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ABSTRACT 

Ceramic composites with composition (1−x)[Ba0.85Ca0.15Zr0.1Ti0.9O3] − x[Ni0.7Zn0.3Fe2O4], (0 ≤ x ≤ 100 wt%) 
were prepared using solid state route. Structural and microstructural analysis confirmed the coexistence of 
ferroelectric (BCZT) and magnetostrictive (NZFO) phases without any detectable presence of 
impurity/secondary phases. The composites exhibited ferroelectric, magnetic properties and magnetoelectric 
coupling responses. Highest coupling coefficient was obtained for composite with 50 wt% NZFO.  
 

 

 
1. INTRODUCTION 

Multiferroics (MFs) are those materials that exhibit, 

in the same phase (or multiphase), more than one 

primary ferroic ordering, viz. ferroelectricity, 

ferro(antiferro/ferri)magnetism, ferroelasticity or 

ferrotoroidicity [1]. The possibility of coupling 

between the ferroelectric (FE) and ferromagnetic 

(FM) order parameters that allows modification of 

polarization, P (magnetization, M) under an 

external magnetic field, H (electric field, E) [2], is 

the most intriguing aspect of MFs.  

In this regard, magnetoelectric multiferroic (ME-

MF) composites that combine a FE with a FM 

compound, have been widely studied owing to their 

superior coupling properties as compared with the 

single-phase MFs. It is the chemical 

ʻcontraindicationʼ between the conventional 

mechanism of ferroelectricity (requiring empty d-

orbitals) and ferromagnetism (facilitated by partially 

filled d-orbitals), that limits the range of single-

phase MFs. Among others, some of the prominent 

single-phase MF materials are: BiFeO3, BiMnO3, 

YMnO3, hexagonal manganites RMnO3 (where R 

represents a rare earth ion), Fe3O4, 

Pb(Fe0.5Nb0.5)O3 [3]. On the other hand, in ME-MF 

composites, the ferroelectric phase with large 

piezoelectric response and the large 

magnetostrictive coefficient of the magnetic phase 

allows strain-induced effects between the hetero-

grains of the two phases generating strong ME 

coupling. Owing to this cross coupling, such 

composites, when subjected to an external H can 

tune/switch P (termed as direct ME effect; 𝑃𝑖 =

 𝛼𝑖𝑗
𝐸 𝐻𝑗, where 𝛼𝑖𝑗

𝐸  is the linear ME coupling 

coefficient) and, conversely, M can be modified via 

an external E (the converse ME effect;  𝜇𝑜𝑀𝑖 =

 𝛼𝑖𝑗𝐸𝑗, where 𝜇𝑜 is the magnetic permeability of 

vacuum) [1]. 

In the direct ME effect, the magnetoelectric 

voltage coefficient which is the voltage (electric 

field) induced in a sample by an ac magnetic field, 

is calculated using the relation [4]: 

 

𝛼𝑖𝑗
𝐸 =  

d𝐸𝑖

d𝐻𝑗

 

 

From the applications viewpoint, ME MFs can 

be utilized in novel devices like ultra-low power 

https://doi.org/10.34624/nmse.v4i1.30015
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:indrani.coondoo@ua.pt
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high-density logic-memory, micro(nano) 

electronics, sensors, spintronics, among others [5-

7].  

In the present study, bulk ME-MF composites 

with Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) as the 

piezoelectric phase and (Ni0.7Zn0.3)Fe2O4 (NZFO) 

as the magnetostrictive phase were prepared and 

studied for their structural, microstructural and bulk 

properties (ferroelectric, magnetic, 

magnetoelectric). In the recent past, BCZT 

emerged as a promising lead-free compound due 

to its outstanding piezoelectric coefficient d33 ~   

600 pC/N [8], rendering  BCZT  as  a  favourable 

candidate for the piezoelectric phase in ME-MF 

composites. For the magnetostrictive phase, the 

spinel ferrite, NiFe2O4 (NFO), having 

large magnetostriction coefficient is among the 

most desired ferromagnetic materials. Literature 

survey on the relevant topic yielded no reports on 

composites of BCZT with the Ni0.7Zn0.3Fe2O4 

composition and was therefore studied. 

2. EXPERIMENTAL METHODS 

Bulk composites of (1-x)Ba0.85Ca0.15Zr0.1Ti0.9O3 – 

xNi0.7Zn0.3Fe2O4 [BCZT-xNZFO; x=0, 10, 30, 50, 

70, 90, 100 wt% or x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1] 

were fabricated using solid-state reaction method 

and the details can be found in ref [9].   X-ray 

diffraction (XRD) and field emission scanning 

electron microscope (FESEM) equipped with EDS 

(electron x-ray diffraction spectroscopy) were 

utilized for structural and microstructural studies. 

The electric field induced polarization (P-E) loops 

were acquired on a tracer based on Sawyer-Tower 

circuit. Magnetic measurements were performed 

using a vibrating sample magnetometer (VSM 

Lakeshore model 142A). The ME coupling 

coefficients were estimated from the magnetically 

induced voltage. 

3. RESULTS AND DISCUSSIONS 

The x-ray diffractograms of the powder samples of 

the sintered composites showed well-defined 

peaks corresponding to the perovskite BCZT 

phase and the spinel NZFO phase with no 

 

Figure 1. XRD profiles of the BCZT-x NZFO composites. 
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detectable secondary phase (Figure 1). It is 

observed that the peak intensity of the ferrite phase 

enhances with increasing content of NZFO 

(demarcated by dotted boxes) while those of the 

ferroelectric phase decrease. The density of the 

composites decreased from ~5.3 g/cc to 4.8 g/cc 

with the addition of the ferrite phase, which is 

attributed to the lower density of NZFO than BCZT. 

The backscattered electron image of a 

representative sample (50BCZT-50NZFO) is 

shown in Fig. 2, where the lighter grains 

correspond to the BCZT while the darker grains 

belong to the NZFO phase, respectively, 

corroborated by the EDS spectrum shown in Fig. 2. 

The polarization versus electric field (P-E) 

hysteresis loops confirmed the ferroelectric nature 

of the composites (Fig. 3). The saturation 

polarization was highest in BCZT that decreased 

with increasing non-ferroelectric ferrite content in 

the composites.  The magnetization response (M-

H) exhibited extremely slim, well-saturated 

hysteresis loops with very small coercivity values 

suggesting a long-range ferrimagnetic ordering 

and soft magnetic behaviour (Figure 4). The 

parameters from M-H loops: coercive field (Hc), 

 

Figure 2. Backscattered electron (BSE) and EDS spectra of 50BCZT-50NZFO composite. 

 

Figure 3. P-E hysteresis loops. 

 

Figure 4. M-H hysteresis loops. 
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saturation magnetization (Ms), and remanent 

magnetization (Mr), are enlisted in Table 1. As 

expected, the presence of the 

nonmagnetic BCZT phase affects the distribution 

of the magnetic ions and their spin orientation, and 

consequently a decrease in Ms and Mr is observed 

with increasing BCZT content in the 

composites. The bulk polarization and 

magnetization studies, thus confirm the co-

existence of the individual ferroelectric and 

magnetic phases in the prepared composites. 

In order to attest the coupling between magnetic 

and electric order parameters, the magnetically 

induced voltage (ME voltage) was measured by 

subjecting the samples to an ac magnetic field        

(1 Oe) at 1 kHz in the presence of a dc bias 

magnetic field, H. The ME coupling measurements 

were performed in two modes: transverse (αE31) 

and longitudinal (αE33). The coupling coefficient 

induced by the varying magnetic field was 

estimated from the relation: 𝛼E = 𝜕𝐸 𝜕𝐻⁄ ≈  
𝛿𝑉

(t⋅𝛿𝐻)
 , 

where 𝛿𝑉 denotes the voltage measured across 

the sample having thickness t. Figure 5 compares 

the ME coupling coefficient in 50BCZT-50NZFO 

composition which showed the highest α31 ~14.5 

mV/Oe.cm and α33 ~12.9 mV/Oe.cm, among the 

studied composites. It is seen that in both the 

modes, the 𝛼E trace similar magnetic field 

dependence: initial increase with magnetic field; 

thereafter reaching a maximum before gradually 

decreasing to nearly zero. The αE curves should 

follow the piezomagnetic coefficient 𝑞𝑖𝑘(=  
𝑑𝜆𝑖𝑘

𝑑𝐻
 , 

where 𝜆𝑖𝑘 is the magnetostriction) of the magnetic 

phase as it changes with H. Initially, at lower H, the 

𝜆𝑖𝑘 is small and thus weak ME response is 

observed. However, with increasing H, alignment 

of magnetic moments along the field direction 

 

                                              Table 1: Ms, Mr and Hc for the composites 

Composition MS 

(emu/g) 

Mr 

   (emu/g) 

 

Hc 

(Oe) 

 

0.9B-0.1N 6.07 0.385 19.2  

0.7B-0.3N 23.29 0.521 6.0  

0.5B-0.5N 34.6 0.39 3.0  

0.3B-0.7N 56.39 1.32 14.0  

NZFO 72.36 2.5 20.5  

 

 

 

Figure 5. ME coupling coefficient in 50BCZT-50NZFO. 
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results in an increase in λ, thereby increasing 𝛼E. 

Whereas at higher fields, 𝜆𝑖𝑘 saturates and the 

piezomagnetic coefficient becomes independent of 

H and therefore 𝛼E gradually decreases. As also 

noted, the transverse coupling coefficient is greater 

than the longitudinal coefficient, although the 

difference is small. This can be understood on the 

basis of the phase-field modelling and simulations 

as explained by Ma et al. [10]. Following their 

report, it is believed that in the present case, 

electric field poling along 3-axis causes elongation 

of the piezoelectric phase in the same direction 

(provided d33 > 0), which in turn, because of the 

strain-mediated elastic interaction, produces a 

strain in the magnetostrictive particulates along the 

3-axis. This creates a magnetic domain structure 

having some extent of magnetization alignment 

along the ±3 axis, i.e. with a predominant 180 

domain wall formation before the application of H. 

