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Abstract

We demonstrate a facile fabrication technique for highly conductive and transparent thin graphene
films. Sheet conductivity of Langmuir-Blodgett assembled multi-layer graphene films is enhanced
through doping with nitric acid, leading to a fivefold improvement while retaining the same
transparency as un-doped films. Sheet resistivity of such chemically improved films reaches 10 k€2 /],
with optical transmittance 78% in the visible. When the films are encapsulated, the enhanced sheet
conductivity effect is stable in time. In addition, stacking of multiple layers, as well as the dependence
of the sheet resistivity upon axial strain have been investigated.

1 Introduction

Graphene has a multitude of potential applications
from high-speed electronics, to energy storage and
conversion, to use as transparent conductor [1-3]. As
graphene technology matures, applications are mov-
ing from the lab to the market, and the performance-
to-cost ratio is becoming a crucial parameter in
technology adoption, raising the importance of scal-
able and cost effective routes for production of
graphene and related materials [4-7].

Transparent conductive electrodes (TCEs) [8] are
an exemplary technology for which graphene offers
key advantages compared to established standards.
The unique properties that graphene TCEs offer are
flexibility [9], thermal and chemical stability [10, 11],
functionalization [12] and ease of integration with
organic semiconductors [13—15]. Therefore, the use of
graphene has already been demonstrated in photo-
voltaic solar cells [11, 16—18], liquid crystal displays
[10], touch-screen panels [19], organic light emitting
diodes [20, 21] and many others.

Most of these applications currently rely on gra-
phene obtained through chemical vapor depos-
ition (CVD) [22-24]. Although the CVD process

produces some of the highest quality graphene films
[25], there are several drawbacks of this technique.
CVD of graphene requires high growth temperatures,
a vacuum environment and transfer from the metallic
substrate, during which the costly metal is usually
sacrificed [26]. Nonetheless, multiple layers of CVD
graphene grown on copper, transferred, stacked [27]
and chemically doped [19, 28] have managed to sur-
pass the industry standard [8] for TCEs set by indium—
tin—oxide.

A low-cost alternative to CVD is solution-pro-
cessed synthesis of graphene and related materials, the
first experiments of which yielded graphene oxide
[29-31]. Solution-processed sheets of reduced gra-
phene oxide are functionalized with hydroxyls and
epoxides and cannot be fully reduced to graphene,
which limits film conductance. This issue can be over-
come by using a non-covalent liquid phase exfoliation
(LPE) of graphite in organic solvents with matching
surface energy. LPE was first demonstrated for gra-
phene [10, 32, 33], and then adopted for other two-
dimensional materials such as boron-nitride, MoS,,
WS,, WSe, and other [7, 34-36]. LPE of graphite
results in a dispersion of graphene and multi-layer gra-
phene sheets (GSs) in the solvent. There are many ways

©2016 IOP Publishing Ltd
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Figure 1. (a)-(c) show schematic representations (out of scale) of a LBA GS film formation, scooping of the film onto a targeted
substrate and subsequent chemical doping, respectively. (d) A photograph ofa2 x 2 cm” LBA GS film on a PET substrate,
demonstrating its transparency in comparison to PET. Inset of (d) shows bending of the sample. (e) Optical microscope image of an
edge of a LBA GS film (left) on a SiO,/Si substrate (right) with 300 nm thick oxide layer. Scale bar in () is 20 pm.
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to deposit these sheets onto a targeted substrate, for
example spray coating [10], ink-jet printing [37-39],
vacuum filtration [31, 40], Langmuir—Blodgett assem-
bly (LBA) [41—-44], or self-assembly on a liquid-liquid
interface [45—47]. Still, the electronic conductance of
LPE films is inferior to that of CVD graphene, and any
improvement is a step towards industrial applications
of solution processed graphene.

We make transparent conductive films of multilayer
GSs on flexible polyethylene terephthalate (PET) by
LBA on a water—air interface. The sheets adhere strongly
to the PET substrate, which allows immersion into
other liquids without the risk of the film washing away.
We make use of the strong adhesion to chemically dope
the graphene in nitric acid for enhanced conductivity,
and to stack multiple films on top of each other, open-
ing a gateway to liquid phase assembly of Van der Waals
heterostructures [36, 48, 49]. The power of this method
is demonstrated by the fivefold reduction in sheet resis-
tivity for a single LBA layer, while maintaining the same
optical transparency of the unperturbed films.

We show that LBA GS films can be very effectively
p-doped by nitric acid, making them a more suitable
low-cost alternative to CVD graphene for various TCE
applications. As indicated by the work function mea-
surements and by the measurements of the sheet resis-
tivity under axial strain, chemical doping does not
only increase carrier concentration of individual GSs,
but also reduces the contact resistance between GSs,
which additionally contributes to a larger reduction
factor of the sheet resistivity.

2 LBA GS film fabrication and
morphological characterization

2.1 Preparation of GS dispersion
As astarting material for the formation of LBA layers, a
dispersion of GSs in N-methylpyrrolidone (NMP) has

been used. The dispersion fabrication process is based
on the earlier established protocol [32]. An initial
concentration of graphite powder (Sigma Aldrich-
332461) was 18 mgml~' in NMP (Sigma Aldrich-
328634). The solution was sonicated in a low-power
ultrasonic bath for 14 h, and centrifuged for one hour
at 3000 rpm immediately after sonication. The results
of this process are GSs in solution, with a concentra-
tion of 0.36 mgml~'. The concentration was deter-
mined via UV-VIS spectrophotometry (SUPER
SCAN, Varian) [32]. This particular set of LPE
parameters was chosen since the resulting dispersion
of GSs in NMP was found to be stable for over six
months.

2.2 Langmuir-Blodgett assembly

GSs suspended in NMP were used to fabricate
transparent and conductive films by LBA at a water—
air interface [43]. Since the LPE process introduces a
low degree of oxidation and covalent functionaliza-
tion, resulting GSs have high hydrophobicity, which is
very favorable for the formation of LBA layers [41].
Furthermore, driven by the minimization of interfa-
cial energy, LBA produces a close packed structure of
GSs [45]. A schematic representation of LBA GS film
formation is presented in figure 1(a). Beakers filled
with deionized water (18.2M{2) with a water—air
interface surface-to-water volume ratio of 0.5cm ™'
were used for film formation. A 1.5-2vol% of GS
+NMP was added to the interface with a continuous
flow rate of 5-10 ul's~'. A closely packed LBA GS film
was found to form on the water—air interface with this
set of parameters. Formation of the LBA film was
found to be self-limiting, meaning that prior to the
film formation on the whole given surface, added GSs
are fixed at the interface, and after the complete film
was formed, any additional GSs fall through the
interface to the bottom of the beaker. Only several
microliters of the GS+NMP solution are needed to
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fabricate several square centimeters of film. When
scaled up, one liter of GS+NMP solution would be
sufficient to produce 150 x 150 m” of LBA GS films.
Compared to CVD graphene, fabrication cost of these
TCEs would be at least three orders of magnitude
smaller [4].

2.3 Deposition on a substrate and chemical doping
Interestingly, as proposed by Kim et al[43], this
process dissolves NMP in the water, effectively remov-
ing most of the solvent from the graphene layer. After
the film is formed, it is slowly scooped onto the
targeted substrate, as schematically presented in
figure 1(b). The substrate was either pre-positioned
vertically at the edge of the beaker, or was introduced
after the LBA film was formed, puncturing the film
near the edge of the beaker. Films are then left to dry
for several minutes in ambient conditions. After the
films were transferred onto the targeted substrates
their sheet conductivity was enhanced by chemical
doping. This was achieved either by dipping into or
covering LBA GS films with a 65% solution of nitric
acid in water (see figure 1(c)), followed by quick drying
with an air gun.

Our procedure yields quality films on all tested
substrates, including SiO,/Si, quartz, glass and PET.
We typically pre-fabricated ~50 nm thick gold electro-
des on the substrates prior to GS deposition.
Figures 1(d) and (e) show LBA GS films on the PET
and SiO,/Si substrate, respectively. Films fabricated
with this method are uniform over the entire substrate
area. Up to several square centimeters of uniform LBA
GS films on various substrates were fabricated using
this technique, with sheet conductivity and optical
transparency not varying more than 5% from the
mean value over the entire film.

2.4 Film morphology

The morphology of the obtained LBA GS films was
characterized with atomic force microscopy (AFM)
and scanning electron microscopy (SEM). AFM mea-
surements were carried out on an atomic force
microscope, NTEGRA Spectra, in tapping mode. A
typical AFM profile of an LBA GS film on a SiO,/Si
substrate is shown in figure 2(a). SiO2/Si was chosen
as a substrate for AFM due to its low surface rough-
ness. Figure 2(b) shows a height histogram of a
5 x 5 um?® AFM topography image containing a sharp
edge of the LBA GS layer (inset). Ten height histograms
of sample/substrate edge areas were used to estimate
the thickness of LBA GS films. Each histogram had two
clearly resolved peaks corresponding to LBA GS film
and the substrate. An average film thickness was
estimated as a peak-to-peak distance. While the
substrate peak is narrow, due to the low roughness of
the SiO,, (left peak in figure 2(b)), the LBA GS film has
a much broader height distribution. The sample peak
was fitted with a log-normal curve, yielding a mean
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film thickness (3.4 £ 0.7) nm. This indicates that LBA
GS films have an average thickness of ~10 layers.

The lateral profile of graphene flakes was analyzed
with a Tescan MIRA3 field-emission gun SEM. A his-
togram of flake diameter is presented in figure 2(c).
The distribution of flake diameters from six
5 x 5 um” SEM images (~2000 flakes) was fitted with
alog-normal curve, giving an average flake diameter of
120 nm. Both AFM and SEM images were used to esti-
mate a surface coverage of over 90%.

3 Results and discussion

3.1 Nitric acid doping

The key result of this study is doping of LBA GS films
with nitric acid for improved sheet conductivity.
Chemical doping of graphene can be accomplished
with  various liquids, vapors and polymers
[10, 16, 17, 19, 28, 50-53]. One of the most efficient
p-type chemical dopants of graphite and graphene is
nitricacid [19, 28, 52, 54, 55]. Nitric acid has been used
to chemically dope CVD graphene, and reduce the
sheet resistivity by a factor of two to three
[17, 19, 28, 50]. It was also used to chemically dope
reduced GO [53]. Nitric acid doping of graphene was
found to be very favorable for photovoltaic solar cells,
where graphene is used as a top anode [16, 17, 50, 56].
Besides a reduction in sheet resistivity, the doping
increases graphene’s work function from about 4.5 to
5 eV, making these TCEs more suitable anode electro-
des for various types of hybrid solar cells
[17, 50, 52, 56, 57]. Recently, nitrogen-doped reduced
GO and carbon have been demonstrated to show
enhancement in energy storage [58, 59]. In the
following sections we discuss the results of doping
LBA GS films with nitric acid.

3.2 Nitric acid exposure time

In order to determine optimal conditions for chemical
doping, the exposure time of a single layer LBA GS
layer to nitric acid was varied between 10s and 2 h.
Figure 3(a) shows the exposure time dependent
reduction factor of the sheet resistivity, obtained
as the ratio of the sheet resistivity prior and after the
doping (Ryp/Rp). Even after only 30 s of the exposure,
the reduction factor greater than four was achieved,
and after several minutes the reduction factor was
found to saturate at (5= 1). In order to ensure the
control over chemical doping, the exposure time
of 5 min was chosen as an optimal value in this study.

3.3 Time stability of the enhanced conductivity
effect

Considering that nitric acid is volatile and that dopants
can be desorbed from the sample, the stability of the
sheet resistivity was examined over an extended period
of time. Two batches of LBA GS films were prepared,
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Figure 2. (a) An AFM topography image of a LBA graphene film on a SiO,/Si substrate. Scale bar is 5 ym. (b) An LBA GS film/
substrate height histogram obtained froma 5 x 5 um?* AEM topography image (inset), fitted by a log-normal curve (solid line). The
height of the film has been estimated to 3.4 nm, indicating an average GS thickness of ten layers. (c) GS diameter histogram obtained
from several SEM images. The dashed line in (c) represents a log-normal fit, giving an average GS diameter of 120 nm.
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Figure 3. (a) Sheet resistivity reduction factor after chemical doping with varied exposure time. (b) Stability of the doped LBA GS films,
comparing encapsulated samples with the ones that were exposed to ambient air. (c) The sheet resistivity (Rs) as a function of the light
absorption at 650 nm wavelength. The data for up to three stacked LBA GS layers is shown, both prior (circles) and after (diamonds)
the chemical doping, with solid and dashed lines as smooth fits for the undoped and doped samples, respectively. Shaded areas
indicate a sample-to-sample variations in both Rg and the light absorption. Inset of (¢) shows sheet conductivity as a function of the
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one with the doped LBA GS surface exposed to the
ambient conditions, and the other encapsulated (cov-
ered with Scotch tape) immediately after chemical
doping. Figure 3(b) shows the relative change of sheet
resistivity in time as R(t)/R,, where R, stands for the
initial sheet resistivity. Encapsulated samples show
excellent time stability, with less than 5% change in
sheet resistivity over two weeks.

3.4 Stacking of multiple LBA GS layers

The excellent adhesion of LBA GS sheets to the PET
substrate allows not only for straightforward methods
of chemical doping using liquids, but also for repro-
ducible stacking of additional LBA layers. This is a very
promising technique for making solution-based GRM

heterointerfaces [36], using a simple, one-step, low-
cost and high-yield self-assembly process.

Figure 3(c) shows the sheet resistivity (Rs) as a
function of optical transmittance of stacked LBA GS
layers. After stacking, samples were exposed to nitric
acid for 5 min. The lowest sheet resistivity obtained
were on the order of 800 2/01, albeit at only 50%
transmittance. The fact that subsequent doping can
affect the entire film could be attributed to intercala-
tion of nitric acid into the LBA GS stacks [28].

The sheet conductivity (o5 = 1/Rs) of both doped
and undoped samples was found to linearly depend on
the number of LBA layers, as shown in the inset of
figure 3(c). This indicates that appended LBA layers
act as additional transport channels, and that the cur-
rent is homogenously distributed across the entire film
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Figure 4. Compared total device conductance Syq of a doped
and undoped device, as a function of an applied back-gate
voltage V. Solid and dashed lines represent linear fits used
for estimating hole mobilities of the samples.

when the distance between the electrodes is in the mil-
limeter range [28].

3.5 Sheet resistivity and DC electrical characteristics
measurements

The total resistance of each sample was measured in a
two-point probe configuration, and the sheet resistiv-
ity was obtained by including the sample geometry
factors. More details are given in supplementary
information. The contact resistance was neglected
being a three orders of magnitude smaller than the
LBA GS film resistance. Sheet resistivity of as produced
LBA GS films on PET was (70 + 6) k) / for films
with average thickness of 10 graphene layers. The sheet
resistivity of the films after the doping was found to be
reduced by the factor of five to six, reaching the value
of (12 £ 3) k2 /1. This change is two times larger than
that reported for nitric acid doping of CVD graphene
[17, 19, 28, 50]. Such a large reduction of sheet
resistivity can be attributed to the fact that LPE based
films have a large amount of un-functionalized GS
edges, thus having more sites available for adsorption
of NOj3 and hydroxyl groups [53].

In order to characterize electrical properties of
both undoped and chemically doped LBA GS films,
measurements of direct-current (DC) electrical char-
acteristics were carried out at room temperature.
Device preparation, schematic representation of the
measurement setups and measurements of the current
between source (s) and drain (d) electrodes as a func-
tion of applied source—drain voltage V4 are given in
supplementary information.

Figure 4 shows the dependence of the total con-
ductance (S4,) as a function of back gate voltage (Vi)
for several consequent sweeps between 0 and 60 V.
The negative slope of Sg(V}g) confirms that both
undoped and chemically doped LBA GS films have
holes as dominant charge carriers. Unintentional
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p-doping of the sample prior to the exposure to nitric
acid is attributed to the remaining water and NMP
residue at the interface during film transfer [32]. Con-
ductance function was approximated to be linear,
neglecting the deviation of the undoped sample at
higher voltages, which is likely due to approaching a
charge neutrality point. Using the linear approx-
imation, carrier mobility has been estimated [43, 60]
to be 0.6-0.8 cm® V!5~ ! for the undoped samples,
and 1.55-1.75 cm® V™' 57! for the samples that were
exposed to nitric acid.

3.6 X-ray photoelectron spectroscopy (XPS)

XPS was used to elucidate the mechanisms behind the
doping of graphene with HNOj3. Measurements were
carried out on a Thermo Scientific Theta Probe XPS
system, providing the quantitative elemental analysis.
The samples were not encapsulated, and the measure-
ments were carried out at room temperature without
in situ heating. In addition, angle resolved XPS was
used to obtain qualitative information of elemental
distribution along the depth of the samples. Exper-
imental details are given in supplementary informa-
tion. XPS indicated the presence of carbon, oxygen,
and nitrogen in the sample (see supplementary
information figure S2). Nitrogen 1s core level inten-
sities of undoped LBA GS film on PET imply nitrogen
concentrations of ~0.5 at%, which is an indication of
intrinsic film doping by residual NMP [32].

Figures 5(a) and (b) show C 1s and O 1s core-level
XPS spectra of the pristine and HNO;-treated gra-
phene films deposited on PET. In figure 5(a) the C 1s
band is deconvoluted to reveal peaks corresponding to
binding energies of graphene (sp®) /C-C bonds
(284.4 V), as well as the C-O (288,6 eV) and C=0
bonds (289.1 eV). The origin of a small C=0 peak in
the pristine graphene/PET sample may be from pho-
toelectrons ejected from the PET substrate or from the
water molecules trapped between the flakes in the film.

In figure 5(b), the O 1s band peak has been decon-
voluted to reveal the C-O (533.6eV) and C=0
(532 eV) bonds. In both C 1s and O 1s bands the che-
mical modification by HNOj is evident through the
change in the intensity of C=0 peaks. This change is
small (oxygen content is reduced from 7.3 to 5.9 at%)
and can not solely account for the change in con-
ductivity of graphene films after the treatment with
nitric acid. The relative depth plot (see supplementary
information figure S3) reveals the change in the ele-
mental distribution across the graphene layer. In pris-
tine graphene films, oxygen atoms are mostly placed
closer to the surface layer, while in the acid-treated
films the situation is reversed. This can be an indica-
tion of the rearrangement in the LBA graphene films
on the substrate, with oxygen bonds established
between the edges of the graphene flakes deeper in the
film. This result is in accordance with the reduction of
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the relative intensity of the D- and G-modes in our
Raman spectra, corresponding to the GS edges.

The amount of nitrogen in acid-treated films
increased from 0.5 to 1 at%. The nature of the mea-
surements could potentially diminish in a small frac-
tion the amount of nitrogen present in the sample.
However, the samples were not heated and the nitro-
gen is incorporated within the film, therefore the
change in at% of nitrogen that could arise from these
measurements is neglected. In the high-resolution
spectrum of N 1s band (see supplementary informa-
tion figure S3), there is no evidence of the shift in bind-
ing energy corresponding to N—O or N-C chemical
bonding. Its binding energy (399.8 eV) corresponds to
previously reported conjugated nitrogen which does
not belong to the graphene molecule [61].

XPS analysis indicates that nitrogen is not incor-
porated in the honeycomb lattice structure as this
would result in n-doping of graphene [51]. The
C=0", C(O)OH ", and NOj3 bonds are changing the
carbon atoms hybridization and possibly allowing for
the creation of edge-plane like catalytic sites in gra-
phene [52, 62]. Which one of these chemical moieties
is the most important factor contributing to the
improved conductivity of HNO;-treated graphene is
not clear.

3.7 Transmittance measurements

The effect of chemical doping on optical properties of
LBA GS films was investigated with measurements of
optical transmittance, using a spectroscopic ellips-
ometer in photometric mode (SOPRA GES5E IRSE).
Figure 6(a) shows the transmittance of a LBA GS film
in the visible and UV ranges on quartz. In the UV, the
transmittance of graphene is dominated by an exci-
ton-shifted van Hove peak in absorption [63—65]. For
this reason the measured data was fitted with a Fano
resonant function [65, 66]. Average transmittance of a
single LBA GS film at a wavelength of 650 nm was
(78 £+ 4)%. Considering that each layer of graphene
absorbs 2.3% of incident light in the visible part of the
spectrum [67] and has a thickness of 0.335 nm, the

average film thickness indicated by transmittance
measurements is (3.2 & 0.6) nm, in agreement with
AFM measurements.

The transmittance of the doped film at the same
wavelength is 74%, which is within the experimental
error and the variation between individual samples
(figure 6(a), shaded area). While the transmittance
decreased only slightly with chemical doping, the sheet
resistivity of this sample decreased by a factor of ~ 4.5.

3.8 Raman spectroscopy

Raman spectra of LBA GS films prior to and after nitric
acid doping were also investigated. Room temperature
measurements of Raman spectra were obtained using
a TriVista 557 S&I GmbH Raman spectrometer
(A = 532 nm). Figure 6(b) shows Raman spectra of a
LBA GS film on a glass substrate prior to (solid line)
and after (dashed line) chemical doping, compared
with graphite powder (dotted-line) before the LPE
process. Analogous results were obtained for films on
a PET substrate (see supplementary information),
however in this case Raman spectra is dominated by
PET modes. No significant shifts of any characteristic
Raman modes of graphene (graphite) were detected
after chemical doping. The only notable change of the
Raman spectra due to chemical doping was the
reduction of a I (D)/I(G) relative intensity by 25%
(see figure 6(b) inset). The relative intensity
I(D)/1(G) is indicative of the amount of GS edge
scattering [68], hence our results point to a weakening
of edge effects in doped films.

3.9 Work function measurements

The work function of a surface holds important
information about the electronic structure. Using
Kelvin probe force microscopy (KPFM, NTEGRA
Spectra), we measured the work function of LBA GS
films prior to and after chemical treatment, using the
tabulated value of the work function for highly ordered
pyrolytic graphite (HOPG) [69, 70] as a reference for
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Figure 6. (a) Transmittance of a LBA GS film in the visible and UV ranges on quartz substrate, before (circles) and after (diamonds)
chemical doping with HNOs. Solid and dashed lines represent a Fano resonant function fits. (b) Raman spectra of a LBA GS film,
before (solid line) and after (dashed line) chemical doping. Inset of (b) enlarged D modes, showing a reduction of I (D)/I (G) intensity
by 25% after chemical doping. (c) KPFM histograms of LAB GS film before (left) and after (right) chemical doping. Positions of the
peaks were calibrated with the respect to the measurements of HOPG (middle).

calibrating the AFM tip (details in supplementary
information).

As a result, the work function values of
(4.19 £ 0.05) eV and (4.95 £ 0.05) eV were obtained
for the LBA GS films prior and after chemical doping,
respectively. The results are presented in figure 6(c).
Undoped films have much lower work function than
HOPG, which is expected due to the presence of a
large number of GS edges. Furthermore, this confirms
that GSs are not functionalized, since in the case of
reduced GO or surfactant assisted LPE much higher
work functions of the resulting films are obtained [71].

Chemical doping with nitric acid increases the
work function by as much as 0.75 eV, a 50% larger
increase than in the case of a similar treatment of CVD
graphene [17, 50]. An increase of the work function
confirms that electrons migrate from GSs [72], result-
ing in further p-doping and a decrease of the Fermi
level with the respect to Dirac point. Adsorption of
NO3 groups at the sheet edges is also expected to
strongly contribute to the increase of the work
function.

