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Abstract
Graphene is a breakthrough 2D material due to its unique mechanical, electrical, and thermal
properties, with considerable responsiveness in real applications. However, the coverage of large
areas with pristine graphene is a challenge and graphene derivatives have been alternatively
exploited to produce hybrid and composite materials that allow for new developments,
considering also the handling of large areas using distinct methodologies. For electronic
applications there is significant interest in the investigation of the electrical properties of
graphene derivatives and related composites to determine whether the characteristic 2D charge
transport of pristine graphene is preserved. Here, we report a systematic study of the charge
transport mechanisms of reduced graphene oxide chemically functionalized with sodium
polystyrene sulfonate (PSS), named as GPSS. GPSS was produced either as quantum dots (QDs)
or nanoplatelets (NPLs), being further nanostructured with poly(diallyldimethylammonium
chloride) through the layer-by-layer (LbL) assembly to produce graphene nanocomposites with
molecular level control. Current–voltage (I–V ) measurements indicated a meticulous growth of
the LbL nanostructures onto gold interdigitated electrodes (IDEs), with a space-charge-limited
current dominated by a Mott-variable range hopping mechanism. A 2D intra-planar conduction
within the GPSS nanostructure was observed, which resulted in effective charge carrier mobility
(μ) of 4.7 cm2 V−1 s−1 for the QDs and 34.7 cm2 V−1 s−1 for the NPLs. The LbL assemblies
together with the dimension of the materials (QDs or NPLs) were favorably used for the fine
tuning and control of the charge carrier mobility inside the LbL nanostructures. Such 2D charge
conduction mechanism and high μ values inside an interlocked multilayered assembly
containing graphene-based nanocomposites are of great interest for organic devices and
functionalization of interfaces.
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Introduction

Graphene has attracted great interest in the last decade due to
its unique optical, electrical and mechanical properties [1–4],
clearly evidenced by the increasing number of publications
[5, 6]. Nevertheless, obtaining pristine graphene in large areas
is a challenge even with recent progress in chemical vapor
deposition methods that still require high temperatures
(>300 °C) and expensive apparatus [7]. This naturally drives
the search for new fabrication methodologies and hybrid or
composite materials resembling the properties of pristine
graphene. The layer-by-layer (LbL) technique is a simple,
alternative approach for the functionalization of surfaces
based on physical adsorption of materials. It is mainly based
on hydrogen bonding, electrostatic and van der Waals inter-
actions, allowing molecular level control in the assembly of
graphene-based materials with other compounds for intricate
functions [8–10]. The processing of materials is important for
both the LbL assembly and other methodologies; and the
chemical synthesis can be favorably used for both functio-
nalization and production of water soluble hybrid, composite
graphene-like compounds with properties that can be syner-
gistically explored with other conjugated materials in a mul-
titude of applications.

Reduced graphene oxide (rGO) is an attractive choice as
it has properties resembling pristine graphene, although its
electrical conductivity and charge carrier mobility are lower
due to the presence of defects and remaining OH groups from
the chemical reduction process [11]. rGO has been used in
numerous technological applications such as flexible mem-
ories [12], sensors [13–15], supercapacitors [16] and batteries
[17]. Research on the electrical characteristics of rGO sug-
gests a space-charge-limited current (SCLC) conduction
mechanism [18, 19] and temperature-dependent studies indi-
cate charge carriers thermally activated by a variable-range
hopping (VRH) process [20–22]. However, there is a lack of
information in the literature about mobility, conductivity and
charge carrier mechanisms in rGO nanostructures combined
with other materials, especially as multilayered LbL films,
which is important for forthcoming developments in electro-
nic devices.

