystallization that
occur during spin-coating, as demonstrated by Y. Li et al>"
Nevertheless, the hydrophobicity vs. hydrophilicity of the
dielectric and semiconductor materials plays an essential role

This journal is © The Royal Society of Chemistry 2024
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in the process, and the method may not be easily translated to
any combination of dielectric and semiconductor of various
surface hydrophilicity/hydrophobicity. Vacuum evaporation
processes allow introduction of higher purity in organic
electronics,*** and enable the formation of well-defined inter-
faces between the organic semiconductor and the organic dielectric,
thus augmenting the OFET performance.> Moreover, since there are
no dangling bonds, the organic-organic interface in such devices
may also provide for low interface trap densities in comparison to
inorganic-inorganic interfaces like the ones present in silicon-metal
oxide-semiconductor (MOS-FET) transistors.”* Vacuum processed
molecular semiconductors as electron acceptors (n-type charge
conductors) are needed in organic photovoltaic applications,”
whereas electron-deficient aromatic molecules like quinones are also
employed in the fields of electrochemistry, battery research®>® as
well as in heterogeneous®** and homogeneous®*** electrocatalysis.

We examined in this work a group of three industrial
vat orange dyes containing quinone moieties, ie. vat orange
1 (known also as vat golden yellow RK), vat orange 3 (known
also as vat brilliant orange RK) and, respectively, vat orange 9
(known as vat golden orange G), whose chemical structures and
their IUPAC names are displayed in Fig. 1.

The rationale for investigating this group of molecules was
triple fold. We deliberately intended to look into vacuum
processible molecules that (i) have a large and flat © surface,
a prerequisite for good charge transport; (ii) can be purified to a
large extent, and (iii) can be purchased directly from the
synthetic manufacturer at very low cost. Their high availability
and low cost, at present time, in single digit US dollars per
kilogram at several chemical manufacturers (indeed in their
crude, unpurified form) permit further purification steps with-
out increasing the final price of the highly purified (i.e. “elec-
tronic grade’’) semiconductors to intangible levels. As a matter
of fact, many vat dyes and pigment molecules exist in the
catalog of commercially available materials for various coloring
purposes (e.g. anthraquinones, acridones, quinacridones,
naphthoquinones, etc.), but they are still not investigated in
the organic electronics field, simply because they are not newly
synthesized and reported in a fresh scientific publication by a
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Fig. 1 Chemical structures and the IUPAC name of the three vat dyes
analyzed in this study.
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currently active organic synthesis group. With this respect, a
good example of a high volume-low cost vat dye is quinacri-
done, a molecule with an excellent temperature and air-stability
in operating devices and a field effect mobility as high as
0.2 cm” Vs~ ', which has been demonstrated recently in our
laboratory.®>*” The excellent results obtained by us with qui-
nacridone, motivated us to look carefully into the library of long
time synthesized and reported organic dyes and represented
one of the main reasons to investigate the group of three
anthraquinone-based vat orange dyes in this study. As a matter
of fact, quinacridone can also be purchased for prices ranging
from single digit to low-double digits $ per kg depending on the
order volume, with the supply ability of the producers in the
range of 1000 metric tons per year or more. As a comparison,
modern, newly reported semiconductors, dinaphtho[2,3-5:2',3'-
flthieno[3,2-b]thiophene (in short DNTT),>"%*% are sold in
gram amount only, for ~$2600 per gram at Sigma-Aldrich and
D18 for ~ $2500 per gram at 1-Material. Indeed, DNTT owns
a record reported field effect mobility of 2.9 cm® Vs~ " for highly
optimized OFET device architectures,?! but many other reports
place its field effect mobility below 1 cm® Vs '%%% (the
discrepancy may be due to the fact that the field effect mobility
of the organic semiconductor is electric field dependent; so
that the higher the applied electric field, or in other words, the
higher the operating voltage that the dielectric can afford, the
higher the recorded field effect mobility of the semiconductor”®).
Whereas the field effect mobility of DNTT is definitely not the
impressive factor in a one-to-one comparison to quinacridone
(ie. ~1 cm® Vs~ vs. ~0.2 ecm® Vs~ respectively), it is ~10°
times higher price per kilogram is for sure the most remarkable
one. A central motive for the low and affordable prices and
the high level of supply volume of many vat dyes and pigments
is definitely their ease of synthesis, that could reach reaction
yield values as high as 99% even at the 1960s level industrial
technology knowledge, as many of more than the 100 ¢rans-
quinacridones described in the seminal review of Labana and
Labana demonstrate.”" We should remember the original pro-
mise of organic electronics, namely the advent of the low-cost
era for technology, and indeed many of the dyes and pigments
currently produced in large volumes and employed by the
textile, cosmetics, outdoor painting, or food coloring indus-
tries, are definitely low cost-high availability materials that
deserve careful investigation in the organic electronics field.

Experimental

The three vat dyes employed in this study were obtained
directly from the synthetic factory, Shanghai Jucheng Chemi-
cals Co. Ltd. (China), and purified two times by train sublima-
tion, as amply described in our previous study.*?

