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ABSTRACT

We analyzed nanographite-based materials in a combined study including

experimental analysis via 4-point probe STM and simulation to provide a

complete picture of microscopic and macroscopic properties of the material. The

two- and three-dimensional transport regimes were determined and evaluated

regarding the anisotropy of the conductivity. The experimental results yield the

full macroscopic conductivity tensor. Microstructural simulations are used to

map those macroscopic properties to the microscopic building blocks of the

sample. By combining those two, we present a coherent and comprehensive

description of the electrical material parameters across several length scales.

Introduction

Since the (re-)discovery of graphene in 2004, there are

many activities across different disciplines to transfer

its outstanding microscopic properties to macro-

scopic dimensions. Among others, graphene pro-

vides an excellent thermal conductivity [1, 2], a high

Young’s modulus [3], and a remarkable mobility of

charge carriers [4]. Graphene-based conductor mate-

rials, such as fibers or films, are promising candidates

that have already shown impressive macroscopic

results. Thin films based on graphene nanoflakes are

even produced on an industrial scale [5–10]. Never-

theless, the electrical characterization of these mate-

rials remains challenging, due to the large geometric

anisotropy and an intrinsic inhomogeneity caused by

the alignment of the building blocks on the

microscale.

The resistivity of a sample q is the ratio of an

external electric field and the current density. How-

ever, this simple relation is only valid for isotropic
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samples in the diffusive transport regime. In general,

the resistivity is a tensor describing the direction-

dependent components of the electron conductance

in a specific material, which becomes particularly

important for composites.

The sample geometry and the overall setup have to

be very well known to allow for calculating the

resistivity from the resistance. Using 4-point probe

(4pp) setups, inherent problems of contact resistances

can be overcome, so that the resistance is directly

related to the resistivity of a sample. Varying probe

distances and geometries further allow access to the

transport regimes and the dimensionality of a sample

[11, 12]. However, the determination of the resistivity

from the resistance becomes more complex if finite

size effects and anisotropy come into play. In that

case, correction factors for the sample size and for the

position of probes with respect to the edges of the

sample are mandatory. These factors were exten-

sively evaluated for 2D systems, in many studies and

with several mathematical approaches [13–17].

Lately, these factors were also determined for aniso-

tropic and finite samples [13]. However, in 2D sys-

tems only the combination of the tensor components

can be measured, not the individual components

themselves.

Strictly speaking, all this is only valid for homo-

geneous samples. The determination of the conduc-

tivity tensor for an inhomogeneous material is even

more complicated and cannot be accessed from the

experimental side only. Large-scale fabrication of

materials built from microscale elements leads to an

inhomogeneity of the material. To characterize the

homogeneity, mapping approaches can be used,

including characterization via fixed and movable

contact and terahertz time-domain spectroscopy [18].

For inhomogeneous and anisotropic materials, sim-

ulations are mandatory in order to correlate the

microscopic and macroscopic properties. For

instance, 1D building blocks such as carbon nanofi-

bers were used to model the properties of 3D

macroscopic samples [19–21]. Also, transfer matrix

methods for calculating a dynamical conductivity

were reported [22]. Very recently, simulations based

on random resistor networks were established to

model systems made from 2D building blocks

[23–25].

In this study, we investigate the transport proper-

ties of nanographite-based conductor materials. The

determination of the resistivity components via a

4-point probe scanning tunneling microscope (4pp

STM) in combination with network simulations pro-

vides a complete and coherent picture of microscopic

and macroscopic properties of the material and

makes it possible to disentangle the conductivity

components from each other.

Experimental details

Thin conductive films were synthesized from a liquid

graphene dispersion via vacuum filtration. The

smallest flakes were eliminated via centrifugation to

achieve an average flake size of 2.51 ± 0.15 lm2. The

area distribution was obtained from the analysis of

scanning electron microscope (SEM) images, as

shown in Fig. 1a. More detailed information on the

sample production process can be found in Ref. [25].