We report here a systematic study of the charge transport
mechanisms of rGO chemically functionalized with sodium
polystyrene sulfonate (PSS), named GPSS, either as quantum
dots (QDs) or nanoplatelets (NPLs) in interlocked LbL
nanostructures with poly(diallyldimethylammonium chloride)
(PDDA). The materials were deposited onto gold inter-
digitated electrodes (IDEs) and electrical characterization was
performed at each deposition step during the LbL film
assembly, with charge transport dominated by the SCLC
mechanism. The transit time of the charge carriers was
determined from impedance measurements and, based on the
SCLC formalism, used to define the mobility (μ) and density

of carriers thermally generated in the LbL nanostructures. The
charge carrier conduction in both QDs and NPLs can be well
described by the VRH Mott model (Mott-VRH), presenting a
2D intra-planar conduction formed within the GPSS plane in
the LbL structure with almost null inter-planar passage
between adjacent film layers. Interestingly, such multilayered
LbL assemblies enable 3D nanostructures with controlled
thickness and composition that preserve the characteristic 2D
charge transport of graphene-based materials along with the
layer where the QDs or NPLs are deposited.

Experimental

Graphene oxide (GO) was chemically synthesized from the
traditional Hummers´ method [23], yielding a black powder.
Briefly, 250 mg of GO were sonicated for 10 min in ultrapure
water acquired from a Sartorius Arium Comfort system,
resulting in homogeneous, stable GO water suspension. The
GO dispersion was added with 2.5 g of poly(sodium
4-styrenesulfonate) (PSS) acquired from Sigma-Aldrich under
continuous stirring, followed by the addition of 325.5 mg of
hydrazine at ∼90 °C during 14 h, thus producing stable rGO
wrapped by PSS molecules (GPSS) [24]. The final product
was centrifuged at 1500 rpm, further washed with ultrapure
water and then dried in vacuum. GPSS NPLs were obtained
after diluting the material in ultrapure water (0.1 mgml−1),
keeping the dispersion in an ultrasonic bath for ∼30 min.
GPSS in QDs form were prepared by immersing an ultrasonic
probe (QSonica Sonicators model Q700) in the GPSS solu-
tion for 30 min.

For the LbL film formation, GPSS was used as the
negatively charged polyelectrolyte prepared in ultrapure water
at 0.1 g l−1. Poly(diallyldimethylammonium chloride)
(PDDA) acquired from Sigma-Aldrich was used as received
and employed as the positively charged polyelectrolyte at
20 wt% in ultrapure water. The pH of all polyelectrolytes was
adjusted to 3.5 using 0.1 mol l−1 HCl. LbL films were
deposited onto gold IDEs having 60 fingers with 150 nm
height, 3 mm length and 40 μm width, separated 40 μm each
other, patterned onto glass slides by standard photo-
lithography. The immersion time in both polyelectrolytes was
fixed in 10 min, thus producing (PDDA/GPSS:QDs)n and
(PDDA/GPSS:NPLs)n LbL films, being n the number of
deposited bilayers. A washing step consisting of 1 s in
ultrapure water also at pH 3.5 was adopted between sequen-
tial immersions into the polyelectrolytes to remove material
loosely bonded. The multilayer formation was monitored at
each deposition step by both UV–vis spectroscopy (Biochrom
Libra S60 spectrometer) for LbL films deposited onto quartz
plates, and through current (I) versus voltage (V ) measure-
ments for films deposited onto IDEs. The I–V data was
acquired in a home-made automated setup controlled by
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Arduino using a Keithley 6487 Picoammeter. A set of five
I–V curves were obtained after withdrawal of the substrates
from the rinsing water to check the stability of the electrical
response. Atomic force microscopy (AFM) was carried out on
a BRUKER Dimension ICON equipment with a rectangular
shaped silicon tip, 42 Nm−1 spring constant, 330 kHz free
oscillation, in the intermittent contact mode. Impedance
measurements were acquired using a Solarton 1260A impe-
dance analyzer coupled to a 1296 dielectric interface. Mea-
surements were carried out with sine-wave voltage signal
amplitude of 25 mV, without dc bias in the frequency range
1 Hz–1MHz at room temperature. To evaluate the charge
transport mechanisms of the LbL films, I–V measurements as
a function of temperature were carried out using a Keithley
2636A SourceMeter® coupled to an LTS420E Linkam
cryostat in a probe station. The measurements were performed
in vacuum (10−2 Torr) with the temperature varying from 77
to 327 K. Finally, carrier concentration, conductivity and Hall
mobility measurements were performed at room temperature
using an Ecopia HMS-3000 Hall System from Bridge Tech-
nology, operating in van der Pauw configuration and magn-
etic flux density input of 0.55 T.