Cyclic voltammetry

A one-compartment cell with the organic dye evaporated onto
indium tin oxide (ITO) as described above (thickness ca. 75 nm)
as the working electrode, a platinum counter electrode and an

J. Mater. Chem. C, 2024, 12, 3838-3853 | 3839
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Ag/AgCl electrode as the quasi-reference electrode was used as
the electrochemical cell. Cyclic voltammetry (CV) was per-
formed using a Vertex One Ivium Potentiostat/Galvanostat
inside a nitrogen (N,) flushed glove box. The electrolyte
solution consisted of 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPFg, >99.0%, Sigma Aldrich) in dry acetonitrile
(MeCN, >99.9%, Roth). The CV scans were performed at a scan
rate of 20 mV s~ ". Due to the dissolving of the dyes upon the
electrochemical treatment, for each sample, the oxidation and
reduction measurements were performed as two separate
experiments always using a fresh electrode. For conversion of
the applied potential versus the standard hydrogen electrode
(SHE), after each measurement, a calibration with ferrocene
(98%, Sigma Aldrich) was performed and the re-calculation
was done according to the literature’> value of the ferrocene
potential E;,, = +0.640 V vs. SHE.

Furthermore, —4.75 V was taken as the potential of SHE vs. a
vacuum level, a value that is established in our laboratory and
was reported previously in the literature.”®”*

Spectroscopic and structural characterization

Fourier-transform infrared (FTIR) spectra of the purified pow-
ders of the three investigated Vat dyes were measured using a
Bruker Vertex 80 FTIR spectrometer, equipped with a Bruker
Platinum diamond attenuated total reflectance (ATR) unit.
UV/Vis absorbance spectra were recorded using a PerkinElmer
Lambda 1050 spectrophotometer. Photoluminescence (PL)
spectra were recorded using a Photon Technology International
Quanta Master 40 spectrofluorometer. The three investigated
Vat dyes were measured as thin films on quartz glass, deposited
by thermal evaporation. The PL spectra were measured at
excitation wavelengths of 470 nm for vat orange 1, 500 nm for
vat orange 3, and 460 nm for vat orange 9.

OFETs fabrication

The chosen architecture of the OFET device for this study
comprised a staggered bottom gate-top contact design,
composed of an inorganic dielectric (aluminum oxide, AlOx,
~16-17 nm thick) and a thin capping layer of organic dielectric
(i.e. tetratetracontane, TTC). The aluminum gate electrodes
(80 nm thick) were subsequently anodized for all the OFET
devices fabricated in this study, by growing the aluminum
oxide electrochemically via a previously reported recipe’> that
was optimized over the years in our laboratories.*””*’” The
aluminum used for evaporation of the gate electrode had a
purity of 99.999% (ChemPUR GmbH) and each gate electrode
was evaporated at a rate of ~4-5 nm s ‘. The anodization
voltage of this study was set to 10 V, producing an aluminum
oxide layer of ~16-17 nm in thickness. The aluminum oxide
layer was passivated by 20 nm vacuum processed TTC (i.e.
C,4Hgg, that was annealed in situ, under vacuum at 60 °C for
1 hour) prior to the deposition of 80 nm thick vat orange
semiconductor, without breaking the vacuum. Each of the three
organic semiconductor vat orange dyes has been deposited at a
rate of 0.1 A s™* without substrate heating. In line with the
argument presented above relative to the number of Clar

3840 | J Mater. Chem. C, 2024, 12, 3838-3853

View Article Online

Paper

sextets identified for each of the three vat dyes investigated,
indeed, the vat orange 9 showed higher thermal stability and
sublimed at a temperature of ~320-330 °C in a typical 1 x 10~ °
mbar pressure of the instrument; vat orange 1 at ~240-250 °C
and vat orange 3 at ~225-235 °C. The source and drain
electrodes employed were aluminum (100 nm thick), LiF/Al
(1 nm/99 nm thick) and gold (100 nm thick), respectively, for
each of the three vat orange dyes, since we did not know a priori
which metal contact is suitable for each semiconductor. The
channel dimensions were length, L = 25 um and width, W =
2 mm. The OFETs were measured with a probe station in a
glove box, under a nitrogen atmosphere.

XRD investigations and modelling

X-ray powder diffraction (XRPD) measurements were recorded
at room temperature using a Bruker D8 Advance diffractometer
(Bruker Co., Billerica, MA, USA) with a LYNXEYE position-
sensitive detector employing Cu-Ko radiation (0.15418 nm).
The data were recorded in the Bragg-Brentano (6/26) horizontal
geometry (flat reflection mode) between 3° and 50° in a
continuous scan with a step size of 0.03° and a duration of
0.5 s seconds per step.

Simulations were done by taking the single molecule mol-
file from the database (Chemical Book) and using the CAS
number of each molecule. Based on the given atomic point
coordinates for each of the three molecules, a unit cell was built
using a custom program code (js/Eclipse) by assuming mono-
clinic symmetry, without assuming or permitting any axis
rotation. This allowed determining a 3D crystal unit containing
a full set of symmetry information and atomic position in the
Cartesian space point coordinates which were converted in a
compatible input format for the “VESTA” free software, which
finally helped us calculate the corresponding X-ray powder
diffractogram presented in this study in comparison to the
recorded diffractogram originating from the powder of each
molecule.