The thickness of the analyzed sample is 4 � 0:3 lm

and the mass 6.4 mg, which corresponds to a film

density of 1:41 � 0:11 g cm�3. The lm-sized flakes are

arranged in flat layers and the film is homogeneous

on a macroscopic scale. Microscopically, the surface

morphology exhibits a certain roughness, as can be

seen in SEM shown in Fig. 1b. Due to their random

positioning, the individual flakes cause an inhomo-

geneous structure on the microscale. The dispersion

we used was 10 weeks old and therefore the flakes

were heavily agglomerated. Due to this agglomera-

tion, the sample is expected to contain nanographite

particles rather than monolayer graphene flakes. As

we will show below by probe distance-dependent

transport measurements, the multilayered nature of

these building blocks and their anisotropic assembly

shift the expected onset of the 2D regime toward

smaller probe distances.

Transport experiments were performed using a 4

tip STM/SEM system, operating at a base pressure of

10�8 Pa. Tungsten tips with a diameter of 20 to 80 nm

were electrochemically etched and the oxide was

removed by applying high voltage pulses under

vacuum conditions. The tips can be moved inde-

pendently via piezomotors, while being observed by

SEM and allow a wide range of measurement

geometries, i.e., squared arrangement for measuring

the anisotropy (cf. inset of Fig. 2, Ref. [13]). The

probes were approached fully feedback controlled

into tunneling contact, and manually lowered to form

an ohmic contact with the sample surface. This

ensured reliable transport measurements while
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keeping the surface damage reasonably low. To

support the microscopic measurements, the sheet

resistance was additionally measured via a non-con-

tact eddy current device (SURAGUS EddyCus TF

map 2525SR). The resulting spatially resolved mea-

surements visualize the macroscopic homogeneity of

the samples.

The simulations are based on a three-dimensional

(3D) random resistor network model. Overlaps

between flakes constitute the nodes of the network,

while the individual flakes connecting the nodes

correspond to the edges. In-plane transitions between

flakes can be neglected compared to the dominant

out-of-plane transitions. From the fully constructed

resistor network, the macroscopic electrical conduc-

tivity of the given system is computed. Further

details are reported in Refs. [23, 24]. We modeled our

nanographite flakes as randomly shaped polygons

with a surface area A and a thickness tflake. The

individual flakes were grouped into layers, which

were then stacked to form a 3D structure. Despite the

random flake shapes and positions, we are able to

Figure 1 a Area distribution of graphene flakes on a silicon

substrate, determined from a high-resolution SEM image (inset).

Around 180 flakes were evaluated with an average flake size of

2.51 ± 0.15 lm2. b SEM image of the sample surface which

reveals inhomogeneities on the microscale, while the overall

sample is macroscopically homogeneous.

Figure 2 a Resistance measured at three different positions as a

function of the rotation angle (colored symbols) using the so-

called rotational square method (fixed probe distance of 50 lm) as

depicted in the inset of panel b). For comparison, the data

measured on a monolayer graphene sample [26] are shown as

well. b Resistance anisotropy (Rhigh/Rlow) as a function of the tip

distance. The dashed line is a guide to the eye. The green arrows

indicate the strong variation of the anisotropy values. For details,

see text. All measurements were taken at 300 K.
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control the overall packing density of the structure p

and the average surface area of the flakes �A.

The resistances of the network edges are based on

the following geometric properties: the overlap areas,

the distances between overlaps, and the orientation of

overlaps toward each other. Additionally, the flake

thickness tflake, the in-plane flake conductivity rin and

the conductivity between individual nanographite

flakes rout are included. While the geometric prop-

erties are randomly generated and only their aver-

ages are controlled, tflake, rin, and rout serve as

physical input parameters. They characterize the

individual microscopic building blocks of the thin

film and are closely linked to the macroscopic con-

ductivity tensor. The input parameters can be mod-

eled according to statistical distributions or with

uniform effective quantities [23]. Even though the

flakes do not form a perfect single layer, this

approach has shown to be a good approximation as

was shown in comparison with experimental data

taken from different films [25].

