CHEMISTRY & CHEMICAL TECHNOLOGY

Chem. Chem. Technol., 2025,
Vol. 19, No. 3, pp. 495—502

Chemistry

FABRICATION AND TAILORING THE MORPHOLOGICAL
AND ELECTRICAL FEATURES OF SILICON NITRIDE-SILICON
DIOXIDE/POLYMETHYL METHACRYLATE HYBRID
NANOCOMPOSITES FOR NANOELECTRONIC FIELDS

Ghaith Ahmed®, Arshad Fadhil Kadhim?, Najah M. L. Al Maimuri’,
Hamed Ibrahim?*, Ahmed Hashim™ °, Mohammed H. Abbas®

https://doi.org/10.23939/chcht19.03.495

Abstract. The goal of this research is to create PMMA and
SiO2-SisN4 nanoparticles doped PMMA films with
enhanced structural and electrical properties to employ in
various quantum electronics fields. The casting process
was used to create the (PMMA-SiIO2-SisN4) nano-
composite films. In the development of nanocomposite
materials, the hybrid nanocomposite films with 2.3%, 4.6%
and 6.9% contents of nanoparticles were prepared. Using
an optical microscope (OM), the morphology of the
nanocomposites was examined. At room temperature, the
electrical characteristics of (PMMA-SiO2-SisN4) nano-
composites were investigated. The results revealed that the
dielectric constant and dielectric loss of (PMMA-SiO;-
SisN4) nanocomposites reduced as the frequency of the
applied electric field increased. The electrical conductivity
of alternating current rises with rising frequency. With
increasing concentrations of SiO»-SisN4 nanoparticles, the
dielectric constant, dielectric loss, and AC electrical
conductivity of (PMMA-SiO2-SisNs) nanocomposites
were enhanced. When the SiO2-SisN4 NPs content reached
6.9% at 100Hz, the dielectric constant increased from 3.86
to 4.76 while the dielectric loss increased from 0.19 to 0.29.
Finally, the obtained results demonstrated that the
(PMMA-SiO2-Si3N4) nanocompo sites have elevated
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values of dielectric constant compared with dielectric loss,
which makes them suitable for a variety of quantum
electronics applications.
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1. Introduction

The concept of nanocomposite material has grown
greatly over the years to include a wide range of systems,
including  one-dimensional,  two-dimensional, three-
dimensional, and amorphous materials comprised of clearly
different components and blended at the nanoscale.
Nanocomposites may be described as "materials with a
nanoscale structure that improve the macroscopic properties
of products.” Clay, carbon, or polymer nanocomposites, or a
mixture of these materials with nanoparticle building blocks,
are examples of nanocomposites.! Conductive polymer
composites are lightweight materials that can combine the
properties of electrically conductive metals with polymer
capabilities. These composites are employed in a variety of
applications such as acoustic emission sensors, angular
acceleration  accelerometers, integrated  decoupling
capacitors, electronic packaging, electromagnetic frequency
interference shields, and antistatic devices.? PMMA has
various fields in numerous productive and technological
applications. PMMA has the advantage of a distinguished
combination of good optical characteristics (transparency in
abroad series from the near UV to the near IR). Additionally,
PMMA is extremely appropriate for several imaging & non-
imaging microelectronic fields like photo-resistance for
direct write e-beams, process of X-ray & deep-UV micro-
lithographic processes. It is used to create a variety of optical
devices like optical lenses. PMMA has good thermal
stability, electrical characteristics, safety, resistance to
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weather, molding ability, and simple shaping.> PMMA
offers several advantages for applications, including its
ability to withstand high temperatures, simplicity of
laboratory manipulation, lightweight, low cost, esthetic
appeal, color, and absence of toxicity.* Because of its great
features such as low density, high strength, strong thermal
shock resistance, and good resistance to oxidation and
corrosion, silicon nitride (SisNa4) ceramics are regarded as an
essential contender. However, the inherent brittleness of
SisN4 precludes its extensive industrial utilization. Much
work has been expended in recent decades to enhance the
mechanical characteristics of SisNs ceramic materials,
particularly fracture toughness.® SiO; (silicon dioxide), often
known as silica, is a metalloid oxide that belongs to the
fourteenth group of the periodic table. It is a silicic acid
polymer composed of linked tetrahedral SiO4 units. Natural
and synthesized SiO, can be found as crystals (quartz,
cristobalite, and tridymite) and amorphous forms. These
ceramic materials exhibit unique features in their bulk form,
such as abrasion, optical ultraviolet (UV) filtering,
luminescence, and biocompatibility.® SiO, nanoparticles are
commonly used in polymers to increase heat resistance,
radiation resistance, optical and electrical characteristics.”’
The metal nitride or oxide was added to polymers to improve
their electronic, dielectric, and optical properties.'®> The
PMMA-nanocomposites were studied for different fields.?¢-
31 The present work aims to create SisN4/SiO,/PMMA
nanostructure films with better electrical characteristics than
other types of nanocomposites, making them promising
nanocomposites for use in various electronic nanodevices.