Results and discussion

GPSS either as QDs or NPLs could be successfully tailored in
a multilayered assembly with PDDA, as illustrated in figure 1
by the UV–vis spectra for QDs. The same behavior was
observed for the GPSS NPL films, with results not shown as
no additional information is added. It was observed a linear
growth with the number of deposited bilayers from the
absorbance maximum formed at 270 nm, commonly attrib-
uted to π→π* transitions of aromatic C–C bonds in the
graphitic structure [25, 26]. The observed linearity (figure 1
inset) is an indicative that the same amount of material was
transferred at each deposition step in the (PDDA/GPSS)n

LbL film formation, with high degree of molecular organi-
zation and thickness control at nanoscale [27].

The AFM characterization of the LbL films confirms the
presence of both NPLs (figure 2(a)) and QDs (figure 2(b)), as
expected following the experimental procedure adopted for
the GPSS solution preparation. From figure 2(a) one can
notice the presence of both single and multiple stacked NPLs,
with a root mean square (rms) roughness of 1.2 nm and
average NPL diameter size ranging from 0.5 to 1.5 μm,
compatible to values reported in the literature [24, 28]. It was
also identified the presence of wrinkled NPLs, with higher
surface area than the QDs. The QDs (figure 2(b)) presented a
uniform globular film characteristic with size ranging from 20
to 65 nm in diameter and average rms roughness of 6.4 nm,
similar to literature [29–31]. From figure 2 it can be noticed
the presence of wrinkled NPLs as single foils with average
thickness of ∼1.59 nm, and also 18.8 nm as the average
height of the QDs.

As the (PDDA/GPSS)n film growth and topographies
have been identified, electrical measurements were carried out
during each deposition step in the LbL architectures, as
shown in figure 3. The electric current measured in the QDs
LbL films presented a strong dependence on the number of
deposited bilayers (figure 3(a)). For the first 10 bilayers, the
current minimum value is symmetrically reached for poten-
tials other than 0 V in both positive and negative applied bias
(figure 3(b)), a characteristic hysteretic effect indicative of
trapped charges within the film [32]. With increasing number
of deposited QDs bilayers the current continues to increase,
with a concomitant decrease in the distance between the
minimum values, indicative that the system is becoming more
conductive and loses the capacity to store charges. This effect
is highlighted in figure 3(a) where one can observe that up to
the 20th deposited bilayer the current grows rapidly, with
subsequent little current variations occurring from the 40th to
the 50th bilayers. Such a behavior was observed in three
independent samples, reaching ∼10−4 A at 2 V. For LbL
films with GPSS NPLs the same current values (10−4 A) were
attained at lower voltages (∼1 V) already for the 5th depos-
ited bilayer, with no indications of charge trapping/accumu-
lation (figure 3(c)). Details on the thickness-dependent current
of each film are discussed hereafter. It is worth mentioning
that the sp2 large domains formed in the rGO NPLs are
responsible for the observed high currents [33]; LbL films
formed with QDs, on the other hand, present smaller sp2

domains in larger disordered regions when compared with the
NPLs. Smaller domains lead to an increased number of grain
boundaries and interfaces that increase scattering during the
charge transport, reducing the observed current [33]. Conse-
quently, the LbL technique enables a fine tuning of the
electrical properties that can be explored through surface
modification of interfaces using distinct molecular assemblies
of the same material.

Electrical dc and ac measurements were combined in a
further insight into the charge transport of the LbL films. The
range of the applied potential in dc measurements was
increased beyond the ohmic region to check the validity of
Schottky, Poole–Frenkel, Fowler–Nordheim, and SCLC

Figure 1. (a) LbL film growth of (PDDA/GPSS:QDs)10 monitored
by UV–vis spectroscopy. Inset: film absorbance at 270 nm as a
function of the number (n) of deposited bilayers, with the same
behavior observed for (PDDA/GPSS:NPLs)10 LbL films. (b) and (c)
Sketches of the (PDDA/GPSS:NPLs)n and (PDDA/GPSS:QDs)n
film architectures, using their respective morphologies obtained from
AFM measurements.
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models [34–37]. Impedance measurements were used to
determine the relaxation time of the charge carriers in the LbL
films studied. The results are displayed in figure 4 for LbL
films containing QDs and NPLs.