Thus, the bias magnetic field applied along 3-axis 

in the longitudinal mode mostly drives the 180-

domain wall motion. Consequently, there is a small 

magnetostriction strain leading to smaller coupling 

coefficient (α33). On the contrary, when H is applied 

in transverse geometry, a larger change in 

magnetostriction strain could be obtained via non-

180-domain wall motion, resulting in higher value 

of α31.  

4. CONCLUSIONS 

In conclusion, ME MF composites of (1-x)BCZT – 

xNZFO were successfully synthesized. The 

composites exhibited their individual ferroic 

(ferroelectric and magnetic) characteristics. 

Maximum ME coupling was achieved in the 

composite with an optimum weight fraction of 50 

wt% ferrite content. 
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ABSTRACT 

Applicable magnetic sensors based on nanogranular ferromagnetic materials were developed already more 
than 25 years ago. Since the then, nanotechnology has advanced significantly. New methods for 
manufacturing agglomerated core-shell structures have emerged. This opens up new possibilities of sensor 
fabrication and an opportunity for reassessment of the electric and magnetic properties of ideal granular 
structures. This work represents a comprehensive study of the intergranular resistivity, tunnel 
magnetoresistance and magnetic field sensibility of superparamagnetic and ferro(ferri)magnetic granular 
materials. Starting with the tunnel resistance of a granular metal network in which the grains are interconnected 
by insulating barriers, the tunnel magnetoresistance is calculated under consideration of the temperatures 
dependencies of magnetization, spin polarization and the magnetic flux dependencies of magnetization and 
tunnelling barrier height. Granular, superparamagnetic materials show a higher magnetic field sensitivity than 
ferromagnetic ones. They show a lower temperature coefficient of the tunnel magnetoresistance. Owing to 
their small magnetic response a higher temperature, superparamagnetic ferrimagnetic oxides are not suitable 
for application at room temperature. Ferromagnetic nanoparticles possess a high field sensitivity only in a small 
region of 0.1 to 0.5 T. 

 

 
1. INTRODUCTION 

A granular material is a conglomeration of solid 

particles characterized by a loss of energy 

whenever the particles interact [1]. A small 

negative magnetoresistance was observed in 

granular superparamagnetic (SPM) Ni-SiO2 thin 

films of 5-6 nm diameter made by co-sputtering of 

Ni and SiO2 already 50 years ago [2]. The 

appearing magnetoresistance was attributed to 

tunnelling of spin-polarized electrons between the 

metallic granules. Its low value is explained by a 

low spin polarization of Ni amounting to 11 % at low 

temperatures [3]. Nanogranular, magnetic Fe-B-N 

thin films were first prepared by cosputtering of Fe-

B and BN in 1985 [4]. The films were composed of 

two amorphous phases of Fe-B and B-N with a size 

of about 5 nm. They possessed a high specific 

electrical resistivity  in the order of 1-100 mcm 

and a saturation magnetization of 2.1 µB/at at low 

temperatures. In 1994, large tunnel 

magnetoresistance (TMR) of 8 % at 1.2 T and 

room temperature was obtained in Co-Al-O 

nanogranular films with a resistivity of about 

100 mcm [5]. These films consist of two phases 

– SPM, metallic Co granular grains and Al2O3 

narrow intergrains. Hence, the electrical 

conductance is governed by tunnelling between Co 

grains through Al2O3 tunnel barriers. Comparable 

values were reported in the next years for granular 

Co-Si-O [6], Co-Re-O, Re = Y, Nd, Sm, Gd, Tb, Dy 

[7], Fe-Al-O [8,9], Fe-Mg-O [10], Fe-Si-O 

[11,12,13], Fe-Hf-O [14], and Fe-Re-O, Re = Y, Nd, 

Sm, Gd, Tb, Dy [7]. A TMR of up to 7.5 % at 78 K 

and 1 T was obtained for granular Fe–MgF2 thin 

films [15]. Later in 2001, TMR values up to about 

14 % at room temperature and 1 T were observed 

in a 32 vol%(Fe0.51Co0.49)–(Mg–F) thin film [16]. 

https://doi.org/10.34624/nmse.v4i1.29956
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:Suchaneck@tu-dresden.de
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Here, the (Mg-F) intergranules were in the 

crystalline MgF2 state enabling a higher TMR 

compared to Co-Al-O film with an amorphous 

structure of Al-oxide intergranules. Regardless, the 

proposed applications of nanogranular magnetic 

films were just noise suppression in the microwave 

range [17] and magneto-optic devices based on the 

Faraday effect [18]. 

The first granular thin films were mainly 

fabricated by reactive co-sputtering of two metals 

or co-sputtering of a metal and a dielectric in a way 

that a two-phase structure was formed. Since the 

2000ies, nanotechnology has advanced 

significantly. New methods for manufacturing 

agglomerated core-shell structures have emerged. 

This opens up new possibilities of sensor 

fabrication and an opportunity for reassessment of 

the electric and magnetic properties of ideal 

granular structures. 

In this work, the intergranular resistivity, tunnel 

magnetoresistance and magnetic field sensibility of 

SPM and ferro(ferri)magnetic (FM) granular 

materials are examined theoretically. Starting with 

the tunnel resistance of a granular metal network in 

which the grains are interconnected by insulating 

barriers, the tunnel magnetoresistance is 

calculated under consideration of the temperatures 

dependencies of magnetization, spin polarization 

and the magnetic flux dependencies of 

magnetization and tunnelling barrier height. Both, 

SPM and FM nanoparticles (NPs) are considered. 

2. INTERGRANULAR  RESISTIVITY,   TUNNEL 

MAGNETORESISTANCE AND MAGNETIC 

FIELD SENSIBILITY  

2.1. Intergranular  resistivity  and  magneto-

resistance caused by spin-polarized tunnelling  

The resistivity of a granular metal network in which 

the metal grains are interconnected by insulating 

barriers is given by [19] 

( ) exp
2

c
T

E
T f w

kT
 

 
 + 

 
 ,                            (1) 

where f is a barrier shape factor, f = 2 for 

rectangular barriers and f = /2 for parabolic 

barriers,  is the reciprocal localization length of the 

wave function  

*

0

2

2m V
 =  ,                                                (2) 

with m* is the effective electron mass, V0 the barrier 

height, ħ is the reduced Planck constant, w the 

barrier width, Ec the charging energy of the grains, 

k the Boltzmann constant, and T the absolute 

temperature. Note that we are considering thin 

enough barriers in the order of 1 to 3 nm where 

direct tunnelling occurs which is not disturbed by 

localized states in the thin barrier film. An 

estimation of Ec for grains of diameter d – much 

larger than the barrier width w – is given by 

equation [20] 

 

2

2

0

4
c

e w
E

d
  ,                                                   (3) 

with  the dielectric permittivity and 0 the vacuum 

permittivity, respectively. Since the charging 

energy is reciprocal to the grain diameter, charging 

effects become significant at small grain sizes. 

Tunnelling itself is a temperature-independent 

transport process [21]. Spin-dependent electron 

tunnelling depends on the relative orientation of 

magnetic moments between the ferrimagnetic 

grains. The tunnel resistance decreases when the 

magnetic moments of the grains are aligned in 

parallel in an applied magnetic field. If the angle 

between the magnetizations on both sides of the 

tunnelling barrier is randomly distributed between 0 

and , the resistivity given by [22] 

 

 
0

2 2

exp( )
( )

1 ( , )
T

f w
T

m B T P

 



=

+ 
 ,                             (4) 

 

with m the relative magnetization, i.e. the 

magnetization scaled to the saturation 

magnetization, and P the spin polarization in the 

magnetic grains. 

The temperature dependence of the tunnelling 

spin polarization can be represented as follows [23] 

 

 
3/2

0( ) (1 )PP T P g T= −  ,                                   (5) 

where P0 equals to 0.44, 0.34, 0.85, 0.72 and 0.55 

for Fe, Co, La2/3Sr1/3MnO3, Sr2FeMoO6-  and Fe3O4 

respectively, whereas gP can be estimated using 

the Curie temperature TC 
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3/2

P Cg T −  .                                                        (6) 

Following equation (2), the decay of wavefunction 

in a barrier material depends on the barrier height. 

Consequently, we have to consider the barrier 

height in dependence on the magnetic flux density 

B. The magnetic field dependence of the tunnelling 

barrier was taken in the form of a series expansion 

[24] 

2

0 0( ) (0)V B V B B = − + .                                      (7) 

 

The coefficient  is attributed in to Zeeman splitting 

amounting about 1 µB, i.e., 0.058 meV/T for a 

magnetic field perpendicular and about 20 µB for a 

magnetic field applied parallel to the current. The 

coefficient  is adapted from data of a magnetic 

sensor based on a tunnelling device comprising a 

2 nm thick double perovskite La2Co0.8Mn1.2O6 layer 

grown on top of a Nd-doped SrTiO3 substrate and 

capped with a thin Pt layer [24]. 

We have developed a more complex model for 

the intergranular TMR of strontium ferromolybdate 

(Sr2FeMoO6-, SFMO) ceramics caused by spin-

polarized tunnelling [25]. Taking the resistivity of a 

granular metal network in which the metal grains 

are interconnected by insulating barriers, equation 

(1), and accounting only small changes of the 

barrier height by the applied magnetic field, this 

yields a TMR of 

 

  𝑇𝑀𝑅 =
𝜌(𝐵)

𝜌(0)
− 1 =

(1+𝑚(0,𝑇)2⋅𝑃2)⋅𝑒𝑥𝑝(𝑓𝜒(0)⋅𝑤⋅
𝛿𝑉0
2𝑉0

)

(1+𝑚(𝐵,𝑇)2⋅𝑃2)
− 1  ,                (8) 

 

where (B) is the resistivity for a given magnetic 

flux density B. For very large barrier heights and 

very soft magnetic materials we obtain the well-

known relation [26] 

 

   

2 2

2 2 2 2

1
1

1 1

m P
TMR

m P m P
= − = −

+ +
.              (9) 

  

In the latter model, the maximum TMR is -50 %. 