2. Materials and Methods

The silicon nitride (SizsN4) nanopowder and silicon
dioxide(SiO2) nanopowder were obtained from US Research
Nanomaterials, Inc. (SisNa, 15-30 nm, purity 99.9%) and
(SiOz, 98+%, 60-70nm, amorphous). The (PMMA-SIO,-
SisN4) nanocomposites were fabricated by dissolving 1 g of
PMMA in 30 ml of chloroform, and mixed at room
temperature for 30 minutes using a magnetic stirrer to get the
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PMMA solution. Then, SiO.-SisNs nanoparticles were
added to the PMMA solution to achieve the content of
nanoparticles of 2.3%, 4.6%, 6.9% at SiO:SisN, ratio of
50:50 (w/w). The PMMA-SiO>-SizNs NCs were cast on a
glass Petri dish at room temperature. The structural
properties of (PMMA-SiO2-SisN4) nanocomposites were
studied using an optical microscope (OM). The dielectric
characteristics were measured using an LCR meter (HIOKI
3532-50 LCR Hi TESTER) within the frequency range of
100Hz-5MHz. Permittivity (¢) is determined by Eq. (1):3% %

E'= Cp d/go A (1)
where C; is the capacitance and d is the film thickness. The
dielectric constant is determined according to Eq. (2):3

E'=CplC )]
Where Cp, means parallel capacitance and Co signifies
vacuum capacitance. To compute dielectric loss by using
the relation:®

&'=&D 3

where D is the dispersion factor, the AC conductivity was
calculated as:%

oac= WEE" (4)
where w is an angular frequency (w = 2xf).

3. Results and Discussion

Fig. 1 shows optical microscope images of PMMA
and PMMA-SiO»-SisNs nanocomposites with different
Si0O»-SizN4 concentrations at a magnification of 10. This
figure reveals the distribution and propagation of SiO»-
SisNs nanoparticles inside the PMMA medium with
different contents of SiO,-SizsN4 NPs, which absorbed and
scattered the incident light photons. The surface energy
components of the polymer and the nanoparticles differ,
which may lead to nanoparticle agglomeration. At low
content, the NPs are propagated as clusters.3-° When the
content of SiO,-SisNs  nanoparticles increases, the

nanoparticles form a network of paths within the polymer
matrix.4-4%

Fig 1. Optical microscopic images of PMMA-SiO--Si3N4 nanostructures at a magnification of 10x:
a. Pure PMMA, b. 2.3 wt.% SiO,-SisN4 NPs,
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Figs. 2 and 3 show the dependence of the dielectric
constant and dielectric loss of PMMA-SiO,-SizN4

