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ABSTRACT: Graphene oxide (GO) is widely used as a
component in thin film optoelectronic device structures for
practical reasons because its electronic and optical properties
can be controlled. Progress critically depends on elucidating the
nanoscale electronic structure of GO. However, direct
experimental access is challenging because of its disordered
and nonconductive character. Here, we quantitatively mapped
the nanoscopic charge distribution and charge dynamics of an
individual GO sheet by using Kelvin probe force microscopy
(KPFM). Charge domains are identified, presenting important
charge interactions below distances of 20 nm. Charge dynamics
with very long relaxation times of at least several hours and a
logarithmic decay of the time correlation function are in excellent agreement with Monte Carlo simulations, revealing an
universal hopping transport mechanism best described by Efros—Shklovskii’s law.
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raphene oxide (GO), a sheet of graphene decorated highly oxidized form. Direct experimental access to the

with various types of oxygen functional groups on its electronic structure, which is challenging because of its

basal plane and edges, is a promising 2D carbon intrinsically nonconductive character,'”””*’ is yet needed to
platform of special interest for thin film optoelectronic fully comprehend the reduction process of GO right from the
devices.'”” Here GO offers unique advantages when it very beginning. Understanding this would enable improved
comes to gaining control on electrical and optical properties, comparison with theoretical models and contribute to critical
accompanied by a highly favorable liquid-phase processing knowledge on the operational functionality of GO in
behavior. The random and inhomogeneous oxygen functional optoelectronic devices.
groups distribution confers GO a highly nonstoichiometric and A suitable technique for obtaining insight into the nanoscale
disordered character and induces the formation of localized charge transport properties is Kelvin probe force microscopy
states within the bandgap.*~'® The oxygen atoms form sp’ (KPFM). KPFM allows monitoring localized charges in low

conducting systems.”* ">’ In the presence of localized charges,
the KPEM signal (Vippy) includes not only the contribution of
the contact potential (Vp) but also the localized charge
contribution (Vch‘,ﬂge).%zs’28 Recently, it has been shown that
for 2D systems the char§e distribution can be directly obtained
from the KPFM images.””*° This procedure is especially suited
for GO where complex charge distributions are expected.

In this work, we have studied the nanoscale charge
distribution and charge dynamics of individual GO flakes

bonds with carbon atoms in the basal plane, clustering in
domains of several tens of nanometer in size,"" disrupting the
extended sp” conjugation network of an original graphene
sheet generating also morphological defects. Its atomic
structure can be viewed as an undulated semiamorphous
solid carbon oxide, responsible for its electrically insulating
behavior. Chemical and thermal reduction treatments aim on
the removal of oxygen functional groups partially restoring the
original sp® network. The resulting reduced GO (rGO) with
progressively increased sp®/sp® ratios exhibits enhanced
conductivities covering electrical transport regimes from Received: September 8, 2021
variable range hopping (VRH) to semiconductor and semi- Accepted:  November 12, 2021
metal regimes.”'”~' Today, the charge transport behavior for Published: November 22, 2021
rGO, being partially or progressively reduced, is quite

established. However, there is a critical lack of corresponding

knowledge in what concerns parent GO in its as-produced and
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Figure 1. (A and C) Low- and high-magnification topography images of GO flakes and (B and D) corresponding KPFM images. (E) two pass
subtracted image. The z-scale is (A and C) 4 nm, (B and D) 400 mV, and (E) +50 mV.

deposited from ultradiluted aqueous GO solutions on silicon
substrates with a 300 nm SiO, thick layer by means of KPFM
measurements at room temperature. Using a mask-based
analysis,”' we study the GO flakes and the SiO, substrate
separately, serving the latter as the reference for the Vippy
measurements and to estimate experimental noise (6,;.). The
acquisition parameters and the low relative permittivity of the
underlying substrate has been carefully selected to optimize the
Viharge signal. In addition, all the measurements have been
carried out under N, dry atmosphere to minimize physisorbed
water screening effects (see SL1 for further experimental
details).

Topography and KPFM images (Figure 1A,B) show that for
such low coverage, individual monolayer GO flakes are
distinguished. The KPFM images reveal potential domains of
several hundred of nanometers in size not related with the
topography of the GO flakes (Figure 1B,D). In addition, the
mean Viyppy over a GO flake is about 80 mV with respect to
the SiO, substrate. This latter value is ascribed to the V¢p of
the GO flake,”* while the potential domains are related with
the Vi, contribution due to GO’s disordered insulating
nature. It is known that the localization length (&) of the
charges in GO and r-GO ranges from 0.5 to 4 nm depending
on the sp?/sp> fraction."”” Therefore, the observed Vieharge
domains should include the contribution of multiple charges.
At T =25 °C, we estimate from the Coulomb energy E¢ = e/
4megkry ~ kT (k = 4.3 for SiO, and GO as explained in SI) a
correlation charge distance of ry & 15 nm. This means, that at
scales of r >> r,, the system behaves as a noninteracting one,
which leads to large V, domains in accordance to
simulations.®”