3.10 Dependence of the sheet resistivity upon axial
strain

In addition to chemical doping, the change of the sheet
resistivity of LBA GS films on PET substrates was
investigated under various bending conditions. The
curvature of the substrate was controlled by a micro-
meter screw in steps of 150 pm, as schematically
presented in figure 7(a). The amount of bending is
expressed as an axial strain (¢) that LBA GS films suffer
at the surface of a PET substrate upon bending.
Bending radii down to 6 mm were used, giving values
of axial strain up to 1.6%. Stretched LBA GS films have
shown an increase in the sheet resistivity, significantly
larger than in the CVD graphene [9]. Upon axial strain
of about 1.5% LBA GS films on PET substrate show an
increase of sheet resistivity by as much as 50%.
Furthermore, Raman spectra of strained films (given
in supplementary information figure S5) did not show
any detectable shifts of graphene modes. This indicates
that individual GSs are not exhibiting a significant
amount of strain. The change in sheet resistivity is
attributed to increased separation between individual
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(a) ©
LBA GS film

PET substrate

Figure 7. Schematic representations of (a) the bending setup, and (b) how the stretching affects the sheet resistivity components of a
LBA GS film. (c) Uniaxial strain dependent relative change in the sheet resistivity of a single LBA GS film, with (diamonds) and without
(circles) chemical doping. Rgs and R¢ stand for the resistance of individual GSs and contact resistance between sheets, respectively.
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GSs, which increases the contact resistance between
them, as schematically presented in figure 7(b). The
relative change in sheet resistivity upon bending
reaches 20% larger values in undoped films, as
presented in figure 7(c). A large change of resistance
upon axial strain opens up a possibility to use LBA GS
films in sensing applications as strain gauges, pressure
sensors, touch screens or e-skin [73].

Chemically doped samples show a significantly
different change in sheet resistivity under small axial
strain. For bending radii greater than 30 mm (axial
strain less than 0.3%) chemically doped samples show
anegligible change in the sheet resistivity. On the other
hand, undoped samples show more than 10% change
for the same bending conditions. Axial strain of 0.3%
would correspond to the separation between indivi-
dual sheets of 0.36 nm when an averaged sheet dia-
meter of 120 nm is considered. Interestingly, this is
well matched with a thermochemical radii of NO5
anions. This indicates that NOj groups attached at the
edges of GSs provide a contact between the sheets until
a high enough axial strain is reached. Afterwards, the
sheet resistivity of the doped samples follow a similar
trend as the undoped ones. This opens up a possibility
to use chemically doped LBA GS films for flexible
TCEs, in the cases when small bending radii are not
required.

4 Conclusion

In summary, we have shown how the LBA of multi-
layer GSs produced from the dispersion in NMP and
transferred on PET can be used to fabricate transpar-
ent and conductive films. An excellent adhesion of
these films on PET enables for a straightforward
chemical doping and stacking of multiple layers. In
particular, p-type chemical doping with nitric acid has
been used to reduce sheet resistivity and increase work
function of these films, thus making them a more
suitable low-cost alternative to CVD graphene for
various TCE applications.

The sheet resistivity of deposited LBA GS layers on
PET was found to be (70 &+ 6) k2/[] with the trans-
mittance of 78% at 650 nm wavelength. Upon a short
exposure to nitric acid, sheet resistivity was
reduced 56 fold, reaching the value of (12 +£ 3) k2/00
with a minor reduction of the visible light transmit-
tance. An increase of the LBA GS film work function by
0.75 eV was found upon chemical doping, yielding a
value 0f4.95 eV for the doped films. The work function
measurements and the dependance of the sheet resis-
tivity upon axial strain both indicate that a large reduc-
tion of the sheet resistivity occurs due to adsorption of
NOj3 groups at the edges of GSs. This reduces a contact
resistance between the sheets, in addition to an increase
of carrier concentration within the sheets.
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1. Direct Current Electrical Characteristics

Direct current (DC) electrical characteristic measurements were used to confirm the
type of majority carriers and to estimate carrier mobility. The results are shown in
Fig. 3 of the main text. Here are presented the details regarding device fabrication,
measurements setup and confirmation of Ohmic contacts with gold electrodes.

In order to measure DC electrical characteristics, LBA GS films were deposited
on a highly doped (0.001-0.01 ©/cm) silicon wafer with a 300 nm thick SiO, layer.
The substrates had pre defined gold electrodes with ~150 gm channel length and ~700
pm channel width, made by a shadow mask. LBA GS films were deposited in the
same manner as described in the main text. It is worth mentioning that due to much
lower adhesion between LBA GS film and SiO, surface compared with PET substrates,
majority of the films are either washed out by the acid, or exhibited holes and cracks on
the surface. Only films that had no visible damage (inspected under optical microscope)
after chemical doping have been used in DC electrical characterization.

Figure Sl(a) shows a schematic representation of the setup used for the
measurements of total source-drain conductance (Ss4) as a function of back gate voltage
(Vig).  Ssa(Vhy) measurements are given in Fig. 3 in the main text. A schematic
representation of the setup used for the measurements of I44(Vyy) is shown in figure
S1(b), and the I-V function for the undoped film is shown in figure S1(c). The linear
dependence of I,4(Vsq) confirms that contacts between the LBA GS layer and underlying
gold electrodes are Ohmic.

Figure S1(d) shows a top view schematic representation of the sample geometry
used for two-point probe resistivity measurements. Gold pads were defined by a shadow
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Figure S1. (a) and (b) schematic representations of the setups used for measuring
Ssa(Vig) and Iq(Vsa), respectively. (c) The dependance of I;4(Vsq) for an undoped
LBA GS layer. (d) A top view schematic representation of the sample geometry used
for two-point probe resistivity measurements. L and W stand for LBA GS channel
length and width, respectively.

mask. The sheet resistivity was obtained by including the sample geometry factors L
and W as: p=R-W/L.

2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) has been used to obtain elemental and chemical
information of LBA GS films deposited on PET. High resolution scans of carbon 1s and
oxygen 1s peaks are shown in Fig. 4 of the main text. Here, survey scans, high resolution
scans of nitrogen 1s peak, relative depth plots, and the details regarding the estimate
of residual NMP wt% in LBA GS films are given.

Figure S2(a,b) shows a survey scans of undoped and HNOj3-treated LBA GS films on
PET, respectively. Survey scans were obtained with a spot size of 400 pum, thus averaging
over a large amount of GSs. Using 1s core level intensities, atomic% of each detected
element is calculated. The results are shown in a tabular insets of figure S2. Using angle
resolved XPS (ARXPS) silicon was detected as a surface contamination. Considering
that the LBA GS layer is 3-4 nm thick, the XPS spectra will have contributions both
from the graphene layer and from the underlaying PET substrate.

Figure S3(a,b) shows high resolution scans of nitrogen 1s peaks for undoped and
HNOgs-treated LBA GS films on PET. These spectra indicate that nitrogen is mostly
present in a conjugated C=N bond at the edges of GSs [1].
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Figure S2. (a) and (b) survey scans of a LBA GS film on PET substrate prior and
after chemical doping, respectively. Inset tables show atomic% of all elements detected

in the scans.
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Figure S3. (a) and (b) high resolution scans of nitrogen 1s peak for undoped and
HNOs-treated LBA GS films on PET. (c) Relative depth plot obtained using ARXPS
for undoped (circles) and chemically doped (triangles) LBA GS films on PET. Each
point also indicates atomic% (at%) for that particular element in the sample.
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ARXPS has been employed to obtain qualitative information on the depth ordering
of the elements in LBA GS films prior and after chemical doping. ARXPS measurements
were carried out under 16 separate angles between 20° and 80° by measuring high
resolution spectra for each element with a 400 pm spot. As a result relative depth
plots are obtained. A comparison between relative depth plots of undoped (circles) and
HNOjs-treated (triangles) LBA GS films on PET is shown in figure S3(c). Each point
in figure S3(c) represents an average depth of that particular species in the sample.
Position of a Cls peak is associated with the position of a LBA GS layer. Relative
positions of N1s and O1s peaks can then indicate where is the majority of nitrogen and
oxygen atoms located in comparison with LBA GS layer. Interestingly, ARXPS suggests
that prior to chemical doping both nitrogen and oxygen atoms are on average mostly
located on the top of LBA GS layer, and after the doping both species are located
under LBA GS layer. This implies a rearrangement of the LBA GS film upon exposure
to nitric acid, as described in the main text.

3. KPFM Maps and Data Analysis

Kelvin probe force microscopy (KPFM) has been used to measure the work functions of
LBA GS films prior and after chemical doping with nitric acid. The results are given in
Fig. 5(c) of the main text. Here the details regarding the measurements, map analysis
and the method used for obtaining the work functions are presented.

KPFM measurements were done using the two-pass technique [2, 3]. In the first
pass, a topographic line was measured in the tapping mode. Figure S4(a) shows a typical
5x5 pum? LBA GS film topography measured with 256 x 256 points. In the second pass,
the tip was lifted by 30 nm and moved across the surface following the topographic
profile, obtained from the first scan. During the second pass, a combination of an AC
and DC voltage was applied between the tip and the sample. The frequency of the AC
voltage was matched to the resonant frequency of the cantilever. The DC component was
then adjusted to cancel an electrostatic force between the tip and the sample, resulting
with a zero amplitude of the cantilever oscillations (near its resonant frequency). This
procedure was repeated for every point of a selected area of the sample. Resulting
KPFM maps show the applied DC component, i.e. the contact potential difference
(CPD) between the sample and the tip. Figure S4(b) shows corresponding KPFM map
to the sample topography (figure S4(a)). In order to determine CPD of the measured
surface histograms of KPFM maps were used and fitted by Gaussian lines, as shown in
figure S4(c).

CPD shows the difference in the work functions of the tip and the sample. In order
to obtain the work function of the measured surface, the work function of the tip must
be known. This was obtained by measuring several KPFM maps of freshly cleaved
highly oriented pyrolytic graphite (HOPG). Work function of HOPG was considered to
be 4.6 eV [2, 4].

Afterwards, several KPFM maps of LBA GS films were measured prior and after
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Figure S4. (a) 5x5 um? topography image of a doped LBA GS film on PET. (b)
Corresponding KPFM map of (a). (c) Histogram of (b) (circles) and Gaussian fit (solid
line). (d) Schematic representation of the relation between measured CPDs and their
corresponding work functions.

chemical doping. All of the obtained CPD histograms for each surface were added up,
and an average CPD value was obtained from Gaussian fits as an average of the peak
positions weighted by the hight of the peaks. The work functions were related to their
corresponding CPD measurements as illustrated by a diagram in figure S4(d).

4. Raman measurements of LBA GS films on PET

Raman spectra of LBA GS films on PET substrate prior (solid line) and after (dashed
line) chemical doping are shown in figure S5(a), and are compared with a clean PET
substrate (dotted line). Most of the observed Raman modes belong to PET. The
only two detected modes of the LBA GS film in the measured spectral range are D
(~1350cm™!) and G (~1580cm™!) modes of graphene (graphite), also shown in figure
S5(b) and (c), respectively. Due to the low intensity from LBA GS layer, compared
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Figure S5. (a) Raman spectra of a single LBA GS film on a PET substrate, before
(solid line) and after (dashed line) chemical doping, compared with a clean PET
substrate (dotted line). (b) and (c¢) enlarged regions of graphene D and G modes,
respectively.

to Raman intensity from PET substrate, graphite’s 2D mode was barely resolved on
PET. Relative intensity I(D)/I(G) of both undoped and HNOj-treated LBA GS films
on PET are in agreement with the data obtained for the samples on glass substrates
(figure 4(b) in the main text).

Additionally, no notable changes in any Raman modes of PET were detected after
exposure of the sample to nitric acid. This indicates that nitric acid does not affect
underlaying PET substrate.

Raman spectra of LBA GS films under various bending conditions have also been
examined. Figure S6(a) shows Raman spectra of a single LBA GS film on PET substrate
upon axial strain of 0 % (solid line), 1.5 % (dashed line) and 3 % (dot-dashed line).
Figure S6(b) shows enlarged region of G mode. Resistance of the samples was monitored
during the measurements of Raman spectra. Sheet resistivity increased by ~50 % under
axial strain of 1.5 %, and ~100 % under axial strain of 3 %. However, as can be seen
from Raman spectra in figure S6 individual sheet do not exhibit axial strain, since there
is no detectable shifts or broadenings of the G mode [5, 6].
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Abstract We describe transparent and conductive films of liquid-phase exfoliated graphene
deposited with the Langmuir—Blodgett (LB) method. Graphene sheets (GS) were exfoliated
from graphite by ultrasonic treatment in N-Methyl-2-pyrrolidone (NMP) and N,
N-dimethylacetamide (DMA) solvents. For comparison, graphene sheets were also exfoli-
ated in a water solution of surfactants. We confirm a higher exfoliation rate for surfactant-
based processing compared to NMP and DMA. Furthermore, we demonstrate that our films
exfoliated in NMP and DMA, deposited with LB and annealed have a higher optical trans-
mittance and lower sheet resistance compared to films obtained with vacuum filtration, which
is a necessary step for GS exfoliated in water solutions. The structural, optical and electrical
properties of graphene layers were characterized with scanning electron microscopy, atomic
force microscopy, UV/VIS spectrophotometry and sheet resistance measurements. Our facile
and reproducible method results in high-quality transparent conductive films with potential
applications in flexible and printed electronics and coating technology.

Keywords Graphene - LPE - Langmuir—Blodgett assembly

1 Introduction

Transparent conductors are an essential part of many optical devices. Many of the thin
metallic or metal oxide films used as transparent conductors (Granqvist 2007) exhibit
nonuniform absorption across the visible spectrum (Phillips et al. 1994), or they are
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chemically unstable, or both (Scott et al. 1996; Schlatmann et al. 1996). The experimental
discovery of graphene (Novoselov et al. 2004) brought a new alternative to this field.
Graphene is a material with high optical transparency, large carrier mobility, good
chemical stability, and mechanical strength, making it an excellent choice for transparent
electrodes in various optoelectronic devices (Blake et al. 2008).

Although graphene is a natural choice for transparent conductive films (Bonaccorso
et al. 2010), the feasibility of its mass production is essential for applications. In order to
produce large quantities of graphene Blake et al. (Blake et al. 2008) and Hernandez et al.
(2008) developed a method of graphene production using solvent assisted exfoliation (or
liquid phase exfoliation, LPE) of bulk graphite, which is simpler and less costly than
chemical vapor deposition and returns a higher yield than mechanical exfoliation
(Novoselov et al. 2004, 2005). LPE allows the possibility to scale up the synthesis of
graphene making it economically available in a large amount, presenting a promising route
for large-scale production (Paton et al. 2014).

Numerous research efforts followed up to increase the concentration and quality of the
graphene flakes produced. One of the most promising synthesis routes for LPE graphene is
non-covalent exfoliation using solvents that have surface energy values comparable to that
of graphite (Hernandez et al. 2008). Typically ultrasound assists the separation of graphene
flakes from graphite powder in solvent. Exfoliation conditions such as the initial con-
centration of graphite powder, sonication time (Khan et al. 2010), solvent type (O’Neill
et al. 2011; Bourlinos et al. 2009; Hernandez et al. 2010; Lotya et al. 2009; Guardia et al.
2011), and possible filtration (Khan et al. 2011) were tuned in order to optimize the yield
and quality of graphene dispersions. These graphene dispersions can be used to form films
by various methods, for example spray coating (Blake et al. 2008), vacuum filtration
(Hernandez et al. 2008; Lotya et al. 2009) or Langmuir-Blodgett assembly (LBA) (Cote
2009; Kim et al. 2013; Li et al. 2008).

In this study, graphene sheets (GS) were exfoliated from graphite by ultrasonic treat-
ment in organic solvents with high boiling points, N-Methyl-2-pyrrolidone (NMP), N,
N-dimethylacetamide (DMA), and for comparison, in a water solution of surfactant,
sodium dodecylbenzenesulfonate (SDBS) and Pluronic P-123 (P-123). The graphene dis-
persions from NMP and DMA were used to form films by controlled deposition of few-
layer graphene using the Langmuir-Blodgett (LB) method on a water—air interface. We
confirm a higher exfoliation rate for surfactant-based processing, but demonstrate that our
films exfoliated in organic solvents with high boiling points and deposited with LB have a
higher optical transmittance and lower sheet resistance compared to films obtained with
vacuum filtration, which is a necessary step for GS exfoliated in water solutions. The
structural, optical and electrical properties of graphene layers were characterized with
scanning electron microscopy, atomic force microscopy, UV/VIS spectrophotometry and
sheet resistance measurements.

2 Experimental procedure

All chemicals used were purchased from Sigma Aldrich: graphite powder (product number
332461), N-Methyl-2-pyrrolidone (product number 328634), N, N-dimethylacetamide
(product number 38840), sodium dodecylbenzenesulfonate (product number 289957) and
Pluronic P-123 (product number 435467). The particular graphite powder product was
chosen for its large initial flake size, which should result in the largest possible graphene
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flakes after exfoliation. Stock solutions of SDBS and P-123 of different concentrations
were prepared in deionized water (resistivity 18 MQ) by stirring overnight. A range of
graphene dispersions were prepared. A typical sample was prepared by dispersing graphite
in the desired solvent using from 30 min to 14 h of sonication in a low power sonic bath.
The resulting dispersion was centrifuged for 60 min at 3000 rpm in order to reduce the
amount of unexfoliated graphite.

The graphene sheets exfoliated from graphite by ultrasonic treatment in NMP were used
to form films at a water—air interface. Beakers filled with deionized water, 10 mL volume,
were used for film formation. A 1.5-2 vol% of GS + NMP was added to the interface with
a continuous flow rate of 5-10 mL/s (Fig. la). This set of parameters provides enough
surface pressure for the film to be close-packed. After the film is formed, it is slowly
scooped onto the targeted substrate (Fig. 1b), as shown in our previous work (Matkovié
et al. 2016). PET and SiO,/Si were used as substrates. As it has been shown that annealing
decreases sheet resistance due to solvent evaporation (Hernandez et al. 2008; Lotya et al.
2009), some of these deposited films were annealed. Annealing was carried out in a tube
furnace at 250 °C in an argon atmosphere for 2 h.

For optical characterization, UV-VIS spectra were taken using a SUPER SCAN Varian
spectrophotometer with quartz cuvettes. The resistance of each sample was measured in a
two-point probe configuration, and the sheet resistance was obtained by including the
sample geometry factors. AFM measurements were taken with an atomic force micro-
scope, NTEGRA Spectra, in tapping mode. SiO,/Si was chosen as a substrate for AFM due
to its low surface roughness. The lateral profile of graphene flakes was analyzed with a
Tescan MIRA3 field-emission gun SEM.

3 Results and discussion

We optimized for high graphene concentration and large flake size, tuning exfoliation
conditions such as initial graphite concentration, sonication time and solvent type. The
Lambert—Beer law was applied to UV-VIS absorption spectra to find graphene concen-
tration. The concentration was estimated from the absorbance at 660 nm by using the
extinction coefficient of graphene (o = 13.90 mL mg~' m™") previously determined in
surfactant/water solutions (Hernandez et al. 2008; Lotya et al. 2009; Guardia et al. 2011)
and (o0 = 24.60 mL mg_l m~!) in NMP and DMA solutions (Hernandez et al. 2008).
Figure 2a depicts a higher final concentration for surfactant-based processing for all initial
concentrations of graphite powder, from 0.5 to 18 mg mL™'. The most commonly used
deposition technique for LPE GS is vacuum filtration. This is a necessary step for GS
exfoliated in water solutions. For GS films formed by evaporation of a high boiling point

Fig. 1 Schematic LBA GS film
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solvent, one of the biggest problems is that graphene flakes aggregate during evaporation
(O’Neill et al. 2011) hindering fine control over the film thickness (Hernandez et al. 2008).
This can be avoided by depositing with LB, which allows reliable and reproducible
thickness control and prevents further agglomeration of graphene flakes during drying
(Kim et al. 2013). We chose the dispersion in NMP with the highest graphene concen-
tration (Fig. 2b) for experiments on LB films.

A single LB deposition resulted in films with an average thickness 3.3 nm, as measured
with AFM, indicating an average GS thickness of 10 layers (Fig. 3).

Figure 4 shows optical transmittance versus sheet resistance for varying number of LB
depositions on PET, compared to graphene film obtained with vacuum filtration of GS
exfoliated from the same graphite precursor using the same experimental procedure
(Hernandez et al. 2008; Lotya et al. 2009) before and after annealing. The highest trans-
parency for a single LB film deposition prior to annealing was found to be about 83 %,
which is between 20 and 40 % higher than the transmittance that can be accomplished with
vacuum-filtration. The sheet resistance of one LB film deposition is between 70 and
250 kQ/sq, 2-5 times lower than sheet resistance achieved with vacuum filtration without
annealing. Increasing the graphene film thickness with additional LB depositions led to
consistent increases in conductivity, but a decrease in transparency. Our graphene films for
three LB depositions prior to annealing have comparable sheet resistance but higher optical
transmittance compared to vacuum-filtered films after annealing.

The electrical conductivity is affected by the size and connectivity of the flakes as well
as the thickness of the films. Our average GS diameter was is 120 nm, as measured with
SEM (Fig. 5). SEM also revealed the presence of pinholes between flakes for a single LB
deposition, which probably results in parasitic sheet resistance (Fig. 5a). In order to
remove the residual solvent between the overlapping flakes, which may affect transport, we
employed thermal annealing. Annealing does not repair the holes and other irreversible
defects (Fig. 5b), but it can remove residual solvents, improving the coupling between
graphene flakes and hence decreasing sheet resistance. For a single LB deposition,
annealing reduced sheet resistance by about six times, without considerably decreasing
transparency (Fig. 4). The sheet resistance of a singly deposited film after annealing was
found to be between 10 and 20 k€)/sq, a significant improvement over other published data.
After annealing we performed a second LB deposition and achieved sheet resistance of

—_
&
-
—~
=3
-

500
= NMP x 0.5 mg/ml )
= 30044 P-123 ~ 400l | 27 mg/ml %
£ = SDBS E s 12 mg/ml g
%f 200 4 °g° 300 | o 18 mg/ml A
2 Q
2 S 2001
= =
S 100 = -
& b 4
o ]
0 J T T T 0 - *
0 4 8 12 16 20 600 800

Cgraphite (mg/ml)

Fig. 2 Concentration of dispersed graphene: a in different solutions for different initial graphite
concentration and sonication time of 5 h, b in NMP for different sonication time and different initial
graphite concentration
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Fig. 4 Optical transmittance versus sheet resistance for varying number of LB deposition of graphene
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Fig. 5 SEM images of: a singly deposited LB film on a glass substrate, b the same film after annealing,
¢ two LB depositions with an annealing step in between
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3 kQ/sq and a transparency of more than 70 %. Decreased resistance is the result of
reduced density of pinholes (Fig. 5c) as well as increased film thickness.

4 Conclusion

In summary, we have shown that Langmuir—Blodgett assembly of multi-layer graphene
sheets produced from liquid phase exfoliation of graphite powder in solvents can be used to
fabricate transparent and conductive films. The sheet resistance of deposited LBA GS
layers was found to be between 15 and 250 k€)/sq, with transmittance between 60 and
85 %, depending on the number of deposited LBA graphene layers. The conductivity of
these LBA films can be further increased by about six times with annealing, without
considerably decreasing transparency. Optoelectronic properties of these films are much
better compared to graphene films obtained with vacuum filtration of GS exfoliated with
the same experimental procedure, which is the most commonly used deposition technique
for LPE GS. Ours is a facile, reproducible and low-cost technique for transparent con-
ductive films with potential applications in coating technology.
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Single-step fabrication and work
function engineering of Langmuir-
Blodgett assembled few-layer
graphene films with Li and Au salts

Ivana R. MiloSevi¢'™, Borislav Vasi¢!, Aleksandar Matkovi¢?™, Jasna Vujin?, Sonja Askrabic3,
Markus Kratzer?, Thomas Griesser*, Christian Teichert? & Rados$ Gaji¢!

