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Mesoscopic 3D Charge Transport in Solution-Processed
Graphene-Based Thin Films: A Multiscale Analysis

Alex Boschi, Alessandro Kovtun, Fabiola Liscio, Zhenyuan Xia, Kyung Ho Kim,
Samuel Lara Avila, Sara De Simone, Valentina Mussi, Carlo Barone, Sergio Pagano,
Marco Gobbi, Paolo Samori, Marco Affronte, Andrea Candini, Vincenzo Palermo,*

and Andrea Liscio*

Graphene and related 2D material (GRM) thin films consist of 3D assembly of
billions of 2D nanosheets randomly distributed and interacting via van der
Waals forces. Their complexity and the multiscale nature yield a wide variety
of electrical characteristics ranging from doped semiconductor to glassy
metals depending on the crystalline quality of the nanosheets, their specific
structural organization ant the operating temperature. Here, the charge
transport (CT) mechanisms are studied that are occurring in GRM thin films
near the metal-insulator transition (MIT) highlighting the role of defect
density and local arrangement of the nanosheets. Two prototypical nanosheet
types are compared, i.e., 2D reduced graphene oxide and few-layer-thick
electrochemically exfoliated graphene flakes, forming thin films with
comparable composition, morphology and room temperature conductivity,

1. Introduction

Graphene and related 2D material (GRMs)
can be manufactured with a variety of pro-
tocols yielding samples composed of sheets
with different sizes, compositions and prop-
erties. These methods are also charac-
terized by different cost, scalability and
yield. Among them, liquid-phase exfoliation
methods can be successfully employed to
generate large volumes of highly concen-
trated inks by dispersing bulk multi-layered
crystals in a given solvent and providing en-
ergy to the system to overcome the weak
van der Waals (vdW) interactions keeping

but different defect density and crystallinity. By investigating their structure,
morphology, and the dependence of their electrical conductivity on
temperature, noise and magnetic-field, a general model is developed
describing the multiscale nature of CT in GRM thin films in terms of hopping
among mesoscopic bricks, i.e., grains. The results suggest a general approach

to describe disordered van der Waals thin films.

adjacent sheets together. Sheets obtained
by exfoliation comprise typically a mixture
of mono- and multi-layer thickness,!] and
display defects with different dimensional-
ity,l?l including (0D) dopants and topolog-
ical defects, (1D) grain boundaries, edges
and in-plane heterojunctions, and (2D)
wrinkling, folding, and scrolling, whose
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number depend on the production method used and on the ex-
perimental conditions. Such defects are not only suitable reac-
tive sites for chemical functionalization but are also bottlenecks
for charge transport as they act as traps or scattering centers
for charges. Hence, they represent an additional degree of com-
plexity when modeling charge transport mechanisms (CT) in 2D
materials. Nevertheless, the control of CT properties (i.e., mobil-
ity, conductivity, etc.) is crucial for technological applications in
large-area electronics.[*) GRM suspensions can be processed into
thin films consisting of 3D assembly of billions of 2D nanosheets
mostly aligned in-plane and interacting via vdW forces (a.k.a. 2D
van der Waals thin film).33 When describing thin films, in ad-
dition to the defects existing in single nanosheets, one has to
take into account the disorder in their packing during the deposi-
tion which can form domains with different degrees of order and
2D/3D aggregates at mesoscale and empty spaces. For example,
the presence of 2D defects in the first nanosheets deposited on
a substrate induces further disorder in the arrangement of the
upper nanosheets which produces long-range distortion (cumu-
lative disorder).[*]

CT through such films is therefore a multi-scale and multi-
dimensional process comprising two contributions to the charge-
carrier propagation at the nanometric scale: intrinsic or intra-
sheet, i.e., within the individual flake, and extrinsic or inter-
sheet, i.e., between neighboring nanosheets. Upon increasing
the length-scale the description of the interplay of such two con-
tributions becomes extremely complicated due to the enormous
number of unevenly arranged sheets. In essence, we can distin-
guish three length scales involving different structures, defects
and processes:

1) nanoscale: tessellation defects of single nanosheet, sheet-sheet
local stacking;
2) mesoscale: domains and inter-domain boundaries;
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3) macroscale: thin film as composite polycrystalline bulk mate-
rial.

Therefore, the macroscale CT results as the contribu-
tion of all the intrinsic and extrinsic charge-carrier prop-
agation processes, both inside the domain and at their
boundaries.

The role of structural disorder and dimensionality has
been shown in some recent works. Kelly et al.’! investi-
gated the role of film porosity (i.e., nanosheet alignment
and network connectivity) and showed that CT is heav-
ily influenced by the deposition method, the post-treatment
regime, the nanosheet properties and the inter-sheet junc-
tions. Moreover, by investigating printed thin films based
on different 2D nanosheets (few-layer graphene, molybde-
num disulfide, and titanium carbide MXene) Piatti et al.l’]
clearly showed the strong dependence of the dimensionality
of CT.

In this article, we consider the simultaneous role of the
defects and the structural disorder in order to develop a
multiscale description of CT that takes into account the lo-
cal structure of 2D van der Waals thin films. In partic-
ular, we develop a general framework to describe CT in
GRM thin films as in semicrystalline conjugated polymers.
We show that GRM thin films behave as disordered sys-
tems in the vicinity of a metal-insulator transition gov-
erned by defect density and by the arrangement of the
building blocks.