2.2. Granular networks of noninteracting 

superparamagnetic nanoparticles   

The remanent magnetization of uniaxial, single-

domain NPs which are fully magnetized along the 

easy axis vanishes after removing the magnetic 

field as 

 

 exps

t
M M



 
= − 

 
 ,                                           (10) 

 

where Ms is the saturation magnetization, t the time 

after removal of the field. The value  denotes the 

Néel-Brown relaxation time for an energy barrier 

E = KV [27,28] 

 

  0 exp
KV

kT
 

 
=  

 
,                                                     (11) 

 

with 0 a time constant in the order of nanoseconds 

[29], K the uniaxial anisotropy constant, V the 

particle volume. Note that the uniaxial anisotropy 

constant is also temperature dependent [30]. 

SPM behavior is obtained using an instrument 

with a characteristic measuring time m larger than 

. For m less than , the magnetic moments remain 

in a fixed direction during the measurement. This 

leads to a remanent magnetization and 

appearance of a coercive field, thus, a metastable 

FM state is detected. The condition  = m defines 

the so-called blocking temperature TB [31] 

  

0ln( / )
B

m

KV
T

k  
=


.                                                   (12) 

  

Here, the characteristic measuring time amounts to 

ca. 100 seconds in static magnetometry [32]. 

Particles above the blocking temperature reveal a 

dominating SPM behaviour, while particles below 

the blocking temperature show a predominant FM 

behaviour. In the latter case thermal excitations are 

not sufficient to overcome the energetic barrier. 

The critical size below which SPM behaviour is 

obtained, dcr
spm, then yields 

 

1/3

0ln( / )

6 ( )

spm m
cr

kT
d

K T

    
=  

 
.                             (13) 
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Figure 1 shows the temperature dependence of 

the critical size of Fe, Co and SFMO. 

K(T) varies as a function of the reduced 

temperature T/TC with TC the Curie temperature 

 

( ) (0) 1
C

T
K T K

T


 

=  − 
 

 .                               (14) 

On the other hand, the dependence of the 

anisotropic constant on magnetization obeys a 

power law 

 

( ) ( )

(0) (0)

n

K T M T

K M

 
=  

 
,                                         (15) 

 

with a coefficient n = 3 for uniaxial anisotropy and 

n = 10 for cubic one [33,34]. In the presentation of 

equation (15), the reduced magnetization has a 

power coefficient of 1/3 

1/3

( )
1

(0)

s

s C

M T T
m

M T

 
= = − 

 
,                              (16) 

which was derived from Monte-Carlo and Landau–

Lifshitz–Gilbert simulations [35]. This yields 

 = 10/3 and  = 1 for SFMO. The experimental 

value of  for core-shell Sr2FeMoO6--SrMoO4 core-

shell structures amounts to  = 4/3 [36]. At 

nonideal interfaces, the second-order anisotropy 

constant comes into play [37] so that in our case 

the power coefficient becomes  > 1. A value of 

n = 4 indicates that the second-order anisotropy 

constant plays a significant, albeit not 

overwhelming, role. 

With regard that the approximations made for 

the reduced magnetization fail at very low 

temperatures, we have to deal with particles sizes 

in the order of 5 to 10 nm. Reducing further the NP 

size, surface effects become dominant and the 

ideal model of a giant spin formed by all the spins 

of the particle pointing in the anisotropy direction 

and coherently reversing due to thermal activation 

is no longer valid. For example, fcc Co NPs having 

about 200 atoms will have diameters around 1.6 

nm and 60% of the total spins are located at the 

surface [38]. Surface spin canting reduces the 

magnetization yielding strong deviations from the 

bulk behaviour. This latter size effect is beyond the 

scope of this paper. 

The reduced magnetization of SPM NPs 

resembles the Langevin behavior of paramagnetic 

materials [32] 

𝑚 =
𝑀𝑠(𝑇)

𝑀𝑠(0)
= 𝐿(𝜁𝐵) = 

𝑐𝑜𝑡ℎ( 𝜁𝐵) − 1/(𝜁𝐵), 𝜁 =
𝜇

𝑘𝑇
 ,                       (17) 

 

Figure 1. Temperature dependence of the SPM critical diameter, equation (13). 

. 
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where µ is the magnetic moment of the NP 

depending on its size. Note that Eq. (17) is valid 

only for a noninteracting system [2]. The effects of 

interactions may be accounted for by adding a 

mean field to the applied field, i.e., B=Ba+µ0M with 

Ba the applied magnetic flux and  an interaction 

parameter. Figure 2 shows the reduced 

magnetization of iron NPs with a diameter of 10 nm 

with the magnetic flux density as a parameter. Note 

that SPM particles above TB show no hysteresis. 

However, since the SPM NP acts as a giant spin, 

the magnetization and the magnetic susceptibility 

of a SPM material are much larger compared to 

that of a paramagnetic material. 

 

Figure 3. Magnetic flux dependence of the reduced magnetization of Fe NPs with a d = 4 nm. The curve 
for d = 10 nm at 300 K is shown for comparison. 

. 

 

Figure 2. Temperature dependence of the reduced magnetization of Fe NPs with a d = 10 nm. 
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Figure 3 depicts the field dependence of NPs 

with a diameter of 4 nm. Liquid nitrogen is suitable 

as a coolant for magnetic sensors to provide the 

condition of a constant temperature and to avoid 

thermal fluctuations. For this reason, data 

calculated for 77 K is shown in the following for 

comparison. 

Figure 4 illustrates the TMR for SPM SFMO 

NPs of about 10 nm diameter calculated by means 

of equations (5), (9) and (17). Here, a temperature 

dependence appears due to the temperature 

dependencies of spin polarization and 

magnetization. The temperature coefficient of the 

TMR (TCTMR) amounts to -8.710-3 and -2.110-2 K-1 

at 0.1 T and 77 and 300 K, respectively. SPM 

SFMO NPs are suitable for application as a 

magnetic field sensor at liquid nitrogen 

temperatures in the magnetic field range up to 

about 100 mT. 

Now we turn to a special tunnelling effect in 

granular systems at low temperatures. We start 

with the resistance in granular systems – equation 

(1) – and the corresponding TMT – equation (9). In 

the granular systems with a broad distribution in 

granule size, it is highly probable that large 

granules are well separated from each other due to 

their low number density (that is, the larger the 

granule size is, the more separated the granules 

are). As a result, a number of smaller granules exist 

separating the large ones. Here, the ordinary 

tunnelling of an electron from the large granule to 

the small one increases the charging energy Ec, cf. 

equation (3), and suppresses tunnelling by the 

Coulomb blockade at low temperatures. In this 

case, higher-order tunnelling comes into play, i.e., 

the dominant contribution to the tunnelling current 

now comes from higher-order processes of spin-

dependent tunnelling where the carrier is 

transferred from the charged large granule to the 

neighbouring neutral large granule through an 

array of small granules, using co-tunnelling of (p+1) 

electrons. The TMR is then given by [39] 

 

*
*

2 2 1 *

1 (0)
1,

(1 ) p

p
TMR p

m P T
+

= − =
+

,      (18) 

 

where p*(0) is a fitting parameter p*(0) > 2 which is 

determined by the maximum of the distribution of 

conduction paths f(p). 

Figure 5 shows the calculated TMR of Co NPs 

due to higher order tunnelling – equation (18) – 

compared with the TMR without higher order 

tunnelling – equations (5) (9) and (17) – and 

experimental data attributed to higher order 

tunnelling in granular Co-Al2O3 [40]. Similar effects 

occur in granular zinc ferrite-ferric oxide [41]. High 

order tunnelling does not occur at room 

temperature since here p* tends to zero. 

 

Figure 4. Magnetic flux dependence of the TMR of SPM SFMO NPs with d = 10 nm. 

. 
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The magnetic field sensibility of a sensor is the 

derivative of the sensor signal by the magnetic flux 

density. When interparticle interactions are non-

negligible, the magnetic behaviour becomes more 

complicated requiring a more complex theoretical 

treatment. Moreover, the interaction energy 

depends on the particular arrangement (volume, 

topology) of the NPs. On the other hand, the NPs 

of granular network are interconnected by 

insulating barriers. In this case, exchange 

interaction between spherical particles is negligible 

and only the magnetic-dipole interaction is 

significant. For sake of simplicity, we consider NPs 

as a magnetic dipole in its centre. Then adjacent 

particles influence each other via their dipolar 

coupling. Strong interactions will cause 

agglomerations of SPM NPs leading to hysteretic 

behaviour. Following the 1/r3-decay of the dipole 

field, the cut-off radius of dipolar interaction 

amounts to about five times the average SPM NP 

radius [42]. Spin dependent tunnelling occurs 

though thin enough barriers – in the order of 1 to 

3 nm – where direct tunnelling occurs which is not 

disturbed by localized states in the thin barrier film. 

Here, magnetic coupling increases the stiffness 

magnetic behaviour lowering the response to an 

external magnetic field. 

Early theoretical models of weak coupling in the 

presence of an interaction field in spin-glasses [43] 

and of dipolar interaction of two magnetic particles 

taking into account uniaxial magnetic anisotropy 

[44] predicted a decrease of TB – equation (12) – 

with increasing magnetic interaction. Contrarily, 

Monte Carlo simulations studying dipolar 

interaction and polydispersity of single-domain 

ultrafine FM particles revealed an increase of TB 

with increasing strength of interaction [45]. 