From figures 4(a), (c) one can observe an ohmic region
(slope ∼1) at low potentials, followed by a I V nµ depend-
ence with n=2 for higher voltages, characteristic of the
SCLC mechanism. The current density (J) in the ohmic
region is given by equation (1):

J qn , 1V

d0m=W ( )

where q is the elementary charge, n0 is the concentration of
free charge carriers in thermal equilibrium, μ the mobility of
the charge carriers and d the distance between fingers in the
IDEs. A parallel-plate capacitor approximation (E=V/d) can
be used to describe the electric field (E) with respect to the
applied voltage. For a semiconductor/insulator material in the
presence of charged traps, the current densities in the SCLC
regime are given by equation (2):

J , 2r
V

d

9

8 0
2

3e e mq= ( )

where εr is the relative permittivity of the material (εr∼5 for
rGO according to the literature [18]), ε0 is the vacuum
permittivity (8.85×10−12 F m−1), θ is the ratio between the

density of free carriers and the total density of carriers (viz.
free and trapped charges).

The transition from ohmic to SCLC conduction occurs in
a characteristic potential called transition voltage (VΩ), as
indicated in figures 4(a), (c) for the films containing QDs and
NPLs, respectively. At this condition, the transit time of the
carriers tt=d2/(μθVΩ) is approximately equal to the di-
electric relaxation time τ=(9εrε0)/(8qn0μ) [35, 38–40],
which gives equation (3) for VΩ [39]:

V . 3qn d8

9 r

0
2

0
=

qe eW ( )

The transition voltage can be obtained from the I–V plot, as
indicated in figures 4(a), (c), being respectively 0.85V for the
(PDDA/GPSS:QDs)50 and 2.9 V for the (PDDA/GPSS:NPLs)50
films.

The dielectric relaxation time (τ) was determined from
the impedance data, represented here as Nyquist plots (−Z"
versus Z′), as shown in figures 4(b), (d). The semicircle
formed with its maximum at the frequency ωmax=2πfmax

provides τ=1/ωmax for the analyzed LbL film. The values
are shown in table 1, along with other parameters calculated
from the SCLC model.

The effective mobility ( effm ) of the charge carriers indi-
cated in table 1 were calculated considering tt t» at the

Figure 2. AFM image (a,c) of the LbL film and height profile (b,d) along the indicated line 1 for (PDDA/GPSS:NPLs)50 and for
(PDDA/GPSS:QDs)50, respectively.
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transition potential, implying:

, 4d

Veff

2

m qm= =
t W

( )

n . 5
q0

9

8
r 0= e e
qmt

( )

Here, we found respectively μeff=4.7 cm2 V−1 s−1 for
GPSS:QDs and μeff=34.7 cm2 V−1 s−1 for GPSS:NPLs,
values superior to those early reported (10−2

–1 cm2 V−1 s−1)
and approach the very best mobility values found in the lit-
erature for rGO (43–188 cm2 V−1 s−1) [41]. The mobility
values obtained from the SCLC calculations are also very
close to those obtained from Hall effect measurements in the
same LbL nanostructures (table 2), with negative values
displayed for the bulk concentration confirming electrons as
the majority carriers in both films. Our Hall coefficient (RH) is
relatively high (∼104 cm3 C−1) compared with the literature
(RH∼0.02 cm3 C−1) [41], but the interlocked multilayer
structure formed with PDDA in the LbL films presented here
result in lower conductivities due to the insulating nature of
PDDA, which will be discussed in the sequence. At the same

time, the observed higher mobility and consequently higher
RH are related with conductive paths created inside the LbL
layer containing rGO. In addition, impedance measurements
associated with SCLC conduction is a simple alternative way
to achieve reliable mobility values in LbL nanostructures.