To implement large-area solution-processed graphene films in low-cost transparent conductor
applications, it is necessary to have the control over the work function (WF) of the film. In this study
we demonstrate a straightforward single-step chemical approach for modulating the work function

of graphene films. In our approach, chemical doping of the film is introduced at the moment of its
formation. The films are self-assembled from liquid-phase exfoliated few-layer graphene sheet
dispersions by Langmuir-Blodgett technique at the water-air interfaces. To achieve a single-step
chemical doping, metal standard solutions are introduced instead of water. Li standard solutions (LiCl,
LiNO;, Li,CO;) were used as n-dopant, and gold standard solution, H(AuCl,), as p-dopant. Li based
salts decrease the work function, while Au based salts increase the work function of the entire film.
The maximal doping in both directions yields a significant range of around 0.7 eV for the work function
modulation. In all cases when Li-based salts are introduced, electrical properties of the film deteriorate.
Further, lithium nitrate (LiNO;) was selected as the best choice for n-type doping since it provides the
largest work function modulation (by 400 meV), and the least influence on the electrical properties of
the film.

Graphene, consisting of a single layer carbon arranged in a hexagonal lattice, has attracted extensive interest
because of the excellent mechanical and electrical properties associated with its two dimensional structure' .
Chemical vapor deposition (CVD) method has become the most common method for production of large-area
graphene films®. Still, simple and low-cost methods are needed for mass production especially when considering
the cases where high-quality films are not needed for the desired functionality, as in low-power lighting, sensors,
transparent heating, and de-icing applications®. In that context, liquid-phase exfoliation (LPE) is a perspective
way of obtaining large quantities of exfoliated graphite in solution. LPE of graphite results in a dispersion of
few-layer graphene sheets (GSs) in the solvent. However, in order to access the full potential of LPE-processed
graphene, thin-films needs to be controllably fabricated utilizing techniques capable to introduce self-ordering of
GSs’. One such example is Langmuir-Blodgett assembly (LBA). Based on surface-tension induced self-assembly
of nanoplatelets at the liquid-air interface or the interface of two liquids, LBA is a good method for production of
large-scale, highly transparent, thin solution-processed graphene films®-!1.

Excellent electrical conductivity, flexibility and transparency in the visible domain make graphene a natural
choice for ultrathin, flexible and transparent electrodes in electronic devices'®!*""?. Still, a significant work func-
tion difference between graphene and frequently employed active layers of photovoltaic and light-emitting diode
(LED) devices gives rise to a high contact resistance. Contact resistance can have a significant impact on overall
efficiency and performance of the devices®. This is of a particular technological relevance considering that any
realistic application of graphene based transparent electrode must compete against those based on indium tin
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oxide (ITO) or fluorine-doped tin oxide (FTO), which have already gone through decades of interfacial optimi-
zation in order to deliver todays’ performance®!-**. Therefore, the understanding of the efficient ways for mod-
ulation of the graphene work function is crucial for improving device performances***?*. In order to enhance
the charge injection, the work function of the graphene electrode should be optimized to better match WF of the
adjacent layer in order to form an ohmic contact?.

Recently, the chemical doping has been reported to be an effective method for doping of CVD graphene and
tuning its work function by charge transfer between the graphene sheet and metal salts, organic dopants, or metal
oxide layers!'®!421-28_Such surface charge transfer induced by chemical doping is expected to efficiently control
the Fermi level of graphene sheets without introducing substitutional impurities or basal plane reactions, thus,
preventing any damage to the carbon networks and not introducing scattering centres that would lower carrier
mobility*!. Kwon et al. reported n-type chemical doping of CVD graphene with alkali metal carbonates by soak-
ing in appropriate solutions®* and alkali metal chlorides by spin-coating of appropriate solutions on the trans-
ferred graphene substrates®. So far, doping of Langmuir-Blodgett graphene films prepared from LPE dispersions
has been done with nitric acid and ozone after the film was formed using the drop-casting method and UV/ozone
treatment”?’. Chemical doping is especially attractive for LPE-based graphene films since many exposed edges of
GSs are expected to enable very efficient functionalization through charge transfer doping. However, the chemical
doping with metal salt solutions has not been used to control the work function of LBA graphene films so far. In
this work LBA graphene films obtained from LPE dispersion were doped during the process of film formation.
Therefore, the formation and doping of the LBA graphene films in our work represent a single-step process. This
is a significant improvement compared to previous works where the chemical doping was applied only after the
graphene fabrication.

In the present work, we systematically investigated single-step work function modulation (increase and
decrease) of the LPE GS films achieved by chemical doping. In particular, using Li standard solutions (LiCl,
LiNO; and Li,COs;) as n-dopant, and gold standard solution H(AuCl,) as p-dopant was investigated. In contrast
to previous methods for chemical doping of CVD graphene which can be applied only after the graphene films
fabrication, here we described the method for the production and doping of LPE graphene films in a single-step.
Single-step work function modulation means doping of the film at the moment of its formation from the LPE
graphene dispersion by LBA technique at the air-metal standard solution interface. We have demonstrated tun-
ability of the WF in the range of almost 1 eV, making these metal-salt treated LPE-based graphene electrodes
suitable candidates for both electron and hole injection interfaces.

Results and discussion

Morphology of LPE GS films. Fabrication and doping of the GS films is schematically represented in
Fig. 1(a): air-metal standard solution interface, introduction of LPE dispersion and formation of the LPE GS film
at the interface, scooping of the doped film on the target substrate and finally, obtained doped LPE GS film which
is further investigated with different techniques.

Morphology of LPE GS films is depicted in Fig. 1 consisting of both optical (Fig. 1(b1-f1)) and Atomic Force
Microscopy (AFM) topographic images (Fig. 1(b2-f2)) for both undoped and metal doped LPE GS films. As
can be seen from AFM images, the doping process does not change morphology of LPE films, except that the
doped films contain more agglomerates (visible as bright particle-like domains). The following values for the
surface roughness were obtained by AFM measurements averaged on ten 50 x 50 um?areas: (a) 11.9 + 1.5nm for
undoped LPE GS film, (b) 11.5+ 3.5 nm for Li,CO; doped, (c) 13.3 + 2 nm for H(AuCl,) doped, (d) 13.7 + 1.6nm
for LiCl doped, and (e) 13.8 + 1.2nm for LiNO; doped LPE GS films. Therefore, the surface roughness sligtly
increases by around 2 nm after the doping, while for Li,CO; doped LPE GS film is practically the same as for
the undoped film. Still, optical images recorded on larger scale depict formation of agglomerates in doped films
which could degraded their optical (leading to an increased scattering and/or absorption of incoming lights on
these clusters) and electrical properties (due to enhanced scattering of charge carriers).

The observed formation of the agglomerates is most likely not an inherent property of the particular metal-salt
doping. Overcoming this would likely require further optimization of the LBA process. However, as a benchmark
the LBA process in this study was optimized for an undoped film and was left unchanged for all of the metal-salt
doped films.

Transmittance measurements. Using the different doping metal standard solution during LBA of
graphene films was found to result in different transparency. In the UV region, the transmittance of graphene is
dominated by an exciton-shifted van Hove peak in absorption®*. Transmittance at 550 nm was 82% for undoped
and 80%, 76%, 74%, 68% for H(AuCl,), LiCl, LiNOs;, Li,CO; doped LPE GS films, respectively (Fig. 2). It can be
seen that transmittance decreases for doped LPE GS films. Metal salts decrease the transmittance of the graphene
films regardless the type of the present metal (gold or lithium). The degree of the transmittance decrease was
related to not only the metal cations but also the anions. Different lithium salts decrease transmittance in differ-
ent amounts. Transmittance decrease of 14% was the highest for the LPE GS film doped with lithium carbonate
(Li,CO;). Similar results of the transmittance decrease for metal doped CVD graphene films were obtained in
studies of Kwon et al.?****, Transmittance decrease could be a consequence of the metal particles adsorption and
agglomeration on doped films after the solvent evaporation process. Changes in the thickness of LPE GS films
with doping could not be excluded because LBA process in this study was optimized for an undoped film and was
left unchanged for all of the metal-salt doped films.

Raman measurements. Raman spectra for undoped and H(AuCl,), LiCl, LiNO,, Li,CO; doped LPE GS
films are given in Fig. 3(a). The four basic graphene/graphite peaks D (~1348 cm™}), G (~1579cm™?), D' (1614
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Figure 1. (a) Schematic representation of the LPE GS film formation and its doping in the single-step process.
(b1-f1) Optical images are shown in the top row, whereas (b2-f2) AFM topographic images are shown in the
bottom row for the following cases: (b) undoped LPE GS film, and (c) Li,COs3, (d) H(AuCl,), (e) LiCl, (f) LiNO,
doped LPE GS films. z-scale in all AFM images is 100 nm.
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Figure 2. Transmittance spectra of undoped and H(AuCly), LiCl, LiNO;, Li,CO; doped LPE GS films.

cm ') and 2D (2700 cm™!) are observed for all the samples. No significant shifts of any characteristic Raman
peaks of graphene were detected after chemical doping (Fig. 3(a)).

The change of the full weight at half-maximum (FWHM) of the Raman modes after doping with metal stand-
ard solutions was negligible Fig. 3(b). The only notably change of the Raman spectra was the increase of the inten-
sity ratio of D to G peaks, I(D)/I(G) (Fig. 3(c)). The quantity of defects has been shown to be related to the ratio
between the D and G peaks, I(D)/I(G); the larger the ratio, the larger the defect density®'. We observe increase of
the defect density with H(AuCl,), LiCl, LiNO;, Li,CO; doping in relation to the undoped film and the amount of
the increase expressed in percent was 37%, 24%, 29% and 21%, respectively.

All self-assembled films suffer from a large defect density that often leads to a high sheet resistance of depos-
ited film. Therefore, the nature and density of defects in any thin film transparent conductor is important, espe-
cially when chemical treatment was used to enhance films” performance. The intensity ratio between the D and
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Figure 3. (a) Raman spectra of the undoped LPE GS film and films doped with Li and Au salts, (b) FWHM of
the four basic Raman peaks (c)The intensity ratio of D to G peak for different doping metal salts, I(D)/I(G), (d)
The intensity ratio of D to D’ peak, I(D)/I(D’), for different doping metal salts. We refer to peak intensity as the
height of the peaks as proposed by Eckmann et al.*?.
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Figure 4. FT-IR spectra of (a) undoped and H(AuCl,), LiCl, LiNO;, Li,CO; LPE GS doped films, (b) metal
standard solutions (0.1 mg/mL) used for doping processes.

D’ peak can be used to get information on the nature of defects in graphene®>*. I(D)/I(D’) was calculated, and
the obtained results were presented in Fig. 3(d). Topological defects (like pentagon-heptagon pairs), boundaries,
vacancies, substitutional impurities and sp® defects are possible defects in graphene’!. Studies reporting a ratio of
3.5 for boundaries, 7 for vacancies, 13 for sp® and values in-between those for vacancies and sp? for substitutional
impurities can be found in the literature®*>**. From Fig. 3(d) it can be observed that the D to D’ intensity peak
ratio is nearly constant in our samples regardless of the doping solution, and the value of the ratio indicates that
the edges are the dominant type of defects in our LPE GS films.

Fourier transform infrared absorbance (FT-IR) measurements. FT-IR spectra of undoped and LiCl,
LiNO;, Li,CO;, H(AuCl,) doped LPE GS films, as well as FT-IR spectra of corresponding metal standard solu-
tions are shown in Fig. 4.

For the undoped LPE GS film FT-IR spectra is simple. It can be seen only a small peak assignable to C=C
skeletal vibration®-* of the graphene basal planes at ~1560 cm ™. This peak can also be seen in FT-IR spectra for
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Figure 5. (a) AFM topography, (b) CPD map measured by KPFM, and (c) histogram of (b) shown for
H(AuCl,) doped LPE GS film as an example. (d) Change in WF for doped LPE GS films for different dopants,
in comparison to the undoped LPE GS film. Solid red line in (d) is only a guide for the eye. (e) Schematic
representation of the work functions prior to the interaction (equal vacuum levels) for Au-based salt/graphene
and Li-based salt/graphene. The green arrows indicate direction of electron flow showing that in the case of Li
(Au) based salts, electrons are transferred to (from) graphene.

all investigated doped films at the same wavenumber indicating that graphene basal planes were not interrupt
by doping. The strong peak at around ~3400 cm™! and another, smaller one, near ~1630 cm™! can be seen in all
doped LPE GS films (Fig. (4a)) and corresponding metal standard solutions (Fig. (4b)). They are attributed to the
water molecules and are assignable to the O-H stretching vibrations (~3400 cm™') and H-O-H bending mode
(~1630 cm!)*%_In the case of FT-IR spectra for LPE GS film doped with LiNO; the peak at ~1340cm ! and
~1390 cm ™! are assignable to the vibration mode of the NO; ™~ ions and asymmetric stretch of O-NO,, respec-
tively*®*°. Similar vibration modes can be observed in the case of FT-IR spectra for LPE GS film doped with
Li,CO; and can be assigned to the vibration mode of the CO;™ ions (1340 cm™!) and asymmetric stretch of
0-CO, (~1390 cm™!)*!, The same vibrational modes could be seen for LINO; and Li,CO, standard solutions (Fig.
(4b)).

From the observed FT-IR results (Fig. 4(a)) it is clear that additional peaks appear with LPE GS film chemical
doping. These additional peaks match with vibrational modes of the anions in solution (Fig. 4(b)). Considering
that no new peaks are visible in the given spectra (which would indicate the formation of chemical bonds) the
present peaks could be a consequence of the metal salts adsorption to the graphene lattice during the doping. In
order to understand Li and Au doping mechanisms XPS measurements were performed and they are presented
in separate section.

Work function modulation. Results for the work function dependent on the different metal standard
solution used in the LBA process are summarized in Fig. 5. The top row depicts an example with the topog-
raphy (Fig. 5(a)), corresponding contact potential difference (CPD) map measured by Kelvin probe force
Microscopy-KPEM (Fig. 5(b)), and the histogram of the CPD distribution measured on H(AuCl,) doped
graphene film (Fig. 5(c)). The histogram is characterized with a single peak, which is used for the averaging
and calculation of the absolute value of work function. The same procedure was done for all considered films.
More details about the measurements of CPD and WF calculations are given in Supplementary information in
Supplementary Figs. S3-S5. As a result, the values of the absolute work function are presented in Fig. 5(d) for
both, doped and undoped LPE GS films. As can be seen, n-doping of graphene films is achieved by Li-based salts,
whereas Au-based salt leads to p-doping.

The change of the WF due to the doping can be explained according to the schematic presentation in Fig. 5(e),
illustrating that Li (Au) as a lower (higher) work function material compared to GS films. Therefore, presence of
Li-based salts into the graphene film results in a reduction of the work function of the entire film. This behavior
can be interpreted as an increase in the Fermi level of GSs — compared to the value for the undoped films -
indicating predominantly a charge transfer from Li-based salts to graphene (n-doping), as expected when con-
sidering that Li has lower WF than graphene (graphite). In contrast to Li-based salts, the Au-based salt shows
an opposite trend for the relative change of the work function. This indicates charge transfer from graphene to
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Figure 6. (a) Schematic cross-section of the bottom-contacted back-gated FET devices, also indicating
electrical connections. (b) Optical microscopy image of one of the devices, without PDMS capping (for clarity).
LBA GS film covers the entire sample surface. (¢,d) Output curves of H(AuCl,) and LiNO; doped samples, and
(e,f) transfer curves of H(AuCl,) and LiNO; doped samples, respectively. Dashed lines represent least squares
linear fits (to selected regions) that were used to extract sheet resistance and linear mobility.

Au-based salt and a relative reduction of the Fermi level in GSs (p-doping). It is also worth mentioning that
poly-crystalline nature of LPE based GS films, large amount of sheet edges and presence of the residual solvent
(NMP) results in p-doped films’, as was also observed in the electrical measurements presented in the following
subsection. Therefore, WF values are lower for the LPE-based films by at least 200 meV, than for the pristine
exfoliated single-crystals*?. p-type doping is also reflected on the WF of the reference samples (undoped LPE GS),
and therefore on the whole accessible range for the WF modulation by this method. This was also highlighted in
Fig. 5(e), where the WFp, . i depicts the case of undoped graphene®.

According to Fig. 5(d), the maximal doping in both directions is similar, around 0.3-0.4 eV, finally providing
a significant range of around 0.7 eV for the work function modulation of LPE GS films. The achieved range was
obtained for 0.1 mg/mL concentration of dopants. For smaller concentrations (one order of magnitude lower,
0.01 mg/mL), the observed changes in CPD were in the order of 10mV. On the other hand, for higher concentra-
tions (for one order of magnitude higher, 1 mg/mL) gave rise to the problems related to the formation of contin-
uous, large-area LPE GS films, and were therefore excluded from this study. The reported shift of the Fermi level
is very similar to the other (comparable) systems in the literature. WF values change of 0.3 eV in our experiment
(chemical doping by Au ions) are the same order of magnitude as in Kwon et al. manuscripts for gold-chloride
(WF change of 0.6 eV?!, 0.6 eV*, 0.4eV%). Compared with Kwon e al. alkali carbonate?® and chloride? graphene
chemical doping data (0.4 eV and 0.3-0.4 eV, respectively) WF values change for Li in our manuscript (0.2eV and
0.4eV) are in the same order of magnitude. Compared with literature data the same effect can be achieved but
advantages of our approach is fast and simple solution-based method for one-step fabrication and WF control of
large-area graphene films.

Sheet resistance. The schematic cross-section of the devices used for the electrical characterization is
shown in Fig. 6(a), also indicating electrical connections. An optical microscopy image for one of the devices
without PDMS encapsulation (for clarity) is shown in Fig. 6(b) illustrating source (S) and drain (D) contact geom-
etries. One characteristic set of transport and output curves for H(AuCl,) and LiNO; doped film is presented in
Fig. 6(c-f). Here linear fits were used to extract sheet resistances and apparent linear hole mobilities. Transfer
curves for all four salt-treatments and for the reference LPE GS film are presented in the Supplementary informa-
tion (Supplementary Fig. S1).

In the cases of a reference (undoped) and H(AuCl), doped LPE GS samples, output curves barely deviate from
a perfect linear behavior in a rather large bias range, indicating that the contact resistance is negligible in com-
parison to the channel. This is in contrast to all samples doped with Li-based salts, where a significant deviation
from the linear output curves were observed at higher bias, indicating non-negligible contact resistance. This can
be attributed to large WF differences with Au bottom contacts in the case of Li-based salt doping of the films.
Furthermore, while H(AuCl,) doping enhances electrical performance of the films, a significant increase of the
resistivity and reduction of the mobility was observed in the case of all Li-based salt dopings.

The slope of the transfer curves indicates that holes are the majority carriers for all samples, including both
the undoped (reference) and all metal salt doped films. Linear fits to the transfer curves were used to estimate