Results and discussion

Motivated by the need of investigating high purity materials for
electronics, we examined here a group of three industrial vat
orange dyes with quinone moieties, i.e. vat orange 1 (known
also as vat golden yellow RK), vat orange 3 (known also as vat
brilliant orange RK) and, respectively, vat orange 9 (known as
vat golden orange G), and consequently report in this article the
results obtained from cyclic voltammetry, UV-Vis spectroscopy,
photoluminescence, film forming characteristics, X-ray diffrac-
tion and finally charge transport performance in organic field
effect transistors. The large and flat n surface of the three
investigated dyes reduces the solubility in common organic
solvents but does not impede their processing via physical
vapor deposition. Among them, vat orange 1 and vat orange
3 either in their pristine form or as various derivatives’®”® have
been so far the focus of several investigations because of their
charge transport in OFETs,*"®? organic photovoltaics’®%*%* or

This journal is © The Royal Society of Chemistry 2024
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electrochemical energy storage®® fields. A recent review article
by Jean-Francois Morin summarizes in fact the entire effort
made by the scientific community in the field of vat dye
derivatization for organic electronic applications.®®

In the present work, we compare the above mentioned vat
orange dyes that can be regarded as non-linear acenes, speci-
fically [n,m]peri-acenoacenes,®”*® containing additionally two
ketone groups. When analyzing their molecular structures, it is
instructive to compare them to that of anthraquinone, which
can be regarded as consisting of two benzene rings connected
by two carbonyl groups. It is also helpful to regard these
compounds in terms of the so-called empirical principle of
Erich Clar, which links the chemical stability of a molecule to
its aromaticity. In the resonance structure of aromatic com-
pounds, a group of six « electrons arranged in a configuration
resembling benzene is defined as a Clar sextet. The more of
these sextets can be identified in a given aromatic compound,
the more stable it should be ref. 89. Vat orange 3 can be
regarded as a dibromo derivative of a binaphthyl molecule,
additionally connected and stiffened by two carbonyl groups,
with each naphthalene unit presenting one Clar sextet. In the
case of vat orange 1, it is possible to identify an aromatic
diphenyl-naphthalene structure with three Clar sextets and two
additional ketone groups. The last of the examined dyes, vat
orange 9, has a diphenylpyrene structure with two ketone
groups, and four Clar sextets can be identified in this molecule.
Thus, in the Clar approach, the studied dyes differ in their
aromaticity and as a consequence in their stability.

Fig. 2 shows the photographs of the 100 nm thick films of
each of the three dyes deposited for cyclic voltammetry inves-
tigations on ITO glass (panel a) and of the fabricated transistor
slides. For measurement purposes, we added a droplet of silver
paste on the gold source and drain pads and on the aluminum
gate pads, in order to ensure better contact with the sharp
measurement needles of the probe station. It is interesting to
see the strikingly similar appearance of the three vat orange
dyes in aggregated (powder form), with comparable shades of

Fig. 2 (a) Photograph of the evaporation crucibles of the vat dyes (left:
orange 1, middle: orange 3 and right: orange 9) and their corresponding
slides employed for the cyclic voltammetry with each material deposited
as 75 nm thick layer on ITO. (b) Photograph of the OFET structure
employed in this work displaying the bottom gate electrode, the patterned
semiconductor (i.e. vat orange 1 in the left, vat orange 3 in the middle and
vat orange 9 in the right of the photograph), and the 4 pairs of source and
drain electrodes. The mask allowed also the patterning of a MIM structure
(yellow electrode on the bottom of each slide shown in the photograph)
necessary for the measurement of the specific capacitance of the field
effect transistor. The electrode contacts were decorated with silver paste
for measurement purposes.

This journal is © The Royal Society of Chemistry 2024
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orange, as shown by the photograph of the evaporation cruci-
bles, but the rather different appearance in the thin evaporated
film of vat orange 3, compared to the other two investigated
counterparts. As a matter of fact, vat orange 9 appears in the
thin film remarkably analogous in color with vat yellow 1,
reported previously by our group,®*>®' a molecule that has two
nitrogen atoms at its two core phenyl groups.

For this work, we purified the three vat orange dyes via two
consecutive train sublimation methods** and pursued a thor-
ough material characterization of these compounds in their
high purity form. We analyzed the three vat orange dyes by
cyclic voltammetry (CV), photoluminescence spectroscopy
(PL),°*°' UV-Vis absorption spectroscopy (UV-Vis),*” film form-
ing by atomic force microscopy (AFM).”* We further looked into
the possibility of these compounds having a useful function-
ality in field effect transistors.