However, due to the onset of ordering at 

temperatures in the order of TB, changes of TB 

obtained magnetization measurements will be 

small. Thus, an upper limit of the magnetic field 

sensibility was calculated considering 

noninteracting SPM NPs. This yields 

𝑑(𝑇𝑀𝑅)

𝑑𝐵
= −

2𝑃2𝐿´(𝜁𝐵)

[1+𝑃2𝐿(𝜁𝐵)2]2
=

−
2𝑃2𝜁⋅[

1

(𝜁𝐵)2−
1

𝑠𝑖𝑛ℎ2(𝜁𝐵)
]

{1+𝑃2[𝑐𝑜𝑡ℎ(𝜁𝐵)−
1

𝜁𝐵
]

2
}

2

 

  ,                        (19) 

where L(B) is the Langevin function given in 

equation (17).  

Figure 6 illustrates the magnetic field sensitivity 

of noninteracting, SPM Co NPs calculated using 

equation (5) and (17). A constant value is obtained 

 

Figure 5. Calculated TMR of Co NPs due to higher order tunnelling compared with the TMR without 
higher order tunnelling and experimental data of granular Co with d = 2-3 nm interconnected by a 1 nm 

thick Al2O3 barrier [40]. 

. 
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at low fields of practical interest. TCTMR value 

without higher order tunnelling is about                         

-2.1410-4 K-1 at low temperatures while it increases 

to about -310-2 K-1 at 4 K with higher order 

tunnelling (cf. Figure 5). Note that cooled to 77 K 

sensors possess a higher sensitivity. 

2.3. Granular networks of ferromagnetic 

nanoparticles 

Up to now, there is no satisfactory analytical 

expression for the relative magnetization m(T), i.e. 

the spontaneous magnetization M scaled to the 

saturation magnetization Ms at low temperatures, 

except for the two limiting cases, small 

temperatures T → 0 and temperatures when 

approaching the Curie temperature T → TC [47]. 

For sake of simplification, we make use of the 

simulation of the temperature dependent 

magnetization by Monte Carlo methods and 

Landau–Lifshitz–Gilbert atomistic spin models, 

equation (16) [35]. To calculate the temperature 

dependence of the reduced magnetization, we 

have used an approximation of m2 known for Ni 

near Curie temperature [48] and made a series 

expansion [25] 

2 ( ) 1

i

i

i C

T
m T a

T

 
= − 

 
 ,                                 (20) 

 

The magnetic flux density dependence of the 

reduced magnetization was modelled by means of 

a traditional analysis of the approach of 

magnetization to saturation [49,50] 

 

 

/2

/2( ) 1

i

i

i

b
m B

B

 
= −  

 
  ,                               (21) 

 

Figure 6. Upper limit of the magnetic field sensitivity of the TMR of SPM Co NPs with a diameter of 4 nm 
at 77 and 300 K and 10 nm at 300 K, respectively, compared with the field sensitivity derived from 

experimental data values of Co-Al-O [5] and Co0.51Fe0.49-MgF2 [46] at 300K. 

. 

Table 1. Coefficients of the series expansion, 
equation (20) [25]. 

Parameter Value 

a1 2.0 

a2 -2.3 

a3 2.6 

a4 -1.3 

 

Table 2. Coefficients of the series expansion, 
equation (21) [25]. 

Parameter Value, mT 

b1/2 7.4 

b1 16 
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Here, each of the lower terms of this expansion is 

associated with a certain source of magnetic 

inhomogeneities. i equals 1, 2, 3 for point, linear 

and layered sources, respectively [50]. On the 

other hand, the coefficient b1/2 in SFMO ceramics 

was related also to the spin-glass-like behaviour of 

grain boundaries, the quadratic terms (i = 4) is 

related to the magnetocrystalline or shape 

anisotropy as well as to mechanical stress, the 

cubic term (i = 6) also includes magnetocrystalline 

anisotropy [25]. The corresponding coefficients for 

SFMO ceramics are shown in Table 1 and 2. 

Figure 7 shows the comparison of reduced 

magnetization in the and FM and SPM state. In the 

 

Figure 7. Comparison of the reduced magnetization m of FM SFMO, Fe3O4 and Co, equation (16), 
compared to the values of SPM Fe NPs with d = 10 nm at B = 0.5 T, equation (17). 

. 

 

Figure 8. Calculated TMR of granular, ferrimagnetic SFMO in comparison with granular FM Fe, Co and 
experimental data of granular SPM Co-ZrO2 thin films [53] as well as nanosized SFMO-SrMoO4 core-

shell structures fabricated by the citrate-gel technique [54]. 

. 
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first case, examples are SFMO, Fe3O4 and Co, 

while in the second case SPM Fe NPs at 0.5 T 

were considered. High values of the reduced 

magnetization at room temperature are obtained 

for high Curie temperatures. 

Figure 8 shows the calculated TMR of granular, 

FM SFMO with the magnetic flux as parameter. 

The spin polarization at a given temperature was 

estimated by equation (5) and the reduced 

saturated magnetization by means of equation 

(20). Note that at lower magnetic fluxes, the 

magnetization is lower than the saturated one. For 

comparison, we consider Fe and Co, where a 

phenomenological model of the temperature 

dependence of m [51], 

1

p

C

T
m

T


  
 = − 
   

,                                         (22) 

was applied. The corresponding fitting parameters 

p and  are compiled in table 3. Also shown is a 

comparison with experimental data of SPM          

Co-ZrO2 granular structures [52]. 

Due to a small TMR, SFMO is not applicable in 

magnetic sensors near room temperature. Co and 

Fe provide suitable values. The temperature 

dependence of the TMR of both Fe and Co are 

weak due to a weak temperature dependence of 

spin polarization. The TCTMR values of Co and Fe 

increase with temperature reaching -6.510-4 and    

-3.210-4 K-1 at room temperature, respectively. 

The magnetic field sensitivity of granular FM 

materials is given by 

2 2

2
2 2 2

( )
2 ( ) ( )

( )

1 ( ) ( )

dm B
P m B m T

d TMR dB

dB P m T m B

 

= −
 +  

,     (23) 

Figure 9 illustrate the calculation of the 

magnetic field sensitivity of granular FM Fe, Co and 

SFMO using equations (5), (21) and (23). Note that 

the curves in figure 9 depend significantly on the 

chosen model of m. For instance, the coefficients 

of SFMO in equation (21) are highly dependent on 

synthesis condition since they are determined by 

magnetic inhomogeneities. 

Table 3. Parameters of equation (22) [51]. 

Compound p  
Fe 2.876 0.339 

Co 2.369 0.34 

 

 

 

Figure 9. Magnetic field sensitivity of the TMR of FM Fe, Co and SFMO NPs at 300 K, respectively, in 
comparison with experimental data of ceramic SFMO annealed in reducing atmosphere at 10 K [54] and 

Zn0.41Fe2.59O4--Fe2O3 core shell structure (multiplied by 0.1) with a size of about 160 nm at 300 K [41]. 

. 
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3. CONCLUSIONS 

Granular, SPM materials show a higher magnetic 

field sensitivity than ferromagnetic ones. Also, they 

show a lower TCTMR. Owing to their small magnetic 

response a higher temperature, SPM FM oxides 

are not suitable for application at room 

temperature. FM nanoparticles possess a high field 

sensitivity only in a small region of 0.1 to 0.5 T. 
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ABSTRACT 

In this work, SrCo1-xCuxO3-δ perovskite-type metal oxides (x = 0.00, 0.1, 0.2, 0.3) were prepared by sol-gel 
method using citric acid as chelating agent. We have focused on examining the effect of partial substitution of 
cobalt by copper on the phase purity and crystallinity of the end products. The samples obtained after 
calcination at 900°C for 6h were characterized by X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (IRTF) and powder size distribution (PSD). 
   XRD patterns indicate that a perovskite structure with rhombohedral system has been obtained for all the 
compositions with no detectable secondary phase where the crystallite size ranges from 48.74 to 53.49 nm. 
The crystallite size decreases with increasing the copper amount. The grain size of oxides as determined from 
laser diffraction ranges from 0.213 to 0.307 micron, this result reveals that agglomerates are present in the 
suspension. Infrared spectroscopy shows a broad characteristic band of absorption observed around              
581 cm-1 was attributed to the BO (Co-O, Cu-O) stretching vibration. This band is characteristic of the 
perovskite structure ABO3. 
 
1. INTRODUCTION 

Perovskite oxides, with a general formula of ABO3, 

have been a research hot spot due to their 

considerable reserves of raw metals and flexible 

adjustability [1-3]. It is an effective strategy to 

adjust the physicochemical properties of the 

perovskite by partial substation of the A-site or B-

site metals [4-7]. Depend on this compositional 

diversity and adjustable properties, perovskite 

oxides have been tried to be applied in a great 

many of fields, including solid oxide fuel cells, 

metal-air batteries, and oxygen permeation 

membranes [8-10]. 

    Perovskite-type mixed ionic and electronic 

conducting (MIEC) materials have high flexibility to 

tune their physical properties such as oxygen 

vacancies, structural symmetry, lattice free 

volumes and metal-oxygen bonding energies. 

These properties are strongly dependent on crystal 

structure and significantly affect electrochemical 

kinetic properties and stability of the materials [11, 

12].  

    Strontium cobaltite (SrCoO3-δ) is a typical 

perovskite MIEC showing high electrical 

conductivity and electrocatalytic property as a 

cathode material for solid oxide fuel cell (SOFC) 

and has been widely used as a parent compound 

to derive other high performance MIEC cathodes 

[13]. Depending on annealing temperature and 

oxygen partial pressure during 

synthesis/fabrication process, SrCoO3-δ may adopt 

a variety of crystal structures, e.g., orthorhombic, 

tetragonal and cubic. For example, SrCoO3-δ forms 

an oxygen vacancy-ordered orthorhombic 

brownmillerite phase below 653 °C and will transfer 

to a 2-H type hexagonal phase between 653 and 

920°C, eventually changes to a cubic or tetragonal 
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perovskite phase above 920 °C. However, the high 

temperature phase will transit reversibly to a 

hexagonal phase as temperature drops from a high 

(> 920°C) to intermediate temperature range [14]. 

