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Combining well known oxide materials with biocompatible polymers such as chitosan (Cs) and antimicrobial
agents such as Ag can bring new functionalities to materials for electronics and lead to new border applications in the field of stretchable wearable bioelectronics and drug delivery systems. The paper reports on new
hybrid thin films based on zinc oxide (ZnO) and Ag:ZnO nanoparticles dispersed in chitosan and incorporated
in poly(methyl methacrylate) (PMMA) matrix by a modified sol-gel method. The structure, morphology, optical, electrical and antimicrobial properties of the obtained hybrid ZnO/Cs/PMMA and Ag:ZnO/Cs/PMMA
thin films have been investigated. For electric characterization, current-voltage, capacitance-voltage and dielectric constant-frequency curves of the one and two-layers hybrid thin films deposed in MIS structure have
been recorded. The dielectric constant values between 9.5 and 14.9 at 20 kHz, in addition with low surface
roughness, optimal optical transmittance in visible and near-infrared region of about 90% and optical band gap
(Eg) values between 3.543 and 3.737 eV, indicate high potential applications of the obtained hybrid films in
transparent bioelectronics. The antimicrobial activity of the hybrid sols used for the film's deposition and the
resulted thin films have been investigated using the paper disc method on Mueller-Hinton agar against Gram
negative E. coli and Gram positive S. aureus bacteria. Ag:ZnO/Cs/PMMA films showed good antimicrobial
activity against S. aureus and E. coli.
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1. Introduction
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The integration of nanotechnologies and nanoengineered materials into electronic products emerged the transparent and flexible electronic and electrophotonic (TFE) applications, such as flexible displays, solar cells, light emitting diodes (LEDs), (bio)sensors and wearable devices [1–4]. The development of transparent thin film transistors (TFTs) has been crucial for yielding these TFE applications [2,3].
Since 2004, when the first transistor with semiconductor metal oxide channel (MOTFT) has been successfully completed [5] and so far,
the full-oxide TFT has been achieved, the MOTFTs demonstrated the
best electrical performance into transparent and flexible devices [2,3].
Nowadays the research for alternative materials in the fabrication of
transparent and flexible electronic devices based on TFTs have been
focused on the development of large area processing multifunctional
thin films [1–3,6]. The bottom-up approaches from solutions have enabled low-cost large area transparent and flexible transistors by deposition below 200 °C of both semiconductor and dielectric thin films on
different substrates [3,6,7].
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For the last decade, an important progress has been also obtained
in the development of organic field effect transistors (OFETs) characterized by low-voltage operation, which are well-suited for stretchable and wearable electronics and bioelectronics (display devices, radio frequency identification tags (RFIT), wearable electronic patches)
[8,9]. For organic transparent and flexible electronics in various devices, poly(methyl methacrylate) (PMMA) has been evaluated as an
option for the dielectric gate due to its thermal stability, chemical resistance, mechanical flexibility and high resistivity, low cost and good
dielectric constant [6,7]. PMMA has been used into polymer blend
dielectrics or ion-gel dielectrics gates to improve the dielectric characteristics and the surface morphology for flexible OFETs applications [3]. The use of organic semiconducting polymers has expanded
from flexible displays to bidirectional flexible large-area organic circuits, which can form active-matrix of flexible and stretchable sensors, with low power consumption and reduced amount of connecting
wiring, known as “artificial skins” [10] and other bioapplications [11].
Organic electronics enables printing technologies to obtain multifunctional materials over flexible and large areas substrates with reduced
cost and easy integration into devices [12].
At the moment, the most efficient OFETs are fabricated with inorganic gate dielectrics characterized by high dielectric constant and
high-voltage operation. Many researches have been focusing on decreasing the operation-voltage of the high performance OTFTs, in order to get compatibilization with wearable bioelectronics devices, by
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Fig. 1. Schematic cross-section (left) and top-view optical micrograph image (right) of the metal-insulator-semiconductor (MIS) structure.
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Fig. 2. SEM images of ZnO (a) and Ag:ZnO (b) NPs used for the preparation of hybrid thin films.