Fig. 3 presents the cyclic voltammograms (CVs) of the
investigated vat orange dyes. In all three cases, a distinct
reduction peak is observed while the maximum currents of
the re-oxidation peaks are faint as shown in Fig. 3(a). Vat
oranges 1 and 3 show similar onset potentials of the reduction
of —0.57 and —0.50 V, respectively. The reduction of vat orange
9 is cathodically shifted to —0.70 V. All three samples show
similar reduction currents. It should be noted that for all three
vat orange derivatives, a partial delamination of the films from
the ITO/glass was observed upon reduction of the materials
which may account for the significantly lower current observed
for the re-oxidation peaks. The anodic CVs of the three vat
orange derivatives (Fig. 3(b)) show two oxidative waves which
are both irreversible. In contrast to the reductive CVs, no
delamination of the films was observed upon oxidation of the
materials. For all three materials, the onsets of reduction and
oxidation were determined from the first reductive/oxidative
waves in the CVs. The corresponding onset potentials (vs. SHE)
are shown as insets in the graphs.

For the spectroscopic characterization of the purified mate-
rials, Fourier-transform infrared (FTIR) spectra of the powders
obtained from vacuum sublimation purification were mea-
sured. The spectra are displayed in Fig. 4. While the carbonyl
C=O0 stretching vibrations for vat orange 1 (1648 cm ') and vat
orange 3 (1650 cm ') show an almost identical spectral posi-
tion, the band is shifted to 1638 cm ' in vat orange 9.
Characteristic differences between the materials can also be
observed in the wavenumber regions of the aromatic C—C
stretching vibrations at ca. 1600-1500 cm ™" and at the aromatic
C-H bending vibrations at ca. 900-680 cm™ . The patterns of
the strong aromatic C-H bending peaks in this low wavenum-
ber region can be related to the number of hydrogen atoms that
are adjacent in the rings, and thus can be related to the
arrangement of the fused rings in the three vat orange
derivatives.’* For vat orange 1, the intense C-H bending peaks
appear at slightly higher wavenumbers (777-824 ¢cm™ ') which
are typical for sets of two adjacent hydrogen atoms on the rings
in comparison to the sets of three adjacent hydrogen atoms in vat
orange 3 occurring at lower wavenumbers (755-772 ¢cm™').%*%
For vat orange 9, several C-H bending peaks occur across a

J. Mater. Chem. C, 2024, 12, 3838-3853 | 3841
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line). The samples were used as thin films deposited by thermal evaporation on ITO/glass substrates. Scans were performed at a scan rate of 20 mV s~ tin
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Fig. 4 FTIR spectra of the purified powders of vat orange 1 (black), vat
orange 3 (blue) and vat orange 9 (orange). The labels in the graph indicate
the wavenumber positions of selected bands (in cm™3).

larger wavenumber range and can be related to the
various different numbers of adjacent hydrogen atoms on the
aromatic rings.

The absorbance and photoluminescence spectra of thin
films of the three vat orange derivatives on quartz glass are
shown in Fig. 5.

All three materials show vibronic peak patterns in their
absorption spectra, as observed for the similar molecules
dibenzpyrenequinone®® and anthanthrone derivatives.’”°
For vat orange 3, the absorption maximum corresponds to
the lowest energy (0-0) transition centered at 534 nm, while
vat orange 1 and vat orange 9 show their absorption maxima at
the second peak in the vibronic progression (0-1) at 472 nm
and 460 nm, respectively. The absorption onsets of the
materials were determined from linear fits of the absorption
edges and baselines of the spectra, respectively. Vat orange
1 and vat orange 9 show very similar spectral positions of their

3842 | J Mater. Chem. C, 2024, 12, 3838-3853
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Fig. 5 Normalized absorbance (solid lines) and PL spectra (dashed-dotted
lines) of thin films of the three investigated Vat dyes deposited on quartz
glass via thermal evaporation. Grey dashed lines indicate the linear fit used
to determine the absorption onsets.

absorption onsets of 553 nm (2.24 eV) and 558 nm (2.22 eV),
respectively. In comparison to the other two materials, vat
orange 3 shows a red-shifted absorption onset at 579 nm
(2.14 eV). The above described bands are, however, hyspsochro-
mically shifted as compared to the corresponding bands in the
spectra of the linear counter parts of the studied vats with the
same number of carbon atoms. The PL spectra of the investi-
gated vat orange dyes do not show well-defined vibronic peak
progressions as observed for the absorption spectra. Vat orange
1 shows its maximum PL at a spectral position of 668 nm and
shows a large Stokes shift of 0.77 eV (196 nm). Vat orange 3
shows a similar emission spectrum as vat orange 1 with its
emission maximum at 665 nm but with an additional higher-
energy shoulder centered at 634 nm and a significantly smaller
Stokes shift of the absorption and emission maxima of 0.46 eV
(131 nm). For vat orange 9, the PL spectrum is very broad and
strongly red-shifted with its maximum at 726 nm, resulting in

This journal is © The Royal Society of Chemistry 2024
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an exceptionally large Stokes shift of 0.99 eV (266 nm). It should
be noted that the films of all three investigated compounds
showed a very low PL intensity in the measurements. The
broad, featureless, low-intensity and strongly red-shifted PL
may be a result of strong m-m interactions and aggregate
formation of the molecules in the solid films."®*'%* In the
cases of vat orange 1 and vat orange 9, the higher relative
intensity of the 0-1 transition in comparison to the lowest
energy 0-0 transition is a further indication of the formation of
H-aggregates.'°>'% Furthermore, aggregation-induced phos-
phorescence, as was previously reported for anthraquinone
derivatives,'® should be considered as a possible process,
due to the typically high efficiencies of intersystem crossing
(ISC) found in carbonyl-containing chromophores like anthan-
throne derivatives.”®®® Intersystem crossing is further pro-
moted by the substitution of the molecules with heavy atoms
such as bromide® as in vat orange 1 and vat orange 3.