Experimental results and discussion

After loading the sample to UHV and degassing it,

the transport properties were determined with the 4-

tip STM/SEM system. First, in order to gain infor-

mation about the anisotropy, the rotational square

method was applied. The tips were arranged in a

square configuration, as shown in the inset of Fig. 2b,

and subsequently rotated between retract and

approach of the tips. The sequential permutation of

current and voltage probes allows acquiring data for

180� while rotating the tip assembly by only 90�. The

probe distance for this measurement was 50 lm, i.e.,

large compared to the sample thickness of around

4 lm. Therefore, even the analyzed nanographite-

based compound should resemble a 2D material.

The results measured at three different positions

across the sample are shown in Fig. 2a. The resis-

tances vary between Rhigh � 20 X and Rlow � 12 X,

thus representing the overall good conductivity of

this graphene-based conductor material.

For an anisotropic but homogeneous 2D material, the

anisotropy of the resistances depends on the angle of

the injected current with respect to the direction of

anisotropy and is uniquely related to the resistivities

along the two directions [13, 27]:

R qx; qy;H
� �

¼

ffiffiffiffiffiffiffiffiffiffiqxqy
p

2pt
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ qy

qx

� �2
�4 cos2 H sin2 H 1 � qy

qx

� �2

sin2 Hþ qy
qx
cos2 H

� �2

vuuuut
ð1Þ

where t signifies the sample thickness, H the angle,

and qx and qy the resistivities in x- and y-direction.

For comparison, this function is plotted in Fig. 2a

together with data obtained for epitaxial monolayer

graphene grown on stepped SiC(0001) surfaces [26].

Although there are variations seen upon the

change of angle, there is apparently no preferential

direction for electron transport. In contrast to the

monolayer graphene, but also various metallic chain

systems grown by self-assembly on Si-surfaces

[28–30], there is no clear maximum visible. Appar-

ently, the situation for this graphene-based conductor

material is completely different, and we have to

conclude that the uncorrelated variations are

explained by microscopic inhomogeneities, i.e., the

influence of the exact configuration of the flakes at a

certain position.

To shed further light on this effect, we performed

probe distance-dependent measurements using a

square configuration. Based on the fact that the

resistances along different directions show no sys-

tematic trends, we used a fixed orientation of the

square tip arrangement with respect to the sample.

The ratio of the two measured resistance values is

used as an indicator for the local anisotropy and the

results are plotted in Fig. 2b.

For large tip distances, no significant anisotropy

was observed and the ratio is close to 1, i.e., the

random arrangement of a high number of flakes

averages out any anisotropy. When reducing the tip

distance, the anisotropy gradually increases and

exhibits a maximum around s � 5 lm. In this distance

range, we also observe strong variations of the ani-

sotropy (marked by arrows). For probe distances on

the order of the average flake size (cf. Fig. 1), we

expect a vanishing anisotropy. For slightly larger

distances, there is a high probability that adjacent

flakes are contacted. Thus, the higher anisotropy

values on this length scale are indicative for a rota-

tional misalignment of the flakes.

Evidently, for small distances, the number and also

the orientation of single nanographitic flakes play a
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major role. The random azimuthal orientation of the

flakes with respect to the fixed 4-tip assembly

explains the conflicting anisotropy values marked by

arrows in panel b). For small distances, the exact flake

configuration is crucial. We are therefore able to

observe a hallmark of the individual flake configu-

ration at a certain position of the sample surface.

Based on these conclusions, the sample is made from

an anisotropic, microscopically inhomogeneous

material.

Besides anisotropy and homogeneity, we consider

the dimensionality aspect. As mentioned above, the

sample is around 4 lm in thickness, thus for

approximately 20 lm probe distance, the corre-

sponding correction factor F1, taking into account the

probe distance s and sample thickness t, is unity.