    In this work, SrCo1-xCuxO3-δ perovskite-type 

metal oxides (x = 0.00, 0.1, 0.2, 0.3) were prepared 

by citrate sol-gel method. We have focused on 

examining the influence of copper concentration on 

the phase purity and crystallinity of the end 

products. 

2. EXPERIMENTAL PROCEDURE   

2.1. Powder Synthesis 

All the solvents and chemicals were of analytical 

grade and used without any further purification. A 

sol–gel route with citric acid was adopted to 

synthesize SrCo1-xCuxO3-δ nanoparticles with x = 

0.00, 0.1, 0.2, and 0.3. An estimated quantity of 

Sr(NO3)2 , Co(NO3)2,6H2O and C6H8O7, H2O were 

dissolved separately in distilled water with 

magnetic stirring for 15 min .Afterward, the mixture 

was vigorously  stirred on a hot plate at 80 C° for 4 

h. The viscous gel was further dried for 12 h at 110 

C° in an oven and ground into powder. 

Subsequently the powder was calcined for 6 h in 

air at 900 C°. In a similar process, the                 

SrCo1-xCuxO3-δ nanoparticles were synthesized by 

following the above defined steps of sol–gel 

method. The estimated amount of dopant copper 

nitrate was added in the precursor solution and 

other conditions of synthesis were kept unchanged. 

2.2. Characterization 

The eventual presence of organic material after 

calcination was determined by infrared 

spectroscopy within the interval from 4000 to       

400 cm-1 using FT-IR SHIMADZU 8400S 

spectrometer. The sample was mixed with dry KBr 

to form a pellet for the measurement. X-ray 

diffraction (XRD) patterns were carried out with a 

D8 ADVANCE-BRUCKER using a Cu Kα radiation    

(λKα = 1.54056 Å) and a Ni filter. The powder 

samples were mounted on a flat XRD plate and 

scanned at room temperature in the range 10°- 90° 

to identify the crystalline phases present in the 

calcined powders by comparison with Joint 

Committee on Powder Diffraction Standards 

(JCPDS) files. The crystallite size (D) was 

evaluated from the broadening of the X-ray 

diffraction peaks using Scherrer’s formula. The 

average particle size distribution was determined 

using the laser diffraction method fitted with a wet 

sampling system (Malvern, Mastersizer 2000). 

3. RESULTS AND DISCUSSION 

3.1. Infrared Spectra 

 

Figure 1. FT- IR absorption spectra of SrCo1-xCuxO3-δ (x = 0.0-0.3). 

. 
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IR analysis of synthesized samples is important 

both for the control of the reaction process and the 

properties of materials obtained. The infrared 

spectra of the SrCo1-xCuxO3-δ samples (Figure 1) 

are presented in the 400–4000 cm-1 region of the 

IR spectrum. The higher frequency band around 

581cm-1 was assigned to the B–O stretching 

vibration mode (possible Co–O or Cu–O stretching 

frequencies vibrations). This band is characteristic 

of the perovskite structure ABO3 [15]. No specific 

peaks of inorganic residues were observed 

suggesting the high purity of the resulting powders. 

These results are in accordance with the XRD 

analysis (Figure 2) which confirmed the formation 

of only crystalline phase in SrCo1-xCuxO3-δ 

nanopowders. 

 

Figure 2. X-ray diffraction patterns of perovskite samples SrCo1-xCuxO3-δ (x = 0.0-0.3). 

 

. 

 

Figure 3. XRD patterns of SrCo1-xCuxO3-δ with enlarged view around (300). 

. 
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3.2. Structural characterization 

The XRD patterns of the catalysts powders      

SrCo1-xCuxO3-δ (x=0, 0.1, 0.2, 0.3) obtained by 

citrate sol-gel method after calcinations at 900 °C 

for 6 h summarized in Figure 2 , were compared to 

the relevant data in the Data Bank available in the 

diffractometer. We observed that all the diffraction 

peaks matched well with the rhombohedral 

structure of pure SrCoO3-δ .They are in excellent 

accord with JCPDS card 00-049-0692. The pattern 

clearly indicates the absence of any kind of impurity 

phases. This shows the proper incorporation and 

dispersion of Cu2+ ions into the SrCoO3-δ matrix.  

    The magnified view around 2θ 30 and 35 was 

shown in Figure 3. With increase Cu concentration, 

XRD peak shifted slightly toward a higher 2θ 

angles (right shift), which demonstrated that the 

Cu2+ ion was successfully incorporated into the 

lattice of perovskite structure.  

The lattice parameters of the perovskites   

SrCo1-xCuxO3-δ were calculated for each x value 

from the XRD patterns using Celref programme. 

The values of a and c cell parameters (Å) versus 

the degree of substitution x are given in Table 1. 

The values of the lattice parameters decrease 

with the increasing copper content in the samples 

from 0 to 0.3 (Table 1 and Figure 4). Such a 

decrease is also a confirmation for the Cu (II) 

substitution to Co (II) in the SrCoO3-δ crystal lattice. 

The substitution of Co2+ ions (rCo2+= 0.745 Å) by 

smaller Cu2+ ions (rCu2+ = 0.73 Å) [16] led to the 

reduction of the unit cell parameters. A similar 

observation was found in SrCo1-xNixO3 –δ systems 

[17].  

 

Table 1. Lattice parameters for SrCo1-xCuxO3-δ. 

Cu content x a=b (Å) c(Å) V(Å) 
 

x=0 9.4890 12.3650 964.2 
 

x=0.1 9.4845 12.3637 963.435 
 

x=0.2 9.4797 12.3493 962.656 
 

x=0.3 9.4788 12.3456 961.117 

 

 

 

                 

Figure 4. Evolution of lattice and volume parameters a function of copper content. 
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Figure 5. Crystallite size of SrCo1-xCuxO3-δ  powders (x = 0.0-0.3). 

 

. 

 

 

    

 

Figure 6. Particle size distribution of samples SrCo1-xCuxO3-δ with x=0, 0.1, 0.2, 0.3. 

 

 

. 



RESEARCH ARTICLE  Lynda Djoudi et al. 

 

 
26 

Nanomaterials Science & Engineering                                                                                                        https://proa.ua.pt/index.php/nmse/ 

Consequently, the cell volume gradually when 

the substitution x increases from 0 to 0.3 (Figure 4) 

are due to the significant decrease in the 

parameters a and c.  

3.3. Crystallite size and distribution by volume 

particle size of SrCo1-xCuxO3-δ powder 

The average crystallite size (D) was evaluated from 

the broadening of the XRD line width by applying 

the Scherer’s formula (Figure 5). It is observed that 

crystallite size decreases with increasing copper 

content. This is probably due to the incorporation 

of Cu2+ into the SrCoO3-δ lattice which leads to the 

crystallite decrease.  

Figure 6   shows that the particle size 

distribution in volume of SrCo1-xCuxO3-δ samples 

with x=0, 0.1, 0.2 and 0.3, the average diameters 

in volume Dv (0.5) = 0.307; 0.236; 0.225; 

0.213 µm respectively. This result also indicates 

that the powders are highly agglomerated. This is 

could be due to the agglomeration of ultra-fine 

powders, present in the suspension.  

4. CONCLUSIONS 

Four powders with nominal composition            

SrCo1-xCuxO3-δ, (x =0, 0.1, 0.2, 0.3) have been 

synthesized by citrate sol-gel method. XRD 

patterns indicate that a stable perovskite phase 

with rhombohedral system has been obtained for 

all the compositions with no detectable secondary 

phase as confirmed by XRD and FT-IR. The 

crystallite size decreases with increasing the 

copper amount. The grain size of oxides as 

determined from laser diffraction is between 0.213 

and 0.307 micron. This result reveals that 

agglomerates are present in the suspension.  
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ABSTRACT 

Compared to conventional inorganic semiconductors, organic semiconductors present several advantages, 
such as cost-effectiveness, mechanical toughness, synthesis versatility and simple production set-ups, among 
others. In this work, we have prepared conductive solid films based on multilayer graphene (mG) and poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) from liquid dispersions. mG-10.6 wt% dispersion 
in isopropanol was prepared in two steps. In the first step, graphite was submitted to liquid phase exfoliation 
in N-methyl-pyrrolidone (NMP) (5.3 wt% of mG), then, in the following step, NMP was removed by precipitation 
and mG redispersed, using polyethyleneimine and acetic acid-1M in isopropanol, respectively. The 
nanocomposite films were prepared from dispersions of mG and PEDOT:PSS, by spin-coating, to reach pre-
established solid concentrations of 10.2 wt% and 49.9 wt% of mG. The optical and electrical properties of the 
thin films were characterized using UV-Visible Spectroscopy and an adapted four-probe resistance 
measurement, while Raman Spectroscopy, Scanning Electron Microscopy (SEM), and Atomic Force 
Microscopy (AFM) were applied to analyze their morphological features. The thin films showed high 
transmittances, even multilayer, upholding more than 85% for three-layer films, similar to that found in the 
single-layer ones. The sheet resistances of the films were detected in the range of a few hundreds of Ω/□. Both 
transmittance and sheet resistance of the films were improved when compared to those found in pristine mG 
and pristine PEDOT:PSS, which is due to higher charge mobility in the nanocomposite. Raman Spectroscopy 
showed the formation of the composite by π-π interaction and the conformational change in the polymer chains 
was confirmed by peak shift. SEM analysis showed that the films are largely homogeneous, and mG is 
uniformly dispersed, nevertheless the mG platelets appear to be standing up from the film (AFM). The phase 
image (AFM) allows the differentiation between rigid and soft regions, i.e., mG/PEDOT and PSS, respectively. 
Semiconductive nanocomposites having high load of mG were successfully prepared, and their resulting 
electrical and optical properties make them suitable to be used, e.g., as transparent electrodes, in the 
fabrication of displays, lighting devices and photovoltaic materials or as multipurpose conductive inks. 
 