Fig. 3. SEM-EDX spectra and elemental mapping of ZnO and Ag:ZnO NPs used for the preparation of hybrid thin films.

combination of inorganic and organic dielectrics for the fabrication of
hybrid dielectric gates. For this purpose, polymer-based dielectric hybrid materials obtained through mixing, cross-linking and incorporation of nanoparticles (NPs) as inorganic fillers are being investigated
[3,6–8]. The integration of these hybrid nanomaterials based on metal
oxide, metals and polymers into electronics by low-temperature processing from solutions has emerged the new generations of flexible
and stretchable electronic (FSE) devices [3,6–8] with new application
in various fields. The Tobin's group reviewed the recent advances in

the fabrication of thin-films-based TFTs including different types
(polymeric, inorganic, polyelectrolyte or hybrid) gate dielectrics integrated with FSE-compatible semiconductors nanomaterials such as
metal oxides, quantum dot arrays, polyelectrolytes, carbon nanotubes
or graphene [3]. Hybrid ZrHfO2-PMMA films gate dielectric obtained
by sol-gel process at low temperature (200 °C) for indium gallium
zinc oxide (IGZO)-based TFTs were reported by Syamala Rao et
al. The 108 nm thick hybrid films showed good dielectric behavior
and operation-voltage below 6 V [13]. Lately, Meza-Arroyo et al.

3

CT
ED

PR

OO

F

Journal of Alloys and Compounds xxx (xxxx) xxx-xxx

RE

Fig. 4. FTIR spectra of the individual components (MMA, Cs solution 2 wt %, ZnO NPs and Ag:ZnO NPs), precursor solutions (Sol 1, Sol 2) and the resulted hybrid films (SZn2,
SAZn2) (a), and details from the spectra of the hybrid films (b–c).
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have reported also low temperature sol-gel synthesis of transparent
Al2O3-PMMA hybrid films tested as gate dielectric for TFTs. The obtained hybrid films showed operating voltage under 8 V [14]. Choudhary et al. reported the use of ZnO nanoparticles in hybrid films based
on PVA–PVP blend matrix polymer nanocomposites, proposed as
novel nanodielectrics substrate and electrical insulators for next generation of flexible optoelectronics and gas sensors devices [15]. The
PMMA/ZnO nanocomposite hybrid system has also been synthesized
and investigated for potential applications in different domains such
as optics, photonics and electronics [16]. ZnO is a well-known multifunctional n-type semiconductor filler with a wide band gap (3.4 eV)
and large exciton binding energy which makes it useful in a broad
range of applications like optoelectronic devices, dye-sensitized solar
cells, (photo)catalysts and sensors [17]. Doping of ZnO with convenient elements is a method for creating p-type states and engineering
optical, electrical and magnetic properties. Silver has been reported as
the best candidate in this respect due to its high solubility, larger ionic
size, and minimum orbital energy [18]. In a recent study, Meeporn et
al. have reported the use of Ag in complex hybrid flexible dielectric
films for advanced electronics [19]. In addition, silver is a well-known
antimicrobial agent [20] that can bring new functionalities to hybrid
materials for electronics and can lead to new frontier applications.
Most recently, biopolymers, which have very important features
such as thermal stability, solution processability at room temperature
and biodegradability, gain relevance as innovative material towards