2. GRM Characterization

To model the CT in GRM, we have chosen two easily process-
able GRMs to produce archetypal macroscopic thin films given
by basal-plane-aligned network of partially oxidized graphene
derivatives with tuned multiscale properties, such as degree of
structural disorder, spatial distribution of defects, electrical re-
sistivities, etc. In particular, a macroscopical physical observable
as the electrical resistivity can vary by more than ten orders
of magnitude according to defect density, oxygen content and
structure.®l We compare thin film based on single sheet reduced
graphene oxide (RGO) and few-layer thick electrochemically ex-
foliated graphite nanoplateles (EGO). Using an approach previ-
ously demonstrated,[®7] we study CT comparing samples having
similar macroscopic properties and tuning the mesoscopic ones.
We benchmark devices with similar film thickness, semiconduc-
tive behavior and room temperature electrical resistivity, pgr, but
showing different spatial distribution of the defects and spatial
disorder.

We study CT by combining microscopic and spectroscopic
techniques to monitor the material properties from the nano-
to macro- scale. To detect different CT regimes in these highly
anisotropic thin films we analyzed systematically the resistiv-
ity, the magnetoresistance and the “noise” spectroscopy in the
temperature range between 2 and 300 K. We also performed
chemical, morphological and structural characterizations of the
single nanosheet and thin films thereof, by using state-of-the-
art methods such as X-ray Photoelectron Spectroscopy (XPS),
Atomic Force Microscopy (AFM), Scanning Electron Microscopy

© 2023 The Authors. Small published by Wiley-VCH GmbH
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NANOSHEET STRUCTURE AND DEFECTS DEFECTS ANALYSIS
MORPHOLOGY IN THIN FILM IN NANOSHEETS
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Figure 1. AFM images of a) RGO and b) EGO nanosheets; Z-range = 2.5 nm and 10 nm, respectively. c,d) Cross-sectional scheme of corresponding thin
film packing and defect distribution at microscale. RGO thin films show a uniform distribution of defects overall all the graphenic planes while defects
are arranged mainly at the external surface of EGO nanosheets. e) Characterization of defects by Raman spectroscopy on a representative statistical
sample of 11 EGO and 6 RGO nanosheets. Variation in the relative intensity of the D’ band in terms of integrated area with the relative intensity of the
D band for different graphene oxides. Solid lines correspond to the theoretical lines in the case of boundaries (purple), vacancies (red) and sp> defects

(green), as calculated by Eckmann et al.[®]

(SEM), micro-Raman spectroscopy and X-Ray Diffraction (XRD)
techniques.

3. Chemical and Morphological Structure of Single
Nanosheets

3.1. Morphological Analysis of the Nanosheets

The two selected GRMs, i.e., RGO and EGO, displayed a differ-
ent size and morphology, as evidenced by comparing surface root
mean square roughness Rpys (see Experimental Section) and
thickness estimated by AFM analysis (Figure 1a,b); representa-
tive TEM images are reported in Figure S1 (Supporting Infor-
mation). RGO is typically modeled as a purely monoatomic 2D
sheet (nominal thickness = 0.6 + 0.1 nm, as measured by AFM,
see Figures S2a and S3c¢, Supporting Information) composed by a
few nm sized sp? aromatic clusters separated by defective sp? ar-
eas and nanometric holes.[l Such purely 2D nano-tessellation is
confirmed by the Ryys = 3 + 1 A measured on the single sheets,
avalue similar to that of the atomically flat silicon substrates. Dif-
ferently, EGO displays an average thickness of 8 + 2 nm given by
a multi-layered structure (Figures S1, S2b, and S3f, Supporting
Information). As described in details in ref.[10] oxygen atoms are
not intercalated in-between layers of the multistack but they are
rather mainly exposed on external surfaces, the latter exhibiting
holes with diameters on the tens of nanometers scale and small
adhered GO debris. The presence of such out-of-plane structures
was already observed in functionalized graphene-like sheets!'!]
and yields a Ryys value of the external surface of 5 + 1 A, exceed-
ing the one measured on RGO. The lateral size of both nanoma-
terials is on the microscopic scale as they both display a broad and
asymmetric distribution ranging between 100 nm and 3 um. The
average lateral size amounts to 300 + 100 and 500 + 200 nm for
RGO and EGO, respectively. For more details see Experimental
Section and Section S1 (Supporting Information).
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3.2. Chemical Analysis and Defects of the Nanosheets

We combine a surface sensitive technique (XPS) and a bulk sen-
sitive technique (Raman spectroscopy) to investigate the external
layers of the nanosheets and the internal regions, respectively.
The measured XPS spectra of the two GRMs (Figure S4, Support-
ing Information) show differences in the chemical composition,
as reported in Table S3 (Supporting Information). RGO is com-
posed in large majority by sp? carbon (93 + 2%), sp® defects (ca
4%) with traces of oxygen (<3%). Conversely, EGO is more com-
plex, since it comprises a lower sp? aromatic content (ca 71%), a
higher amount of sp? defects (ca 11%), and several oxidized func-
tional groups such as epoxy (C-O-C), hydroxyl (C-OH), carbonyl
(C=0) and carboxyl (O—C=0) groups. Considering the inelastic
mean free path of C1s electrons,!'?! we obtain that the first 2 nm
contribute to 50% of the total signal of XPS (for more details see
Experimental Section and Section S4, Supporting Information).
The surface sensitivity of such technique highlights the differ-
ent chemical nature of the outer surfaces of the two nanosheets
and the corresponding different distribution of the defects. How-
ever, in the case of EGO the chemical composition of the layers
is not uniform due to the many oxygen atoms and defects deco-
rating the external surfaces leading to an overall underestimation
of the aromatic component. The different dimensionality of the
nanosheets corresponds to a different nanometric distribution of
the defects in the thin film. Mainly localized on the surface of
the nanosheets, defects distribute uniformly in RGO thin films
while arrange forming sponge-like structures in the case of EGO
(Figure 1c,d).