SCIENTIFIC REPORTS |

(2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1

www.nature.com/scientificreports/

(a) 109 (b) ()
-14. _ -dopin
0 odoping oy pdoping T
“““ ST ndoping | 107 Sy e
10 = 02t T “,
) = ® 5
=) ? e < 10
O o a N,
& 107 £ 10° ) =,
\‘& \\\
~~~~~ -5 :
@ n-doping 104 e 10 \\\
100F — === @=--mm—— —— — — - = q \N
p-doping
—s ' - = o = - = “ 10°0= ' = = @
=5 973 o Q o 5 973 o o o s w3 O Q o
93 92 Z 3 O 93 ©2 Z 3 @} 08 ©a z 3 O
S mS 5 . 2 mS = ) 28 mL 3 o)
£3 =% 3 ST & 3 E3 & 3
T H3 n-dopants T HS3 n-dopants T A3 n-dopants

Figure 7. The dependence of the electrical properties of LBA graphene films on the type of metal standard
solution based doping; (a) sheet resistance, and (b) apparent linear hole mobility, and (c) direct current
conductivity to optical conductivity ratio (6pc/0p). Dashed lines in (a—c) serve only as a guide for the eye.

apparent hole mobility of the devices. While the type of majority carriers was not affected by the doping, a signif-
icant (over one order of magnitude) suppression of the field-effect was observed for Li salt dopings of the films.

Figure 7 summarizes electrical properties obtained for all of the measured devices as a function of the different
metal based doping.

The results indicate that anions also play a significant role. In the case of Li-based salts, a large variation of the
electrical properties was obtained by the different choice of the anion species. Nonetheless, the experiments point
out that metal cations dictate the direction of the WF shift (see Fig. 5), as is apparent in the case of H(AuCl,) and
LiCl where only cation species is varied. Our results of metal based doping of LPE graphene films demonstrate
a tradeoff between enhancement of the electrical performance and modulation of the WE. Similar results were
obtained for CVD doping with Li and Au salts*>?. Of a particular technological relevance is large reduction of the
WE of graphene. While many methods for chemical modulation of graphene result in p-type doping*~¢, stable
and simple n-type doping is much harder to achieve?’~*. For an efficient electron injection, a significant reduction
of graphene’s WF is required. As pointed out by WF measurements and electrical characterization, LiNO; is the
best choice from the tested Li-based salts with respect to both the largest WF reduction (by 400 meV) and least
deterioration of the electrical properties of the films with ~2-3 times increase in sheet resistance compared to the
reference (undoped LPE GS).

In contrast, doping of LPE GS films by HNO; vapor results in an increase of the apparent mobility®. However,
using a LiNOj; solution reduces the mobility by one order of magnitude. Therefore, Li* cations — and not anions -
are likely responsible for the deterioration of the electrical properties upon n-doping. An increase of sheet resist-
ance was observed in doping of CVD graphene with alkali metal carbonates and chlorides**?. There, a significant
increase in the sheet resistance was related to the combination of carbon atoms and dopant metals because elec-
tron donation occurred®*. Also, Chen et al. observed that the mobility of the charge carriers decreases with the
increase of the potassium doping concentration which they attributed to additional scattering caused by ionized
potassium atoms**°. It is most likely that Li* cations are acting as scattering centers for the carriers, or provide
traps at the boundaries between neighbouring GSs and effectively increase contact resistance between the over-
lapping GSs.

Finally, considering that the main potential application of these LPE GS films lies in transparent electrodes,
direct current conductivity to optical conductivity ratio (opc/00p) is presented in Fig. 7(c) for all metal standard
solution doping cases and for the reference (undoped). opc/0op is a parameter frequently reported in order to
characterize the relative performance of the films in terms of transparency and sheet resistance!***°!. The higher
the ratio the better the quality of transparent electrodes®. Compared to the changes in the electrical properties
(Fig. 7(a)) the changes in the optical properties (Fig. 2) are minor. Therefore, the dependence of the op,c/0p 0n
the type of the metal-ion doping clearly follows the trend set by 1/R.

X-ray Photoemission Spectroscopy (XPS) measurements. In order to understand Au and Li ion
doping mechanisms XPS measurements were performed. C 1s, Au4fand Li 1 s core-level XPS spectra are shown
in Fig. 8. N 1s, Cl 2p and O 15 spectra are presented as Supplementary Fig. S2. The C 1s peak of undoped and
LiCl, LiNO;, Li,CO;, H(AuCl,) doped LPE GS films is shown on Fig. 8(a). The C 1s peak is deconvoluted using
Gaussian profile into 4 components for undoped and doped films: C=C/C-C in aromatic rings (284.5eV); C-C
sp’ (285.4eV); C-0 (286.6€eV) and C=0 (289€V)*>2. In the case of Li,CO; we can see a small additional peak at
289.2-291.0 eV which can be assigned to carbonate. Detected oxygen peak (C=0) is likely due to the residual
of NMP and oxygen functionalized edges (C-O) on graphene®*. The C=C/C-C peak was shifted to a lower
binding energy by about 0.16, 0.48, 0.10 and 0.83 eV for H(AuCl,), LiCl, LiNO; and Li,CO; doping process,
respectively. The C=C/C-C peak shifts in present work are a consequence of doping by different metal standard
solutions. Kwon et al. have shown that degree of doping was related to the electronegativity of the anion in the
Au complex where anions with a high electronegativity and high bond strength are adequate for use as a p-type

SCIENTIFIC REPORTS |

(2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1

www.nature.com/scientificreports/

a)Cls

Li,CO,
co,”

Intensity (arbit. units)
Intensity (arbit. units)

LiCl

60 58 56 54 52

é Binding energy (eV)

g T T . T T T

£ DA g, Au'4f,,
P |

g Au’'4f,

5

g

H(AuCl,)

c—cic-c] T 292 T 288 284 280

= Intensity (arbit. units)

Binding energy (eV)

|®) o
= o124
£ 3 92 90 88 86 84 82
E| =< 10 15 L.
Z Q =y Binding energy (eV)
Z] LPE GS c.c 81 Lo
£| undoped é 6 1 ©
£ &4 5

— 5]

292 288 284 280 LPEGS |, . . .
Binding energy (eV) undoped Li,CO; LiNO,  Licl
Figure 8. (a) XPS C 1s spectra of undoped and H(AuCl,), LiCl, LiNO;, Li,CO; doped LPE GS films. C=C/C-C
in aromatic rings (284.5eV); C-C sp® (285.4eV); C-O (286.6eV) and C=0 (289 eV) were considered. For
Li,CO; a small additional peak at 289.2-291.0 eV can be assigned to carbonate. (b) Peak intensity ratio for the
sum of C=C/C-C and C-C peaks intensities, and the intensity of C-O, Ic_c/c.c-c.c)/I(c.0y (black line) and the
ratio of Li 1 s intensity from Li salts to Li-O intensity, I;;/I;; o (red line). (¢) XPS Li 1 s spectra for different Li
compounds and for Li-O. (d) The Au 4 f peak in the XPS data of H(AuCl,).

dopant in graphene?®.. Thus, different shifts of C=C/C-C peak for different metal-salt doping materials could be
also a consequence of anions influence on graphene films.

Figure 8(c) show the Li 1s core-level XPS spectra. Literature values for Li 1 s core-level for different Li com-
pounds are: LiCl (56.2eV), Li,CO; (55.5€eV) and LiNOj; (55.8€V)*® and they correspond well to the values
obtained in this work. Li 1 s peak at 55.0 eV is assigned to Li-O bond™. Vijayakumar and Jianzhi have shown that
lithium ion tends to bind with the oxygen rather than the carbon on graphene surface, and interacts by forming
Li-O ionic bond*®. Also Kwon et al. have proposed that C-O-X complexes can be formed during doping treat-
ment and can act as an additional dipole to further reduce the value of WF*-*>%, The intensity ratio between sum
of the intensities of C=C/C-C and C-C peaks, and the intensity of C-O (Iic_c/c.c+c.c)/I(c.0)) is shown in Fig. 8(b).
Also, the ratio of Li 1 s intensity from Li salts to Li-O intensity (I;;/I;; o) can be seen in Fig. 8(b). In both cases,
intensity ratios decrease for Li,COs, LiNOj3, LiCl, respectively and this implies increased formation of C-O and
Li-O bonds. Increased number of Li-O bonds follow the increasing trend of C-O bonds, which is in correlation
with the WF change (Fig. (5d)). The above mentioned results strongly suggest that the mechanism of n-type
doped LPE GS films with lithium-salts could be explained with formation of Li complexes (C-O-Li).

Figure 8(d) show the Au 4 f peak of gold-chloride doped LPE GS film. The peak is composed of metal (Au®)
and metal ion (Au®"). The peaks at 84.2 eV and 87.9 eV are assigned to neutral Au (Au’ 4f,,, and Au® 4f; ,, respec-
tively), and the peaks at 86.5eV and 90.2 eV are assigned to Au ion (Au** 4f;, and Au* 4f;,, respectively). Au
ions (Au®") have positive reduction potential and have tendency to spontaneously accept charges from other
materials (graphene) and reduce to Au® 22256, Therefore, the mechanism of p-doped LPE GS film can be
explained as spontaneous electron transfer from graphene film to Au®*", resulting in depletion of electrons in the
graphene networks, thus increasing the WF of doped graphene.

Conclusion

We demonstrate a straightforward single-step method for forming and doping of LPE GS films by metal standard
solutions through charge transfer processes. Chemical doping of graphene allows to modulate its WF in a very
large range, and therefore potentially enables to use the same electrode material for both, the injection and for the
extraction of the electrons. n-doping of graphene films is achieved by Li-based salts, whereas Au-based salt leads
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to p-doping. Furthermore, solution-processed graphene films are in particular suited for the chemical modula-
tions, since a large number of the sheet edges opens up many adsorption sites and enhances the doping effects
when compared to many other types of graphene.

The morphology of the LPE GS films does not change with the doping process, except that doped films contain
agglomerates. FT-IR measurements point out that graphene basal planes stay chemically unchanged with metal
doping and the charge transfer process is enabled with adsorption of the metal salts. Li-based salts decrease the
WE while Au-based salts increase the WF of the entire film. The maximal doping in both directions gives a signif-
icant range of around 0.7 eV for the work function modulation. Changing the dopant (Au or Li based salts) signif-
icantly affects the electrical properties of the films. In the case of the Li-based salts doping of the film, a significant
suppression of the field-effect mobility and the increase of the sheet resistance was observed. This indicates that
adsorbed Li-anions act as scattering centers for the charges. XPS data indicated that different mechanisms exist in
the case of Au and Li doping. For Au ions spontaneous charge transfer occurred from graphene, thus increasing
WE. In the case of Li doping, potential adsorption sites are a large number of the sheet edges where C-O bonds
are preferential sites for lithium ions and for forming of C-O-Li complexes. In all cases graphene films are p-type,
which is in accordance with KPFM measurements. Also, tradeoft between Li complex which reduce the value of
WF and anion which increase the value of WF could be a reason of such a doping.

Metal salts charge transfer doping — which happens with this single-step method - provides a facile and effec-
tive method to tune the WF of LPE graphene therefore extending the potential use of these materials in low-cost
transparent electrode applications.

Methods

Preparation of GS dispersion and doping solutions. A dispersion of GS in N-methyl-2-pyrrolidone
(NMP, Sigma Aldrich, product no. 328634) has been used. GS dispersion was prepared from graphite powder
(Sigma Aldrich, product no. 332461) of initial concentration 18 mg/mL. The solution was sonicated in a low-
power ultrasonic bath for 14 h. The resulting dispersion was centrifuged for 60 min at 3000 rpm immediately after
the sonication.

Stock standard solutions used in our work for n-doping are 1 mg/mL LiCl, LiNO; and Li,CO; and for
p-doping is 1 mg/mL gold standard solution (Merck, H(AuCl,), product no. 170216). Lithium standard solutions
were prepared from originated Li salts (LiCl, LiNO; and Li,CO;, Merck, product no. 105679, 105653 and 105680,
respectively). By appropriate dilution of the stock solution with deionized water we obtained 0.1 mg/mL metal
water solution which is then used in doping process.

Deposition on a substrate and doping of LPE GS films.  GS dispersion in NMP was used to fabricate
transparent and conductive films by LBA technique at a water-air interface, like in our previous work??*¢!. A
small amount of GS dispersion was added to the water-air interface and after the film was formed it was slowly
scooped onto the target substrate. Applying the same process of fabricating the GS films and using the appropriate
metal standard solution instead of water, chemical doping was achieved. As substrates SiO,/Si wafer were used
for electrical and WF measurements, while quartz and CaF, substrates were chosen for optical and FT-IR spec-
troscopy, respectively.

Characterization of undoped and doped LPE GS films.  The Morphology of LPE GS films was studied
by optical and atomic force microscopy (AFM). Topographic AFM measurements were done by NTEGRA Prima
AFM system and NSGO1 probes with a typical tip radius of around 10 nm. The surface roughness of LPE GS films
was calculated as a root-mean square of the height distribution and averaged on ten 50 x 50 pm? areas.

Kelvin probe force microscopy (KPEM) - established almost three decades ago®? and in the meantime fre-
quently applied to graphene*>*-%5 — was employed in order to characterize changes in the electrical surface poten-
tial and corresponding Fermi level shifts due to doping. For this purpose, we measured the contact potential
difference (CPD) between AFM tip and the sample surface® by using Pt covered NSGO01/Pt probes with a typical
tip curvature radius of 35 nm. In the first pass of KPFM, the sample topography was measured in tapping AFM
mode. In the second pass, the probe was lifted by 20 nm, and moved along the trajectory measured in the first
pass. Simultaneously, the sum of AC and DC voltage was applied between the sample and the probe. The AC volt-
age excites AFM probe oscillations during its movement, while the CPD between AFM tip and the sample surface
in every point is then equal to the value of variable DC voltage which cancels the AFM probe oscillations. For all
samples, the CPD was measured on five 5 x 5 pm? areas, and then averaged. In order to obtain the absolute value
of the work function, the following procedure was applied*?. The CPD is equal to the work function difference
between AFM tip (WF,) and sample (WF,), CPD = WF-WF,. The calibration of the WF, was done by a standard
procedure consisting of KPFM measurements on a freshly cleaved HOPG with a well known work function of 4.6
eV*2 Finally, the sample work function was calculated as WF,=WF, - CPD, where CPD is measured by KPFM
for all, undoped and doped LPE GS films.

The effect of chemical doping on optical properties of LBA GS films was investigated with measurements of
optical transmittance, using UV-VIS spectrophotometer (Beckman Coulter DU 720 UV-VIS Spectrophotometer).

Electrical measurements were performed under ambient conditions in a standard field-effect device configu-
ration with Si substrate acting as a back gate electrode, using Keithley 2636 A SYSTEM SourceMeter. Devices were
based on bottom-contact gold pads defined by a shadow mask with L/W =30 um/1000 um, and SiO, as a gate die-
lectric with thickness of 285 nm. Graphene films were deposited using the same LBA method as described above.
The top surface of the devices was encapsulated by polydimethylsiloxane (PDMS) films (GelPak X4) to ensure sta-
ble performance and minimize any adsorption/desorption during electrical measurements that could occur from
the surroundings (e.g. water vapor). Electrical characterization was performed on several devices of each doping
with metal standard solution, and for undoped films as a reference. For each device ten subsequent forward and
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backward transfer and output curves were measured, using low sweeping rate (~0.005-1 Hz per point in a voltage
sweep) to minimize parasitic capacitance. Sheet resistance and apparent linear field-effect mobility were extracted
using fits to output and transfer curves, respectively. For the output measurements source-drain bias was varied in
arange between —10 V and 410V, with the gate electrode grounded. For transfer measurements, the gate voltage
was varied between 0V and 50 V, with source-drain bias at 1 V in all cases except for Li,CO; where due to a very
weak field-effect (very low mobility) 10 V bias was used.

The room-temperature micro-Raman spectra of undoped and metal salt doped LPE GS films were collected
using Tri Vista 557 triple spectrometer coupled to the liquid nitrogen-cooled CCD detector. Nd:YAG laser line
of 532 nm was used for the excitation and 50 magnification objective was used for focusing the beam onto the
sample. Low laser power (less than 1 mW) was applied to prevent the thermal degradation of the sample. Each
LPE GS film sample was measured at eight different positions.

Fourier transform infrared absorbance spectra (FI-IR spectra) of undoped and metal salt doped LPE GS films
were measured over a range of 400-4000 cm ™! with Nicolet Nexus 470 FT-IR spectrometer. Standard solutions
which were used for the preparation of doped films were measured too and they were prepared by drop casting
method on the CaF, substrate.

XPS spectra were recorded using a Thermo Scientific instrument (K-Alpha spectrometer, Thermo Fisher
Scientific, Waltham, USA) equipped with a monochromatic Al Ko X-ray source (1486.6eV). High-resolution
scans were performed with a pass energy of 50eV and a step size of 0.1 eV. All analyses were performed at room
temperature.

Data availability
The datasets obtained and analysed during the current study that are not included in this article are available from
the corresponding authors on reasonable request.

Received: 17 June 2019; Accepted: 28 April 2020;
Published online: 21 May 2020

References
. Geim, A. K. Graphene: Status and prospects. Science 324, 1530-1534 (2009).
. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191 (2007).
. Novoselov, K. S. et al. Room-temperature quantum hall effect in graphene. Science 315, 1379-1379 (2007).
. Bonaccorso, E, Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics. Nat. Photonics 4, 611-622 (2010).
. Kwon, K. C,, Kim, B. ], Lee, J. L. & Kim, S. Y. Role of ionic chlorine in the thermal degradation of metal chloride-doped graphene
sheets. J. Mater. Chem. C 1, 253-259 (2013).
6. Ferrari, A. C. et al. Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems. Nanoscale
7,4598-4810 (2015).
7. Backes, C. et al. Guidelines for exfoliation, characterization and processing of layered materials produced by liquid exfoliation.
Chem. Mater. 29, 243-255 (2017).
. Li, X. et al. Highly conducting graphene sheets and Langmuir-Blodgett films. Nat. Nanotechnol. 3, 538-542 (2008).
9. Matkovi¢, A. et al. Enhanced sheet conductivity of Langmuir-Blodgett assembled graphene thin films by chemical doping. 2D Mater
3, 015002 (2016).
10. Lee, S. K. et al. All graphene-based thin film transistors on flexible plastic substrates. Nano Lett. 12, 3472-3476 (2012).
11. Zheng, Q. et al. Transparent conductive films consisting of ultralarge graphene sheets produced by Langmuir-Blodgett assembly.
ACS Nano 5, 6039-6051 (2011).
12. Park, J. et al. Work-function engineering of graphene electrodes by self-assembled monolayers for high-performance organic field-
effect transistors. J. Phys. Chem. Lett. 2, 841-845 (2011).
13. Tong, S. W,, Wang, Y., Zheng, Y., Ng, M. E. & Loh, K. P. Graphene intermediate layer in tandem organic photovoltaic cells. Adv. Funct.
Mater. 21, 4430-4435 (2011).
14. Wang, Y., Tong, S. W,, Xu, X. F, Ozyilmaz, B. & Loh, K. P. Interface engineering of layer-by-layer stacked graphene anodes for high-
performance organic solar cells. Adv. Mater. 23, 1514-1518 (2011).
15. Wu, J. et al. Organic light-emitting diodes on solution-processed graphene transparent electrodes. ACS Nano 4, 43-48 (2010).
16. Wang, X., Zhi, L. & Mullen, K. Transparent, conductive graphene electrodes for dye-sensitized solar cells. Nano Lett. 8, 323-327
(2008).
17. Alfano, B. et al. Modulating the sensing properties of graphene through an eco-friendly metal-decoration process. Sensors Actuators,
B Chem. 222,1032-1042 (2016).
18. Lynch, P, Khan, U, Harvey, A., Ahmed, I. & Coleman, J. N. Graphene-MoS2 nanosheet composites as electrodes for dye sensitised
solar cells. Mater. Res. Express 3,035007 (2016).
19. Mosciatti, T. et al. A multifunctional polymer-graphene thin-film transistor with tunable transport regimes. ACS Nano 9, 2357-2367
(2015).
20. Giubileo, F. & Di Bartolomeo, A. The role of contact resistance in graphene field-effect devices. Prog. Surf. Sci. 92, 143-175 (2017).
21. Kwon, K. C,, Kim, B. ], Lee, J. L. & Kim, S. Y. Effect of anions in Au complexes on doping and degradation of graphene. J. Mater.
Chem. C 1,2463-2469 (2013).
22. Kwon, K. C,, Choi, K. S. & Kim, S. Y. Increased work function in few-layer graphene sheets via metal chloride doping. Adv. Funct.
Mater. 22, 4724-4731 (2012).
23. Kwon, K. C,, Choi, K. S., Kim, B. ], Lee, J. L. & Kim, S. Y. Work-function decrease of graphene sheet using alkali metal carbonates. J.
Phys. Chem. C 116, 26586-26591 (2012).
24. Huang, ]. H,, Fang, J. H,, Liu, C. C. & Chu, C. W. Effective work function modulation of graphene/carbon nanotube composite films
as transparent cathodes for organic optoelectronics. ACS Nano 5, 6262-6271 (2011).
25. Kwon, K. C., Choi, K. S., Kim, C. & Kim, S. Y. Role of metal cations in alkali metal chloride doped graphene. J. Phys. Chem. C 118,
8187-8193 (2014).
26. Wang, X., Xu, J. B., Xie, W. & Du, J. Quantitative analysis of graphene doping by organic molecular charge transfer. J. Phys. Chem. C
115, 7596-7602 (2011).
27. Shin, H.J. et al. Control of electronic structure of graphene by various dopants and their effects on a nanogenerator. J. Am. Chem.
Soc. 132, 15603-15609 (2010).
28. Shi, Y. et al. Work function engineering of graphene electrode via chemical doping. ACS Nano 4, 2689-2694 (2010).

G W N =

o

SCIENTIFIC REPORTS |

(2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1

www.nature.com/scientificreports/

29.

30.
31.

32.
33,

34,

35.

36.

37.

38.

39.

40.

41

42.
43.
44.
45.

46.
47.

48.

49.
50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

Tomasevi¢-Ili¢, T. et al. Reducing sheet resistance of self-assembled transparent graphene films by defect patching and doping with
UV/ozone treatment. Appl. Surf. Sci. 458, 446-453 (2018).

Matkovié, A. et al. Spectroscopic imaging ellipsometry and Fano resonance modeling of graphene. J. Appl. Phys. 112, 123523 (2012).
Bracamonte, M. V., Lacconi, G. I, Urreta, S. E. & Foa Torres, L. E. E. E. On the nature of defects in liquid-phase exfoliated graphene.
J. Phys. Chem. C 118, 15455-15459 (2014).

Eckmann, A. et al. Probing the nature of defects in graphene by Raman spectroscopy. Nano Lett. 12, 3925-3930 (2012).

Rytel, K. et al. Ultrasonication-induced sp3 hybridization defects in Langmuir-Schaefer layers of turbostratic graphene. Phys. Chem.
Chem. Phys. 20, 12777-12784 (2018).

Eckmann, A., Felten, A., Verzhbitskiy, L., Davey, R. & Casiraghi, C. Raman study on defective graphene: Effect of the excitation
energy, type, and amount of defects. Phys. Rev. B - Condens. Matter Mater. Phys. 88, 035426 (2013).

Drewniak, S. et al. Studies of reduced graphene oxide and graphite oxide in the aspect of their possible application in gas sensors.
Sensors 16,103 (2016).

Kim, W. J., Basavaraja, C., Thinh, P. X. & Huh, D. S. Structural characterization and DC conductivity of honeycomb-patterned
poly(e-caprolactone)/gold nanoparticle-reduced graphite oxide composite films. Mater. Lett. 90, 14-18 (2013).

Tucureanu, V., Matei, A. & Avram, A. M. FTIR spectroscopy for carbon family study. Crit. Rev. Anal. Chem. 46, 502-520 (2016).
Wu, X. et al. One-step freezing temperature crystallization of layered rare-earth hydroxide (Ln2(OH)5NO3-nH20) nanosheets for
a wide spectrum of Ln (Ln = Pr-Er, and Y), anion exchange with fluorine and sulfate, and microscopic coordination probed via
photoluminescence. J. Mater. Chem. C 3, 3428-3437 (2015).

Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds. Part A: Theory and Applications in
Inorganic Chemistry; Part B: Application in Coordination, Organometallic, and Bioinorganic Chemistry, 5th Edition (Nakamoto,
Kazuo). John Wiley and Sons (John Wiley and Sons, 2009).

Geng, E et al. New layered rare-earth hydroxides with anion-exchange properties. Chem. Eur. J. 14, 9255-9260 (2008).

. Lefévre, G. In situ Fourier-transform infrared spectroscopy studies of inorganic ions adsorption on metal oxides and hydroxides.

Adv. Colloid Interface Sci. 107, 109-123 (2004).

Yu, Y. et al. Tuning the graphene work function by electric field effect. Nano Lett. 9, 3430-3434 (2009).

Levesque, P. L. et al. Probing charge transfer at surfaces using graphene transistors. Nano Lett. 11, 132-137 (2011).

Kuruvila, A. et al. Organic light emitting diodes with environmentally and thermally stable doped graphene electrodes. J. Mater.
Chem. C 2, 6940-6945 (2014).

Meyer, J. et al. Metal oxide induced charge transfer doping and band alignment of graphene electrodes for efficient organic light
emitting diodes. Sci. Rep 4, 5380 (2014).

Matkovi¢, A. et al. Probing charge transfer between molecular semiconductors and graphene. Sci. Rep 7, 9544 (2017).

Sanders, S. et al. Engineering high charge transfer n-doping of graphene electrodes and its application to organic electronics.
Nanoscale 7, 13135-13142 (2015).

Han, K. S. et al. A non-destructive n-doping method for graphene with precise control of electronic properties via atomic layer
deposition. Nanoscale 8, 5000-5005 (2016).

Chen, J. H. et al. Charged-impurity scattering in graphene. Nat. Phys. 4, 377-381 (2008).

Pinto, H. & Markevich, A. Electronic and electrochemical doping of graphene by surface adsorbates. Beilstein J. Nanotechnol 5,
1842-1848 (2014).

De, S. & Coleman, J. N. Are there fundamental limitations on the sheet resistance and transmittance of thin graphene films? ACS
Nano 4,2713-2720 (2010).

Benayad, A. et al. Controlling work function of reduced graphite oxide with Au-ion concentration. Chem. Phys. Lett. 475, 91-95