Table 1 shows a summary of the absorption onsets (corres-
ponding to the optical bandgap energies, E, o), the ionization
potential (IP) and the electron affinity (EA) values as well as the
electrochemical bandgaps, E,cy, as determined from the
reduction and oxidation onset potentials (see Fig. 3) after
expressing the onset potential on the absolute potential scale
and its multiplication with the elementary charge. The electro-
chemical bandgap energies show a similar trend as the optical
bandgap energies with vat orange 1 showing the highest value,
followed by vat orange 9 and finally vat orange 3. For all three
materials, however, the electrochemical bandgap energies are
higher than the optical ones. This is frequently observed in the
comparison of electrochemical and optical bandgaps.'® The
differences in the optical and electrochemical bandgap values
may be related to an influence of the exciton binding energy in
the materials, interfacial resistances, ion solvation and cou-
lombic effects."*>""”

Atomic force microscopy images of 80 nm thick layers of
each of the vat orange dyes are shown in Fig. 6. The vat oranges
1 and 9 grow in a similar pattern of small grains coalesced
together into larger grain domains. Vat orange 3 however has a
peculiar growth pattern, showing the initial small grains aggre-
gating in distinct ribbons, that are more clearly visible in
thinner films, but nevertheless evident also in the 80 nm thick
film shown in Fig. 6. The surface roughness of the three films is
comparable, with the root mean square value (rms) of vat
orange 1 in the range of 12 nm, of vat orange 3 in the range
of 15 nm and vat orange 9 in the range of 20 nm respectively.

Table 1 Summary of the optical bandgap energies (AEg oy, the onset
potentials of reduction (Eonset, req) and oxidation (Eqnset, ox) @s determined
from cyclic voltammetry, and corresponding ionization potential (IP) and
electron affinity (EA) electrochemical bandgap energies (AEgcy) for the
thin films of the three vat orange derivatives

Material AEg opt/€V Eonget, rea/V EA/EV Egnget, ox/V IP/€V AEg cy/eV
Vat Orange 1 2.24 —0.57 3.59 2.13 6.29 2.70
Vat Orange 3 2.14 —0.50 3.66 1.99 6.15 2.49
Vat Orange 9 2.22 —0.70 3.46 1.82 5.98 2.52

This journal is © The Royal Society of Chemistry 2024
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OFETs have been fabricated with the three orange dyes,
following the procedure detailed in the Experimental section.
Since we did not know a priori what type of conduction
mechanism these dyes have preponderantly (i.e. either p-type,
or n-type, or ambipolar), we proceeded and contacted them
with a large variety of metal electrodes: silver, aluminum,
lithium fluoride + aluminum and gold, respectively. Given the
particular design of our mask that allows the patterning of 8
individual patches of the organic semiconductor on the gate
dielectric, we could deposit in one run half of these patches
with one type of metal contact (as it is visible in Fig. 2) and
could deposit the remaining half of the semiconductor patches
on the same slide, with a different type of metal contact, with
the aid of a different positional source-drain mask. With this
respect, we observed that depositing aluminum directly on the
two brominated vat orange dyes (orange 1 and 3, respectively)
resulted in the occurrence of black source and drain contacts of
very poor conductivity, irrespective of the rate of deposition of
aluminum (varied from 0.1 As™" to 10 A s, and regardless of
either keeping the rate constant or ramping it up during the
entire evaporation). However, aluminum deposited as expected,
in a shiny metallic film on vat orange 9, which let us infer that
aluminum reacted violently with the bromine moieties of the
two orange dyes, i.e. vat orange 1 and 3 respectively. Masking
the aluminum layer with a thin lithium fluoride of ~1 nm in
thickness helped mitigate this event and produced electrodes
that could be eventually interrogated under the probe station.
Silver metal did not produce such an evident reaction with the
two brominated dyes, but nevertheless, the OFET performance
of all three vat orange dyes capped by silver was inferior to the
respective one of the lithium fluoride + aluminum or gold
electrodes. Interestingly, as Fig. 7 shows, each vat orange dye
has a preference for one particular metal for source and drain
contacts. Moreover, they are all n-type semiconductors, even
when contacted with gold as it is visible in the case of vat
oranges 3 and 9, and all the devices display minimal hysteresis,
which being counterclockwise for the n-type semiconductors
can be attributed to the shallow surface traps originated
at the interface of the organic dielectric to the organic
semiconductor.'®®*° vat orange 1 also worked with gold as a
source and drain electrodes; however, the recorded field effect
mobility was slightly below the one recorded with LiF/Al
electrodes, and we decided to show the latter device here, in
order to prove the point that LiF/Al works well also for all the
three dyes. In addition to LiF/Al, vat orange 1 showed similar
performance with silver electrodes (data not shown). In the case
of vat orange 3, however, as we reported already in our previous
publications dealing with this organic semiconductor,®>*' gold
is definitely the metal of choice for the source and drain
contacts of this particular dye. A preference of gold versus other
dedicated metals (i.e. pure aluminum or pure silver) as contacts
for an n-type semiconductor is rather bizarre, and current
efforts in our group are aimed precisely to help clarifying this
issue. Vat orange 1 displayed also a superlinear increase at
moderately negative gate voltages in the output characteristic
(see Fig. 7b)), implying that the semiconductor is actually
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187 nm