1

nanocomposites on frequency. The results demonstrate that

the dielectric constant and dielectric loss are larger in the

lower frequency range and decrease with increasing C

frequency for all samples, which is due to Maxwell-
Wagner polarization, which generates higher dielectric
constants and dielectric losses.
contacts create this kind of polarization. This interfacial
polarization is induced by the build-up of space charges or
dipoles at the interfaces. In the lower frequency range,
space charges have plenty of time to react to the applied
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changes in the electric field are too quick for the space
charges to react, and the polarization effect does not exist,
so increasing the frequency. This leads to a decrease in the
dielectric constant and dielectric loss. The dielectric
constant and dielectric loss increased with increasing
content of SiO2-SisN4 NPs, which is related to the rise in
the number of charge carriers.’%° At 100 Hz, when the
Si0O2-SisN4 NPs content reached 6.9 %, the content of the
dielectric constant increased from 3.86 to 4.76, while the
dielectric loss increased from 0.19 to 0.29. These values, &'
and &", make the (PMMA-SiO2-SisN4) nanocomposites
important and potential nanomaterials for many electronic

electric field, whereas in the higher frequency range, i applications.
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Fig. 2. Dielectric constant for nanocomposites vs. frequency

The increase in permittivity might be produced by
defects influence on the motion of the field wall related to
the space charges at the interfaces. Consequently, a lesser
excitation field was capable of producing typically in the

movement of field walls, and the €' reliance on an exciting
field is weak. Additionally, these consequences confirmed
that the interfaces of nanocomposites play a significant role
in the increase of the dielectric properties. As well, the
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interfacial type of polarization provides significant
corroboration of the homogeneous distribution of SiO,-
SizN4 nanostructures in the PMMA medium. Consequently,
the enhancement in the €' values is strongly caused by the
increase in dispersion of SiO,-SisN4 nanostructures inside
the PMMA matrix. At the low frequencies, the €' has high
values, which may be due to the interfacial type of
polarization. The interfacial polarization is created at the
lower frequency and decreases with the rise of the applied
field frequency. At higher frequencies, the movement of
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Dielectric Loss
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polar molecular rotation of PMMA/SIO>-SisNs nano-
structures is not fast enough to obtain equilibrium with an
electric field. Thus, with rising of the frequency, the &'
decreased. The higher £" values were demonstrated at lower
frequency which may be due to the effect of Maxwell-
Wagner. Furthermore, the reduce of €' and €" values with an
increase in the frequency related to the eliminate of space
charge type of polarization from total polarization wherever
this polarization type was the extra contributing at the lower
frequencies.t06!

—+—PMMA
—8—23wt.%
—— 4.6 Wt.%

0.1 6.9 wt.%
0.05 -
0 — T — T T T 1
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
F(Hz)
Fig 3. Dielectric loss for nanocomposites vs. frequency
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Fig 4. AC conductivity of (PMMA-SiO-SizN4) nanocomposites vs. frequency
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Fig. 4 depicts the fluctuation of AC electrical
conductivity with electric field frequency for PMMA-SiO-
SisN4 nanocomposites at room temperature. As seen from
the image, the AC electrical conductivity rises with
frequency due to space charge polarization. This is caused
by both charge carrier stimulation of higher states in the
conduction band and low-frequency space charge
polarization. Electronic polarization and hopping charge
carriers cause an increase in conductivity at high
frequencies. The primary chain motion and ion motions are
the two factors that influence AC conductivity. The
influence of SiO» and SisNs NPS concentration on the
electrical conductivity of a PMMA) mix at 100 Hz. When
the frequency increased from 100Hz to 2MHz, the
electrical conductivity of PMMA increased from 1.07x10°
11 to 4.09x108 S/cm and from 1.62x10 to 5.86x10®
S/cm for 6.9% SiO2-SisN4 NPs. Since the charge carrier
density in the polymer medium rises with the concentration
of nanoparticles, the AC electrical conductivity
increases.527°