low-cost printed electronics [3,21–24]. Ji et al. reported transparent and high conductive cellulose-silver hybrid films with very good
mechanical and thermal stability and high potential to be used as
cover layer of flexible touchscreen panels in smart watches and fitness
or medical monitors, without affecting touch performance [21]. In
2011 Zhou et al. published a first report on the use of chitosan-based
materials in electronics, as dielectric in a hybrid indium tin oxide
(ITO)-based thin film transistor. They attributed the high performance
of the obtained TFTs to the high gate dielectric capacitance induced
by the electric-double-layer effect, created by Cs proton mobility,
at the interface between dielectric and ITO semiconducting oxide
[25]. Along with other renewable materials, such as paper, silk and
biodegradable polymers [22], chitosan has been extensively studied
for developing flexible and lightweight biodegradable printed electronics with low production costs for applications such as consumer
electronics and disposable systems [3,9,22]. The second most abundant polymer in nature after cellulose, chitosan and derivatives offer
the possibility for fabrication of biocompatible devices that could operate in biologically relevant media, such as smart biosensing and preventive medical care [22,24–26]. Due to its protonic electrical conduction, Cs is an important candidate for functional bioelectronic material. Among other polysaccharides, Cs solid-state electrolytes have
been demonstrated as effective gate dielectrics in TFTs [24–26]. In
2016, Morgado et al. published a paper related to the use of Cs in
ultralow operation voltage OTFTs with organic semiconductor (pentacene) channel, concluding that self-standing chitosan films are very
interesting
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ers, nanoparticles offer many advantages such as adjustable size and
shape, larger active surface area with enhanced stability and high-density at the ligand attachment at its surface and controlled intracellular
drug-delivery [27,29,31]. Adapting the shape and size at nanoscale,
which allow nanoparticles to interact with biomolecules within or
on the cell surface and enabling them to affect cellular responses
in a dynamic and selective manner, is a new approach to designing
new anti-cancer agents and new type of interaction with tumor tissue and its subsequent retention, process known as enhanced permeation and retention (EPR) effect [34]. In addition, due to its known
excellent antibacterial, antiviral, antifungal and antioxidant properties, Ag nanoparticles drug carriers are considered to be multifunctional drug delivery systems that offer special advantages, as transmembrane delivery without harsh transfection agents and protection
of the attached therapeutics from degradation [21,31,34–36]. The antimicrobial silver nanoparticles were investigated as efficient delivery vehicle for drug against infection [35] or anticancer therapeutic
agents (doxorubicin and alendronate compounds) with improved therapeutic effect with reduced side effects when administered into the
body [36]. ZnO nanoparticles and ZnO/PMMA demonstrated a high
degree of cancer cell selectivity [29,37]. Systems that are less toxic,
more biocompatible and likely to be taken up by cells have been considered for drug delivery applications. For this purpose, coverage or
incorporation of nanoparticles with different biocompatible polymers
is the most appropriate approach. Chitosan has demonstrated the capability to act as biocompatible and biodegradable drug-carrier with
slow and controlled release of different active species, based on its
ability to chelate metal ions and to graft polymers. Based on the capability of chitosan and PMAA chains to link metal ions and quantum dots, W. Wu et al. reported the preparation of a new class of
chitosan-based hybrid nanogels by in-situ immobilization of photoluminescent CdSe quantum dots and anticancer drug in covalently
cross-linked chitosan/PMAA hybrid nanogels with controlled release
of anticancer drug in biological medium [38]. The most important
mechanisms related to antimicrobial activity of nanomaterials are the
photocatalytic production of reactive oxygen species (ROS) that damage the cell components (TiO2 NPs, ZnO NPs, Ag NPs), the deterioration of bacterial cell membrane (peptides, chitosan, carboxyfullerene,
carbon nanotubes, ZnO NPs and Ag NPs), the interruption of energy transduction (Ag NPs, fullerene NPs) and the inhibition of enzymes activity and DNA synthesis (chitosan). In terms of nanomaterials, due to high surface area with high defect concentration, the
ROS generation mechanism, that induce oxidative stress and intracellular release of dissolved ions followed by ions-mediated protein activity disequilibrium, is the most frequent and effective [28,38,39].
ZnO NPs has high potential to generate ROS species in air or water
(superoxide anion [O2•−], hydrogen peroxide [H2O2], hydroxyl radical [•OH] and singlet oxygen [1O2]), under UV illumination, ambient
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Fig. 5. TG-DSC thermogram of the ZnO/Cs/MMA (hybrid sol 1) and Ag:ZnO/Cs/
MMA (hybrid sol 2).
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dielectrics for organic TFTs and can be used in organic electronics
for a wide range of applications, ranging from disposable systems to
biosensors and other biomedical applications [24]. In the same period,
Feng et al. published a paper about a new-concept multi-gate electric
double layer transistor with ultralow operation voltages, based on solution-processed graphene oxide/chitosan composite films as excellent
proton conducting electrolyte with potential applications in two-terminal synaptic devices [26].
All the components investigated in this paper for hybrid thin films
(Ag, ZnO NPs, Cs and PMMA) demonstrated the capabilities to act
as functional or multifunctional (nano)material not only in biosensors
[22–28], but also into drug delivery systems [29–33]. As drug carri