1
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Fig. 6 Atomic force microscopy (AFM) images of 80 nm deposited thick film of the vat orange dyes: (a) vat orange 1 (rms ~ 12.5 nm), (b) vat orange 3
(rms ~ 15.1 nm) and (c) vat orange 9 (rms ~ 20.4 nm).

a) i b) 2.0x10°
Vat Orange 1 (LiF-Al for S-D electrodes) Vat Orange 1 (LiF-Al for S-D electrodes) e
10°4 J\ S . E:G;\}/V
D —05V
1.0x10° =
’ ’ i —25V
< 10°4 . =
m —45V
E s =
—° 10™; _ £ SE
0.0 =y
...... | 1, =1x10* cm’/Vs
10" * C,, = 112 nFlem’
03 5 4 5 6 7 s ; : . . |
Vo lV V. IV
c) 107 Vat Orange 3 (Au for S-D electrodes) d) g 0x10° [Vat Orange 3 (Au for S.D slectrodes)
0 V =6V iy
J * Seed —
10 __4.0x10° ° T
< ~ = =
8 107 R I —
I B —" 2.0x10°] =
— 10" / =
g =,
1 B, =5.8x10* cm’Vs 0.0 —
1075 C,, = 112 nFlem’
-1 0 1 2 3 4 5 6 0 .i é :'3 41. é s
Vds Iv

E =2.6x10° cm’/Vs
107y los EM =112 nFlem’
0 2 4 6 8 10
V. (V)

Fig. 7 Transfer and output characteristics of the OFET devices with vat orange dyes. The contact electrodes are listed as inset in the graphs, together
with the values of the specific capacitances of the combo dielectric of ~16 nm Aluminum oxide and 20 nm TTC, and the calculated values of the field
effect mobilities. The output characteristic of vat orange 9 was severely influenced by the leakage current of the device and is not shown here. (a) Transfer and
(b) output characteristics of vat orange 1; (c) transfer and (d) output characteristics of vat orange 3; (e) transfer characteristics of vat orange 9.

channel when measured in the negative gate regime in the
transfer characteristic. The devices with gold showed modest

ambipolar. Nevertheless, LiF/Al electrodes did not allow for the
appropriate charge injection and the occurrence of the p-type

3844 | J Mater. Chem. C, 2024, 12, 3838-3853 This journal is © The Royal Society of Chemistry 2024
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current as p-type (hole) transport, with maximum I45 below
1 nA. We conclude therefore that is safe at this point to call all
three vat orange dyes investigated here as n-type semiconduc-
tors only with field effect mobilities of ~1 x 10~* em?® Vs~ * for
vat orange 1, ~6 x 10~ cm® Vs~ for vat orange 3, and a more
modest 2 x 10~ ° em” Vs~ " for vat orange 9, as Fig. 7 shows. It is
worth mentioning that the best values of the field effect
mobilities for the vat orange 3, ie. ~2 x 107° ¢cm?® Vs '
reported in our previous publications®*®®' were obtained with
the respective semiconductor deposited on an adenine capping
layer of the aluminum oxide dielectric, and represented values
obtained for highly optimized devices obtained for the organic
semiconductor deposited on a dedicated evaporator for itself
only over a period of time of several weeks. As we previously
reported in our previous publication dealing with the impor-
tance of materials purity for the success of organic electronics
field,*> this event if not of a negligible influence. The study
reported here, however, had TTC as a capping layer of the
aluminum oxide dielectric, and was a much faster work invol-
ving the fabrication of 4 batches only of devices for each of the
4 organic semiconductors, with each batch dedicated to one
type of metal contact (Al, Ag, Au and LiF/Al). Each particular
batch comprised 6 glass slides with 8 OFET devices per slide (as
itis shown in Fig. 2), i.e. 48 OFETs in total for each type of metal
contact and each of the 3 dyes. Obviously, the result obtained
here, ~6 x 10™* ecm® Vs™' is not far off the value obtained
previously for vat orange 3, ie. ~2 x 107° ecm” Vs '® and
demonstrates that the fabrication route for this organic semicon-
ductor is quite reproducible on different dielectric substrates.

The figures of merit of the fabricated devices, i.e. field effect
mobility, threshold voltage, subthreshold swing and on/off
ratio, respectively, are displayed in Table 2.