The conductivities of both (PDDA/GPSS:QDs)n and
(PDDA/GPSS:NPLs)n LbL films were calculated from the I–
V curves in figure 3, and are illustrated in figure 5 as a
function of the number of deposited bilayers.

The conductivity dcs ( ) of the LbL films can be calcu-
lated using:

. 6
RKdc

1

cell
s = ( )

R is the resistance of the film and Kcell is the cell constant [42]
of the IDEs,

K L 7N
cell

1

2
= - ( )

with N as the number of digits, L the length and w the width
of each digit. Equation (7) is a simplified relationship valid
only when s=w, where s is the distance between electrodes.

Figure 3. I–V measurements obtained in forward and backward sweeps during the LbL film growth: (a) (PDDA/GPSS:QDs)n, for all n
deposited layers, (b) details on the hysteresis for thin (n<10) and thick (n=50) (PDDA/GPSS:QDs)n layers and (c) for all n deposited
layers of (PDDA/GPSS:NPLs)n.
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From figure 5 one can easily observe a strong depend-
ence of dcs with the number of deposited layers for the
(PDDA/ GPSS:QDs) LbL films, while an almost constant dcs
is achieved for the (PDDA/GPSS:NPLs) films right after the
deposition of the 5th bilayer. This can be related to a faster
coverage of the IDEs active area with the NPLs that have
larger domains compared with the QDs, the later presenting
also larger disordered regions as corroborated by the AFM
analysis. Consequently, a larger number of GPSS:QDs layers
are necessary to attain a constant conductivity value. The
literature reports conductivities of ∼10−3 S cm−1 for GPSS
[43] and 0.2 S cm−1 for LbL multilayered, polymer coated
graphene composites [24]. It is worth mentioning that the

conductivity values reported here are low (∼10−5 S cm−1)
due to the insulating PDDA layers interspersed between the
conductive GPSS layers.

It is well known that chemically processed rGO presents
structural defects and remaining OH groups [11], behaving
similarly to disordered semiconductors where conduction by
hopping plays a significant role. Thus, to evaluate the charge
transport characteristics in defective LbL-based graphene
structures, I–V measurements were performed varying the
temperature (T) from 77 and 327 K, as illustrated in figures 6
and 7. The data was analyzed considering the VRH
mechanisms such as Mott and Efros–Shklovskii (ES), with
the main difference between them based on considerations of

Figure 4. (a) I–V curve and (b) Nyquist plot for (PDDA/GPSS:QDs)50; (c) I–V curve and (d) Nyquist plot for (PDDA/GPSS:NPLs)50. VΩ is
the transition potential from ohmic to a second order (I V 2µ ) transport regime, tt is the transit time of the carriers at VΩ and τ is the dielectric
relaxation time.

Table 1. Parameters obtained for the (PDDA/GPSS) LbL films considering the SCLC model and the ac electrical characteristics.

LbL film VW (V) t (s) n0 (cm−3) effm qm= (cm2 V−1 s−1)

(PDDA/GPSS:QDs)50 0.85 4.0×10−6 1.7×1013 4.7
(PDDA/GPSS:NPLs)50 2.9 1.6×10−7 5.6×1013 34.7
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the density of states (DOS) remaining constant or temper-
ature-dependent, respectively. In general, in the ohmic regime
the resistance (R) can be written as a function of temperature
as [44, 45]:

R T R exp . 8T

T

p
0

0= ( )( ) ( )

R0 is a pre-exponential factor, T0 a characteristic temperature
of the distinct VRH models, and p defines the conducting
model that better fits the experimental data. Mott considers a
constant DOS as the temperature varies and shows
p ,

D

1

1
=

+( )
where D is the dimensionality of the system.