However, F1 ¼ 1 for t=s\ 1/4 is only valid for

homogeneous and isotropic materials, where it marks

the 2D regime. In contrast, for t=s[ 4 the correction

factor becomes F1 ¼ 2 ln 2ðs=tÞ, i.e., probe spacing

dependent as expected for 3D transport [13, 15].

In order to prove this for the present nanographite-

based conductor material, we investigated tip dis-

tances from 35 lm up to 300 lm. In this regime, no

significant in-plane anisotropy was found, i.e.,

qx ¼ qy. The results are shown in Fig. 3. Clearly, tip

distance dependence is found and the 2D/3D tran-

sition is visible. However, the transition occurs at

larger values, which is due to the nanographitic

building blocks as will be explained at a later point.

First, the 2D/3D transition is quantified, we made

use of resistor network simulations.

As shown above, the system reveals no anisotropy

for tip distances larger than s ¼ 35 lm and appears as

a 2D system for s[ 100 lm. Therefore, the electrical

resistivity in the 2D regime for the squared configu-

ration can be deduced via

R2D ¼
ffiffiffiffiffiffiffiffiffiffiqyqx

p

2pt
ln 1 þ qx

qy

 !
¼ qxðyÞ lnð2Þð2ptÞ�1 ð2Þ

where t is the thickness of the sample and qx and qy
are the macroscopic resistivities in x- and y-direction

[13], which are identical in our case. As a result, the

in-plane conductivities rxðyÞ ¼ q�1
xðyÞ for the 2D regime

are determined to be rx ¼ ry ¼ 65:2 � 1:6 kS/m.

To substantiate this result, additional macroscopic

measurements using the eddy current method were

taken, using a pitch of 1 lm and a frequency of

10 MHz. Despite the small pitch, there is an influence

between neighboring measurement points and the

spatial resolution can be approximated to 5 lm. The

eddy field penetrates the complete sample at the

given frequency, making sure bulk effects are mea-

sured. The mean sheet resistance is approximately

4:1X and the resistivity is found to be homogeneous

across the sample, as shown in Fig. 4. The resulting

conductivity of reddy ¼ 61:1 kS/m matches the

microscopic 4pp measurements very well. This

underlines the presented data, but only gives insight

into the lateral conductance components and cannot

fully reveal the anisotropic conductivity tensor

including in- and out-of-plane parameters.

For probe separations between s=35-100 lm, we

found a 3D behavior (cf. Fig. 3). For this regime, the

qz component of the resistivity tensor can be deduced

for a square 4pp configuration from [13]

R3D ¼
ffiffiffiffiffiffiffiffiffi
qxqz

p

ps
1 � 1 þ qx

qy

 !�1
2

2
4

3
5 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiqxðyÞqz
p

2ps
ð2 �

ffiffiffi
2

p
Þ:

ð3Þ

Based on the in-plane conductivity mentioned above,

the out-of-plane conductivity is rz ¼ 133 � 0:5 S/m.

This result clearly corresponds to nanographite

rather than graphene [31, 32], which is expected due

to the sample preparation method.

Figure 3 Resistance R versus the 4pp tip distance s. The 2D and

3D regime is indicated in blue and red. The dotted lines describe

the expected 2D and 3D behavior based on the extracted

conductivity values. The measurements were taken at 300 K

using a squared array tip assembly as sketched in the insets.
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As mentioned above, the 2D/3D transition dis-

cussed in context of Fig. 3 occurs at a considerably

larger tip separation length than expected for an

isotropic sample. However, considering the effective

thickness of our material teff ¼ t
ffiffiffi
n

p
, with n ¼ qz

qxðyÞ
¼

rxðyÞ
rz

� 490 as the bulk anisotropy, the condition

becomes s � 4teff ¼ 4t
ffiffiffi
n

p
. Using the sample thickness

of t=4 lm and
ffiffiffi
n

p
� 20, a tip distance of s � 320 lm is

at least required to enter into a full 2D behavior,

which is in agreement with our findings.