What is interesting to observe is that is vat orange 9 analyzed
in this study produced far more modest results than the
structurally related vat yellow 1 semiconductor reported by us
in a previous study, for which a field effect mobility of 1.2 x
1072 cm® Vs~ ! was recorded on many fabricated devices in our
laboratory employing a similar fabrication recipe and the same
instruments.’>®' In addition, vat orange 9 performance in
OFETs is significantly more modest than that of the other
two anthraquinone derivatives investigated in the present
study, as shown in Fig. 7 and Table 2 clearly. We intended to
find the answer to this performance discrepancy between the
brominated and the non-brominated vat dyes explored in
this study through X-ray diffraction and match further our
experimental findings with simulated data (as explained in
the Experimental section). For vat orange 1 (C,,H;,Br,0,) (see
Fig. 8), we simulated the powder diffraction reflections and

Table 2 OFET figures of merit for the investigated structures

View Article Online
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(hkl)-values and compared them to the measured distinct
spectral features. Simulations are done by taking the single
molecule mol-file from the database (Chemical Book: CAS No.
1324-11-4). It should be noted that under the same sum
formula, two isomers may exist (see also: PubChem CID
73989). Here, we used the one with the two Br-atoms bonding
at the very opposite sides of the two benzene rings as schema-
tically presented in Fig. 1. Based on the given atomic point
coordinates for this molecule, a unit cell was built using a
custom program code (js/Eclipse) by assuming monoclinic
symmetry and space group P21/n (int. 14). Here, no rotation
axis was permitted or assumed. This allows for determination
of a 3D crystal unit containing a full set of symmetry informa-
tion and atomic positions in Cartesian space point coordinates
which were converted into a compatible input format for the
“VESTA” free software, which finally calculated the corres-
ponding X-ray powder diffractogram presented in Fig. 8(a). In
Fig. 8(b), the powder diffractogram of a thin layer of vat orange
1 is presented which was first deposited on glass by vacuum
evaporation and then removed from the substrate. The powder
collected from the deposited thin film of vat orange 1 displays
less crystallinity than the precursor powder, as shown by the
comparison of the XRPD recording in the two panels of Fig. 8.
We should mention that the attempt to model the diffraction
peaks of the isomer of vat orange 1 having both Br atoms bond
to the same benzene ring provided a fully off XRPD spectra that
did not match at all the recorded one stemming from the
powder. This fact was indicative to us that the powder we
analyzed and worked with in this study was composed of the
isomer displayed in Fig. 1.

Moreover, it should be mentioned that: (1) the modelling
data provided more diffraction peaks than the experimentally
recorded XRPD spectrum (see Fig. 8) and (2) the recorded peaks
from the powder measurement that match the simulation data
are offset to some fractions of a degree compared to their ideal
position predicted by simulation. This event is well known in
crystallography when dealing with very small, micrometer size
crystals, that are inherently strained, with their built-in strain
induced by the growth process on the substrate during vacuum
deposition.

The crystal structure representation of vat orange 1 is
presented in Fig. 9, with the associated view from each of the
three-coordinate axes.

In Fig. 10(a), the XRPD pattern of vat orange 3 is presented
and compared to the corresponding pattern obtained by simu-
lation of the single crystal data reported in the literature.'** A
very good match of the registered reflections in terms of their
position and relative intensity between the powdered sample

OFET structure (Gate-Dielectric- Specific

Field effect mobility-electron

Threshold Subthreshold

Semiconductor-Source/Drain) capacitance (nF ecm ™)  channel -(cm” Vs~ ') voltage (V) swing (mV dec™ ') On/Off ratio
Al - AlOx + TTC - Vat orange 1-LiF + Al 112 1x107* 0.1 338 1.8 x 107
Al - AlOx + TTC - Vat orange 3-Au 112 5.8 x 107* 0.25 1135 5.4 x 10*
Al - AlOx + TTC - Vat orange 9-Au 112 2.6 x 107° 4.8 4120 38

This journal is © The Royal Society of Chemistry 2024
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(a) Comparison of the recorded data for vat orange 1 powder (blue line) and simulation of the crystal reflections obtained with Vesta software (red

line); (b) The XRPD data of vat orange 1 deposited as a thin layer on glass via vacuum sublimation and scratched from the glass prior to the investigation.

Fig. 9 Crystal structure of vat orange 1, with the view from (a) a-axis, (b) b-axis and (c) c-axis.

and the powder diffractogram simulated based on the single
crystal data is evident. This indicates that the investigated dye
in its powder form has the same crystalline structure as that
reported for the single crystal (monoclinic P21/c)."** Fig. 10(b)
presents the powder diffractogram of the vat orange 3 which
was first deposited as a thin film on glass by vacuum evapora-
tion and then removed from the substrate. It is evident that the
deposited film of vat orange 3 is essentially amorphous since
only a broad amorphous halo can be seen without the presence
of sharp Bragg reflections.

In a similar observation to the recorded peaks of vat orange
1, also the recorded peaks of vat orange 3 that match the
simulation data are visibly offset to some fractions of a degree
compared to their ideal position predicted by simulation, a fact
most likely attributed to the built-in strain in the crystal
induced by the growing process on a glass substrate. The crystal
structure representation of vat orange 3 is presented in Fig. 11,
with the associated view from each of the coordinate axes
presented in individual panels.