Density of defects and aromaticity in the entire nanomate-
rials, ie., including their bulk, are investigated using Raman
spectroscopy. The first-order Raman spectra of the two GRMs
(Figure S5a, Supporting Information) can be deconvoluted into
four bands: D, D", G and D’. Centered at 1587 cm™!, G band
corresponds to the contribution of the aromatic sp? regions, D

© 2023 The Authors. Small published by Wiley-VCH GmbH
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and D’ are defect/disorder activated bands located at 1346 and
1618 cm™! and D" at #1520 cm™! is related to amorphous phases
and wrinkled (defective) morphology of the sheets.[!*] All the
spectra of both GRMs show no shifts in peak positions with a
maximum standard deviation of 4 cm™!. In Figure 1e we correlate
D and D’ bands, expressed as the area of the peaks obtained by the
deconvolution: A /A; versus Ap/A;. The measured values are
compared to those obtained from ab-initio calculations (straight
lines) used to simulate the Raman spectra of graphene with spe-
cific defects: boundaries, vacancies and sp® hybridization."*] In
the case of RGO, the measured values are all clustered around
Ap JAg =~ 0.5 and Ap /A & 3.5, in excellent agreement with the-
oretical values, indicating that vacancies are the predominant de-
fects. In contrast, datapoints of EGO nanosheets are more scat-
tered, and indicate different relative contributions of boundary
and vacancy and generic sp® defects.®] In most of the cases,
Ap /A ratios are larger for RGO indicating the presence of more
defects with respect to EGO (Ap/A; = 2.7 + 0.4), as confirmed
by a lower A, /Ay, and a wider D peak, as well. By using the
relation proposed by Cancado et al.,!'] we assess the in-plane
structure providing a rough estimate of the average size of aro-
matic sp’ domains (L,,;). The calculated values indicate an av-
erage aromatic size for EGO nanosheets = 7.5 + 0.9 nm, that
of RGO is slightly smaller = 5.6 + 0.5 nm. Qualitative anal-
ysis of the second-order Raman bands (Figure S5b, Support-
ing Information) provides information of out-of-plane structure.
In particular, 2D bands show different lineshape: i) symmetric
for RGO in agreement with the purely bidimensional nature of
the nanosheet and ii) multiple bands decomposed into several
Lorentzian peaks in the case of EGO, confirming the multilay-
ered structure.

Several works reported the correlation between the aromaticity
and most of the Raman features. In addition to the area (A), the
peak intensity (I) is a further parameter typically studied. Lopez
et al.l'®) showed that the ratio of the intensity of D and G peaks
(Ip/Ic) roughly decreases linearly with increasing the sp? per-
centage. The measured I /I ratio values amount to 1.4 + 0.1
and 1.2 + 0.2 for RGO and EGO, respectively, clearly indicating
that the sp2 content is > 80%. Moreover, we observed that such
ratio decreases when the EGO thickness increases in agreement
with the complex multilayer structure of the nanosheet, as dis-
cussed on XPS. In order to compare the aromaticity of the two
GRM nanosheets we used a figure of merit combining the analy-
sis of four parameters: G peak position and width, A, . /A, ratio
and D" peak position.317] All such four features do not show re-
markable difference between RGO and EGO (Table S4, Support-
ing Information) indicating that the sp? content of the two GRMs
is quite similar.

4, Thin Films Electrical Measurements

We fabricate thin films of RGO and EGO having the same lat-
eral dimensions (%1 cm? area, ~100 nm thick). Both types of
films show similar bulk (3D) electric properties, with a nega-
tive temperature derivative of the resistivity near the disorder-
induced metal-insulator transition (MIT) — typically indicating a
semiconducting or glassy metallic behavior!'®! — and room tem-
perature resistivity (pgy) amounting to (2.0 £ 0.2) X 10~ Q-m and
(1.3 +£ 0.4) x 10~* Q-m for RGO and EGO, respectively. Such val-
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ues correspond to the averages calculated on a set of films with a
thickness ranging within 20 to 220 nm (Figure S6a and Table S5,
Supporting Information) and are halfway between py of graphite
in the direction parallel (2.5-5.0x107° Q-m) and perpendicular
(3%107* Q-m) to the basal plane.["]

To gain in-depth insight into the CT within the GRM thin
films, we combined temperature-dependence of the electrical re-
sistivity p(T), electrical noise and magnetoresistance (MR) mea-
surements in the range between 2 and 300 K. Figure 2a shows the
temperature-dependence of resistivity normalized to the value
measured at room temperature (298 K): p/ppr (black for RGO
and blue for EGO). The absolute p(T) curves are reported in
Figure S6b (Supporting Information). A dashed line shows an
ideal power-law trend. We also report, as a reference standard, the
p(T) curves of two different kinds of commercial, highly oriented
pyrolytic graphite: HOPG-ZYH (red) and HOPG-ZYA (green).
Figure 2b shows the ideal curve expected for bulk semiconduc-
tors, glassy metals and metals.