1. INTRODUCTION 

Conductive transparent electrodes (TCEs) have 

high electrical conductivity, low sheet resistance 

and transparency to visible light [1,2], essential 

characteristics for organic solar cells (OPVs), 

displays, organic light-emitting diodes (OLEDs), 

liquid crystal displays, touch displays, lasers [3] 

and electrochromic devices [4], among other 

applications. The most common material used in 

the production of TCEs is indium tin oxide (ITO), 

however alternative materials have been 

investigated to replace ITO due to the high cost and 

scarcity of indium. Additionally, ITO thin films are 

fragile, making them difficult to be used in the 

manufacture of flexible devices, do not adhere well 

to polymeric materials, require high temperatures 

and high vacuum for their manufacture, and have 

low chemical resistance to acidic and alkaline 

environments [1-8]. 

Metallic nanowires, carbon nanotubes, 

graphene and conductive polymers have been 
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http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:felipe.mabilia@usp.br
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suggested as possible replacements for ITO [1-7]. 

Poly ( 3 , 4 - ethylenedioxythiophene ) : poly(styrene-

sulfonate) (PEDOT:PSS) is a polymer blend 

commercially available as aqueous dispersion 

which is solution processable and forms a highly 

flexible, light-transparent, thermally stable film, 

commonly used as a transparent hole transport 

layer in OLEDs and OPVs [2,4]. However, 

PEDOT:PSS thin films require improvements in 

conductivity to be viable in certain applications as 

TCE [7]. Due to its low cost and easiness to form 

thin films with excellent properties, there is a great 

academic and technological interest in increasing 

its conductivity. Modifications were carried out, 

such as the addition of organic solvents to the 

dispersion before the deposition of the films 

[4,7,9,10], treatments of formed films [1,3,5,7] with 

solvents or acids or even incorporation of 

conductive nanoparticles, forming 

nanocomposites, among which composites with 

graphene [11], graphene oxide [12], graphene 

quantum dots [13], and carbon nanotubes [2] stand 

out. 

Graphene is a material composed of carbon 

atoms arranged in a two-dimensional structure in a 

honeycomb lattice [14-16]. The conjugation of π 

bonds results in excellent electrical properties, 

making graphene an interesting option for the 

production of electronic devices, even as an 

additive in composites [14]. In addition, graphene 

presents high electronic mobility, high 

transparency, flexibility and stability, qualifying it for 

electronic applications [17]. On the other hand, the 

difficulty of producing quality graphene on a large 

scale is a disadvantage for the use of this material. 

Mechanical exfoliation of graphite produces the 

best samples, but it is not easily scalable. Liquid-

phase exfoliation of graphite is an inexpensive and 

scalable production method of graphene, which 

consists of adding graphite to solvents such as N-

methylpyrrolidone (NMP), isopropyl alcohol (IPA) 

or dimethylformamide (DMF) and dispersing the 

graphene sheets with the aid of sonication [18,19]. 

Exfoliated graphenes in composites with 

PEDOT:PSS [11] increased the conductivity from 

0.16 S/cm to 60 S/cm for 0.47% by weight of 

graphene, with transmittances above 90% [11]. 

Hong et al. [20] produced PEDOT:PSS/graphene 

composites from an aqueous dispersion of 

graphene and used the resulting composite films 

as counter electrodes for dye-sensitized solar cells. 

The transmittance was over 80% and the energy 

conversion efficiency was 4.5% under white light at 

100 mW AM 1.5 [20]. Hilal and Han [21] obtained 

graphene dispersed in NMP after a series of steps 

and produced composite films of 

PEDOT:PSS/graphene with different 

concentrations of the nanomaterial, obtaining 

sheet resistances lower than 10 Ω/□ and 

transmittances above 70% when deposited on 

ITO/glass [21]. Park et al. [22] produced hybrid 

PEDOT:PSS/graphene films by depositing 

PEDOT:PSS films on graphene films, obtaining 

sheet resistances of about 100 Ω/□ and 

transmittances above 80% [22]. 

In this work multilayer graphene produced by 

exfoliation in NMP (mG_NMP) was used to prepare 

PEDOT:PSS/mG composite films, which were 

characterized by Raman Spectroscopy, UV-Visible 

Spectroscopy, Scanning Electron Microscopy 

(SEM), Atomic Force Microscopy (AFM) and 

electrical conductivity measurements. The results 

have shown their potential application as TCEs and 

conductive inks.      

2. MATERIALS AND METHODS  

2.1. Powder Synthesis 

Table 1. Compositions of the mG and PEDOT:PSS/mG dispersions. 

Dispersion mG_N
MP 
mL 

PEI 
mL 

HAc_IP
A 

1 M mL 

D2 
μL 

PEDOT
/PSS 

μL  

DMSO 
μL 

Solids 
mg/mL 

PEI 
wt% 

mG 
wt% 

PEDOT
/PSS 

wt% 

D1 10 1.1 5 - - - 10.7 2.1 97.9 - 

D2 10 0.42 5 - - - 10.6 0.8 99.2 - 

D3 - - - 420 400 100 9.6 0.4 49.9 49.3 

D4 - - - 95 800 200 9.0 0.08 10.2 89.7 

DP - - - - 1600 400 8.8 - - 100 

 DP* - - 0.16 - 1600 400 8.8 - - 100 
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The initial graphene dispersion (mG_NMP) was 

prepared from the heat treatment of graphite 

(Nacional de Grafite), followed by exfoliation in 

NMP aided by an ultrasonic bath [23]. After 220 

hours in the ultrasonic bath (Quimis, model 

Q335D), the dispersion was centrifuged and 

filtered to separate the undispersed fraction. The 

concentration of graphene present in the 

dispersion determined by gravimetry was 5.25 ± 

0.35 mg/mL. 

Two dispersions of graphene (D1 and D2) in 

isopropanol (IPA) (Table 1) and two dispersions of 

PEDOT:PSS/mG (D3 and D4) in IPA (Table 1) 

were prepared. 

Graphene dispersions in IPA were prepared 

from mG_NMP using a solution of 

polyethyleneimine in IPA (PEI, 1 mg/ml). D1 was 

prepared by adding 1.1 mL of PEI in IPA (1 mg/mL) 

to 10 mL of mG_NMP, followed by centrifugation, 

washing the precipitate with distilled water, and 

centrifugation again, the process was repeated 

three times. The precipitate was redispersed in 5 

mL of HAc in IPA (1 M) and portions of 10 μL of 

HAc were added until mG is completely dispersed. 

The D2 dispersion was prepared using a similar 

procedure, but the quantities of the components 

were changed, as shown in Table 1. 

D3 and D4 were prepared from D2 and 

PEDOT:PSS (Sigma Aldrich, code 483095). For 

D3, 0.4 mL of PEDOT:PSS was added to 0.42 ml 

of D2, followed by 0.1 ml of DMSO. D5 followed the 

same procedure, changing the volumes to 0.095 

mL of D2, 0.8 mL of PEDOT:PSS and 0.2 mL of 

DMSO (Table 1). DP is a graphene-free 

PEDOT:PSS dispersion prepared by mixing 1.6 mL 

of PEDOT:PSS with 0.4 mL of DMSO in an 

ultrasound bath. DP* is analogous to DP, but has 

received HAc in IPA to aid surface wetting. 

All dispersions were kept for one hour in the 

ultrasonic bath before film deposition to avoid the 

presence of possible aggregates. The dispersions 

were deposited on glass substrates previously 

cleaned with a glass cleaner (Aquabrilho®, 

Adespec, Brazil). This procedure aimed to increase 

the adhesion of the films to the substrate without 

the need to go through all the steps using 

detergent, acetone and IPA, usual in traditional 

glass cleaning. The depositions were carried out in 

a spin coater (Swin 4”, model EC4 SYN 3S102-

0902). The dispersion volume used was 70 μL, 

except for DP and DP* dispersions, for which the 

volume varied between 70 μL and 160 μL. 

Annealing was performed on a heating plate  

(Yotec, model YS-200S) at 120 °C during 20 

minutes. The parameters used in the deposition 

are summarized in Table 2. 

A dried thin film deposited on a glass slide was 

used for the characterization of mG_NMP by 

Raman spectroscopy, according to a previous work 

[24]. To evaluate the graphene after redispersion in 

IPA with the addition of PEI and HAc, as well as the 

composites and the interaction between graphene 

and PEDOT:PSS, Raman spectroscopy was 

performed using the WITec Confocal Raman 

Microscope (Alpha 300R model) with 532 nm 

(green) laser and maximum power of 45 mW. Due 

to the nature of the samples, it was chosen to use 

a lower power, of only 8 mW, to avoid any alteration 

in the analyzed materials. 

The electrical resistance of the films was 

measured using a method similar to the four-probe 

method, but with a device with flat contacts to avoid 

damaging the films. A Keithley 2400 multimeter 

Table 2. Film deposition parameters. 

Film 
type 

Dispersion Speed 
(rpm) 

Time (s) Layers 

1 D1 200 20-60 1 

2 D2 500 20-50 1;3 

3 D3 500 30 1 

4 D3 1000 30 1 

5 D4 1000 30 1;3 

6 D4 500 30 2 

7 DP 500-1000 20-30 1 

8 DP* 500-1000 20-60 1 
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was used to measure electrical resistance, which 

was used to calculate the sheet resistance of the 

films. The reported values refer to the average of 9 

measurements. 

A scanning electron microscope (FEI, Inspect 

F50) was used to analyze the solid films of D2 on 

a glass substrate and D4 on silicon (0.1 mL, 500 

rpm) and mica. A thin layer of gold was deposited 

on the samples with glass and mica substrate 

before analysis. 

Transmittance was measured using a UV-Vis 

Spectrophotometer (Cary 50 Conc). Part of the film 

was removed from the sample and the region was 

used as reference (blank). The wavelength range 

was from 300 nm to 800 nm. Transmittance values 

refer to measurements collected at 550 nm. 