Moreover, consecutive KPFM images show important
dynamics ensuring that charges are hopping between localized
states because of thermal fluctuations (SI Movie 1). A

harge
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fingerprint of the charge dynamics in a disordered “hopping”
system is the existence of a large range of time scales, from
picoseconds to hours or even days.”* Considering the relatively
slow KPFM image acquisition (typically 1—2 s/line in our
experiments), we first analyze how charge movement may
affect the data acquisition and interpretation. To do so, we use
a two-pass method, where each line is scanned twice with
exactly the same acquisition parameters. The direct subtraction
of the two lines cancels all the contributions except those from
the charges that have moved between measurements (Figure
1E and SI.2). On GO, we observe fluctuations that occur
homogeneously all over the flake. Their amplitudes are not
larger than +60 mV but clearly exceed those observed over the
SiO, substrate (interpreted as the experimental noise level
Opoise &~ 10 mV). We estimate that the average charge
redistribution at an image point between the two passes (At
=2 s) to produce such Viharge amplitude corresponds to a net
charge movement roughly equivalent to one electron that
travels a distance (d;) smaller than 10 nm (explained in the
S1.3). We would like to emphasize that this travel distance is
not the hopping distance of one single charge but rather the
result of several charges hopping shorter distances.

To study the GO charge distribution and its dynamics,
instead of using the Vippy(x,y) images directly, we work with
the corresponding charge density images (q(x,y)) obtained
with the FFT deconvolution algorithms proposed in ref 29
(see SL4 for further details on the deconvolution procedure).
Because of experimental noise, this method requires signal
filtering, which limits the lateral resolution, averaging the
effects at a scale shorter than the filter cutoff radius (R.).
Additionally, in order to determine the charge density at a
point, the deconvolution assumes a static charge density in a
surrounding area of radius R.. However, in a dynamic system,
this requires that a charge should travel an effective distance
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Figure 2. (A) q(x,y) image obtained from a KPFM image (image size 7 X 7 ym). (B) Experimental (B.1) and simulated (arbitrary time units)
(B.2) charge domain evolution as a function of time for the vertical section marked in (a) for 292 images (total time 17 h and 20 min 213 s/

image) together with a representative line profile in each case.

(d) smaller than R, during the scanning time (t.) of this area
(t. = 4R.N/L, with # being the line scanning time, N the
number of images points, and L the image size). This
introduces an additional constrain, as R, should be larger than
d. Assuming a charge diffusion process d*

condition is fulfilled when, R, > d = 4; \/? = dl Re where

, the above

Ax = L/N and d, is the traveling distance in #; of ~10 nm, as
previously estimated from our retrace experiments. In practice,
to obtain a certain lateral resolution, it is necessary to reach a
compromise between experimental noise, line scanning time
and size and number of points of the image. In this situation,
the method provides an accurate “coarse-grained” charge-
density that properly describes the behavior of the system at
scales larger than R_ and times larger than f..

With this in mind, we will focus first on the overall behavior
of the flake. A typical charge distribution obtained from a
Vipeym image is shown in Figure 2A. At this low magnification
(L/N = Ax = 54 nm, = 25, R, = 150 nm > d ~ 17 nm),
q(x,y) images already provide much more details than the
corresponding KPFM ones. However, the resolved charge
domains are still large (about 200 nm), involving many
charges. At this magnification, the distance between two
neighbor image points is much larger than the localization
length and larger than the correlation length between charges
at this temperature (r, &~ 15 nm). The observed net charge at
one point weakly interacts with the neighbors, behaving as
noninteracting. In fact, for this point size (about 50 X 50 nm?)
even a single image point may include several charges of the
same sign, as its associated size is already larger than the
correlation length, which leads to the formation of large
domains.™

To study the charge domains dynamics, we acquired
successive frames to construct the time evolution movie
q(xy,t;) (SI Movie 2), and we plot the time evolution of a flake
section along all the movie frames (Figure 2B.1). At first
glance, we notice that some domains maintain an average
charge for a long time (up to several hours) before they
change, indicating the existence of very long relaxation times.
In addition, looking at the line profile, we also identify charge
fluctuation between two successive images around the mean
domain charge. This behavior is fully consistent with what we
observed in the retrace experiment, although in this case the
elapsed time between two measurements at the same point is
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larger (At = 213 s). These fluctuations correspond to charge
diffusion at shorter distances than the domain size.