The energetic disorder of charge hopping sites is strongly cor-
related to the structural disorder of the material,*!l and is typi-
cally monitored by the empirical indicator 7,8 defined as the
ratio between the values measured at lowest (2 K) and room tem-
peratures: r = py/prr- Typically, r increases with the disorder of
the material. Experimentally, we observe values of ry¢o = 31 and
rco = 3.2, thus indicating that the disorder degree measured in
this way is correlated to the defect density observed by Raman,
which showed a higher defect density for RGO as compared to
EGO. The p(T) of both GRM thin films follows roughly a power-
law curve, corresponding to a linear trend in log-log scale. EGO
data show such behavior within the measured temperature range
while RGO data diverge from linearity at low temperature (T <
20K). Both GRM thin films therefore behave as disordered semi-
conductors near the disorder-induced metal-insulator transition
(MIT).I%221 The power-law curve corresponds to the critical regime
where the resistivity (i.e., conductivity) neither follow metallic nor
insulating behavior.?3] A detailed analysis of the involved domi-
nant CT mechanisms is determined using the reduced activation
energy (W), as proposed by Zabrodskii:(* ]

_dlnp T _dp

T) =
W= -9t~ 5%

1)

The negative and positive trends of the W(T) plot correspond
to the semiconducting and glassy (disordered) metallic regime,
respectively. In the critical regime, W is constant, corresponding
to a perfect power-law behavior of the resistivity with tempera-
ture. The transition to a metal (dp/dT > 0) corresponds to W =0,
i.e., the Mott-Ioffe-Regel limit.[?*]

Figure 2c depicts the W(T) curve of RGO thin film in a log-
log scale showing a negative trend corresponding to a semicon-
ductive material near MIT. It points out three CT regimes at dif-
ferent temperatures: 1) T < 10 K shows a superlinear decay, 2)
10 K < T < 90 K shows a linear trend with negative slope = —1/2
(red line) corresponding to Efros-Shklovskii — Variable range hop-
ping (ES-VRH),[?° and 3) T > 90 K shows a zero slope (green
line) up to the room temperature corresponding to the critical
regime described by a p(T) power-law (PL). Conversely, EGO thin
film (Figure 4e) crosses the transition from semiconductive at T
< 10 K (decreasing W trend) to a critical regime (10 K < T <

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) Temperature-dependence of resistivity on RGO (black) and EGO (blue) thin films. Log—log scale plots of p versus T normalized to the room

temperature value (p/p3pok). Curve corresponding to HOPG ZHY and ZYA w

ere digitalized from works,[20] respectively. b) Schematic plots of resistivity at

the metal-insulator transition. ¢,d) Reduced activation energy W (T) measured in RGO and EGO thin films. e) PL regime analysis: In B versus m obtained
from W (T) for different devices: RGO and EGO thin film described in this work (filled squares), data from Kovtun et al.[%2] (open squares), single EGO
flake (circle). The fitted linear trends (straight lines) are parallel, indicating that the RGO and EGO thin films follow the same CT mechanism with a
given characteristic energy: kg Ty rgo = kg T1ego = 190 = 40 meV, being in excellent agreement with that previously reported in ref. [6a] calculated only

considering the B standard error.

80 K), adopting a glassy metallic regime (increasing W trend) at
T > 80 K. In the glassy metallic regime, the measured conduc-
tivity 6 = 1/p assumes the form ¢ — 6, ~ T/ where o, # 0 is
the pure metallic conductivity (Figure S7, Supporting Informa-
tion). Such temperature-dependence of the conductivity is due to
electron—electron interaction effects in 3D disordered system.!2?]
We previously demonstrated that in RGO thin film, VRH and PL
regimes are strongly correlated, being both described by the local-
ization length ¢ calculated in the VRH regime.[% The thin film
CT is governed by z-conjugated regions given by the overlapping
aromatic clusters connected by a network of random paths with &
as a characteristic length. In particular, £ increases with the aro-
maticity and the film thickness as well, reaching an asymptotic
behavior for Ny, ., > 9, corresponding to a bulk resistivity inde-
pendent of the film thickness and therefore corresponding to a
macroscopic 3D charge transport.

A similar approach cannot be directly extended to EGO due
to the absence of the VRH regime. Thus, we focused on a
detailed analysis of the critical regime (PL) observed in both
GRM thin films. We shall use a model developed by Larkin and
Khmelnitskiil?*! to describe the CT of bulk (3D) disordered con-
ductors near MIT from the dielectric side; in this model, the
temperature-dependence of resistivity assumes the form: p =
(€*ke /1) (T/Tp)™™, where e is the electron charge, k is the Fermi
wavevector, i the reduced Planck’s constant, T, is the Fermi
temperature and m < 1. However, PL behavior is quite general
and several physical models yield a similar functional depen-
dence, e.g. Luttinger Liquid,!?”) Coulomb blockade.! Moreover,

Small 2023, 2303238 2303238

Rodin®! demonstrated that the PL behavior is not uncommon
in the VRH regime of quasi-1D systems. Recently, Asadi et al.3]
demonstrated that the renormalized current-temperature charac-
teristics of various polymers and devices at low voltage bias col-
lapse on a PL curve developing an analytical description of CT
based on polaron hopping mediated by nuclear tunneling. In or-
der to rationalize such ubiquitous behavior, we can consider a
general analytical form as p = p, (T/T;)™", with p, and T, corre-
sponding to the characteristic resistivity and temperature, respec-
tively. Such parameters are strongly coupled and the PL formula
often reported in the literature is p = BT, where B is the scale
factor. Combining the two PL expressions, we obtain the general
mathematical equivalence valid for each device:

InB=Inp, + mXInT, (2)

Thus, we collected all the data in the correlation plot In B ver-
sus m, (Figure 2e) corresponding to a set of 21 samples: ranging
within a single nanosheet of EGO (blue circle) to RGO and EGO
thin films, as measured (filled squares) and previously published
(open black squares, see also Table S5, Supporting Information).
All the data lay along two straight lines, one for each material. The
linear dependence corresponds to a constant slope (In T;) and a
Y-intercept (In p,), proving that a single of pair of characteristic
parameters represents the CT behavior of each material: (p, zco.
T, rco) and (pg£co» T1eco) Tespectively. As calculated by a linear
fit according to Equation (2) we achieved the same slope for RGO
and EGO thin films: In T} =7.7 + 0.2 and 8.0 + 0.5, respectively,