Fig. 6. AFM images of one-layered (SZn1) and two-layered (SZn2) ZnO/Cs/PMMA thin films.
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Fig. 7. Cross sectional SEM images of ZnO/Cs/PMMA and Ag:ZnO/Cs/PMMA thin films with one (SZn1, SAZn1) and two (SZn2, SAZn2) layers.

crobial activity. Any factor that will promote the separation of generated electron−hole pairs will increase the electrical conductivity and
enhance the photocatalytic and antimicrobial activity of the nanoparticles.
To our knowledge, so far just a few studies that combine the
use of PMMA, ZnO and Cs in the production of functional thin
films have been reported. Petchthanasombat et al. prepared hybrid
core-shell PMMA/Cs–ZnO nanoparticles obtained by ZnO dispersion
in poly(methyl methacrylate)-chitosan matrix by an emulsifier-free
emulsion polymerization method and investigated their physicochemical properties and electrochemical behavior for developing biosensors [17]. In a previous paper we report the preparation of a hybrid
material based on acrylic copolymer modified with ZnO/chitosan and
Ag:ZnO/chitosan composite nanoparticles for applications in prosthodontics [42]. According to our knowledge, no dielectric thin films with
this composition (PMMA, Cs, ZnO and Ag:ZnO) have been reported.
In this work, we present new hybrid ZnO/Cs/PMMA and Ag:ZnO/
Cs/PMMA thin films based on ZnO and Ag:ZnO nanoparticles dispersed in chitosan and incorporated poly(methyl methacrylate) matrix,
deposed on glass and p-Si substrates by a modified sol-gel method.
In the investigated hybrid films we combined for the first time antimicrobial (Ag, ZnO) and biocompatible (Cs) components with different electrical properties, to create new functionalities to the PMMA
- based dielectric films for new applications. The effect of the added
components (metal and semiconductor) on the optical and dielectric
properties of the resulting hybrid films, as well as the new acquired antimicrobial properties have been investigated, in correlation with their
structure and morphology. We consider this system to be an alternate
dielectric gate material with the required dielectric properties and adherence to either rigid or flexible substrates at low processing temperature. (Ag)ZnO/Cs/PMMA thin films to be used in border applications
such as bioelectronics and drug-delivery systems.
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light, or even in the dark [39]. Due to its direct band-gap value,
ZnO is normally excited by UV light. Under UV irradiation, the electrons (e−) from the valence band reach the conduction band, leaving holes (h+) in the valence band. Usually electrons and holes recombine quickly but in the case of nanoparticles they move up to
the nanoparticle surface, where they react with the adsorbed species
(water and oxygen molecules) generating firstly hydroxyl radicals or
O2−2 and finally hydrogen peroxide ROS. ZnO NPs possess higher
photocatalytic efficiency, are more biocompatible than TiO2 NPs and
can highly absorb UV light with an increased conductivity and ROS
generation that significantly activate the interaction with bacteria and
photocatalytic activity. In the case of ZnO nanoparticles, electrons
can also jump to the conduction band without UV irradiation, which
explains its ability to generate ROS species also under visible light
[39]. In the case of silver, the ROS (O2−, O2−2) can be generated