Simulation

The 4pp transport measurements yield the macro-

scopic conductivity tensor r ¼ ðrxðyÞ, ryðxÞ, rz). With

the help of microstructural simulations, we are able

to map the macroscopic sample conductivity to the

properties of the microscopic building blocks.

For the simulations presented here, the structures

comprised a minimum of 95 000 flakes. We fixed the

experimentally determined values of
�A ¼ ð2:5 � 0:01Þ lm2 and the packing density p ¼
0:6199 � 9 � 10�5 and performed parameter studies

for 675 sets of the physical input parameters covering

the range of 96 layers� tflake � 104 layers, 100 kS=m�
rin � 1500 kS=m and 200 S=m� rout � 1000 S=m. Note

that rout and rin to out-of and in-plane conductivity

components on the microscopic scale, i.e., for our

graphitic nanoclusters. These parameter ranges were

identified through considerations of physical limits

followed by iterative test simulations. The resulting

macroscopic film conductivities rxðyÞ and rz are

visualized in Fig. 5.

The flake thickness tflake is directly converted to the

number of stacked graphene layers N in each nano-

graphite flake. In this representation, all data points

that correspond to a specific flake thickness are

located on a straight line, with negligible deviations

due to the hidden parameters rin and rout. The reason

for this is the geometric anisotropy of each individual

flake: since the average flake area �A is fixed, each

flake thickness yields a different ratio of the flake

dimensions, i.e., a well-defined different geometric

anisotropy.

The black frame, magnified in the inset in Fig. 5,

indicates the results of the 4pp measurements. The

frame immediately shows that the measured results

can only be obtained when the average flake thick-

ness in the thin film is between 98 and 104 graphene

layers, which confirms the building blocks to be

nanographite rather than graphene.

For the best fitting parameter sets compared to the

measured conductivity tensor, we generated five

different structures each to evaluate the statistical

fluctuations due to microstructural variations. The

fluctuation was found to be less than 0.5 %, proving

the statistical significance of the simulation approach.

The mean of each parameter set is shown in Fig. 5.

Figure 4 Eddy current measurement of the analyzed film. The

sample width diameter is 38 mm. The conductivity appears

homogeneous on a macroscopic scale and the average value

agrees with the data obtained from microscopic 4pp

measurements.

Figure 5 Simulation results for 675 different parameter sets. The

black square indicates the anisotropy range expected from the

experimental data, the black dotted line the mean experimental

anisotropy. The optimized parameters are the in-plane and out-of-

plane conductivity values as well as the number of atomic layers

in the graphite flakes. The best fitting parameters are indicated by

the star in the enlarged part of the simulation results.
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While we find several possible combinations of rxðyÞ
and rz that are located within the range of the

experimental results, a sweet spot can be identified

(green star). The optimal parameter set and the

resulting macroscopic thin film conductivities are

summarized in Table 1.

The determined values for the flake conductivity

rin ¼ 350 kS/m and the conductivity between flakes

rout ¼ 810 S/m are well within the known range of

graphite conductivities [33]. They complete our

microscopic explanation for the macroscopic thin film

measurements presented in the previous sections.

Conclusion

We characterized in detail a nanographite-based

conductor material with respect to the electrical

resistivity. This material is representative for many

solid-state phases fabricated from microscopically

well-defined two-dimensional building blocks. The

systematic variations of probe spacings reveal char-

acteristic length scales at which such compounds can

be treated as isotropic and even 2D. Moreover, for

length scales close to the size of the microscopic

building blocks, details about their assembly were

unveiled and used as input for network simulations.

By modeling the experimental conductivity values,

details of the network structure as well as of the

electronic properties of the microscopic flakes became

accessible and allowed for a comprehensive

description of the material.
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