(5 0f11) © 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a—d) Noise-current measurements. Spectral density Sy of a) RGO and c) EGO films and b,d) the corresponding temperature dependence of the
a; and a, parameters calculated using Equation (3). a,c) Filled and empty squares in violet, blue, red and black indicate values of K and corresponding
Swhite at increasing T. The red curves are the best-fit curves. The K value is estimated from Sy, at 90 Hz, to avoid spurious peaks due to external sources,
while the value of S, is estimated from S, above 10 kHz. e—h) Magnetic field dependence of the magnetoresistance MR of €) RGO and g) EGO thin
films at different temperatures. For the sake of simplicity, we report only results obtained for negative H. The inset in (e) is a schematic illustration of the
experimental transverse geometry where H and | denote the directions of the magnetic field and current flow, respectively. f,h) Temperature-dependence
of L, calculated using Equation (4). Red lines are a guide for eyes. For sake of comparison, (fh) show also the value of the film thickness, while a

shadowed regions indicating the standard deviations of the thickness.

corresponding to a common characteristic energy kT, =
190 + 40 meV. A similar value has been recently measured on
free-standing graphene oxide papers./*!]

5. Noise-Current Measurements

CT in disordered materials proceeds by a continuous release
and trapping of charge carriers. The random behavior of such
processes induces random fluctuations in the current flowing
through the sample generating an electrical noise, which can be
analyzed to provide further insight into the CT process. Thus, we
investigated the CT mechanisms involved in the critical regime
measuring the electrical noise in the temperature range from
20 K to room temperature (Figure S8, Supporting Information).
In the case of graphene nanosheets the exact microscopic mech-
anism generating noise is still a matter of debate; it has been at-
tributed to an effect due of the number charge carries and the
mobility fluctuation model, or an interplay between the band-
structure and sample inhomogeneity (see ref.[32] for more de-
tails). In general, noise current is mainly due to grain bound-
aries and edges.3) Here we use a phenomenological approach
to study GRM thin films correlating temperature- and current
bias- dependencies. The measured noise-spectral density Sy (f)
= Syne + K/f (Figure 3a,c) shows the presence of two uncor-
related components: the white noise (S,;;.) and the flicker one
(K/f"), where typically 0.8 < y < 1. The first term is given by the
sum of thermal, shot and background noise contributions,**! re-
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sulting 2 orders of magnitude lower than the 1/fnoise amplitude
(K) at frequencies below 100 Hz on both GRM films. Generally,
flicker noise exhibits a polynomial dependence with the bias cur-
rent (i), the amplitude of which can be modeled as:

K (G,T)=a,(T)xi® +a,(T)Xi+a, 3)

where a,, a, and g, are the quadratic, linear and constant
phenomenological parameters, respectively. The quadratic term
a,(7) is inversely proportional to the total number of mobile
charge carriers in bulk metals and semiconductors,!3] the linear
term a, (T) corresponds to a typical signature of the presence of
non-equilibrium universal conductance fluctuations associated
with weak-localization (WL) effects.l**! The constant term a, is
due to the background readout electronics noise.>*2] The best-
fit analysis of S, is shown in Figure 3b,d. The quadratic term a,
(open circles) is always significantly different from zero for both
RGO and EGO thin films in the whole temperature range, imply-
ing that the leading mechanism producing current fluctuations
is given by the mobility fluctuation, as observed in the graphene
devices.[’”) Moreover, the value measured in RGO is two orders
of magnitude higher than in EGO, according to the larger defect
density of RGO thin film. The a, parameter (filled circles) shows
different behaviors in RGO and EGO. In RGO, g, is negligible in
both the VRH and PL regimes confirming that the thin film be-
haves as a random resistor network, as identified in the resistivity
analysis.’®l In EGO, instead, the presence of a linear component
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observed in PLregime (i.e., both a,, a, # 0) supports the presence
of several contributions to charge transport mechanisms includ-
ing the WL.

6. Magnetoresistance Measurements

The effect of WL on CT can be investigated by measuring the
magnetoresistance ratio MR(%) = @ x 100%, defined as the
0

relative change in resistivity due to applied magnetic field (p)
with respect to the value measured in absence of magnetic field
(po), at different temperatures ranging between 5 and 300 K
(Figure 3e,g). A magnetic field H is applied along the out-of-
plane directions (transverse geometry) observing symmetric results
for positive or negative H. Both films show a temperature de-
pendence of MR with negative values at low temperature and
saturation at H »~ —5 T. RGO samples show MR # 0 for T <
10 K corresponding to the superlinear decay observed in W(T)
analysis, and MR ~ 0 for all the other temperatures tested. Dif-
ferently, EGO shows a smooth transition from negative MR at
T < 100 K, to positive MR at T > 150 K, corresponding to the
crossing from the critical regime and the glassy metal phase,
as observed in metallic-like graphitic thin films,[**) and com-
mon metals.*"] The appearance of negative MR at low temper-
ature in graphite materials is related to imperfections and lattice
disorder.!] Conversely, no negative MR is observed in perfect
graphite crystals. Generally, magnetoresistance in the hopping
transport regime is fitted by a standard expression,l>*?! deter-
mined by the sum of a linear (exH) and quadratic («<H?) contribu-
tion arising from the quantum interference of different hopping
paths and the contraction of charge-carrier wavefunction at im-
purity centers, respectively. However, it turns out that this model
is not satisfactory to account for our data, as evidenced by the
plots shown in Figure S9 (Supporting Information). Analogously,
we ruled out a possible (bi)-polaronic mechanism since the ex-
pected low-field quadratic dependence is not observed. Thus,
supported by the flicker noise analysis discussed above, we fit
our MR data with the model predicted for 3D Weak Localization
(3D-WL), as:*

e [eH
MR = —ap(,%x 7XF(X)+ﬂH2 4)

where « is a prefactor, e is the electronic charge, # is the reduced
Plank’s constant. F(x) is the Hurwitz zeta function!*! with the

dimensionless parameter x = ﬁ , with L, the average distance
a charge travels between inelastic collisions (i.e., phase coherence
length). The last term # H? is usual quadratic magnetoresistance
observed in bulk semiconductors.[*’]