To better understand the charge dynamics over a GO flake,
we have simulated the charge distribution and its dynamic with
a standard electron glass model together with an efficient
kinetic Monte Carlo algorithm.”**> The model considers
localization sites distributed randomly in a plane, each site may
be empty (n; = 0) or occupied (n; = 1). The Hamiltonian of
the systems is

H = zgt,ﬁz (= )y~ K)

i<j li

(1)

The first term on the right-hand side contains the site energies,
& which are considered to be randomly distributed in the
interval [—W/2,W/2], W being the strength of disorder. The
second term corresponds to the Coulomb interaction between
sites, where K is the mean occupation of the sites (K = 1/2 to
ensure charge neutrality). The parameters used for the
simulation were N = 10000, a square system with periodic
boundary conditions and L* = N (such that the typical area per
site is one), W = 2, localization length & = 1, and temperature
T = 0.1, which corresponds to a correlation length of the order
of 2.5. We simulate a total of 2 X 10° Monte Carlo steps. To
compare experimental and simulated charge densities, we have
to coarse-grain the latter applying a Gaussian filter. We use a
cutoff radius r. = §,

e—(r—r,»)Z/ZVC2

T 2! )
The results for Gg,(r) along a line versus time is shown in
Figure 2B.2. It is remarkable that even with this simple model,
we can qualitatively reproduce both the frame-to-frame
fluctuations as well as the long relaxation times confirming
our data interpretation.

The existence of very long relaxation times (hours) is further
confirmed by analyzing the charge time correlation function

C(Ar) = 27 X (qlx, y; £+ A) — 7(x, )
x (q(x, y; t) — q(x, y)) 3)

In Figure 3, we plot this correlation function on a
semilogarithmic scale. We note that C(t) decays roughly as
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Figure 3. Time correlation function C(t) calculated from
successive charge distribution images q(x,y;t) on a semilogarithmic
scale obtained from N = 292 images (213 s/image).

log(t), indicating that this system presents the characteristic
slow relaxation dynamics of electron glasses.””** Thus, one can
then expect to observe other glassy effects in our system, such
as memory effects and aging under external excitation.*® These
effects are usually seen at low temperatures but should also be
present at room temperature.ss’37

All this hinders the analysis of the mean and standard
deviation (STD) charge images of the movie (Figure SL6),
since extremely long times would be required in order to
guarantee convergence. In fact, if we calculate the mean image
up to a time f; (SI Movie 3), its variance on the GO flake

region has not converged to a well-defined value (Figure S1.7).
Instead, it slowly decays and seems to tend to zero, as we
increase t. Thus, this supports the idea that there are no
regions that tend to trap charges of a particular sign. We also
observe that the mean and the standard deviations over time at
each image point are not correlated (Figure S1.8). If there were
points trapping charges, we would expect, at those points,
nonzero mean and small STD. However, we realize that the
wrinkles visible in the topography image of the flake show a
lower STD signal. This means that the wrinkles in the flake do
not attract charges of any particular sign but only reduce the
charge mobility.

To get further resolution of the nanoscale charge
distribution, we acquire higher-magnification images (L = 1.5
pum, L/N = 12 nm) in a GO flake region (Figure 4). At this
magnification, the charge density image (Figure 4C) resolves
many individual charge domains of radius about 25 nm. The
total charge of the individual domains is around +1e (Figure
4C). This is fully consistent with the initial estimated charge
correlation length (r, & 15 nm). For charge distances below r,
the charge interaction is important and a charge tends to be
surrounded by charges of the opposite sign. In these highly
oxidized GO (see S2.2) the localization length £ is below 0.5
nm, "> while the charge domain radius is of the order of r,.
Thus, these domains will contain many interacting charges but
the net domain charge should be close to +1e. The observed
correlation length is consistent with variable-range hopping
conduction in the Efros—Shklovskii regime, as an electron
jumping a hopping distance (typically 2—6 &) still remains in
the cs:grrelated region where the Coulomb gap should play a
role.

Figure 4. (A) and (C) Topography. (B) and (D) q(x,y) images. In D, the small black square shows a resolved individual domain with total

charge + e.
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In conclusion, we have been able to measure the nanoscale
charge density on GO, showing the existence of localized
charge domains. This is a universal feature, because of the large
amount of disorder introduced by the functionalization, being
verified by the fact that hopping is the main conduction
mechanism in GO and r-GO. The charge dynamics shows the
existence of long relaxation times (at least hours) and an
approximate logarithmic decay of the time correlation function
of the charges. These features are typical of electron glasses
and therefore indicate that GO could present slow response to
some perturbations or even aging and memory phenomena.
We emphasize the excellent qualitative agreement of
experimental measurements with Monte Carlo simulations
confirming the hopping transport.

Moreover, we have reached a lateral resolution up to a scale
that allow us to confirm the importance of charge interactions
at distances lower than 20 nm. As in highly oxidized GO, this
distance is much larger than the localization length, for this
system, we can expect Efros—Shklovskii hopping conduction.
However, these results could be tuned by modifying the
support material as well as varying the oxidation degree to
study how it affects the localization and correlation length and
therefore the charge dynamics.

In a wider sense, beyond the particular findings on GO, we
show that our KPFM methodology is a unique complementary
approach to probe the charge transport in 2D disordered
systems. In addition, comparison with more complex
theoretical models will help to shed light on the unclear
transport properties. This new procedure can be further
improved using faster scanning speeds, measurements at
variable temperature among others.
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