4. Conclusions

The current work comprises the casting technique
for producing PMMA films and SiO»-SisN4 NPs doped
PMMA.. The PMMA-SiO,-SisN4 nanostructures' structural
and dielectric characteristics were examined for use in
different nanoelectronic techniques. The structural
characteristics of PMMA-SiO2-SisN4 nanostructures
revealed a great dispersion of SiO; and SisN4 NPs in the
PMMA medium, as well as effective integration of SisNa-
SiO2 NPs into the PMMA matrix. The results showed that
dielectric constant and dielectric loss of PMMA-SiO,-
SizN4 nanocomposites decreased, while the conductivity
increased, as the frequency of the applied electric field
increased. The dielectric constant, dielectric loss, and AC
electrical conductivity of PMMA-SiO,-SisN4 nano-
composites rise with increasing concentrations of SiO»-
SizN4 nanoparticles, which can be advantageous for various
electrochemical applications. The dielectric constant
increased from 3.86 to 4.76 while the dielectric loss
increased from 0.19 to 0.29 when the SiO.-SisNs NPs
content reached Of 6.9% at 100Hz. When the frequency
increased from 100Hz to 2MHz, the electrical conductivity
of PMMA rose from 1.07x10! to 4.09x10® S/cm and
from 1.62x10"* to 5.86x10® S/cm for 6.9% SiO2-SisNa4
NPs. These results make the PMMA-SIO2-SizNs
nanostructures welcome in a variety of quantum electronics
applications.
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BUI'OTOBJIEHHS I AJATITAILISI
MOP®OJIOTTYHHUX TA EJEKTPUYHHUX
XAPAKTEPUCTHUK I'BPUJIHUX
HAHOKOMIIO3UTIB HITPUY
KPEMHIIO-IIOKCUAY
KPEMHIIO/MOJIMETUJIMETAKPUJIATY
JUISI TAJTY3El HAHOEJIEKTPOHIKH

Anomauin. Memow yb0o2o 00CHIONCEHHs € CMEOPEHHS.
naigok 3 IIMMA ma aezoeanux SiOz-SisNg-nanouacmunxamu
IIMMA 3 noxkpawenumu CcmpyKmypHumMu U e1eKmpuyHuMu
61ACMUBOCIAMU OJIsL BUKOPUCIAHHSL 8 PIZHUX 2aJLY351X K8AHMOBOL
eeKMpOHIKU.

Tpoyec aumms 6ys guxopucmanuii 0151 CMEOPeHHs NAI6OK
nanoxomnosumie (IIMMA-SiO2-SisNs). ¥V pamkax pospo6iu
HAHOKOMNO3UMHUX Mamepianie 06y ompumari 2iOpuoHi HaHo-
KoMRo3umui naieku 3 emicmom nanowacmunox 2,3%, 4,6% ma
6,9%. 3a oonomozoro onmuuno2o mikpockona Oyno O0CHIONCEHO
MOPPON02it0 HAHOKOMNO3UMIS. 3a KiMHamuol memnepamypu 0yio
00CNIOJNCEHO  eNeKMPUYHI  XAPAKMEPUCIMUKYU — HAHOKOMNO3UMIG
(ITMMA-Si02-Si3Na). Pezynomamu nokasanu, wo OiereKmpuyna
nponuxnicme i Oienekmpuuni empamu nanokomnosumie (IIMMA-
SiO2-SisNa) smenwyomoea 3i 30iNbUWeEHHAM YACMOMU NPUKIA-
O0enozo enekmpuunozo noasi . Enexmponposionicme 3minnoco
cmpymy 3pocmace 3i 30inbuienHam yacmomu. 3i 30UIbUEeHHAM KOH-
yenmpayii nanouacmunox SiO2-SisNg dierexkmpuuna nponuxnicme,
Olenekmpuyni gmpamu U ei1eKmponposioHicms 3MIHHO20 CIpYMYy
nanoxomnosumie (IIMMA-SiO2-SisNa) noxpawyeanucs. [Jienex-
mpuuna npouukHicme 36invuiyeanacs 3 3,86 0o 4,76, mooi sk
dienexmpuuni empamu 36invutysanucs 3 0,19 oo 0,29, koau emicm
nanouacmunok Si02-SisNa  docse 6,9% 3a 100 T'y. Omorce,
ompumani pesyrbmamu nokasanu, wo wanoxomnosumu (IIMMA-
Si02-SisNa) maiomov nidsuweni snauenns Oienekmpuunoi npo-
HUKHOCI NOPIBHSIHO 3 OLeNeKMPUYHUMU 8MPAMAMU, U0 POOUMb IX
npuoamuumMu  Olisl GUKOPUCMANHSL 8 DI3HUX cepax KeaHmogoi
eeKmMpPOHIKU.

Knrouosi cnosa: [IMMA, nposionicme, SisN4, nanoxom-
nosumu, SiOz, keanmosa enexkmpouixa.