Consequently, for a Mott-VRH two dimensional system
D 2 ,=( ) which is likely to be the case for graphene films, the
characteristic temperature (TM) is given by [45]:

T T , 9
k N E0 M

3

B F
2º =
x

( )
( )

where kB is the Boltzmann constant, N EF( ) is the DOS close
to the Fermi level EF( ) and x is the localization length of the
system. When an electron hops from an initial energy state to
a final energy state, it leaves a hole in the initial state and
creates an electron–hole interaction called as Coulomb gap,
having energy E .CG Efros and Shklovskii take into account
the Coulomb interaction of the electron–hole pair and pro-
poses that the DOS near the Fermi level is not constant and
decreases with temperature, resulting in a dependence of R
with the T described by equation (8), with p=1/2 for any
dimension. The characteristic temperature of the ES-VRH

driving mechanism (TES) is given by,

T T . 10e

k0 ES
2.8

4 r

2

0 B
º =

pe e x
( )

In order to find the model that best fits our experimental
data we must determine the p-value from equation (8), being
also possible demonstrates that,

p . 11R T

T

T

T

pln

ln
0= -¶

¶ ( ) ( )( )

Defining W ,R T

T

ln

ln
º -¶

¶
( ) the p value can be obtained

from the slope of the W versus T plot, as W A p Tln . ln ,= -
where A is the linear coefficient of the curve [21].

Figures 6(a) and 7(a) show distinct I–V curves at dif-
ferent temperatures in the ohmic region for both
(PDDA/GPSS:QDs)50 and (PDDA/GPSS:NPLs)50 films.
Variations of the film electrical current with temperature
confirm an activated transport mechanism. The respective
film resistances at 50 mV decrease as the temperature
increases, as shown in figures 6(b) and 7(b). For both LbL
films, the best fitting (R-squared>0.9) for the ln W versus ln
T plot (figures 6(c) and 7(c)) was obtained considering the
Mott-VRH mechanism, and the slope p=1/3 suggests a 2D
system characteristic of graphene [46]. A 3D system would be
a good representation for the LbL films due to the interlocked
multilayered nanostructure formed perpendicular to the plane
of the substrate. However, considering the presence of insu-
lating PDDA layers between conducting GPSS layers, the
charge transport occurs preferably in the GPSS planes, thus
resembling a 2D system.

The ln R versus T −1/3 plots for (PDDA/GPSS:QDs)50
and (PDDA/GPSS:NPLs)50 LbL films (figures 6(d) and 7(d))
presented two different linear regimes, implying in two Mott
characteristic temperature values for each film, as shown in
table 3.

The literature points out that the hopping conductivity
has constant activation energy (EA) equivalent to a critical
temperature value (Tc) where a transition occurs in the
experimental data, here indicated by the arrow in figures 6(b)
and 7(b) [47, 48]. Notice, at this region, there is a change in
the trend of the resistance decay as the temperature increases
for both studied films (figures 6(b) and 7(b)). From the ln R
versus T −1/3 plot (figures 6(d) and 7(d)), such a transition
manifests as a change of the curve slope between the linear
regimes observed, allowing us to experimentally determine
Tc. Here, Tc values are respectively 247 K for NPLs and
237 K for QDs. For T>Tc the activation energy is con-
sidered constant and can be obtained from an Arrhenius plot,
obeying equation (12) [44]:

R R e . 12
E

k T0

A

B= ( )

Table 2. Parameters obtained for the (PDDA/GPSS) LbL films from Hall effect measurements.

LbL film Hm (cm2 V−1 s−1) Bulk concentration (cm−3) Hs (S cm−1)

(PDDA/GPSS:QDs)50 4.5±1.6 (−5.6±1.7)×1013 (7.4±2.2)×10−5

(PDDA/GPSS:NPLs)50 21.5±4.6 (−8.4±1.9)×1013 (2.8±0.4)×10−4

Figure 5. Electrical conductivity of (PDDA/GPSS)n LbL films as a
function of the number of deposited bilayers (n) for the QDs and
NPLs structures.
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It is worth mentioning that Tc is not exclusively related
with the DOS near the Fermi level in the VRH models; that
occurs whenever the DOS is concentrated in a finite interval
close the Fermi level [44], as illustrated in figure 8 following
an ln R versus T−1 dependence and also obeying Mott’s law,
as illustrated in figures 6(c) and 7(c). These also indicate that
our experimental data fits well to the Mott’s conduction
mechanism having a 2D dimensionality over all temperature
range (77 K–327 K) studied. Charge transport mechanisms
usually follows equation (12) for T>Tc when the charge
carriers are thermally activated with a constant EA, shown as
an Arrhenius plot in figure 8. The EA values found were,
respectively, 68.9 meV for (PDDA/GPSS:NPLs)50 and
36.5 meV for (PDDA/GPSS:QDs)50.