Atomic force microscopy (Multimode 8, Bruker) 

was performed in tapping mode. Films from D2 

(AFM1), D3 (AFM3) and D4 (AFM2 and AFM4) 

were analyzed. Samples AFM1 and AFM4 are 3-

layer film, while AFM2 is monolayer and sample 

AFM3, 2-layer. To measure the thickness of the 

samples, a small portion of the films was removed 

to create a step with the aid of a wooden toothpick. 

3. RESULTS AND DISCUSSION 

3.1. Raman Spectroscopy  

 

Figure 1. Raman spectra of a) mG, DP, PEI, D2, D3 and D4 and b) D3 and D4 in the 2D region (2500 
cm-1 - 2900 cm-1) magnified ~13x. 
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Films containing mG were characterized by Raman 

spectroscopy according to a previous work [24], 

and the position of the peaks, the ratios between 

the intensities of the D and G peaks (ID/IG) and 2D 

and G (I2D/IG) were determined and analyzed. The 

results allowed us to conclude that the graphenes 

present in the original mG_NMP dispersion have 

two to five layers. The D peak is present due to sp²- 

carbon atoms at the edge of the graphene sheets, 

in arm-chair configuration [25], which is activated 

by the presence of defects [26]. The G peak results 

from the stretching of C-C bonds in the hexagonal 

basal plane. The 2D band comes from the second 

order vibration of D phonons [27]. 

Note that the mG_NMP and D2 spectra are 

practically identical, despite the small peak shifts, 

indicating that the redispersion in IPA with the aid 

of PEI and HAc allowed increasing the graphene 

concentration without significantly altering its 

characteristics. The ratios (ID/IG) and (I2D/IG) are 

equal to 0.74 and 0.44, respectively, for D2, while 

for mG the values were 0.69 and 0.41 [24], 

reinforcing that the material did not suffer major 

changes after redispersion. For mG and D2, the D 

peak is at 1346 cm-1. The G peak, on the other 

hand, presents a displacement of 4 cm-1 from 

mG_NMP to D2, from 1579 cm-1 to 1583 cm-1. 

Finally, the 2D band shifts from 2686 cm-1 to 2700 

cm-1 from mG to D2. It is important to note that here 

the 2D is a broad band and the mentioned value 

corresponds to its peak. The spectrum of mG_NMP 

can be seen in Figure 1, allowing comparison with 

the spectrum of graphene redispersed in D2.  

The DP spectrum (Figure 1) is typical of this 

material [28] and, as it represents ≤ 2.1 wt% in the 

films (Table 1), it has little or no influence on the 

spectra of D2, D3 and D4. 

The DP spectrum (Figure 1) has an usual 

appearance for the PEDOT:PSS blend, according 

to the literature [7,29-31]. The only PSS visible 

band is located at 1070-1170 cm-1 and is due to the 

presence of sulfonic acid and sulfonate groups 

[29,32],  and caused by a complex deformation 

mode, with the distribution of potential energy 

associated with the stretching of the C-S+C-C+SO3 

bond that presents increased downshift as the 

ionization degree rises [33]. The absorption bands 

of PEDOT are intense and here they are labeled as 

PEDOT-1 to PEDOT-5 to facilitate their 

identification. The PEDOT-1 peak (1246 cm-1) is 

caused by the inter-ring stretching of Cα–Cα'; 

PEDOT-2 (1367 cm-1), to the stretching of the Cβ–

Cβ bond; PEDOT-3 (1429 cm-1), to the vibration of 

Cα=Cβ symmetrical, while Cα=Cβ asymmetrical is 

responsible for PEDOT-4 (1502 cm-1) [31]; finally, 

PEDOT-5 (1555 cm-1 ), originates from the 

antisymmetric stretching of C=C [32,34] on the 

thiophene rings at the end and in the middle of the 

PEDOT chains [35]. It is noteworthy that the 

addition of DMSO to PEDOT:PSS causes changes 

in the spectrum in relation to pristine PEDOT:PSS, 

such as a decrease in the intensity of the PEDOT 

bands [31] and displacement and narrowing of the 

most intense peak [7], suggesting a change in the 

conformation of the chains that leads to better 

conductivity. 

When comparing the DP spectrum with the D3 

and D4 spectra (Figure 1), which received the 

addition of mG, the difference is visible. In region 1 

(1200 cm-1 to 1400 cm-1) of both spectra, it is 

noticed that the PEDOT-1 and PEDOT-2 peaks are 

closer and that the PEDOT-2 peak is more 

separated from PEDOT-3, due to the contribution 

of the D peak from D2. Furthermore, the most 

intense PEDOT-3 peak (region 2, 1400 cm-1 to 

1500 cm-1) is upshifted (1441 cm-1 for D3 and 1437 

cm-1 for D4) and with a lower intensity. Finally, in 

region 3 (1500 cm-1 to 1600 cm-1), PEDOT-5 

became more intense than PEDOT-4, due to the G 

peak from D2. In the D3 spectrum, at 2700 cm-1, it 

is possible to see a small bump, due to the 2D peak 

from D2. It is important to remember that D3 has 

almost 5 times more graphene than D4. The 

intensity of the 2D peak in D3 surpasses by far that 

in D4 (Figure 1b). 

The changes in the D3 and D4 spectra 

compared to the DP spectrum point to the 

formation of the composite between graphene and 

PEDOT:PSS, helped by π-π interactions between 

the aromatic structures of these materials [36,37], 

as well as possible changes in the PEDOT:PSS 

chain conformation, promoting more intermolecular 

π-π interaction that changes the electrical 

properties of the films [37].  

3.2. Sheet Resistance and transmittance 

The dispersions containing only mG form films that 

present emptiness among the particles, so, 

although graphene has high electrical conductivity, 
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the charge flow suffers discontinuity in these void 

regions, thus higher local voltage might be required 

to enable charges’ jumping to neighboring 

particles. In composites, PEDOT/PSS works as a 

semiconductor matrix, facilitating charge transport. 

Increasing the number of layers also favors the 

particle packing, assists the lateral π-π interactions 

and the charges’ hopping between the stacked 

layers.  

Sheet resistance and transmittance results are 

summarized in Table 3. DP-derived films show 

sheet resistance values in the range of 900 Ω/□ – 

1.3 kΩ/□. The D1 film has a high value of sheet 

resistance, which is explained by the larger amount 

of insulating PEI. For D2 (films 3.1 and 3.2), the 

decreased amount of PEI may cause poorer 

dispersion, generating agglomerates that act as 

charge traps, thus resulting in higher sheet 

resistance compared to D1 (sample 1). The films 

from D1 and D2 resulted in quite high sheet 

resistances, explained by the emptiness 

surrounding the particles, which compromises the 

charge flow.  

The PEDOT:PSS/mG composite films 3 - 6 

showed a decrease of up to 6 orders of magnitude 

compared to films 1 – 2 that contain only mG, from 

~188 MΩ/□ to ~250Ω/□. Films 5.1, 5.2 and 6, from 

D4, also show the influence of the number of layers 

on the sheet resistance. In addition, film 7 was also 

produced under a lower rotation speed that is likely 

to lead to thicker films. The lowest value achieved 

for film 6, 250 Ω/□, comes at the cost of lower 

transmittance, ~60%, indicating incremented 

thickness. Films 5.1 and 5.2 and film 6 used the 

same dispersion and showed comparable sheet 

resistance, associated with much higher 

Table 3. Physical characteristics of the films.  

Film type 
ID 

Dispersion 
Number 
of layers 

Appearance %Ta  SRb (kΩ/□) σc (S/m) 

1 D1 1 Non-uniform 77.67 ±0.08 15290 ± 20860 2.18 

2.1 D2 1 Relatively uniform 85.52 ±1.32 188260 ± 162840 6.42 

2.2 D2 3 uniform 67.51 ±0.48 177880 ± 48840 0.19 

3 D3 1 Non-uniform 81.43 ±0.03 2.34 ± 2.70 14245.01 

4 D3 1 uniform 87.20 ±2.26 1.46 ± 0.37 22831.05 

5.1 D4 1 uniform 93.47 ±0.01 1.07 ± 0.08 31152.65 

5.2 D4 3 Non-uniform 88.71 ±1.93 0.41 ± 0.10 20325.20 

6 D4 2 Non-uniform 64.60 ±3.55 0.25 ± 0.27 47058.82 

7 DP 1 Non-uniform 53.73 ±0.20 1.30 ± 0.41 7692.31 

8 DP* 1 Non-uniform 73.20 ±0.04 0.90 ± 0.21 11111.11 

a refers to the film transmittance at 550 nm; b the sheet resistance; and c the mean conductivity.  

 

 

 

 

Figure 2. Images of one-layer films prepared by spin-coating, film 4 (a and b) and film 5.1 (c and d).  
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transmittance values, above 85%, even when more 

layers were deposited. 

Figure 2 shows images of some films 4 and 5.1 

that show good reproducibility in the preparation, 

and exemplify the high transmittance shown in 

Table 3. 

The composite films presented lower 

resistances compared to those from PEDOT:PSS 

only, moreover the improvement is still significant, 

with sheet resistance halving after the addition of 

mG. Film 7 obtained from DP present several dark 

spots, discontinuities, and partial coating of the 

glass. This poor visual uniformity is reinforced by 

the transmittance results, lower than those found in 

all other films. 

The addition of HAc in IPA to PEDOT:PSS (film 

8) slightly improved the uniformity and conductivity 

of the films, affecting positively its performance. 

Treatment of PEDOT:PSS films with strong acids 

is a known technique to improve their conductivity, 

but it involves washing the films with the acid, not 

adding them to the dispersion. Liu et al. [4] used 

acetic acid in isopropanol in mass concentrations 

between 40% and 100% to treat PEDOT:PSS 

films, obtaining results of sheet resistance of 0.213 

kΩ/□ for 80% HAc in IPA [4]. Besides, the addition 

of IPA to PEDOT:PSS promotes wettability and 

increases the adhesion of the films to the glass, 

and 50% of IPA reduced the resistivity slightly, 

according to Borazan et al. [38] this may also 

explain the higher transmittance of film 8 in relation 

to films 7 [38]. 