Both GRM thin film show similar behavior, the L, values cal-
culated by Equation 4 (see Experimental Section) decrease with
temperature increasing, as shown in Figure 3fh, and systemat-
ically differ from zero at T < 100°K. The WL model reproduces
RGO data only in the superlinear regime (at 50°K MR amounts ca
0.2%). Instead, it reproduces EGO data also in the critical regime
of EGO; both findings agree with the flicker noise analysis. More-
over, the bulk (3D) behavior of MR is confirmed by several exper-
imental findings: i) L, is lower than the film thickness through-
out the measured temperature range; ii) L, is closely following
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the power L, ~ T7*/* corresponding to electron—electron inter-
action with small energy transfer in 3D systems,!”*) and iii) L,
is larger than the average aromatic size: L, > L,,, as measured
by Raman. The appearance of a metallic-like signature such as
the WL in the magneto-transport and in the Flicker noise, de-
spite a semiconductor like resistivity behavior, suggests that the
charge carriers coherence extends on different planes thanks to
the overlap of the 2D aromatic clusters allowing to circumvent the
in-plane defects. Admittedly, the presence of alternative mecha-
nisms leading to a similar H + H? dependence cannot be ruled
out completely, since the quadratic term is temperature indepen-
dent. Finally, we remark that the presence of localized magnetic
moments due to vacancies and impurities could also lead to neg-
ative MR values. A detailed analysis would require the possibility
to tilt the direction of the magnetic field parallel to the electrical
current plane. Negative MR caused by scattering from localized
magnetic moments originated from vacancies and impurities, *®!
or the dominance of (bi-)polaronic mechanism,!*’] can be ex-
cluded because the measured MR # H? (Figure S9, Support-
ing Information), as predicted by the corresponding models at
low-field.

7. Structural Disorder

Considering that the inelastic scattering length is significantly
larger than the estimated size of aromatic domains in RGO and
EGO, the observed bulk CT coherent transport should be asso-
ciated with charges traveling in multi-layered clusters. To better
rationalize the CT, we thus analyzed the stacking and orienta-
tion of nanosheets in RGO and EGO sheets at the nanoscale,
using XRD (see Figure S11, Supporting Information). We used
specular scans to measure the vertical interplanar spacing of
the stacked nanosheets (d, calculated by peak position using
Bragg’s law) and the average thickness of crystalline domain
(L estimated using the Scherrer equation).*¥) We then used
rocking curves to study the crystal domains not perfectly par-
allel to the film surface (tilting angle ¢ # 0). In this case, the
peak width corresponds to the mosaicity (or mosaic spread, M)
as the average mis-orientation of the crystalline domains with
respect to the film plane: M = (¢). In general, the greater
the mis-orientation, the broader the peak of the rocking curve.
Both specular scans (Figure 4a) show a main feature centered
roughly in the region between 26.5° and 27° corresponding to
the graphite (002) crystal plane along the out-of-plane direction
(3.355 A).[*1 EGO shows a well-defined peak whose position
gives an interlayer spacing of 3.37 A. The domain size L amounts
to 9 + 1 nm showing a good agreement with the thickness of the
EGO nanosheet amounting 8 + 2, as discussed before. Differ-
ently, RGO exhibits a broader and less intense peak, indicating
a more disordered packing; L amounts to 3—4 nm, correspond-
ing to a domain given by 7-10 stacked nanosheets with ca 4 A
periodicity.

EGO rocking curve exhibits a narrower peak than RGO
(Figure 4b) where the mosaic spreads amount 6.7 + 0.1° and
12.8 + 0.5°, respectively. Taking into account the thicker do-
mains (L,gco > L,ggo), such experimental evidence clearly
indicate the higher order and orientation of EGO thin film
structure. For the sake of comparison, the mosaic spreads of
lower and higher quality pyrolytic graphite (i.e., HOPG ZYH
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GRM THIN FILM (as building block assembly)
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Figure 4. XRD data of RGO and EGO thin films. a) Specular scans and b) rocking curves. For the sake of comparison, rocking curves of HOPG ZYH
(dot red line) and ZHA (dot green line) are shown. A scheme of the measurement conditions is depicted for each geometry. c) Scheme of thin films
as assembly of poorly stacked building blocks. Different arrangements of the building blocks forming macroscopic assembly and their inner structure
given by stacked layers. GRM thin films. The red and blue arrows denote coherent and incoherent charge transport paths, respectively.

and ZHA) amount 3.5 + 1.5° and 0.4 + 0.1°, respectively.>]
The main structural and chemical parameters of the two GRM
thin films are summarized in Table 1. Further in-plane XRD
measurements acquired at specular angle (Figure S12, Sup-
porting Information) agrees with Raman results discussed
above. While RGO shows a single symmetric peak corre-
sponding to the in-plane carbon-carbon distance in the aro-
matic cluster, EGO show a complex peak line shape due to
the presence of different defects distorting the carbon in-plane
displacement.