3846 | J Mater. Chem. C, 2024, 12, 3838-3853

In contrast to our expectations and in full contrast to the
cases of vat orange 1 and vat orange 3, the powder of vat orange
9 investigated in this study displayed fully amorphous XRPD
recordings (see Fig. 12(a)). Moreover, the diffractogram
recorded for the film first deposited on glass via vacuum
sublimation and then removed from the glass also shows
features characteristic of the amorphous state (Fig. 12(b)). It
should be noted that vat orange 9 should be in fact capable of
crystallization, since its crystal structure was reported to have the
P21/n space group,''> however it seems plausible to conclude that
our processing conditions did not allow this molecule to deposit
and grow in a crystalline layer. Interestingly, both analyzed
powders of vat orange 9 were amorphous, i.e. the one stemming
from the purification by train-sublimation method and the one
coming after its vacuum deposition on a glass substrate, an event
that may help explain the low performance of this dye when
employed as a semiconductor in OFETs.

The lattice parameters of vat orange 1 and 3 as determined
by the Vesta software are presented in Table 3

This journal is © The Royal Society of Chemistry 2024
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(a) Comparison of the recorded data for vat orange 3, powder (blue line) and simulation of the crystal reflections obtained with Vesta software
(orange line); (b) the XRPD data of vat orange 3 deposited as a thin layer on glass via vacuum sublimation and scratched from the glass prior to the

Fig. 11 Crystal structure of vat orange 3, with the view from (a) a-axis, (b) b-axis and (c) c-axis.

Our study shows that it is plausible to conclude that the
molecular parameters of the studied compounds play a sig-
nificant role in determining the performance of OFETs. Analy-
sis of the data collected in Table 1 leads to a clear conclusion
that the test transistor characteristics improve with increasing
electron affinity (EA) of the used organic semiconductors;
however, the crystallinity of the deposited molecules plays an
integral role in the final performance too, as the XRPD study
clearly demonstrates. This reasoning can be extended to
the comparison of the performance of vat yellow 1 and vat
orange 9-based OFETs, two molecules with very similar
chemical structures. Substitution of two carbon atoms with

This journal is © The Royal Society of Chemistry 2024

more electronegative nitrogen ones in vat yellow 1 (flavan-
throne) inevitably leads to an increase in its EA as compared
to the case of vat orange 9. As a result, in vat yellowl-based
OFETs, the charge injection barrier is lowered and the charge
carrier’s mobility improved.

Conclusions

We studied three commercially available vat orange dyes that
are produced in large volume for the synthetic textile coloring
industry. After their purification, we performed a thorough
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vacuum deposition and scratched from the glass prior to the investigation.

Table 3 Crystallographic data of vat orange 1 and vat orange 3

(a) The XRPD recorded data for vat orange 9 from precursor powder;
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and (b) the XRPD data of vat orange 9 deposited as a thin layer on glass via

Lattice parameters

Material Lattice system Space group a (A) B (A) c@ o (%) () 7 (%) Unit cell volume (A%
Vat orange 1 Monoclinic P21/n 17.435 4.871 18.263 90.000 105.857 90.000 1492.194
Vat orange 3 Monoclinic P21/c 3.865 19.424 10.113 90.000 92.560 90.000 758.463

material characterization of the three small molecules and
followed it with the fabrication of organic field effect transis-
tors. Although the recorded field effect mobilities are indeed
not impressive in their absolute value compared to state-of-the-
art semiconductors in the field"">™"*> and can definitely not
contribute in their unmodified form in reaching the coveted
goal of gigahertz frequency in organic electronic circuits,"
these three commercially available vat dyes are n-type semi-
conductors of very good stability to degradation (oxidation)
when stored in air. With this respect, we observed a very nice
reproducibility of the OFET results fabricated several years
apart, in an identical configuration and using an identical
procedure, having the three purified vat dyes explored in this
study stored in a laboratory sample box in air. Due to the low
lying LUMO level of these molecules that is lower than —4.0 eV,
these n-type semiconductors cannot be measured in ambient
air, a fact possible for other air-stable n-type molecules.*®**#
However, the two brominated dyes, vat orange 1 and orange 3,
are easy to manipulate at their molecular level because of them
possessing highly reactive bromine moieties.”®’** Therefore, we
envision ample possibilities to chemically modify these two
brominated vat orange dyes and synthesize various polymeric

3848 | J Mater. Chem. C, 2024, 12, 3838-3853

networks, either linear or branched. The recording of n-type
and not p-type charge transport with gold contact electrodes in
OFETs with these vat dyes needs definitely further attention.
Possibly metals that can afford injecting into the deep HOMO
level of these molecules like for example palladium may allow
for the recording of hole transport in these organic semicon-
ductors. Nevertheless, their low cost and their immense avail-
ability directly at the chemical producers or at the high-volume
chemical retailers nearby the production facilities, represent
good arguments to invest further work into the chemical
modification of these dyes for particular applications. Along-
side the choice of precursor materials, the green synthetic
route, the performance and stability in operation of the
designed product together with its biodegradability, biocom-
patibility, even recyclability characteristics,""® the cost and
efficiency of the synthesis and the affordability of the final
product are definitely key parameters to consider in order to
reach sustainability in electronics."*°
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