It is interesting to compare the results of D3 and 

D4. Although D3 contains almost 5 times more mG 

than D4, its sheet resistances are higher, possibly 

due to the presence of mG clusters in D3 films. 

Films from both dispersions show high 

transmittances, although minimum dark spots are 

seen, indicating both mG agglomeration and 

presence of polymeric gels due to the large sized 

polymer chains or a non-homogeneous ionization 

of the PSS [39]. One way to solve this problem is 

by centrifuging the PEDOT:PSS, prior to 

deposition, and remove the poor soluble fraction. 

The decrease in sheet resistance in composite 

films can be explained by the presence of 

conductive graphene in the semiconducting 

polymer matrix. Yoshida [39] deposited composite 

films of PEDOT:PSS and conductive silver ink, 

associating the decrease in the resistivity of the 

films with the presence of micrometric silver 

particles between the polymer chains, aiding the 

movement of the charge carriers and reducing the 

energy required for it. It is reasonable to assume 

that an analogous situation occurs as mG may 

present segments of dioxythiophene anchored 

onto its surface, increasing the cohesion of the 

solid film, provided it is well dispersed. 

Furthermore, the addition of DMSO alters the 

conformation of the chains, exposing these 

dioxythiophene segments by stretching the 

PEDOT chains, also contributing to the charge 

mobility [39]. 

The decrease in the sheet resistance in 

polymer/graphene composites is attributed to the 

high conductivity and high electronic mobility of 

graphene, which acts as a conducting medium for 

the charges [40-42]. The energy levels’ 

compatibility between PEDOT and graphene 

contributes to their strong π-π interaction and the 

electrostatic repulsion between graphene and PSS 

that supports the formation of homogeneous film 

[43-46].  According to Kim et al. [45], PEDOT chains 

are absorbed on the graphene surface, the 

dioxythiophene groups donate electrons to 

graphene and increase the concentration of charge 

carriers, whereas the chains assume a linear or 

expanded coil conformation. Moreover, due to the 

intermolecular π-π interactions, the influence of the 

PEDOT conjugation defects reduces and facilitates 

charge transfer, decreasing the barrier to their 

movement. Additionally, the extension of the 

conjugated π-system increases and the π-π* band 

gap narrows, resulting in larger number of charge 

carriers and higher charge carriers’ mobility.  

However, increasing the concentration of 

graphene also represents an increase in the 

concentration of defects, such as voids in the 

material, so they will not reflect a continuous 

increase in conductivity, as such defects are 

charge traps that will influence the charge 

concentration and mobility [45]. Therefore, large 

amount of graphene may also cause aggregation 

and reduce the conductivity of the films, as in the 

case of D3. 

The conductivities of the films (Table 3) was 

calculated considering that the thickness of the 

films are 30 nm for 1 layer, 85 nm for 2 layers and 

120 nm for 3 layers for the composites, while 80 nm 

for 3 layers for mG, and 100 nm for 1 layer of DP 
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and DP*. The thicknesses were estimated by AFM, 

except for DP and DP*, which presented low 

transmittances. The results indicate that lower 

values of sheet resistance for thicker films, as 

expected, is not a rule, in fact, some films present 

lower conductivity as more layers are deposited, 

which is exemplified by 2.2 vs. 2.1 or 5.2 vs. 5.1 

and 6, demonstrating that for the same composite 

the inner microstructure (cohesiveness) of the film 

prevails over the composition regarding the 

mobility of the charge carriers. 

TCEs have several applications, each with its 

specific requirements. Transmittance values 

usually vary between 86% and 92% and sheet 

resistance values can range from 30 Ω/□ to 1500 

Ω/□ [47], so the films obtained from D3 and D4 are 

potential candidates in this kind of application. 

The results presented here are comparable to 

sheet resistance results reported in the literature. 

Li et al. [48] prepared PEDOT:PSS/graphene 

composites from an aqueous slurry of graphene 

and obtained films with transmittances of about 

90% and sheet resistances between 1902 Ω/□ and 

2980 Ω/□. Uz et al. [49] manufactured graphene 

films with a sheet resistance of 200 Ω/□, suggesting 

its use in biomedical applications. Fang and his 

group [50] manufactured PEDOT:PSS/graphene 

films by spin and blade coating on PET substrates, 

with the best results being 80.6% transmittance 

with a sheet resistance of 731 Ω/□ and 85% of 

transmittance with a sheet resistance of 1783 Ω/□. 

Thus, given their electrical and optical 

properties, the composites developed in this work 

can be used as TCEs. Another suggested 

application for these materials is in conductive 

trails. 

3.3. Scanning electron microscopy  

Figure 3 shows two SEM micrographs at 25000x 

magnification. No significant differences are 

observed between mG films and mG/ PEDOT:PSS 

composite films. It is noted in both images, the mG 

sheets “popping out” of the films, this effect being 

greater in D4, which seems to present higher 

roughness. In Figure 3a, it can be seen that mG is 

extensively well dispersed, but the electrical 

measurements have shown that there is no 

effective conductive medium between the sheets, 

since this sample is from D2, only mG film. Figure 

3b shows a D4 composite film, mG dispersed in 

PEDOT:PSS matrix, in which, apparently, there are 

conductive paths for the charge carriers (Table 3). 

The discrete emptiness between the sheets in D2, 

which is responsible for the low electrical 

performance, is not observable under SEM. We 

believe that the composites can be improved by 

using smaller amounts of mG as additive in order 

to avoid aggregation that serves as charge traps, a 

factor that is even more relevant when considering 

D3, which has 5 times more mG than D4.  

 

Figure 3. Micrographs with 25000x magnification of the dispersions a) D2 and b) D4. 

 

 



Nanomater. Sci. Eng., Vol. 4, No. 1, pp. 27-37 (2022) RESEARCH ARTICLE 

 

 
35 

Nanomaterials Science & Engineering                                                                                                        https://proa.ua.pt/index.php/nmse/ 

3.4. Atomic Force Microscopy  

Figures 4a - 4d show the step regions in which the 

film thicknesses were measured. Figure 4a 

corresponds to the sample AFM1 (D2) with a 

thickness of 81 nm. Figure 4b corresponds to the 

AFM2 sample (D4) with a thickness of 29 nm. 

When comparing this result to the thicknesses 

values of samples AFM3 (D3) and AFM4 (D4) 

(Figures 4c and 4d, respectively), we observed that 

the deposition of a new layer of composite film onto 

an existing layer, in fact, does not contribute 

equally to the thickness, reaching 85 nm and 117 

nm, respectively. Note that the samples AFM1 and 

AFM4 have the same number of layers, but the first 

is consisted of mG only, not PEDOT:PSS/mG. It 

should not be forgotten that the variations in the 

images are on the order of nanometers, so the films 

can be considered homogeneous. Furthermore, 

adding more layers seems to make the films more 

compact and uniform. 

Figure 4e shows another morphological image 

of the AFM4 sample, away from the step and with 

higher magnification, where it is possible to notice 

uniformity of the film, once again. A phase image 

(Figure 4f) is collected from the same area, which 

allows us to draw some conclusions about the film. 

Phase images of PEDOT:PSS films present light 

regions associated to the PEDOT-rich regions 

(more rigid) and dark regions, to the PSS-rich 

regions (softer) [29,30,34,35,51,53]. On the other 

hand, in graphene/PEDOT:PSS composite films 

[29,34], the third component is not easily 

discernible, however the occurrence of an uniform 

phase image may indicate film densification, which 

increases conductivity [53]. Thus, the AFM results 

help to explain the sheet resistance results, 

indicating that the performance is linked to the 

extension and the interconnectivity of the 

graphene-rich (lighter) and PEDOT-rich (lighter) 

regions, which form the conductive medium. The 

dark regions are likely to be non-conducting PSS-

rich regions. Therefore, once the existing dark 

regions do not interfere with the continuousness of 

the light regions, decrease of the resistance is 

favored.  

4. CONCLUSIONS 

In this work, the production and characterization of 

PEDOT:PSS/mG composites were demonstrated. 

 

Figure 4. AFM images of films. a) Step region of sample AFM1 (D2, 3-layer, 81 nm); b) Step region of 
sample AFM2 (D4, 1-layer, 29 nm); c) Step region of sample AFM3 (D3, 2-layer, 85 nm); d) Step region 
of sample AFM4 (D4, 3-layer, 117 nm); e) Magnification of the surface of sample AFM4; and f) Phase 

image of sample AFM4. 
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The transmittance and sheet resistance results 

qualify the materials presented here to be used as 

TCEs, in applications such as OLEDs and OPVs. 

Raman spectroscopy showed that the 

redispersion with the aid of HAc and PEI in IPA 

incremented the mG concentration reaching 10 

mg/mL in IPA, without significant changes in the 

Raman spectrum of the films, indicating that no 

significant defects were introduced and that there 

were no agglomeration of the nanomaterial. In 

addition, the composites presented the bands 

observed in the mG spectrum. 

Sheet resistances of the composite films 

decreased by 6 orders of magnitude from those of 

mG films only, while they are just ca. one half of 

those found for the PEDOT:PSS films. The 

properties were correlated to the composition and 

structure of the materials, raising the hypothesis 

that the strong π-π interactions between graphene 

and PEDOT and the transfer of electrons from 

PEDOT to graphene contribute to the 

cohesiveness of the film and increases the number 

of charge carriers and mobility, therefore the 

composite present higher conductivity. 

The thicknesses of the films were estimated by 

AFM, and the results have shown that depositing 

additional layers makes the films more compact 

and uniform, which is also beneficial for reducing 

the resistance. Furthermore, the phase image 

compared to the morphological image shows that 

there are soft regions, corresponding to the PSS-

rich domains, and more rigid regions, comprised 

mainly by PEDOT and mG, showing once again the 

formation of a composite having interconnected 

conductive domains. 
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