(2009).

Lépez, G. P, Castner, D. G. & Ratner, B. D. XPS O 1s binding energies for polymers containing hydroxyl, ether, ketone and ester
groups. Surf. Interface Anal. 17,267-272 (1991).

Hernandez, Y. et al. High-yield production of graphene by liquid-phase exfoliation of graphite. Nat. Nanotechnol 3, 563-568 (2008).
Kim, H. et al. Optoelectronic properties of graphene thin films deposited by a Langmuir-Blodgett assembly. Nanoscale 5,
12365-12374 (2013).

Naumkin, A. V,, Kraut-Vass, A., Gaarenstroom, S. W. & Powell, C. J. NIST X-ray photoelectron spectroscopy database. Available at:
https://srdata.nist.gov/xps/EngElmSrchQuery.aspx?EType=PE&CSOpt=Retri_ex_dat&Elm=Li. (2019).

Moulder, J. E, Stickle, W. E, Sobol, P. E. & Bomben, K. D. Hanbook of X-ray photoelectron spectroscopy. Reference book of standard
spectra for indentification and interpretation of XPS data (Perkin-Elmer Corporation, Physical Electronic division, 1992).
Vijayakumar, M. & Jianzhi, H. Exploring the interaction between lithium ion and defective graphene surface using dispersion
corrected DFT studies. ECS Trans 53, 23-32 (2013).

Pickett, W. E. Negative electron affinity and low work function surface: Cesium on oxygenated diamond (100). Phys. Rev. Lett. 73,
1664-1667 (1994).

Syu, J. Y. et al. Wide-range work-function tuning of active graphene transparent electrodes via hole doping. RSC Adv. 6, 32746-32756
(2016).

Tomasevi¢-1li¢, T. et al. Transparent and conductive films from liquid phase exfoliated graphene. Opt. Quantum Electron. 48, 319
(2016).

Nonnenmacher, M., O’Boyle, M. P. & Wickramasinghe, H. K. Kelvin probe force microscopy. Appl. Phys. Lett. 58,2921-2923 (1991).
Vasi¢, B. et al. Atomic force microscopy based manipulation of graphene using dynamic plowing lithography. Nanotechnology 24,
015303 (2013).

Vasi¢, B. et al. Low-friction, wear-resistant, and electrically homogeneous multilayer graphene grown by chemical vapor deposition
on molybdenum. Appl. Surf. Sci. 509, 144792 (2020).

Panchal, V., Pearce, R., Yakimova, R., Tzalenchuk, A. & Kazakova, O. Standardization of surface potential measurements of graphene
domains. Sci. Rep 3, 2597 (2013).

Udum, Y. et al. Inverted bulk-heterojunction solar cell with cross-linked hole-blocking layer. Org. Electron. 15, 997-1001 (2014).

Acknowledgements

This work has been supported from the Serbian MPNTR through projects OI 171005, OI 171032, 451-03-
02141/2017-09/32 and with support from the Lise Meitner fellowship by Austrian Science Fund (FWF): M 2323-
N36. We further acknowledge support by the Austrian Academic Exchange Service (OeAD) via the project SRB
13/2018.

Author contributions

I.M. devised the concept of LPE GS films doping with metal standard solutions in the single-step method. .M.
and J.V. prepared LPE dispersions and fabricated undoped and doped LPE GS films on different substrates.
B.V. did AFM and KPFM measurements, A.M. performed electrical measurements, I.M. and J.V. did FTIR
measurements, S.A. and L. M. performed Raman measurements and I.M., T.G, M.K., S.A. and J.V. performed and

SCIENTIFICREPORTS|  (2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1

www.nature.com/scientificreports/

processed XPS measurements. C.T. and R.G. oversaw the study. .M., A.M. and B.V. wrote the manuscript. All
authors discussed and analysed the results and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65379-1.

Correspondence and requests for materials should be addressed to L.R.M. or A.M.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1
https://doi.org/10.1038/s41598-020-65379-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

Single-step fabrication and work function engineering of
Langmuir-Blodgett assembled few-layer graphene films
with Li and Au salts

Ivana R. MiloSevié'”, Borislav Vasié¢!, Aleksandar Matkovi¢>", Jasna Vujin?, Sonja
ASkrabi¢®, Markus Kratzer?, Thomas Griesser®, Christian Teichert? and Rado$ Gaji¢'

!Laboratory for Graphene, other 2D Materials and Ordered Nanostructures of Center for Solid
State Physics and New Materials, Institute of Physics, University of Belgrade, Pregrevica 118,
11080 Belgrade, Serbia

2Institute of Physics, Montanuniversitit Leoben, Franz Josef Str. 18, 8700 Leoben, Austria
3Nanostructured Matter Laboratory of Center for Solid State Physics and New Materials,
Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
*Institute of Chemistry of Polymeric Materials, Montanuniversitaet Leoben, Otto-Gloeckel-
Stralle 2, 8700 Leoben, Austria

“novovic@ipb.ac.rs
“aleksandar.matkovic@unileoben.ac.at



mailto:*novovic@ipb.ac.rs
mailto:*aleksandar.matkovic@

Ip [A]

S1: Transfer characteristics

" reference , X
(a) 2 gg2d0? 'lt‘ er em'c ' (b) s 05 II(‘\u('l4) dope'd films '
Hy = 4.93 x] 02 cm/Vs = 1.22 % 10°! em2/Vs
Yan=1V'1 450 Vep=1V |

2.54 = = - = 4.25 N N N "
0 10 20 30 40 50 0 10 20 30 40 50
Vsa [V] Vse V]
T %106 i LiNO; doped films ( ) S x10 i LiCl doped films (e) 9.5 X10° Li,( f); (lope('l films

9.00F

8.95

pp, = 8.70 X107 em?/Vs = 2.53 x10°* em?/Vs

9.0F

8.8F &"A\*“

A2, -

Ip [A]
Ip [A]

": S

0

My = 5.20 x10° cm?/Vs

Vep=10V

1‘() 2.0 3.0 4.() 50 0 1.0 2.0 3.0 4‘0 50 _ 0 ]‘() 2‘0 2‘()
Vsg [V] Vsg [V] Vse [V]
Figure S1: Transfer characteristics. (a) Reference LBA GS film, formed at the interface DI
water-air without introduction of salts. (b-e) H(AuCls), LiNOs, LiCl, and Li>COs doped LBA
GS films. Red lines represent five subsequent forward and backward sweeps. Black lines are
linear fits used to estimate apparent hole mobility of the FETs. Source-drain bias (Vsp) was set
to 1 V in all cases, except for Li.COs-doping where due to low conductivity of the films
Vsp = 10 V. The slopes of the curves indicate that within the accessible range of source-gate
bias (Vsg), holes are majority carriers. Charge neutrality point was not reached within the
available Vsc range (limited by SiO> dielectric breakdown). The gate leakage current was in all
cases below 1 nA.
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S2: X-ray Photoemission Spectroscopy core-level spectra for O 1s, N 1s and Cl 2p
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Figure S2: (a) The O 1s core-level XPS spectra for LPE GS undoped and H(AuCls), LiNOg,
LiCl and Li,CO3 doped films. The O 1s spectra can be deconvoluted in 2 components: C-O
(533.6 eV) and C=0 (532 eV)'. (b) The XPS N 1s spectra (400.0 eV) indicating nitrogen®3
presence in undoped and metal-doped films likely due to the residual of NMP/Nitrate peak* for
LiNOs3 doped graphene films at 407.3 eV (inset). ¢) The XPS CI 2p spectra for H(AuCls) and
LiCl doped LBA GS films. Literature data for Cl 2ps2 and Cl 2p in the case of H(AuCls) are
198.4 eV* and 199.8 eV° and for LiCl are 198.8 eV* and 200.4* eV, respectively.
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S3: KPFM measurements

CPD of investigated samples was measured by KPFM. It is very convenient technique for
investigations of inhomogeneous samples in order to resolve spatial variations of electrical
properties at micro- and nano-scale, which is not possible by other techniques. We did KPFM
measurements on several (5-6) different 5x5 pm? areas on every sample and then averaged
them. We observed that the CPD is quite homogeneous and constant despite of inhomogeneity
of sample morphology.

Typical example is given in Fig. S3 which depicts topography (left column), CPD maps (middle
column) and corresponding CPD histograms (right column) for six different 5x5 pm? areas of
the LPE graphene film doped with H(AuCls). As can be seen, the morphology is quite
inhomogeneous. On the other hand, all CPD histograms are characterized with single and well
defined peaks positioned at -187 mV, -181 mV, -157 mV, -179 mV, -168 mV, and -162 mV.
The average CPD is -172+15 mV. All CPD histograms are shown together in Fig. S4 for clarity.
The peaks do not shift appreciably while the deviation is only 15 mV which is less than 10%.
Similar procedure was repeated for all investigated samples and the results are summarized in
Fig. S5. It depicts measured distributions of CPD for doped LPE GS films for different dopants,
with respect to the undoped LPE GS film taken as a reference. Shifting of CPD peaks is clearly
resolved demonstrating efficiency of KPFM for studying doping of LPE graphene films.
KPFM was used to calibrate the WF of AFM tips as well. This was done by KPFM
measurements on a freshly cleaved HOPG with a well-known work function of 4.6 eV. The
average CPD measured on HOPG with Pt covered NSGO1/Pt probes was 460 mV. Therefore,
the calculated tip work function was WF=WFnorc+CPD(HOPG)=5.06 eV. Finally, the sample
work function was calculated as WFs = WF; - CPD, where CPD is measured by KPFM on LPE
GS films. In the case of the LPE graphene film doped with H(AuCls), the measured WF was
5.232 eV and this is the value presented in Fig. 5(d) of the main manuscript for H(AuCls). The
same calculations for WF were done for other samples as well.
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Figure S3: Topography, CPD maps and corresponding CPD histograms for six different

5x5 um? areas of the LPE graphene film doped with H(AuCl.).
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Figure S4: CPD histograms for six different 5x5 um? areas of the LPE graphene film doped
with H(AuCl4) from Figure S3.
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Figure S5: Measured distributions of CPD for doped LPE GS films for different dopants,
with respect to the undoped LPE GS film taken as a reference
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Abstract: The ionospheric D-region affects propagation of electromagnetic waves including ground-
based signals and satellite signals during its intensive disturbances. Consequently, the modeling
of electromagnetic propagation in the D-region is important in many technological domains. One
of sources of uncertainty in the modeling of the disturbed D-region is the poor knowledge of its
parameters in the quiet state at the considered location and time period. We present the Quiet
Ionospheric D-Region (QlonDR) model based on data collected in the ionospheric D-region remote
sensing by very low /low frequency (VLF/LF) signals and the Long-Wave Propagation Capability
(LWPC) numerical model. The QlonDR model provides both Wait’s parameters and the electron
density in the D-region area of interest at a given daytime interval. The proposed model consists
of two steps. In the first step, Wait’s parameters are modeled during the quiet midday periods as a
function of the daily sunspot number, related to the long-term variations during solar cycle, and the
seasonal parameter, providing the seasonal variations. In the second step, the output of the first step
is used to model Wait’s parameters during the whole daytime. The proposed model is applied to
VLF data acquired in Serbia and related to the DHO and ICV signals emitted in Germany and Italy,
respectively. As a result, the proposed methodology provides a numerical tool to model the daytime
Wait’s parameters over the middle and low latitudes and an analytical expression valid over a part of
Europe for midday parameters.

Keywords: ionosphere; D-region; VLF/LF signals; remote sensing; quiet conditions; modeling

1. Introduction

The ionosphere is the upper atmospheric layer that, due to its electrical properties,
affects the propagation of electromagnetic waves [1,2]. This property is of high significance
in many fields that include application of data obtained by different kinds of microwave
signals (like the Global Navigation Satellite System (GNSS) [3-8] and Synthetic aperture
radar (SAR) interferometry meteorology [9]), and both signal and ionospheric character-
istics have influence on changes in signal propagation within this medium. For example,
telecommunication signals emitted from the ground are affected by the ionosphere below
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the signal reflection height, while satellite signals are primarily affected by the F-region
due to the largest values of electron density in the altitude domain located in this region.

Research of ionospheric properties is a very complex task because of permanent
influences coming from outer space and different terrestrial layers. For this reason, it is of
crucial importance to include as many observational data as possible in their modeling.
For example, although the unperturbed D-region has not visible influences on satellite
signal propagation, the recent results presented in Reference [10] show the importance of
inclusion of its effects during intensive disturbances that are not considered in existing
models (see, for example, Reference [11-13]).

Application of the specific technique for remote sensing of the ionosphere depends on
the altitude domain. In addition, the choice of a particular analysis methodology depends
on temporal and spatial characteristics of the collected data. The remote sensing of the
lower ionosphere based on the propagation of very low /low frequency (VLF/LF) radio
signals is an effective means to collect continuous observations the covering areas. These
signals can propagate several thousand kilometres within the Earth-ionosphere waveguide,
and the global observational setup is based on numerous worldwide located transmitters,
and receivers. The VLF/LF receivers have the possibility of simultaneous monitoring
of several signals coming from different directions with time sampling shorter than 1 s.
For this reason, the databases collected by a particular receiver contain information that
can be used in analyses of local and global, short and long-term variations. Because of
these properties, this type of remote sensing is used in studies of how many terrestrial
and extraterrestrial phenomena influence the lower ionosphere and, consequently, the
propagation of electromagnetic waves which can significantly be affected by the disturbed
D-region [14-21].

There are several models for modeling the VLF/LF propagation in the Earth iono-
sphere waveguide, such as the Long-Wave Propagation Capability (LWPC) program [22],
finite-difference time-domain (FDTD) method [23], coupled beams and effective complex
impedance model [24], and Modefinder [25]. These models are used in many studies
for determination of ionospheric parameters where characteristics of the considered area,
the ionospheric state and properties of the analyzed disturbances affect the possibility of
applying certain approximations. For example, during quiet conditions or during distur-
bances that do not affect the horizontal uniformity of the observed D-region it is possible
to assume only altitude variations of the ionospheric plasma parameters, while, in the case
of local disturbances caused by for example day-night transitions along the propagation
path and lightnings, it is necessary to take into account both the vertical and horizontal
variations of these parameters. The horizontal uniform ionosphere is analyzed in many
papers using the LWPC and Modefinder models [10,26-31]. As an example, some localized
perturbations of the ionosphere are considered in Reference [32]. FDTD method was used
to model the day-night transitions along the propagation path (see, for example, Refer-
ence [23]). Effects of the geomagnetic field and its variations which can induce the need
to include gyrotropy and anisotropy into account are most important in analyses of the
high-latitude lower ionosphere, while, in the mid-latitude areas, effects of variations in the
geomagnetic field should be taken into account during large geophysical disturbances of
the Lithosphere-Atmosphere-lonosphere-Magnetosphere system caused by large magnetic
storms, hurricanes, etc. [24]. In this paper, we present a model of the daytime D-region
parameters under quiet conditions which is based on data recorded in ionospheric remote
sensing by VLF/LF signals and LWPC program that simulates their propagation. The
chosen time period, in absence of local intensive geophysical disturbances (induced by,
for example, solar terminator, lightnings, and hurricanes) which are followed by signifi-
cant anisotropy, allows us to assume a horizontally uniform ionosphere. In addition, we
consider mid- and low-latitude domains where influence of the magnetic field variations
on the considered signals (the presented model is relevant for not too long propagation
paths of VLF/LF signals which are reflected at altitudes below 76 km) is not significant
under quiet conditions. To calculate the quiet D-region parameters, we also include into
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the consideration the analysis of disturbances induced by solar X-ray flares during the
mid-day period when the indicated approximations are also justified and already used in
many previous studies [10,26-31]. This is possible because solar X-ray flares do not cause
local disturbances and induce practically horizontally uniform perturbations, especially
within not too large areas, during the mid-day period.

Modeling of the solar X-ray flare perturbed D-region based on data obtained in its
remote sensing by the VLF/LF signals assumes two approximations: (1) the lower iono-
sphere is usually considered as a horizontal uniform medium, and (2) the parameters in
quiet conditions are considered as known quantity in which values are determined in
previous statistical studies that, generally, do not represent the considered periods and
areas. As we already said, the first approximation is good for a not too long propagation
path of the considered signal and for daytime periods of a few hours around midday (this
period depends on the season) in absence of intensive local disturbances. However, the
second approximation can significantly affect the modeling, and this task was a subject of
several studies which focused attention on the electron density and Wait’s parameters (the
“sharpness” and signal reflection height). There are several methodologies used in these
studies. They are based on the broad-band detection of radio atmospherics in periods of
lightning activities and detection of the narrow-band VLF signals. A technique to measure
the local mid-latitude daytime D-region parameters from the Earth-ionosphere waveg-
uide mode interference pattern in spectra of radio atmospherics launched by lightning
discharges, presented in Reference [33], is limited to periods of lightning activities. In
the cases based on the analysis of narrow-band VLF signals, properties of modeling and
necessary approximations which affect certainty of its applications strongly depend on
geographical location of the considered transmitters and receivers. Namely, if the propaga-
tion path of the considered VLF signal is very long, as, for example, in the case of studies
based on data recorded by receiver located in New Zealand from which transmitters are
more than 10,000 km away [34-36], it is necessary to include changes in Wait’s parameters
along the length of the path [34,35]. These changes provide additional possibilities for
errors in modeling due to necessary approximations and changes in the ionosphere due to
periodical and sudden events. Of course, increasing the propagation path length induces
more effects of local disturbances which also affect the model certainty. Analyses of more
receivers and transmitters can reduce these problems. A procedure for these ionospheric
parameters modeling is given in Reference [37], where data for three signals recorded by
six receivers are considered. In the mentioned studies, related to the considered areas,
there are presented dependencies of the daytime Wait’s parameters on zenith angle during
the solar maximum and minimum [34,35], on both zenith angle and local time [33], and
dependencies of the signal reflection height on zenith angle for different seasons [35].
Expressions which provide dependencies of Wait’s parameters on more variables (zenith
angle, season, smoothed sunspot number, latitude, and geomagnetic field) is presented in
Reference [38]. However, the equations related to calculation of the signal reflection height
cannot be applied to the newer sunspot datasets because one of these equations includes
the Ziirich sunspot number which refers to production of the sunspot number before 1981.

All these problems and the importance of determination of the quiet D-region param-
eters for many technologies motivate us to develop a model of the D-region which can be
applied to shorter signal paths which significantly reduces disadvantages induced by the
long distance signal propagation, and that includes the influences of:

* long-term variations (about 11 years) in solar radiations during solar cycle;
e  seasonal variations (due to Earth’s revolution);

¢  daytime periodical changes; and

*  sudden mid- and short-term influences

on the D-region properties. In other words, the aim of this study is to develop a procedure
that will make it possible to take advantage of densely spaced VLF/LF transmitters and
receivers, like those in Europe, to accurately model the D-region parameters in the area of
interest and for the considered time period.
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In this paper, we present the Quiet Ionospheric D-Region (QlonDR) model which
provides a procedure for the determination of the D-region plasma parameters in quiet
conditions using the VLF/LF observational data for the considered area in mid- and
low-latitude domains, and the considered time period. The QlonDR model provides an
analysis of the Wait’s parameters “sharpness” and signal reflection height. Determination
of these parameters is important because knowing them allows computation of the D-
region electron density N and, consequently, many other parameters, using different
models [28,31,33,34,39,40]. As a result, in this study we also show the modeled electron
density. To visualize the QlonDR model output, we apply it to data for the DHO and ICV
signals emitted in Germany and Italy, respectively, and recorded in Serbia.

The article is organized as follows. The proposed methodology is presented in
Section 2, while the analyses of observations and events are given in Section 3. Appli-
cation of the QlonDR model on the DHO and ICV signals recorded in Belgrade is shown in
Section 4, and conclusions of this study are given in Section 5.

2. Methodology

In this section, we describe a methodology for modeling Wait’s parameters Sy and
H|, and the electron density N in the quiet ionospheric D-region. This methodology is
based on data obtained by the VLE/LF remote sensing of this atmospheric layer, using
two VLF/LF signals, and the satellite X-ray flux data needed to determine the periods of
ionospheric disturbances induced by solar X-ray flares.

To model propagation of the VLF/LF signal, we use the LWPC program. It models
characteristics of the chosen signal considering its propagation in the Earth-ionosphere
waveguide. Properties of the bottom boundary are based on the Westinghouse Geophysics
Laboratory conductivity map [41], while the upper boundary is characterized by a con-
ductivity that may be specified by the user. In this paper, we used Wait’s model of the
ionosphere [42] which describes the horizontally homogeneous exponential conductivity
profile by conductivity parameter w;:

wr(h) = wi(h)/v(h), 1)

where wy(h) and v(h) are the electron plasma frequency and effective electron-neutral
collision frequency, respectively. The first parameter can be obtained from the electron
density Ne (w3(h) ~ 3180Ne), while dependency of the collision frequency v on the
altitude 1 is given by an approximative equation based on experimental data presented in
Reference [43,44]:

v(h) = 1.82 x 10'e 701", @)

Finally, according to the obtained vertical profiles of w; shown in Reference [42], an
approximative equation for this parameter is given in the following form:

we(h) = 2.5 x 1% —H'), ®

where the parameters p and H' are known as Wait’s parameters and called “sharpness”
and signal reflection height, respectively. These parameters are input parameters in the
LWPC program. wy is used for calculation of the reflection coefficient (the phase of the
reflection coefficient is referred to the level where w, = 2.5 x 10° s~!) which is also
dependent on the magnetic field. In Reference [42], it is assumed that the geomagnetic
field is purely transverse. This approximation is possible because, for arbitrary directions
of propagations, it has been indicated that transverse component of the geomagnetic field
is most important for reflection of VLF radio waves at highly oblique incidence. Finally,
the reflection coefficient is used in a mode theory calculations, which are described in
Reference [42]. The output of LWPC program are the modeled amplitude and phase for
input parameters and observed signal. Detailed descriptions of the LWPC and Wait’s
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models are given in Reference [22,42], while their application in the QlonDR model is
described in detail in this Section.

Figure 1 shows the work-logic of the proposed methodology. It is split in the following
two procedures related to the time period of the analysis of ionospheric parameters: (1) the
Midday procedure (MDP), and (2) the Daytime procedure (DTP), detailed in Sections 2.1
and 2.2, respectively.

J ) )
Main and auxiliary .
[ VLFILF signals ] GOES satellite
J
\\
Sub-MDP-1 Sub-MDP-1a
=
Wait’s parameters before 8
a solar X-ray flare Sub-MDP-1b >
v g )
. )
Dependency of Wait’s parameters on
solar cycle period and season
(during midday)
= J
™~
Main VLFILF signal
! 2
> 3
d
Modelling of Wait’s parameters %
for the main signal
(during daytime)

o’

Figure 1. Diagram of the proposed methodology. It consists of two procedures, Midday procedure
(MDP) and Daytime procedure (DTP), which are used for the midday and daytime periods. The
VLE/LF signals and GOES data are given in input to MDP, which is split in two sub-procedures
Sub-MDP-1, to estimate Wait’s parameters before a solar X-ray flare, and Sub-MDP-2 to model the
dependency of these parameters on the solar cycle period and season at midday. To a finer detail,
Sub-MDP-1 is further split in Sub-MDP-1a and Sub-MDP-1b, corresponding to the analyses of a
signal s and a disturbed state i of an X-ray flare XF, and determination of Wait’s parameters in quiet
conditions before a solar X-ray flare XF, respectively. DTP requires as input both the output of MDP
and VLF/LF signals to model the daytime evolution of Wait’s parameters.