Figure 4c provides a scheme of the film structure identified
based on the abovementioned findings. GRM thin films are
nano-aggregated materials given by networks of roughly paral-
lel building blocks with similar lateral sizes but different inter-
nal structures and distribution of defects. In EGO, the build-
ing block corresponds to the single nanosheet, which can be de-
scribed as a defective graphene 2D nanocrystal. Differently, in
the case of RGO the building block is a stack of few nanosheets,

with several defects on the outer sheets, and an inner, more
graphitic core. Both of them are partially oxidized. Such scheme
shows strong analogies with the semi-crystalline microstruc-
tures of conductive polymer thin films (see ref.[51] and ref-
erences within) described as (more conductive) crystalline do-
mains embedded within an (less conductive) amorphous ma-
trix. The charge transport of the overall GRM thin film is given
by the interplay of the mesoscopic 3D coherent transport inside
the building block, as evinced by magnetoresistance analysis,
and incoherent hopping among them showed by p(T) curves.
Given the inhomogeneous disorder structure, how the charges
travel through the overall thin film depends on the connec-
tion between the building blocks (percolation path) whose ef-
fective electrical connectivity requires a good face-to-face inter-
action corresponding to a relative parallel arrangement. There-
fore, the percolative limit is approached as the mosaicity de-
creases. Such limit is also modulated by the thermal energy that
leads to increase the hopping rate, i.e., thermally-induced metal-

Table 1. Chemical, structural and electric properties of GRM thin films studied by XPS, XRD and |-V measurements, respectively. (C sp?) aromatic content,
(O/C) oxygen to carbon ratio, (d) interlayer spacing, (L,) crystalline domain average thickness, (M) mosaicity, (L,,) average aromatic size, (pgr) room

temperature electrical resistivity and resistivity ratio (r = px/pgrr)-

Thin Csp? O/C ratio d L, M Lyyy PRT = pox/Prt
film [%] [nm] [nm] [°1 [nm] [Qxm]

RGO 93+2 0.03 +0.01 0.334 +0.001 3.6+0.1 10.7 £ 0.2 5.6+0.5 (22+0.2) x 107° 30
EGO 71+2 0.15 + 0.01 0.337 +0.001 8.8+0.2 6.0+ 0.1 75+0.9 (11 + 1)x107° 33

Small 2023, 2303238

2303238 (8 of 11)

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UB01 7 SUOLUIOD aA 111D 3[Rl dde ayy Ag peusenob aJe sojoiie O ‘85N JO SNl 1oy Aleid18UIIUQ AB]1M UO (SO IPUOD-PUR-SLUB)I0Y A8 |1 Afed 18U [Uo//SdY) SUORIPUOD pue sWwie 1 ay) 88S *[£202/20/70] uo AreiqiTauluo Ajim ‘ABojouyos 1 JO Aisienlun siew ey Ad 82808202 11LS/Z00T 0T/I0p/uod A3 1M Al 1jpuluo//sdny Wwolj papeojumod ‘0 ‘62898T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

to-insulator transition. On the other hand, defects play a cru-
cial role in the mesoscopic 3D transport governing the inter-
layer transport inside the building block, as recently reported by
Crnar et al.[’%!

8. Conclusion

In conclusion, we proposed a common framework to describe
GRM thin films as bulk polycrystalline materials consisting in
assemblies of mesoscopic quasi-2D domains. The CT in these
regions can be described in analogy to CT in crystalline domains
in semicrystalline conjugated polymers. GRM thin films behave
as disordered systems in the vicinity of the metal-insulator transi-
tion (MIT) ranging between a semiconductor and a glassy metal,
as governed by defect density and by the arrangement of the
building blocks. Such general approach is supported by the find-
ings of the detailed analysis of the sub-regimes. In particular,
we unambiguously revealed that the critical regime of the two
GRM thin films show the same “characteristic energy” strongly
suggesting that the mechanism governing such regime is com-
mon to all GRM thin films. Previously indicated as polaron hop-
ping mediated by nuclear tunneling, further investigations are
underway to confirm the origin of such a mechanism and to
shed light on the possibility that other processes (e.g., edge mo-
bility) may occur. Since phase transition analysis describes the
overall charge transport in thin films regardless of the mecha-
nism at the nanoscale, the approach developed for GRMs can
be also extended to describe the CT of disordered materials,
such as vdW thin films, as well as composites and granular
materials.

9. Experimental Section

Sample Preparation:  GRM thin films were produced via wet chemistry:
i) preparation of GRM suspension, ii) fabrication of GRM supported mem-
brane and iii) its deposition on silicon oxide substrate.

GO was produced via modified Hummer's method.[>3] Dried GO flakes
were suspended in ultrapure deionized water at 2.5 mg mL™' concen-
tration. The obtained suspensions in water were sonicated mildly (Elma
HP10 bath sonicator, frequency 37 KHz, Ultrasonic Power = 30 W) for
6 hours.

EGO was produced by electrochemical controlled oxidation and exfo-
liation of graphite using a two-step process: sodium perchlorate inter-
calation in acetonitrile and subsequent microwave treatment. The de-
tailed procedure was reported in ref. [10] EGO was dispersed in N,N-
Dimethylformamide (DMF) at 0.25 g L™".

GRM membranes were produced by means of vacuum-assisted filtra-
tion, using nylon 6,6 filter (pores: 0.2 um; Axiva Sichem Pvt. Ltd.). Each
membrane was produced using 0.4 mg of GRM in a mixture of ultra-
pure water/2-propanol (volume = 20 mL). Film thickness values amount
61 + 7 nm for RGO and 140 = 20 nm for EGO, respectively. GRM mem-
branes were then mechanically transferred to Si (100) wafers coated by
300 nm SiO, layer thermally wet-grown (8 x 8mm?; Siegert Wafer GmbH).
The substrate was cleaned with plasma etching before the transfer proce-
dure.