At a first glance, a smaller activation energy associated
with lower mobility value might seem contradictory for
(PDDA/GPSS:QDs)50, however, a quantum confinement of
carriers in the QD domains [49] imply in higher relaxation
dynamics (see figure 9). In addition, the large amount of QDs
also favors a higher probability of random jumps between
rGO conducting ‘islands’ distributed along with the GPSS:
QDs plane layer, which contributes to a longer transit time of

the carriers and consequently lower mobility values. The
opposite can be extended to the rGO NPLs case that requires
higher EA due to size and presence of defects, however, the
NPLs display larger conductive pathways that on average
result in higher mobilities, as observed here.

Conclusions

The multilayer films could be easily assembled with PDDA
displaying a uniform material deposition during the LbL film
fabrication, verified by UV–vis spectroscopy. AFM analysis
indicated characteristic NPLs ranging in size from 0.5 to
1.5 μm with an average rms roughness of 1.2 nm, and QDs
ranging from 20 to 65 nm and rms roughness of 6.4 nm. The
film growth was also monitored by current–voltage I–V
measurements that indicated a strong thickness-dependent
response for the QDs, which attained conductivity values of
∼10−5 S cm−1. For NPLs, right after the 5th bilayer the films
attained constant and higher conductivities. Such behavior is
intimately related to the type of GPSS nanostructure whereas
NPLs possess larger sp2 domains compared to QDs, favoring

Figure 6. Temperature-dependent electrical characteristics of (PDDA/GPSS:QDs)50 LbL films. (a) I–V curves, (b) R–T curves at 50 mV, (c)
ln W versus ln T and (d) R Tln versus .

1
3
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the charge transport within the film. At low voltages, an ohmic
regime in the I–V curves was identified for (PDDA/GPSS:
QDs)n and (PDDA/ GPSS:NPLs)n films, followed by a I α V2

dependence characteristic of the SCLC model in both cases. By
combining SCLC data with electrical impedance results, it was
also possible to calculate mobility values of 4.7 cm2 V−1 s−1

for (PDDA/GPSS:QDs)50 and 34.7 cm2 V−1 s−1 for
(PDDA/GPSS:NPLs)50. These values were corroborated by
Hall effect measurements and are among the average mobility
reported for rGO structures. Temperature I–V measurements
had shown a Mott-VRH mechanism and a 2D system

Figure 7. Temperature-dependent electrical characteristics of (PDDA/GPSS:NPLs)50 LbL films. (a) I–V curves, (b) R–T curves at 50 mV, (c)
ln W versus ln T and (d) R Tln versus .

1
3
-

Table 3. Characteristic temperatures from the Mott-VRH model (TM)
for the LbL nanostructures.

TM (K)

LbL film 77 K→237 K 237 K→327 K

(PDDA/GPSS:QDs)50 3.1×103 2.6×104

(PDDA/GPSS:NPLs)50 5.8×103 2.3×104

Figure 8. Arrhenius plots for (PDDA/GPSS)50 LbL films either as
QDs or NPLs. The linear region highlighted indicates thermally
activated charge carriers, with the nonlinear part following Mott’s law.
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characteristic of graphene derivatives, with a 2D intra-planar
conduction formed at the GPSS plane in the LbL assembly,
with almost null inter-planar conduction between adjacent
conductive layers due to the insulating nature of PDDA.
Temperature measurements indicated higher probability of
random jumps between rGO conducting ‘islands’ distributed
along with the QDs layer, which contributes to a longer transit
time of the carriers and consequently lower mobility values. On
the opposite way, higher EA were observed for rGO NPLs due
to size and presence of defects, with larger conductive path-
ways that result in higher mobilities. Therefore, a better com-
prehension of the electron transport in rGO nanostructures can
shine some light in future applications of hybrid, composite
graphene-like materials with unique properties that can be
synergistically explored with other conjugate materials.
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