2.1. Midday Periods

First, we analyze the changes in the midday ionospheric parameters induced by solar
X-ray flares detected by the GOES satellite which occurred in midday periods. We process
the recorded amplitudes and phases of both main and auxiliary VLF/LF signals in order
to determine changes of these values at two different times during the solar X-ray flare
influence with respect to their values before the disturbance (see Section 2.1.1). These
changes are further used as input parameters in MDP (Section 2.1.2) which consists of two
sub-procedures, first to determine Wait’s parameters before a solar X-ray flare, and second
to estimate the dependency of these parameters on the solar cycle period and season at
the midday. The first sub-procedure is further split in Sub-MDP-1a and Sub-MDP-1b,
corresponding to the analyses of a signal s and a disturbed state i of an X-ray flare XF (XF
in general is notation for particular flare; as an example see Table 1), and the determination
of Wait’s parameters in the quiet conditions before a solar X-ray flare XF, respectively.
The output of Sub-MDP-1 consists of Wait’s parameters for all considered X-ray flares.
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Their values are further fitted in Sub-MDP-2 which provides two functions describing the
dependencies of Wait’s parameters on the solar sunspot number and season. These two
analytical expressions are the output of MDP, and they are used to model the daytime
evolution of Wait’s parameters in DTP using the amplitude and phase of VLF/LF signals
(Section 2.2).

2.1.1. VLF/LF Signal Processing

When an X-ray flare occurs, the main and auxiliary VLF/LF signals are processed,
taking both the amplitude and phase, in order to detect changes with respect to their values
in quiet conditions before an X-ray flare. Figure 2 shows an example of temporal evolutions
of signals’” amplitude and phase, where their values in quiet and pertubed conditions are
emphasized. These amplitude and phase values are needed in processing steps described
in the following:

1.  Determination of the amplitude AX® of signal s in a quiet state before an X-ray
flare XF. To find this value for both VLF/LF signals, we consider three time bins
of length Aty;, (in our processing we use Atp;,, = 20 s) within a time window of a
few minutes before the signal perturbation. The amplitude A} is defined as the
minimum of median values of recorded amplitudes in each bin, while the maximal
absolute deviation of the recorded amplitudes in the considered bins from the median
value is used as a figure for its absolute error dAJ™. In the following, we use “d” for
the absolute error and “A” to denote the difference between the amplitudes at two
different times during the disturbance and quiet state.

2. Determination of the reference phase Pr)gf:s of a signal s during an X-ray flare XF.

The recorded phase of a VLE/LF signal represents the phase deviation of the consid-
ered signal with respect to the phase generated at the receiver. For this reason, the
recorded phase has a component of constant slope that should be removed. A linear
fit is performed through five points, three before the signal perturbation and two at
the end of the considered observation interval, is performed. Phase values at these
points are determined in the same way as in the procedure for amplitude estimation
as described in point 1). For each time bin At, we compute the median value of phase
samples. Furthermore, the largest deviation of phase values within each bin is used
to estimate the absolute error dPﬁélf:S of the reference phase.
It is worth noting that disturbances induced by a solar X-ray flare can last from several
tenth of minutes to over one hour. For this reason, quiet conditions can be different
before and after disturbances. In addition, it is possible that some sudden events or
some technical problem affect at least one signal in a time interval starting after the
one used in this study. For instance, in Figure 2, we show a visible increase in the
“quiet” visible increase in the “quiet” phase of about 15° and 5° for the DHO and ICV
signals, respectively.

3.  Determination of differences in the amplitude AAX¥Si and phase APXF*! of the
signal s during a disturbance induced by a solar X-ray flare XF in state i with
respect to quiet conditions. To avoid any dependence of results on the selection
of time, we perform twice the analysis of changes in the signal parameters with
respect to the initial, unperturbed state, by selecting two different times which are
emphasized by vertical dashed and dotted lines in right panels in Figure 2 displaying
time evolutions of the amplitude (AAXFST = AXFs(,) — Ag(FS) and phase (APXFst =
PX¥s(t) — PXES(1)) changes for both signals during the disturbance induced by the
solar X-ray flare occurred on 17 September 2015.

The absolute errors d AXFs! and absolute errors d AXFs2 of amplitudes AXFs! and AXFS2,
and dPXFs! and d PXFs2 of phases PXFS! and PXFS?, respectively, are determined as for
the quiet state, i.e.: (1) we calculate AXFsl - AXFs2 pXFsl 5nq pXFs2 55 median values in
two bins of width At;, = 20 s around times #; and t;; (2) we define absolute errors
dAXFsL and dAXFS2 and dPXFS! and dPXFs2 in terms of maximal absolute deviations
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of the corresponding quantities within the bins. The total absolute errors are obtained

as follows:
d(AAXFSi) — dA())(FS + dAXFSi, (4)
d(APX) = AP 4 dPXTS! ®)
where i = {1,2}.
recorded data processed data
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Figure 2. Time evolutions of the recorded amplitude and phase of DHO and ICV signals during the disturbance induced by

the solar X-ray flare occurred on 17 September 2015 (left panels), and their deviations from the corresponding values in

quiet conditions before the disturbance (right panels). The upper panels refer to the DHO signal, while the ICV signal data

are shown in the bottom panels.

As a result of the above processing, the changes in amplitude and phase at the two
times during the disturbance are obtained with respect to their values in quiet conditions.

2.1.2. Modeling

As shown in Figure 1, the procedure for modeling Wait’s parameters describing the
quiet conditions in midday periods (denoted with MDP in Figure 1) is split into two sub-
procedures that provides estimations of: (1) their values for a particular event, and (2) their
dependencies on the solar cycle period, described in terms of smoothed daily sunspot
number ¢, and season parameter y = DOY /365, where DOY is the day of year. Here, we
approximate the tropical year lasting 365 days (instead 365.24255 days).

Sub-MDP-1: Estimation of Wait’s parameters in quiet conditions before a solar X-ray flare.
As can be seen in Figure 1 this procedure consists of two following sub-procedures:

*  Sub-MDP-1a. This sub-procedure provides values of Wait’s parameters in the

quiet ionosphere for which the amplitude AA;?:} 4 and phase AP:}(?CI changes are
similar to the corresponding recorded values, AAXFi and APXFS!, respectively.
It is based on determination of changes in two sets of the modeled amplitude

AAfggd = Afgod - Af;lo 4 and phase AP;?: 4= Prsn‘jlO d
their deviations from the corresponding recorded values AAXFs! and APXFsi
for the signal s and disturbed state i. These sets, representing the modeled
quiet and disturbed states, 4 and d, respectively, are performed in simulations
of the considered VLF/LF signal propagation using LWPC numerical model

developed by the Space and Naval Warfare Systems Center, San Diego, CA,

- PISI?O 4 of the signal s, and
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.......
o

USA [22]. The input parameters of this numerical model are Wait’s parameters
“sharpness” and signal reflection height, while the modeled amplitude and phase
are its output (see the diagram in Figure 3).

..................................................................
‘e

MODELLING "
BYLWPC  :

NUMERICAL
signal |— !‘WPC PROGRAM
numerical program

|
(A (B, H),P°._(B,H)

—

o B H; A (B, HY) P o (B% ') P (B, HY)
I |
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: OF SIGNAL : |COMPARISONS| : : OF SIGNAL :
: PROCESSING d(AAX) - i d(AP¥s) PROCESSING :

d (AAsziqdmOd)
d (APXFsiqdmOd)

(B, H*)

OUTPUT FOR X-RAY FLARE XF, SIGNAL s AND STATE i

.............................................................

Figure 3. Diagram of sub-procedure MDP-1a.

According to the results presented in literature (see Reference [26,27,31,33-35]),
Wait’s parameters can be considered within intervals 0.2 km~!-0.6 km~! for B,
and 55 km-76 km for H’, where the quiet conditions can be described within
intervals 0.2 km—1-0.45 km~! for B4, and 68 km-76 km for H’ 9, To model the
parameter values representing a disturbed state d, 4 and H’ 4 given those
describing a quiet state g, we use conditions g9 < g9 and H'd > H'¢ which are
based on many studies [26,27,31]. In the following, we use these intervals with
steps of 0.01 km~! and 0.1 km, respectively, as input in the LWPC numerical
program.

The first output of the Sub-MDP-1a are the pairs of Wait’s parameters referring
to the quiet state before a solar X-ray flare XF (X4, H’ XFq) for which the LWPC
model can calculate the amplitude and phase differences for both main () and

auxiliary (a) signals (s = m, a) and for both disturbed state (i = 1, 2) that satisfy
the conditions:

d(AANY) — abs(AASIS — AAXES) < 4(AAXS),  and 6)
d(APLSIY) — abs(APSIL — APXP) < q(APXS), 7)

where d(AAX!) and d(APXF) are the absolute errors in the recorded signal
characteristics.

The second output of Sub-MDP-1a are errors in modeling, e.g., the absolute de-
viations of the modeled changes in the amplitude and phase from their recorded

values: d(AAXFSqu) and d(APXFSlqd) Both outputs are used in Sub-MDP-1b.
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*  Sub-MDP-1b. The goal of this sub-procedure is to find the pair of Wait’s param-

eters ( ,Bgledday,H ! S(ledday), from those (BXF4, H* ) extracted in Sub-MDP-1a,
which provides the best agreement between the modeled and measured ampli-
tude and phase changes of the VLE/LF signals. To do that, we analyze both
the observation and modeling absolute errors, i.e., d(AAXF!) and d(APXFst),

for observations and d(AAXFSiqd) and d(A pXFeiad

mod od ) for modeling. These values

are used to quantify the observed wgfs and modeled wﬁi% weights for each ex-

tracted pair of Wait’s parameters. Details about the estimations of these weights
are provided in Appendix A, while an example of representation of the extracted
pairs in the 2D Wait’s parameter space is shown in the left panel of Figure 4.
Each pair of Wait’s parameters is represented as a point. The color of points
describes their observation and modeling precisions. To find points (i.e., pairs
of Wait’s parameters) which best model the amplitude and phase changes, the
region around each candidate point is analyzed as follows. The weight of each
point, describing the overall observation and modeling precisions, is computed

. . XF ., XFq
as the product of observed and modeled weights, i.e., wi w. °.
A
2010/6/12 i
0§ I 1| e P | P P P | P [ Pl P
47 . oo [
— g n,, L1
g 2
S .
I nmax nmﬂX
70 + My i s,
nmux nmax nnux nmax nmax nmux nmax nmax max
68 L L L L L
02 025 03 035 04 045 >
A9 (km ) p

Figure 4. Left panel: Visualization of pairs of Wait’s parameters “sharpness” and signal reflection
height (X9, H ’XFq) in quiet state g that satisfy conditions given by Equations (6) and (7) for an
X-ray flare XF occurred on 12 June, 2010. The color of each point denotes the category of the
corresponding pair. Each category includes pairs having all the four relative errors lower than c-10%
(see Equation (A1)). Colors black, magenta, red, blue and cyan indicate the c-values increasing from
1 to 5 in steps of 1. The green diamond indicates the pair ( ,Bf)(Fmidday, H’ S(Fmidday) which provides
the best agreement of modeled and recorded amplitude and phase changes for the considered X-ray
flare. Right panel: Region of Wait’s parameter space around the point "*" with the visualization of the
neighbor system. The first neighbors (n = 1) are colored pink, the second ones (1 = 2) orange, and
the most distant neighbors considered in the procedure (1 = nmax) are colored yellow.

Furthermore, the weight wi\(Fq is introduced to quantify the influence of each
point within the region around the candidate point. This weight is defined as

XFq 1 XPk, XFk
Wn == Zk{ ﬁwobs Whod (7 ®)

where n9¥ is the distance between the quiet states g and k which refer to pairs
(BXFa, HXF9) and (BXFk, HX*X), respectively.
The total weight wﬁq for the pair (8XF9, H*¥9) is computed as:

XFq _ _ XFq_ XFq

XFq
obs wmod

+wpy L )

Finally, the pair of Wait’s parameters ( ,BB(Fmidday, H' S(Fmidday) describing the

quiet D-region before a solar X-ray flare XF, which provides the best agree-

Wiot =
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ment of the considered modeled and observed amplitude and phase changes,
is obtained as the pair with the largest total weight WF = maxq{wﬁq}. The
estimation errors [ef)", ef3F ] and [eH’ 0F, eH’ ())(_l:] of these parameters are ob-

tained from distribution of pairs (8XF4, H’ XFq) which satisfy conditions (6) and
XFmidday

(7). For instance, the error for are computed as follows. For the pair
(ﬁgledday, H’ S(ledday) represented by green diamonds in Figure 4, the inter-

val [eﬁgf,eﬂﬁ] is estimated by taking the smaller and larger values of XF4

. . XFmidd .
estimates, for the given H’ 0 Y In the same way, we estimate the error for
yXFmidday
H', .

Sub-MDP-2: Modeling of Wait's parameters in terms of sunspot number and season.
The aim of this subroutine is to model the behaviour of Wait’s parameters by fitting

the (B Fmidday H(/)Xledday) pair. This requires a deeper understanding of the X-ray
influences on the D-region. During quiet conditions, the solar hydrogen Ly« radiation
has a dominant influence on ionization processes in the ionospheric D-region (see, for
example, Reference [45]). The intensity of this radiation varies periodically during
the solar cycle and its variation depends on the sunspot number. Because of that, we
use the smoothed daily sunspot number ¢ to represent the intensity of the incoming
solar radiation in the Earth’s atmosphere. The intensity of this radiation decreases
with the solar zenith angle due to larger attenuations in the atmosphere above
the considered locations. Generally, the zenith angle changes are due to seasonal
and‘daily variations. However, this study focuses on time intervals around middays
which allows us to assume that the seasonal changes represent the zenith angle
variations. We introduce the seasonal parameter y = DOY /365 where DOY is the
day of year. This parameter has values between 0 and 1. Some authors report on
possible influences of the geomagnetic field on the Wait’s parameter [38,46]. However,
this is is more pronounced at polar and near polar areas due to shapes of geomagnetic
lines that allows charge particle influences on the ionospheric properties. As this
study is focused on the low and mid latitude ionosphere, we neglect these effects.

Dependencies of Wait’s parameters at midday on solar cycle and seasonal variations
can be given as functions:

By = f(o,x) (10)

and )
Hémldday _ g(‘T/X>- (11)

These relations are not general and have yet to be determined for the location of
interest and the time to which the recorded data refer to.

The knowledge of these functions allow us to calculate the vertical distribution of the
Wait’s horizontally uniform ionosphere, Neo(h, 0, x), using the equation given in Refer-
ence [34] for different values of o and x:

N;gidday ( o, X h) _ 143 ) 1013eiﬁmidday(G,X)H/midday ( U/X) e[ﬁmidday(o.lx) 70.15]]1’ (12)
where N;Eidday and ™42y are given in m~3 and km~!, respectively, and H™i443y and

altitude h are given in km. This equation was used to determine the temporal (H(t, 1))
and energy (H{ (e, h)) distributions of the D-region electron density perturbed by a solar
X-ray flare (see, for example, Reference [31,47,48]).

2.2. Daytime Variations of lonospheric Parameters

The determination of the daytime variation of Wait’s parameters and electron density
is based on the comparison of observational and modeling data as for the analysis of
midday variations. However, the DTP procedure considers only one VLF/LF signal, e.g.,
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the main one. The reason for that is that the approximation of a horizontally uniform
ionosphere during the entire daytime period (far from the sunrise and sunset) can be used
when the size of the observed area corresponds to a relatively short propagation path of
the signal.

2.2.1. VLF/LF Signal Processing

The goal of this procedure is to find the amplitude and phase variations relative
to their values in the midday period. We consider data recorded during the daytime
period, far from the sunrise and sunset. The midday period is estimated from tendency
of the amplitude time evolution A(t). Namely, it rises until the midday and decreases
afterwards which allows us to assume the period around the amplitude maximum as the
midday period. The duration of this period is a few minutes and it depends on the season
and possible existence of unperiodical disturbances which should be excluded from the
analysis.

To exclude the short-term amplitude picks that do not represent periodic daily varia-
tions, the midday amplitude A™443Y is estimated as the median amplitude value in the
midday period.

Similarly to the analysis in Section 2.1.1, the time evolution of the phase is determined
by estimating the linear phase trend obtained by interpolation of phase values estimated
within time bins in quiet conditions. The midday phase P™d43Y s estimated from the
obtained phase evolution P(t) in the same way like for the midday amplitude.

The final step of this processing is the calculation of amplitude and phase deviations
from their reference values, i.e., AA = A — Amidday and Ap — p — pmidday

2.2.2. Modeling

The modeling of daytime temporal evolution of Wait’s parameters is based on com-

parison of deviation of observational and modeled changes with respect to their midday
midday

values. The modeled midday values Aﬁ)ﬁday and Prr::)ccllday are obtained from f, and
Hgmdday, while the modeled amplitude A4 and phase Py,q are outputs of the LWPC

program for the given pair of Wait’s parameters. Wait’s parameters (8(t), H'(t)) at time ¢
are estimated as those that best satisfy the conditions

A— Amidday _ Amod B Aﬁioc(iiday (13)
and ' )
p—pmidday —p_,— pmiddey, (14)

Finally, the electron density Neo(t, 0, ) is obtained from Equation (15):

Neo(t 1, 0,%) = 1.43 - 1013 PEOX)H (£0X) o(B(t0x) ~015)1 (15)

where the parameters are given in the same units as in Equation (12).

3. Studied Area and Considered Events

To give an example of this model application, we apply it to data recorded in Belgrade
in the lower ionosphere observations by the VLF signals emitted in Germany and Italy,
while the information of the X-ray flares occurrences was taken from the website https:
/ /hesperia.gsfc.nasa.gov/goes/goes_event_listings/. For a better understanding of the
presented procedure, we will first describe observations and then (in Section 4) we present
the application of the model to the observed data.

3.1. Remote Sensing of Lower lonosphere

The lower ionosphere observations are performed by two VLF signals of frequencies
23.4 kHz and 20.27 kHz emitted by the DHO transmitter in Germany (Rhauderfehn, 53.08 N,
7.61 E) and the ICV transmitter in Italy (Isola di Tavolara, 40.92 N, 9.73 E), respectively.
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https://hesperia.gsfc.nasa.gov/goes/goes_event_listings/
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Amplitudes and phases of these signals are recorded by the AWESOME (Atmospheric
Weather Electromagnetic System for Observation Modeling and Education) receiver [49]
located in Belgrade, Serbia, which was a part of the Stanford/ AWESOME Collaboration
for Global VLF Research (http://waldo.world /narrowband-data/). The locations of the
considered transmitters and receiver, as well as the propagation paths, are shown in
Figure 5.

5°E 10°e 15°E 20 E

Figure 5. Propagation paths of the main and auxiliary VLF signals emitted by the DHO (Germany)
and ICV (Italy) transmitters, respectively, and received in Belgrade (BEL). The stars indicate the
locations of the path midpoints.

The best properties of the recorded VLF/LF signals in the Belgrade receiver station
are those of the DHO signal. That can be explained by a not too long propagation path and
a large emitted power (800 kW). This is why the DHO signal is used in many studies based
on data collected by the Belgrade receiver station (see, for example, Reference [10,50]).
Although the distance between the Italian transmitter and Belgrade receiver is shorter than
the path in the first case, its emitted power is 40 times lower than that of the signal emitted
in Germany. For this reason, we rank the DHO and ICV signals as the main and auxiliary
ones, respectively.

3.2. Considered X-ray Flares

As one can see in Section 2, the presented model assumes a horizontally uniform
Wait’s ionosphere [42] for the area where both signals propagate. That assumption requires
analyses of the time period when solar influences is similar above the considered part of
Europe, e.g., periods around the midday. In addition, modeling of the electron density by
the procedure given in Reference [34] is more appropriate for not too intensive flares. For
this reason, we consider flares of up to class M5 (like in Reference [10]). Due to absence or
insignificant ionospheric disturbances induced by low intensive flares, we consider events
of classes larger than C5.0. In our collected database, we find 9 not too intensive events for
which the differences in solar zenith angles, A = 0ppo — Oicy (calculated using the web-
site https://www.esrl.noaa.gov/gmd/grad/solcalc/azel.html for the latitude/longitude
points of the middle propagation paths DHO-BEL (49°16'48"” N, 14°0'0” E) and ICV-BEL
(42°48'36" N, 15°3/36" E), obtained in calculations by the program given at the website
https:/ /www.gpsvisualizer.com/calculators) satisfy the first mentioned condition. As


http://waldo.world/narrowband-data/
https://www.esrl.noaa.gov/gmd/grad/solcalc/azel.html
https://www.gpsvisualizer.com/calculators
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one can see in Table 1, classes of the considered flares are between C6.1 and M3.2, while
differences in the solar zenith angles of the DHO and ICV signal mid-paths, fprio and 6cy,
respectively, are lower than 6.4°.

Table 1. Dates, times, and classes of the considered X-ray flares, and zenith angles Opryo and 8icy for
the latitude/longitude points of the middle propagation paths DHO-BEL and ICV-BEL, respectively.
Differences of these angles, Af, are given in the last column. The positions of the considered VLF
signal mid-paths, and corresponding angles fpyo, fpro and A8 are calculated using tools given at
https:/ /www.gpsvisualizer.com/calculators and https:/ /www.esrl.noaa.gov/gmd/grad/solcalc/
azel.html, respectively.

Flare XF Date Time (UT) Flare Opuo (©) O1cy () A6 (°)
Class
F1 5 May 2010 11:37 C8.8 33.79 27.88 5.91
F2 12 June 2010 09:20 C6.1 35.39 31.25 414
F3 3 November 2014 11:23 M2.2 64.84 58.61 6.23
F4 15 November 2014 11:40 M3.2 53.57 51.35 222
F5 6 January 2015 11:40 9.7 72.05 65.76 6.29
F6 21 January 2015 11:32 9.9 69.25 62.88 6.37
F7 29 January 2015 11:32 M2.1 53.07 50.65 242
F8 17 Septembere 09:34 Mi1.1 50.31 4428 6.03
2015
F9 14 May 2016 11:28 C74 37.50 35.31 2.19

4. Results and Discussion

The proposed methodology is applied to data obtained in observations described in
Section 3. Here, we present the results of:

1. Modeling the ionospheric parameters in midday periods over the part of Europe
included within the location of transmitted signals (Sardinia, Italy, for the ICV signal)
and (Lower Saxony, Germany for the DHO signal) and the receiver in Belgrade, Serbia,
with respect to the daily smoothed sunspot number and season. This part consists of
the following steps:

*  Modeling of pairs of Wait’s parameters which satisfy conditions given by Equa-
tions (6) and (7) by the LWPC numerical program and determination pair
B, HX¥) that provides the best fit of observational data for the considered
X-ray flares.

e Determination of dependencies of the midday Wait’s parameters, fo™9% and
H(/)midday, and the electron density, N midday f.qm parameters that describe the
solar activity and Earth’s motion: the smoothed daily sunspot number ¢, and
parameter ) describing seasonal variations.

2. Modeling of daytime variations of ionospheric parameters for a particular day. This
procedure consists of:

*  Modeling of time evolutions of Wait's parameters from comparisons of the
recorded and modeled amplitude and phase changes with respect to their values
in the midday.

¢ Modeling of the electron density time evolution for the D-region heights during
daytime.

For both analyses, it is necessary to know the modeled amplitude and phase of the
considered signals. For this reason, we first present the description of their determination.

4.1. Modeling of the DHO and ICV Signal Amplitudes and Phases by the LWPC
Numerical Program

As noticed in Section 2, the LWPC program simulates propagation of the VLF and
LF signals from a particular transmitter to a particular receiver of these waves. Wait’s


https://www.gpsvisualizer.com/calculators
https://www.esrl.noaa.gov/gmd/grad/solcalc/azel.html
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parameters, the “sharpness”  and signal reflection height H' are the input values for this
program, while the modeled amplitude A4 and phase Py,oq are its outputs. In this study,
we perform analysis for input values of 8 and H' in domains 0.2 km~!-0.6 km~! and
55 km-76 km, respectively, with corresponding steps of 0.01 km~! and 0.1 km.

Results of modeling by the LWPC program for location of the Belgrade receiver and
the DHO and ICV transmitters are shown in Figure 6. Here, it is important to pay attention
to the fact that these panels represent the modeled amplitudes and phases (within the
domain from —180° to 180°), while the procedure for comparison of recorded and modeled
signal characteristics, described in Section 2.1.2, requires changes of these values in the