GO films transferred on substrate were thermally reduced at 900 °C in
a tube furnace at high vacuum (pressure < 10~ mbar) for 30 min. The an-
nealing temperature was reached through a two-step process: a first ramp
from room temperature up to 250 °C (rate = 1 K min~') and a subsequent
fast one (rate = 5 K min~"). No further treatment was instead performed
on EGO films.
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In order to avoid any direct electrical contact between the GRM films
and Si (100) substrate, an area of material ~1 mm width close to the sub-
strate border was mechanically removed.

Charge Transport Measurements: Temperature-dependence resistivity
p(T) and magneto-resistance (MR) measurements were carried out in 4-
probes Van Der Pauw geometry.[>4]

Cr/Au electrodes (5/50 nm thick) were thermally evaporated on the
GRM thin films near the four edges in a square configuration (6 X 6 mm).
Each electrode had a circular shape with 500 um diameter.

In-plane, resistance measurements were performed in a PPMS cryostat
(Quantum Design, USA) operating from room temperature down to liquid
“He one (~2 K). Biasing and measurement operations were made through
an external Keithley 2636 SourceMeter connected by triaxial cables to the
cryostat and controlled by a custom wrote LabView (NI Corp) code.

Electrodes on the film were micro-bonded to contact pads of the PPMS
puck/sample holder. An ultrasonic bonder (mod. 4123, K&S Industries,
USA) equipped with an aluminum wire was used.

All the measurements were performed by current biasing two elec-
trodes and measuring the voltage drop at the other electrodes. The lin-
earity of current-voltage characteristics was checked in the range of bias
used, i.e., 102 nA (Figure S10, Supporting Information).

The electric noise characterizations were carried out in a dedicated ex-
perimental set-up, consisting in a closed-cycle refrigerator system (Janis
Research) operating in the 8-325 K range with an active temperature sta-
bilization of 0.2 K. The samples were biased, using a four probes contacts
configuration, by a Keithley 220 Current Source. The output voltage sig-
nal was preamplified by specially designed low-noise electronics, having

a background noise level of 1 nV/\/E, and recorded by a dynamic sig-
nal analyzer HP35670A. All the readout circuitry was optimized for low-
noise measurements,[5°] and its effectiveness had been verified in sev-
eral systems and devices.[®] The measurements were performed apply-
ing electrical field up to E & 200 V m~, resulting 3 orders of magnitude
higher than that applied in R(T) and magnetoresistance measurements
(E~ 0.2V m™"). The effect of the electric field was taken into account by
considering the effective temperature as a function of the field.[>’] Details
in Supporting Information “Chapter T.g".

Magneto-resistance measurements were performed using a PPMS
cryostat equipped with a superconducting magnet that can generate fields
(uoH) up to 7T. The field was applied perpendicular to the basal plane of
the GRM nanosheets network. Fitting procedure of MR curves. Equation 4
shows three fitting parameters: «, § and L,,. § value is calculated by con-
sidering the curve MR # 0 measured at the higher temperature: T = 10 K
for RGO and 300 K for EGO, and subsequently fixed to this value in the fit
of MR at lower temperatures.

Structural and Morphological Analysis:  X-Ray Diffraction (XRD) mea-
surements were performed by the Rigaku SmartLab diffractometer,
equipped with a rotating copper anode (K,: A = 1.54184 A). Two types
of diffraction measurements were performed with a parallel beam: spec-
ular (or 0-20) scan and rocking curve. Specular scans were acquired be-
tween 26 angles of 5° and 40°. Rocking curves were performed by fix-
ing the detector at the Bragg peak position and rocking the incident
angle.

X-ray Photoelectron Spectroscopy spectra (XPS) were acquired on
GRMs films with a Phoibos 100 hemispherical energy analyzer (Specs
GmbH) and Mg K, radiation in constant analyzer energy mode. The over-
all spectrometer resolution was estimated to be equal to 0.9 eV (pass
energy = 10 eV). Analysis chamber pressure during measurements was
lower than 5 x 107° mbar. All XPS data were analyzed and processed
with CasaXPS software (www.casaxps.com). The deconvolution proce-
dure and the quantitative analysis of XPS C Ts survey were described
in ref.[58] Inelastic mean free path corresponding to Cls photoelectrons
was 2 nm.["2] XPS surface sensitivity is described in details in Supporting
Information.

Atomic Force Microscopy (AFM) images were acquired with a scan-
ning probe microscope (NT-MDT, Ntegra-l) in order to characterize
GRM sheets, as well as GRM network surface and thickness. The in-
strument was operated in intermittent contact mode with a short n(Sb)-
doped silicon cantilever (Brucker RTESPA-300, f = 300 kHz, k = 40
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N/m). Image analysis was carried out with SPIP software (www.imagemet.
com), details are reported in ref.[59] Size distribution of GRM sheets
and Root Mean Square Surface Roughness (Rgys) were measured by
the analysis of a collection of AFM images corresponding to a total
scan area of ~10° um? and the analysis of 2473 RGO and 1719 EGO
nanosheets. The surface coverage of nanosheets was ~30%. Since the
strong asymmetry of the size distributions the analysis was performed
using percentiles: the average size D50 was defined as the median of
the sample and the size range between D10 and D90, therefore, in-
cludes the most representative 80% fraction of the sample.[’] Thus,
the size dispersion was described using the statistical parameters: me-
dian (D50) and median absolute deviation (MAD) instead of arithmetic
mean and standard deviation (SD).[%] Details are described in Supporting
Information.

Raman analysis had been performed by acquiring spectral maps with
a Thermo Scientific DXR2xi Raman Imaging Microscope, equipped with a
50x objective and a 532 nm excitation laser. The maps were collected with
a step-size of 0.5 um, and each point spectrum resulted from 80 accumu-
lations of 100 ms acquisitions. The reported spectra represent the average
over single nanosheets.

Linear fitting analysis has been performed taking into account standard
errors of all the experimental data using the York method.[6]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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