disturbed with respect to quiet conditions. The dependencies of these changes on the input
Wait’s parameters have the same distributions as the presented corresponding graphs
because they have lower than those modeled by the LWPC program for a constant value of
modeled amplitude or phase in quiet conditions.
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Figure 6. Surface plots of the modeled (by Long-Wave Propagation Capability (LWPC) program) amplitude (upper panels)

and phase (lower panels) of the DHO (left panels) and ICV (right panels) signal for receiver located in Belgrade, Serbia, as

functions of Wait’s parameters g and H'.

As one can see in Figure 6, there is no unique pair of Wait’s parameters that produce
specific LWPC output values. That is why only one presented panel, even though the
modeled amplitude/phase in quiet conditions are given, it cannot be used for determi-
nation of the input pair that provides the best fit of the observed data. The fact that it is
impossible to determine a unique combination of Wait’s parameters from a single value of
signal characteristic was noticed by other authors (see, e.g., Reference [36]).

4.2. Midday Values—Solar Cycle and Seasonal Variations
The procedure for determination of the considered midday values during the solar
cycle and year consists of two parts:

e Determination of pairs (84, H' XFq) which describe quiet states before the considered
X-ray flares (Section 4.2.1).

®  Determination of dependencies of Wait’s parameters and the electron density in
midday quiet conditions on ¢ and ) (Section 4.2.2).

4.2.1. Determination of Pairs (g*Fd, H'XF9)

Comparison of the recorded and modeled changes in amplitude and phase of the
DHO and ICV signals using the procedure described in Section 2.1.2 gives pairs of Wait

parameters (X9, H’ XFq) which satisfy the conditions given by Equations (6) and (7). These
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values are presented for all considered events in Figure 7. To better visualize the precision
in comparisons, we divide the extracted pairs in ten categories depending on relative errors
in modeling of both amplitude and phase of the DHO and ICV signals. The category ¢ = 1

2,3, ..., 10 indicates that all relative errors defined by Equation (A1) for pairs (g*F4, H'XF9)
have values less than c - 10%. The values of (X4, H’ XFq) which have the largest total
weight calculated by Equation (9), e.i. values ( ,Bg(Fmidday, H’ S(Fmidday) for a X-ray flare XF,
are indicated by green diamonds.

2010/5/5 2010/6/12 2014/11/3
76 l'l 76 |' 76 -||l
I I I H l I ' ' i | . fa
74t ' I I 74 1 H — TTrteedigy
[d
€ I ' l € l €
3 = =
5 72 '|| - 72 o 72t
L ° L [
% % %
T T T
70 70 70
68 : : : : ‘ 68 : : : : ‘ 68 : : : : ‘
02 025 03 035 04 045 02 025 03 035 04 045 02 025 03 035 04 045
A9 (km ) 9 (km ) 9 (km )
2014/11/15 2015/1/6 2015/1/21
76 ."lII 76 l' 76 l'l
£ 5 l|||m 5 II|“
> 72 o 72} o 72t l'
g g "4 g ! |"
T T T ' '
L]
70 70 70
68 : : : : : 68 : : : : : 68 : : : : :
02 025 03 035 04 045 02 025 03 035 04 045 02 025 03 035 04 045
ﬂXFq (km -1) ﬁXFq (km -1) ‘HXFq (km -1)
2015/1/29 2015/9/17 2016/5/14
76 | 761 sggs 7L ¢ TIE]
; i HP
[ ] M ¥ %%’
]
74| 74| 74| . '! ".%ﬂ%
_ _ _ | ot
£ € | * E HITH
2 = 2
S 72 - 72 ||| - 72}
w w w
: : [T
T T ' . ' T
!
70 t o 1) 70 t 709
L]
68 : : : : : 68 : : : : : 68 : : : : :
02 025 03 035 04 045 02 025 03 035 04 045 02 025 03 035 04 045
#F9 (km ) #F9 (km ) #F9 (km )

Figure 7. Visualization of pairs of Wait’s parameters “sharpness” and signal reflection height (gXF, H’ XFq) in quiet state
g that satisfy conditions given by Equations (6) and (7) for an X-ray flare XF that occurred on the date indicated on the
corresponding panel (see Table 1). Categories ¢ = 1,2,3...,10, describing relative errors defined by Equation (A1), are

shown with different scatters: black, magenta, red, blue, cyan, green and yellow filled circles, x, +, and -,

respectively.

The pair (879, H’ XFq) which has the largest total weight calculated by Equation (9) for a particular event, i.e., value

( 'BXledday H,Xledday) for a Xo

ray flare XF, is indicated by green diamonds.

According the number of neighbors (see Figure 7) that also satisfy the conditions

XFmidday

given by Equations (6) and (7), stability of the obtained pairs (5,

and H,Xledday)

is good in 8 out of 9 cases. It can be also seen in Table 2 showing the relevant domains

with higher eﬁé and eH(’ff, and lower eBXF and eHJ*F values of Wait's parameters with
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respect to ,Bi)(Fmidday and H’ ())(Fmidday (for fixed other parameter), respectively. Visualization

by different scatters shows that 6 cases have the highest precision of modeling for c =1,

while the lowest precision occurs for ¢ = 3. The weights W}, calculated by Equation (9)

and given in Table 2, show large differences for the considered events (from 1.4 to 154.5).

XFmidday H/XFmidday
0 0

Table 2. The obtained Wait’s parameters “sharpness”, , and domains of

their possible deviations going to larger (6/36(_17_ and eH(’))j_F) and lower values (e,BE)(E and eH{))iF) for the considered flares. The

, and signal reflection height,

Fmidday H ,XFmidday)
7550

last three columns show weights W of the determined pairs of Wait's parameters (,82)( , smoothed

daily sunspot number ¢, and seasonal parameter x.

Flare XF ~ gYFmidday  pyXFmidday , gXE epE eHYXF eH)XF Whot o X

No (km~1) (km) (km~1) (km~1) (km) (km)

F1 0.31 74.7 0.01 0.04 0.5 14 104.0 10.7 0.3452
F2 0.31 74.8 0.08 0.06 1.2 2.6 103.5 23.1 0.4493
F3 0.42 74.2 0.03 0.03 0.3 0.2 5.6 100.5 0.8438
F4 0.41 74.0 0.04 0.05 0.9 0.9 154.5 100.1 0.8767
F5 0.43 72.4 0.02 0.03 0.7 0.9 29.7 112.6 0.0164
F6 0.42 71.5 0.01 0.03 0.2 0.5 56.8 87.6 0.0575
F7 0.45 70.2 0.00 0.02 0.1 0.1 14 84.8 0.0795
F8 0.34 71.9 0.04 0.04 1.1 1.0 115.9 54.0 0.7151
F9 0.42 70.7 0.03 0.06 3.6 1.0 1115 68.6 0.3699

4.2.2. Wait’s Parameters and Electron Density in Quiet Conditions

The final step in determination of midday Wait's parameters is analysis of their
dependencies on daily smoothed solar sunspot number ¢ and seasonal variations described
by parameter x. To better visualize the difference due to larger solar radiation in the period
around the maximum of the solar cycle than in the period around its minimum, we show the
relevant points in Figure 8 with a filled and open scatters, respectively. Different seasons are
described with blue (winter), green (spring), yellow (summer), and red (autumn) scatters.

‘ ‘ 0.45 1
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Lo 03l ¥ 1 1 Xe 0% t | ]
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Figure 8. Dependencies of the “sharpness”  (upper panels) and signal reflection height H' on the smoothed daily sunspot
number ¢ (left panels) and season (right panel). The modeled values ,B)O(ledday and H' S(ledday are shown as filled (for
periods near the solar cycle maximum) and open (for periods near the solar cycle minimum) scatters. Different seasons are
described by blue (winter), green (spring), yellow (summer), and red (autumn) scatters. Scatters marked by "*" indicate

values obtained from Equations (16) and (17).

Dependencies of the midday Wait's parameters on the solar sunspot number are
shown in the left panels of Figure 8. Here, we consider the smoothed sunspot number
(over 21 days) and take the value for the period of 20 days before and the considered day
from the database given at http://sidc.oma.be/silso/datafiles. The upper panel indicates
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the increase of the parameter  with o, while decrease of the signal reflection height with
o is clearly shown in the bottom panel. These tendencies are in agreement with previous
studies of Wait’s parameters during solar X-ray flares where the increase/decrease of the
“sharpness” /signal reflection height with the electron density is reported (see, for example,
Reference [31]). In this case, the rise of the D-region electron density is a consequence of
the Lya radiation increase in approaching the solar cycle maximum. In fitting of these
dependencies, we assume polynomial functions of the orders 2 and 1, respectively, which
is by one order of magnitude larger than in Reference [38] where the dependency of
the parameter § is given as a linear function of the sunspot number, while variation of
H' with the sunspot number is not suggested. As one can see in the right panels in
Figure 8, the seasonal variation is more complex than in the previous case. However, if
two scatters related to the solar cycle minimum are excluded we can see approximative
sinusoidal shapes in both cases. For this reason, we assume sinusoidal dependencies of
Wait’s parameters on parameter x similarly as in Reference [38] but with daily (instead of
monthly) changes and additional phase shifts which provide maximum/minimum values
of B/H’ for the summer solstice when the expected radiation coming in the considered
area reaches its annual maximum.
Tow-dimensional fittings of Wait’s parameters yield the following expressions:

nidday _ 02635 +0.002573 - o — 9.024 - 1002 + 0.005351 - cos(27(x — 0.4712))  (16)

and
HE™99Y — 7474 — 0,02984 - 0 + 0.5705 - cos(2n1(x — 04712) + ), (17

which provides good agreement of the computed Wait’s parameters with their modeled
values given in Table 1. The maximum differences of their values are less than 0.04 km !,
and 2.5 km. These values are in good agreement with those obtained in Reference [51]
for the night-time Wait’s parameters and they are similar to the maximum “errors” given
in Table 2. Wait’s parameters are visualized in Figure 9 for By (left panel) and H) (right
panel). The obtained values lie in domains 0.31 km~'-0.45 km~! and 70.6 km-74.7 km,
respectively. An increase/decrease in dependencies of the “sharpness” /reflection height
with ¢ is visible during the whole year. The minimum/maximum values of By /H}, for the
same ¢ are reached during the summer solstice when the solar radiation has the greatest
impact on the ionosphere.
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Figure 9. Dependencies of Wait’s parameters in the quiet midday ionosphere, the “sharpness” ,Bglidday (left panel) and

signal reflection height H()midday (right panel) on season and smoothed daily sunspot number ¢.

Introduction of Equations (16) and (17) in Equation (12) gives the midday electron
density from o and yx at altitude h. These dependencies at 70 km, 75 km, and 80 km are
shown in Figure 10.
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Figure 10. Dependencies of log(N;gidday/ 1m~3) at the altitudes of 70 km (upper panel), 75 km
(middle panel), and 80 km (bottom panel) on season and smoothed daily sunspot number ¢.

As one can see, variations are more visible at larger heights and can reach values near
101 m~3 at 80 km for periods with large number of solar sunspot number. Due to the most
intensive influences of solar radiation, the electron density has largest values during the
summer solstice.

4.3. Daytime Variations

Knowing the midday Waits parameters allows us to calculate their time evolutions
during a quiet day. Here, we present an example using the DHO signal amplitude and
phase recorded by the Belgrade VLF receiver on 6 September 2014 (DOY = 250; x = 0.6849) in
which deviations, AA and AP, from the corresponding midday values are shown in the left
panels of Figure 11. We consider a time interval from 9 UT to 15 UT when approximation
of a horizontally uniform ionosphere within the medium where the signal propagates. A
lack of data between 13 UT and 14 UT is due to a regular pause in the VLF/LF signals
monitoring by the AWESOME receiver located in Belgrade.

To obtain the daytime evolution of f and H’, we first calculate their midday values.
According to the database given at http://sidc.oma.be/silso/datafiles, the mean value
of daily sunspot number for 20 days before and for the considered day is ¢ = 107.1.
Introducing these values in Equations (16) and (17) gives the midday Wait’s parameters

for the analyzed day: ﬁgnidday = 042 km~! and Hémidday = 72.5 km. The recorded
midday amplitude Aﬂ;iday = 30.35 dB and phase P;:;?iday = 1.11° are estimated from time

evolutions of the corresponding signal characteristics. Finally, the time evolution of Wait’s
parameters are calculated by the procedure as described in Section 2.2.2 and shown in the
right panels of Figure 11. In the considered time period (excluding a short-term peak), these
parameters have values within approximative domains 0.36 km~'-0.45 km~! and 71.2 km—
74.2 km, respectively. Comparisons of the data obtained by the QlonDR model with those
calculated by the LWPC default and IRI (see Reference [52] and references therein; Wait’s
parameters are calculated from electron density altitude distribution and expression for
the electron density given in Reference [34]) models and with data presented in previous
studies [27,33,35,53] show the best comparison of the QlonDR modeled amplitude and
phase variations with the recorded ones. The QlonDR model fits better than the LWPC
default model with data shown in Reference [27,33,35,53] for both Wait’s parameters. The
IRT model agrees better with the QIonDR ones for Hy, as well as in some periods for .
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Figure 11. Daytime variations of the amplitude and phase changes (left panels) and Wait’s parameters (right panels)
during 6 September 2014 obtained by Quiet Ionospheric D-Region (QlonDR), default Long-Wave Propagation Capability
(LWPC), and International Reference Ionosphere (IRI) models and compared with data presented in studies indicated
in legend [22,27,33,35,52,53]. The gap between 13 UT and 14 UT is due to the one hour break in data receiving by the
Atmospheric Weather Electromagnetic System for Observation Modeling and Education (AWESOME) receiver.
QlonDR; LWPC default [22]; IRI [52]; Thomson et al., 2005 [27]; Han et al., 2011 [33]; McRae

and Thomson, 2000 [35]; Thomson et al., 2017 [53].

The daytime variation in the D-region electron density during the considered day,
obtained from the calculated Wait’s parameters and Equation (15), is shown in Figure 12.
The time variation of electron density is more noticeable at higher altitudes while the
vertical changes are most pronounced in the midday period. Similarly to the comparison
of Wait’s parameters, the QlonDR model fits better than the LWPC default model with
data shown in Reference [27,33,35,53] for the electron density at 70 km and 80 km. The IRI
model agrees better with the QlonDR ones for the electron densities at 70 km.
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Figure 12. Left panel: Daytime variation of log(Neo/1m™~?) during 6 September 2014 obtained by the Quiet Ionospheric
D-Region (QIonDR) model. The gap between 13 UT and 14 UT is due to the one hour break in data receiving by the
Atmospheric Weather Electromagnetic System for Observation Modeling and Education (AWESOME) receiver. Right
panels: Comparisons of the obtained electron density time evolutions at 70 km (upper panel) and 80 km (bottom panel) with
those obtained for Wait’s parameters presented in Figure 11. QlonDR; LWPC default [22]; IRI [52]; ——
Thomson et al., 2005 [27]; Han et al., 2011 [33]; McRae and Thomson, 2000 [35]; Thomson et al., 2017 [53].

A similar analysis is provided also for the D-region disturbed by a solar X-ray flare on
17 September 2015 (signal characteristics for this event are shown in Figure 2). Comparisons
of the amplitude and phase changes, as well as time evolutions of Wait’s parameters and
the electron density for different values of initial Wait’s parameters, are shown in Figure 13.
In these calculations, we applied the LWPC model for the initial Wait’s parameters obtained
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by the QlonDR, LWPC default, and IRI models, and based on the studies presented in
Reference [27,35,53]. In all these cases, the modeled amplitude and phase variations are
in very good agreement with the recorded ones. For better visibility, we show only the
obtained data for the QlonDR and LWPC default models. As one can see in Figure 13a, they
are practically completely fitted with the recorded data except for the end of the observed
period when minor deviations are noticeable in the case of LWPC default program for
the amplitude changes. Agreement of j is better for QlonDR than for the LWPC default
model with data obtained by IRI model and data from Reference [27,35], as well as for
data from Reference [53], in some periods. In the cases of H' and electron density time
evolutions, the QlonDR better fits with data obtained for initial parameters calculated by
the IRI model, used in Reference [27], and, in some periods, for initial parameters given
in Reference [35]. In addition, comparison of all parameters is in better agreement for
the QIonDR than LWPC default model with data presented in Reference [26,29] for the
maximum X-radiation flux of flares of the same or very similar class as the considered one.
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Figure 13. Comparisons for the D-region disturbed by a solar X-ray flare on 17 September 2015. (a) Comparisons of time
evolutions of the recorded amplitude (upper panel) and phase (lower panel) changes with their modeled values by the
Long-Wave Propagation Capability (LWPC) model for Wait's parameters By and H}, determined by the Quiet Ionospheric
D-Region (QlonDR) model (blue line) and by default (red line). (b) Comparison of time evolutions of Wait’s parameters
and H' obtained by the LWPC program for their initial values modeled by the QlonDR, LWPC default and International
Reference Ionosphere (IRI) models, and those presented in literature indicated in the legend [22,27,35,52,53]. The values
obtained in Reference [26,29] at the moment of maximum X-radiation flux for flares of the same or very similar class as the
considered one are shown by scatters. (c) Comparison of time evolutions of the electron density at 70 km (upper panel) and
80 km (bottom panel) for Wait’s parameters shown in graph (b). s QIONDR; = LWPC default [22]; IRI [52];
Thomson et al., 2005 [27]; McRae and Thomson, 2000 [35]; Thomson et al., 2017 [53]; o Grubor et al., 2008 [29]; o
McRae and Thomson, 2004 [26].




Remote Sens. 2021, 13, 483

21 of 24

5. Conclusions

In this paper, we present a procedure for calculations of the D-region plasma parame-
ters during quiet conditions. The proposed methodology is applied to areas monitored by
the VLE/LF radio signals emitted and recorded by relatively closely located transmitters
and receivers like, for example, in Europe. It is based on two different VLF/LF signals
acquired by one receiver. We applied the proposed methodology to the DHO and ICV
signals emitted in Germany and Italy, respectively, and recorded in Serbia. The obtained
results of this study are:

*  Anew procedure for estimation of Wait’s parameters and electron density. It is divided
in two parts: (1) determination of dependencies of these parameters on the smoothed
daily sunspot number and season at midday, and (2) determination of time evolution
of these parameters during daytime;

¢  [Estimation of Wait’s parameters and electron density over the part of Europe included
within the location of the transmitted signals (Sardinia, Italy, for the ICV signal) and
(Lower Saxony, Germany for the DHO signal) and the receiver in Belgrade, Serbia.
The obtained results show variations in which inclusion in different analyses of more
events or time periods will allow more realistic comparisons and statistic studies;

e Analytical expressions for dependencies of Wait’s parameters on the smoothed daily
sunspot number and seasonal parameter valid over the studied area.

The determination of the “sharpness” § and signal reflection height H' during quiet
conditions are needed for calculations of the electron density and other plasma parameters
in the D-region during both the quiet and disturbed conditions. As a consequence, a more
realistic modeling of the D-region can be attained based on results obtained by the proposed
methodology. This could benefit to statistical analyses of the D-region related to different
unperturbed conditions subject to daily and seasonal variations, as well as variations
during a solar cycle. Furthermore, the most accurate modeling of the D-region based on
the results obtained by the proposed methodology could also improve the mitigation of
ionospheric propagation artefacts in telecommunication and microwave Earth Observation
applications.

Due to approximation of the horizontally uniform ionosphere and neglect of influence
of geomagnetic field variations on the VLF/LF signal propagation, application of the
presented model is limited to:

¢  Time periods during quiet conditions or during disturbances that do not affect the
assumed horizontal uniformity of the observed D-region (for example, the midday
periods during the influence of solar X-ray flares),

¢  VLF/LF signals in which propagation paths between transmitters and receivers are
relatively short, and

e Mid- and low-latitude areas where the spatial variations of the magnetic field are not
significant in the given conditions.

In other words, the presented model cannot be used when losses, gyrotropy and anisotropy
in the region of 70-90 km can significantly affect the propagation of VLF/LF signals in the
waveguide Earth-lonosphre, in particular in situations of large geophysical disturbances of
the Lithosphere-Atmosphere-lonosphere-Magnetosphere system caused by large magnetic
storms, hurricanes, etc.

The proposed methodology can be applied during the daytime period when the solar
influence on the ionosphere is the largest. During this period the electron density can
significantly rise due to influence of intensive sudden solar phenomena like a solar X-ray
flare, which can further importantly affect propagation of the mentioned electromagnetic
waves.

It is worth noting that the proposed methodology can be applied only to relatively
small areas like the one studied in this paper. For this reason, it is more relevant for Europe
characterized by a high density network of VLF/LF transmitters and receivers. Improve-
ments of the receiver and/or transmitter networks in future will make the application of
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the proposed methodology more interesting in providing a real to near-real-time mapping
of the D-region electron density above more regions around the world.
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Appendix A

In this appendix, we provide details of determination of the observational, w\, and
modeled, wi;l:)%, weights described in Section 2.1.2. Changes in the signal amplitude and
phase can differ by more than one order of magnitude. For this reason, and also due
to different unit of amplitude and phase measurements, in the following, we introduce
relative errors of these changes. The observation and modeling weights are defined as

follows:
*  Weight wX. The relative errors of the recorded signal amplitude and phase are
obtained as a ratio of their absolute errors and the corresponding observed changes:
d(AAXFSi) ' d(ApXFsi)
AAXEsi 7 A PXFsi

of the observed changes related to a solar X-ray flare XF

S(AANS) = S(APYS) = (A1)
The total relative error 5XF

T b obstot
is given by:
BE, = ZS;; [6(aaXF) 4 6(APY)). (A2)

The observational weight for an X-ray flare XF is defined as reciprocal value of the

total relative error: .
XF
Wobs = SF (A3)
obstot

e  Weight wr);i% This weight is computed for Wait's parameters in a quiet state q for
which AT LEAST one corresponding pair (X, H’ XFd) is such that Equations (6) and
(7) are satisfied for both signals s and both states i. In the case there are more pairs

(BXFd, 1 XFd) with the quite state g, the relative error (SI);E?ﬂ of

S — ming {; ; [5 (A Aﬁﬁé@) 46 (A Pr’ff)jqd> } } . (A4)

is defined as:


https://hesperia.gsfc.nasa.gov/goes/goes_event_listings/
https://www.gpsvisualizer.com/calculators
https://www.gpsvisualizer.com/calculators
https://www.esrl.noaa.gov/gmd/grad/solcalc/azel.html
http://sidc.oma.be/silso/datafiles
http://sidc.oma.be/silso/datafiles
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2012_vitmo.php
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The modeled weight is calculated as:

Xfq 1
Winod = 5 (A5)
modtot
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abstract

Graphene has been identified as a promising material in electronics, especially as an electrode with the appropriate Work Function
(WEF). Graphene displays ability to have two different roles as an electrode in electronic and optoelectronic devices (as an anode and
a cathode). To achieve the desired performance of the devices, tuning the electrodes’ WF is very important. By modulating the WE
band-structure alignment at the interface can enhance the e#llXciency of carrier transport and lower contact resistance, thus improving
performance of the devices. Chemical doping represents the effective method for modulating the WF by charge transfer between the
graphene sheet films and dopants, especially in the cases where graphene fabrication procedure results with many exposed basal-plane
edges of graphene. Graphene Sheet (GS) dispersions were obtained from liquid-phase exfoliation of graphite and films were prepared
using Langmuir-Blodgett Assembled (LBA) method. Such fabrication pathway is compatible with low cost and large scale fabrication.
With the LBA method, GS self-assemble at the water-air interface forming a film. Different approaches for chemical doping can be
applied to LBA graphene films. In the first approach, doping with nitric acid was done after film formation and a fivefold improvement
of sheet conductivity was achieved (doi:10.1088/2053-1583/3/1/015002). This process does not affect electrodes’ transparency. In the
second approach doping with Li and Au salts was done during the film formation in the LBA process. Li and Au standard solutions
were introduced instead of the water in the LBA technique. Au-based salts increase the WF of the films (p-doping), while Li-based salts
decrease it (n-doping). As a result, this method allowed to tune the WF of graphene electrodes in a range of 0.7 eV (doi.org/10.1038/
$41598-020-65379-1). Chemical doping of LBA graphene films is a simple and low-cost method for modulating WE thus can widen their
possible applications in low-cost optoelectronic devices.
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VARIATIONS IN LARCH TREE-RINGS METAL
CONCENTRATIONS OF FOUR FORESTRY LOCATIONS
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! University of Belgrade, Institute of Physics, Pregrevica 118, 11070
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ABSTRACT

Cd, Fe, Mn, Pb, Sr and Zn were measured in larch (Larix europaea Lam.) tree-
rings and corresponding soil samples collected at four forestry sites to investigate
the variations in their concentrations from 1980. Concentrations were generally
lowest at background sites. Elemental concentrations in soil samples were
substantially higher than those measured in tree-rings. Among investigated
elements the highest tree-ring concentration were measured for Mn while the Cd
had the lowest concentration. The highest average tree-ring concentrations for
Cd, Fe, Mn, Pb and Zn can be seen at the Avala location.

INTRODUCTION

The occurrence of trace elements in the environment is of particular concern due
their environmental persistence, biogeochemical recycling and adverse effects.
Several trace elements currently found in the environment are originated from
anthropogenic impacts [1]. It has long been recognized that the tree-ring archive
can capture changes in the chemical environment related to atmospheric
chemistry, biogeochemical cycling and climate influences. Choosing tree-rings
as potential bioindicators was due to trees large geographic distribution, long
living and the fact that each year tree forms a new tree-ring that can be easily
dated. Dendrochemistry relies on the basic assumption that the pollutant content
of tree-rings reflects to some degree the chemical signal from the environment
during the year of ring formation [2].

EXPERIMENTAL

The field studies were conducted in the three woodland locations in Serbia and
one in Montenegro. Tree-rings of larch (Larix europaea Lam.) were collected
together with corresponding soil (0-20 cm in depth). The first location is Avala
(AA), a mountain located 16 km south-east of Belgrade. The Belgrade-NiJ
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highway, Kruni put and regional road to Mladenovac runs east, north and west
from the mountain. The second location is REIK Kolubara (AK). Larch at the
Kolubara location has been applied for the rehabilitation by aforestation of the
mechanically damaged land. Background locations were management unit Donji
Pek in Kucevo (AKC) and village Trepca in Andrijevica municipality in the
north-east part of Montenegro (ACG).

At each site three
larch trees of similar
size were selected and
their stem disks were
taken at breast height
(1.3 m). For further
analysis the disks
were cut into 3 year
segments starting
from 1980 with a
stainless steel knife.
Inductively coupled
plasma atomic

emission
spectrometry  (ICP-
e T OES) was used to
.| Po determine  element
content in solution
samples.  ICP-OES

_ Cluglg)
ot (mglg)

¢* (mg/g)
c* (mglg)

_ cmoy
¢t (mylg)

measurement was

A performed using

R 7N : Thermo  Scientific

e e R S CAP 6500 Duo ICP

Figure 1. Mean Cd, Fe, Mn, Sr, Zn and Pb ~ spectrometer
concentrations, ¢* (ug/g), in larch tree-rings at four ~ eduipped with CID86

forestry locations detector,  standard

glass concentric type

nebulizer, quartz torch, and alumina injector and purged with argon. The
digestion of tree-rings was performed on an Advanced Microwave Digestion
System ETHOS 1, using HPR-1000/10S high pressure segmented rotor. In the
digestion, about 0.5 g of powdered tree-ring sample precisely weighed was
mixed in each clean vessel with a mixture of 3 ml H.SO4 and 5 ml HNOs for
tree-ring sample and then heated with microwave energy for 30 min. After
cooling and without filtration, the solution was diluted to a fixed volume of 25
ml. The sequential extraction using the Tessier procedure [3] was used for the
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examination of soil samples. The method involves five fractions (exchangeable,
carbonate, Fe/Mn oxides, organic and residual), in which the mobility and
bioavailability of elements decrease with increasing extraction phase. The
extraction was carried out progressively based on an initial amount of about 1.0
g of soil, accurately weighed. The first three fractions form “mobile content”, i.e.
the part of the total concentration which under certain conditions can be
mobilized and thus enter biogeochemical cycles. Soil pH was measured as
follows: 5.0 g of soil was precisely weighed and 5ml of 1M KCI added. The
suspension was then subjected to continuous agitation for 10 min and left to stand
before pH was determined.

RESULTS AND DISCUSSION

Element concentrations measured in tree-rings and soil are summarized in Figure
1 and Table 1. The variation in tree-ring concentrations due to different local
conditions (the variation of the background levels) was minimize by subtracting
the minimum value from the actual concentration. Element tree-ring
concentrations, ¢, shown in Figure 1 do not refer to actual concentration in
wood, but to the level of this content relative to the lowest level recorded for that
tree. Subtracting the minimum value from the actual concentration reduces

Table 1. Average concentrations in larch tree-rings, mobile and total
content in soil as well as pH values at four forestry locations.

Locations AA AK AKC ACG
Tree-ring 0.14 0.02 0.04 0.02
Cd Mobile content 0.36 <0.10 <0.10 <0.10
Total content 0.46 0.23 0.94 0.90
Tree-ring 15.42 4.77 0.92 4.42
Fe Mobile content 1243 496 12409 10117
Total content 8176 6723 66835 54436
Tree-ring 49.73 7.83 18.74 4.06
Mn Mobile content 603 141 1246 1607
Total content 662 191 1949 1897
Tree-ring 1.07 0.22 0.01 0.15
Pb Mobile content 7.21 5.55 33.76 38.06
Total content 16.50 13.04 51.14 55.53
Tree-ring 0.63 0.41 1.51 0.80
Sr Mobile content 15.59 7.33 16.38 30.00
Total content 18.90 10.04 52.93 46.75
Tree-ring 1.82 1.03 1.47 0.88
Zn Mobile content 11.30 3.97 45,54 30.71
Total content 33.35 23.08 147.58 151.11
pH 5.80 6.00 4.50 5.30
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differences between trees that are due to different local conditions, and
concentrate on the trends over time. From Figure 1 it can be seen that
concentrations were generally lowest at background sites. The highest average
tree-ring concentrations for Cd, Fe, Mn, Pb and Zn (Table 1) can be seen at the
Avala location. Among investigated elements the highest tree-ring concentration
were measured for Mn while the Cd had the lowest concentration. Highest Pb
concentration fluctuations in tree-rings can be seen at the Avala location. Similar
Pb fluctuations were observed in our investigation in linden tree-rings [4].
Expected trends in tree-ring concentrations for the majority of trace elements is
that on locations where anthropogenic influence is low there is no trend [5-6]. At
the Avala location growing trend of Cd, Mn, Zn and Sr was observed while at
other locations, depending of the element, the weaker trend or a decline in the
concentration can be seen. Elemental concentrations in soil samples (Table 1)
were substantially higher than those measured in tree-rings. This could be
attributed to the relatively longer exposure of the soil to the atmospheric
pollutants. Soil act as final sink for the elements deposited from air and also
transferred by falling needles. Mobile content, relative to the total content, is for
the majority of investigated elements highest at the Avala location.

CONCLUSION

At the Avala location during the last 12 years (1998-2009) the increase of Cd,
Fe, Mn, Sr and Zn in larch tree-rings, relative to the entire period of study,
expressed in percentage is 30%, 4%, 43%, 85% i 40%. At this location the
highest fluctuations in Pb concentration can be seen, the highest average Pb tree-
ring concentrations, as well as decrease in Pb concentration for 18%. Traffic
activity at this site appears to be the main reason. Other investigated location has
lower tree-ring trace element concentrations.
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Photonica2019 2. Nonlinear optics

Self-organization of soliton-tweezers in suspensions of
nanocomposites and graphens
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Laser beams and pulses are powerful tools for tweezing, photobiomodulation, and manipulation
of soft matter including colloidal nanosuspensions, emulsions, foams, as well as all kinds of
biomedia like myosin, kinesin, ribosomes, liposomes, bacterias, viruses, blood, and a variety of
living cells in body water [1]. The laser modifies the nonlinear mater passing through.
Simultaneously, the modified mater acts to the light altering it by a feedback mechanism.
Therefore, light is controlled by light through interaction with nonlinear mater. Laser stability and
precision are of crucial importance not only for brain surgery but also for nondestructive
diagnostics using this feedback mechanism. In order to achieve the necessary dynamical stability,
the promising mechanism is the self-structuring of the light into localized solitons via nonlinear
interaction inside the colloidal nanosuspensions and other varieties of soft matter. Tweezing
solitons stable propagation is self-organized by the balance of antagonist effects, ie., beam self-
focusing and self-defocusing [2]. The high frequency pressure force of the laser field either
attracts or repels the nanoparticles from the field region, depending if their optical index of
refraction is larger or smaller than the background one [3]. In both cases, the nanoparticles
density modification results in the nonlinear increase of effective index of refraction inside the
beam making it self-focusing. We use this self-focusing effect to establish theoretically,
numerically and experimentally the self-organization of soliton-tweezers as a novel kind of
dynamically reconfigurable self-collimated tweezing facilities. Such soliton-tweezers will be able
to photobiomodulate and manipulate, in a noninvasive way, micro and nanoparticles in body
water and other soft mater of interest for medical and biological applications. Based on the
synergy between theory and experiment via numerical simulations, other nanocomposites and
colloidal nanosuspensions involving graphene and vatious two-dimensional materials will be
tweezed using spatiotemporal dissipative solitons and multidimensional vortex solitons [4, 5].
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Chemical doping of Langmuir-Blodgett assembled few-layer
graphene films with Au and Li salts aimed for optoelectronic
applications
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For mass production of graphene, simple and low-cost methods are needed especially in the cases
where high-quality films are not crucial for the desired purposes. Thus, liquid-phase exfoliation (LPE)
is a perspective way of obtaining stable dispersion of few-layer graphene sheets (GS) in the solvent
[1]. A promising pathway to achieve high degree of ordering of graphene sheets prepared via LPE-
process is to utilize Langmuir-Blodgett assembly (LBA) technique. Thin-films are self-assembled from
LPE dispersion by LBA technique at the water-air interface. LBA method is a suitable method for
production of large-scale, transparent, thin solution-processed graphene films |2, 3]. Chemical doping
of graphene films allows to tune its work function (WF) and therefore gives LPE GS films the ability
to serve two different roles in electronic and optoelectronic applications, both as an anode and as a
cathode.

Here, we demonstrate the method for the forming and doping of LPE graphene sheet films (LPE
GS) in one-step by metal standard solutions. Doping of the graphene film occurs at the moment of its
formation from the LPE graphene dispersion by LBA method at the air-metal standard solution
interface. n-doping is achieved by Li standard solutions (LiCl, LiNOs3, Li2CO3), while Au standard
solution (H(AuCly)) leads to p-doping. WF of the film was decreased with Li based salts, while Au
based salts increase the WF of the film. The maximal doping in both directions allow a significant
range of around 0.7 eV for the WF modulaton. The results were obtained for 0.1 mol/dm3
concentration of dopants. Roughness of the LPE GS films does not change by the doping, except
that doped films contain occasional agglomerates. FT-IR measurements point out that the charge
transfer process is enabled by physical adsorption of the metal salts and that the graphene basal planes
stay chemically unchanged by metal doping. No significant shifts of any characteristic Raman peaks of
graphene were detected after chemical doping. Calculated values of the intensity ratio between D and
D’ peak indicate that the edges are the dominant type of defects in the undoped and metal salt doped
LPE GS films. Electrical properties of the films were significantly influenced by changing the dopant
(Au or Li). A significant suppression of the field-effect mobility and the increase of the sheet
resistivity were observed in the case of the Li standard solution doping of the film. This indicates that
adsorbed Li anions act as scattering centers for the charges. Lithium nitrate provides the largest work
function modulation (by 400 meV) and the least influence on the sheet resistance of the film.
Therefore, it was selected as the best choice for n-type doping.

Since, the proposed one-step method for chemical doping of graphene films allows to tune WF in a
large range, it extends the potential use of these materials in low-cost optoelectronic applications, as in
low-power lighting, sensors, transparent heating, and de-icing applications.
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Liquid-phase Exfoliation of Graphene and
Chemical Doping of Langmuir-Blodgett
Assembled Graphene Films

lvana R. Milosevié?, Borislav Vasié¢?, Aleksandar Matkovié®, Jasna Vujin?
and Rados Gaji¢?

alaboratory for Graphene, Other 2D Materials and Ordered Nanostructures of Center for Solid State
Physics and New Materials, Institute of Physics, University of Belgrade, Serbia
BInstitute of Physics, Montanuniversitdt Leoben, Austria

Abstract. In current optoelectronic devices transparent conductive (TC) electrodes are widely
used [1]. Graphene films as new TC material can be used to overcome shortcomings of the exited
TC electrodes especially using graphene films as an active electrode. They offer advantages such
as higher transparency over a broad range of light wavelengths, higher flexibility, excellent
electrical conductivity and chemical stability. Using graphene films as an active electrode, band-
structure alignment at the interface can be achieved with an appropriate work function (WF).
Therefore, appropriate WF can enhance the charge injection and improve device performances.
Chemical doping is an effective method for tuning of the WF by charge transfer between the
graphene sheet films and dopants [2, 3]. Liquid-phase exfoliation (LPE) via sonication was the
method for the preparation of graphene sheet (GS) dispersion. The films were self-assembled from
LPE few-layer GS dispersion by Langmuir-Blodgett (LBA) technique at the water-air interface.
Chemical doping of the films was performed in two ways. In the first approach, chemical doping
with nitric acid is introduced after the film was formed. Fivefold improvement of sheet
conductivity was achieved, with no change in transparency [4]. In the second approach, chemical
doping of the film was happening at the moment of its formation. To achieve doping, metal
standard solutions were introduced instead of water. Au based salts increase the WF of the films
(p-doping), while Li based salts decrease it (n-doping). A span of 0.7 eV in both directions was
obtained. Formation of the graphene films and both procedures of their chemical doping are very
simple, low-cost and extend their potential use in low-cost optoelectronic applications as well as
using them as an active electrode.
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The International School and Conference on Photonics- PHOTONICA, is a
biennial event held in Belgrade since 2007. The first meeting in the series was
called ISCOM (International School and Conference on Optics and Optical
Materials), but it was later renamed to Photonica to reflect more clearly the aims
of the event as a forum for education of young scientists, exchanging new
knowledge and ideas, and fostering collaboration between scientists working
within emerging areas of photonic science and technology.

A particular educational feature of the program is to enable students and young
researchers to benefit from the event, by providing introductory lectures preceding
most recent results in many topics covered by the regular talks. In other words,
apart from the regular lectures, the plenary speakers will also give tutorial lectures
specifically designed for students and scientists starting in this field.

The Conference consists of oral presentations and vibrant poster sessions. The
wish of the organizers is to provide a platform for discussing new developments
and concepts within various disciplines of photonics, by bringing together
researchers from academia, government and industrial laboratories for scientific
interaction, the showcasing of new results in the relevant fields and debate on
future trends. This year our conference will contribute celebration of the
International Year of Light as a global initiative which will highlight to the
citizens of the world the importance of light and optical technologies. This
PHOTONICA 2015 will include two COST Action meetings and one workshop
with the main objective to promote knowledge in various disciplines of photonics.
In additional to the lectures and seminars, a Round Table "Scientific publishing:
Editors et altera” will be organized where the editors will present editorial and
publishing policies of their journals and share their experiences. Following the
official program, the participants will also have plenty of opportunity to mix and
network outside of the lecture theatre with planned free time and social events.

This book contains 219 abstracts of all presentations at the 5th International
School and Conference on Photonics, PHOTONICA2015. Authors from 50
countries from all continents will present their work at the conference. There will
be six tutorial and seven keynote lectures to the benefits of students and young
researches. Twenty four invited lectures, five progress reports of young Serbian
researchers and thirty one contributed talks will present most recent results in their
research fields. Within the two poster sessions, students and young researches will
present 146 poster presentations on their new results in a cozy atmosphere of the
Serbian academy of science and arts.

Belgrade, July 2015
Editors

Vi



Optical materials Contributed papers

Transparent and conductive films from liquid phase exfoliated
graphene

T. Tomagevi¢-Ilic', J. Pesi¢!, I Miloevi¢', J. Vujin', A. Matkovi¢', M. Spasenovi¢' and
R. Gaji¢*
Center for Solid Sate Physics and New Materials, Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
e-mail: ttijana@ipb.ac.rs

Liquid phase exfoliation of graphite presents a promising route for large-scale graphene
production [1]. We describe basic advantages and disadvantages of the controlled
deposition of few-layer graphene using the Langmuir-Blodgett (LB) method, which is
compatible with usage in transparent conductors [2,3]. The graphene sheets (GS) were
exfoliated from graphite by ultrasonic treatment in N-Methyl-2-pyrrolidone (NMP) and
dimethylacetamide (DMA) solvents. For comparison, graphene sheets were aso
exfoliated in a water solution of surfactants. We confirm a higher exfoliation rate for
surfactant-based processing compared to NMP and DMA. Furthermore, we demonstrate
that our films exfoliated in NMP and DMA and deposited with LB have a higher optica
transmittance compared to films obtained with vacuum filtration, which is a necessary
step for GS exfoliated in water solutions [4]. The structural, optica and eectrical
properties of graphene layers were characterized with scanning electron micrascopy,
atomic force microscopy, €llipsometry, UV/VIS spectrophotometry and sheet resistance
measurements. Our facile and reproducible method results in high-quality transparent
conductive films with potential applications in flexible and printed electronics and
coating technology.

This work is supported by the Serbian MPNTR through Projects Ol 171005 and
Innovation Project 451-03-2802-1P/1/167 and by Qatar National Research Foundation
through Projects NPRP 7-665-1-125.
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Conference Topics

Conference presentations cover a wide range of research topics within the experimental,
theoretical, and computational condensed matter physics, including but not limited to the
following:

Semiconductor physics: Electronic structure, Quantum dots and wires, Photonic
crystals, High magnetic fields phenomena, Ultra-fast phenomena

Surface, interface, and low-dimensional physics: Graphene, Carbon and other
nanotubes, Topological insulators, Complex oxide interfaces, Transport in
nanostructures

Magnetism: Magnetic materials and phase transitions, Magneto-electronics and
spintronics, Magnetic nanoparticles

Superconductivity: Conventional, high T.,, and heavy-fermion superconductors:
Materials and mechanisms, Heterostructures: Proximity effect and transport phenomena

Strongly correlated and disordered systems: Materials with strong correlations and
disorder, Dynamical properties from time-resolved experiments, Quantum fluids, Cold
atoms and BEC

Phase transitions, phase ordering, and structural ordering of condensed matter:
Equilibrium and dynamic phenomena, Ferroelectricity, Multiferroics, Quasi-Crystals,
Crystal surface morphology and dynamics, Crystal growth

Soft and biological matter: Polymers, Liquids and gels, Liquid crystals, Elastomers,
Membranes, Living cells and living matter

Statistical physics of complex systems: Networks and other structures

Conference venue:
Serbian Academy of Sciences and Arts, Knez Mihailova 35, Belgrade
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Spectroscopic And Scanning Probe Microscopic
Investigations And Characterization Of
Graphene

A. Matkovic?, 1. Milosevié?, M. Milicevic?, A. Beltaos?, T.
TomasSevic-1I1i¢?, J. Pesi¢?, M. M. Jakovljevi¢?, M. Musié?, U. Ralevi¢?, M.
Spasenovic¢?, Dj. Jovanovié?, B. Vasi¢?, G. Isi¢* and R. Gajic¢?

“Center for Solid State Physics and New Materials, Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia

Abstract. Graphene synthesized by various techniques has different properties. Here we give an
overview of several graphene synthesis techniques and device fabrication processes; as microme-
chanical exfoliation, fabrication of free standing membranes, chemical vapor deposition, liquid
phase exfoliation, Langmuir-Blodgett assembly, wet transfer, shadow mask and UV photolithogra-
phy. We employ various scanning probe and optical spectroscopy techniques to determine how these
different fabrication processes affect properties of graphene, and present advantages and drawbacks
for various applications.

In particular we focus on optical properties of graphene obtained using spectroscopic ellipsom-
etry, and how these are altered by the interaction with an ambient [1], or various dielectric and
metallic substrates [2], or by different fabrication processes [3]. We highlight how transfer residue
and sample annealing affect optical properties of graphene [3], as well as how the interaction be-
tween graphene and a gold substrate can be observed through spectroscopic ellipsometry and Kelvin
probe force microscopy [2]. In addition, we demonstrate how graphene can be manipulated by an
atomic force microscope, using dynamic plow lithography [4].

Acknowledgement: This work is supported by the Serbian MPNTR through Projects OI 171005,
11 45018, 451-03-2802-1P/1/167, by the EU FP7 project NIM_NIL (gr. a. No 228637 NIM_NIL:
www.nimnil.org), and by the Qatar National Research Foundation through Project NPRP 7-665-1-
125.

REFERENCES

1. Matkovié, A., Beltaos, A., Milicevi¢, M., Ralevié, U., Vasic¢, B., Jovanovi¢, Dj., and Gajic, R., Journal
of Applied Physics 112, 123523 (2012).

2. Matkovié, A., Mili¢evi¢, M., Chhikara, M., Ralevi¢, U., Vasi¢, B., Jovanovié, Dj., Beli¢, M., Bratina,
G., and Gaji¢, R., Journal of Applied Physics 117, 015305 (2015).

3. Matkovi¢, A., Ralevi¢, U., Chhikara, M., Jakovljevi¢, M. M., Jovanovi¢, Dj., Bratina, G., and Gaji¢,
R., Journal of Applied Physics 114, 093505 (2013).

4. Vasié, B., Kratzer, M., Matkovi¢, A., Nevosad, A., Ralevi¢, U., Jovanovié, Dj., Ganser, C., Teichert,
C., and Gajié, R., Nanotechnology 24, 015303 (2013).

32



The 19th Symposium on Condensed Matter Physics - SFKM 2015, Belgrade - Serbia
Poster: 12

Chemical Doping Of Langmuir-Blodgett
Assembled Graphene Films For Flexible
Transparent Conductive Electrodes

A. Matkovi¢?, I. Milosevi¢?, M. Mili¢evi¢?, T. Tomasevicé-1li¢?, J. Pesi¢?,
M. Music¢?, M. Spasenovié?, Dj. Jovanovié?, B. Vasié¢?, M. R. Beli¢® and R.
Gajic?

“Center for Solid State Physics and New Materials, Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
bTexas A&M University at Qatar, P.O. Box 23874 Doha, Qatar

Abstract. We demonstrate how chemical doping can be used to enhance properties of liquid-phase
exfoliated (LPE) graphene films. Langmuir-Blodgett assembly (LBA) on a water-air interface was
used to fabricate multi-layer graphene films several square centimeters in size (Fig. 1(a)). Sheet
conductivity of these films is enhanced through doping with nitric acid, leading to a fivefold
improvement while retaining the same transparency as un-doped films (Fig. 1(b)). In addition,
chemical doping increases the work function by 0.75 eV, to a value of 4.95 eV, making these films
a promising candidate for anode electrodes in hybrid solar cells and organic electronics.

Acknowledgement: This work is supported by the Serbian MPNTR through Projects OI 171005,
IIT 45018, 451-03-2802-IP/1/167 and by the Qatar National Research Foundation through Project
NPRP 7-665-1-125.
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FIGURE 1. (a) 2x2 cm? LBA graphene sheet (GS) film on a polyethylene terephthalate (PET) sub-
strate. (b) The sheet resistance (Rg) and sheet conductivity (os) (inset) of stacked LBA GS layers, prior
and after chemical doping.
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