under ambient condition, by incompletely reducing of O2 molecules
from air chemically adsorbed on the 111 face of Ag NPs, simultaneous with the formation of Ag+ ions by oxidizing the surface Ag
atom [35]. Ag-doped ZnO NPs have been found to be heteronanostructures consisting of small metallic silver nanoparticles (quantum
dots) located on the surface of ZnO NPs [40,41]. They are considered
to be one of the most important antimicrobial agents and photocatalysts against pathogenic microorganisms. In Ag:ZnO nanoparticles,
the concentration of oxygen vacancy increases because the Ag doping in ZnO nanocrystals is associated with induction of oxygen vacancies. The presence of metallic Ag nanoparticles and oxygen vacancies on the surface of ZnO NPs promotes the separation of generated electron-hole pairs and thus enhances the catalytic and antimicrobial activity [41]. In this interaction, the metallic Ag atoms accept electrons from the conduction band of ZnO, thus preventing the
electron-hole recombination and consequently generating an increase
in (photo)electrical conductivity and ROS generation. An increased
ROS concentration turns into enhanced (photo)catalytic and antimi
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chased from Beker, silver nitrate (AgNO3) purchased from Merck and
methyl methacrylate (MMA) 495 kw purchased from MICRO CHEM
have been used as raw materials.
First, ZnO nanoparticles (ZnO NPs) and Ag doped ZnO nanoparticles (Ag:ZnO NPs) were obtained using a method similar to Spanhel method [43]. The synthesis of ZnO and Ag:ZnO NPs, realized by
hydrolysis of zinc acetate (0.035 M) or zinc acetate with silver nitrate
(atomic ratios of 85:15) in isopropanol in the presence of lithium hydroxide (LiOH), is presented in detail elsewhere [20]. The amount of
silver doping was chosen on the basis of previous results because it led
to lower size composite Ag:ZnO nanoparticles [20], their best dispersion in chitosan and best antimicrobial properties [28]. Chitosan solution (2%) was prepared by dissolving 0.2 g chitosan in 10 mL 2% (v/
v) acetic acid solution. The viscous chitosan solution was stirred for
18 h at room temperature before using. ZnO/Cs and Ag:ZnO/Cs NPs
were obtained by incorporation of ZnO and Ag:ZnO NPs into the before prepared chitosan solution at an equivalent molar ratio of 2:1. The
hybrid precursor solutions used for the films deposition were obtained
by incorporation of ZnO/Cs/MMA NPs (Sol 1) and Ag:ZnO/Cs/MMA
NPs (Sol 2) into methyl methacrylate (MMA) solution and stirred for
15 min at room temperature. The equivalent molar ratio of ZnO/Cs/
MMA and Ag:ZnO/Cs/MMA was 2:1:3.
The p-Si substrates were cleaned with acetone and isopropanol for
30 min in ultrasonic bath at 60 °C, immersed in HF to remove the native SiO2 from the surface, dried under N2, followed by a 15 min UV/
Ozone surface activation using a PSD-UV Novascan System, prior to
use for film deposition. The ZnO/Cs/PMMA and Ag:ZnO/Cs/PMMA
thin films were deposited by spin-coating the precursor solution for
20 s at 3000 rpm using Laurell Technologies equipment, in one layer
(SZn1 and SAZn1) and two-layers (SZn2 and SAZn2). Each layer was
annealed in air at 160 °C for 5 min, followed by 30 min UV/Ozone exposure [44].
The capacitors were produced onto p-Si substrates in a Metal-Insulator-Semiconductor (MIS) structure consisting of ZnO/Cs/PMMA
and Ag:ZnO/Cs/PMMA thin film with thickness of ∼40 and ∼60 nm
for samples SZn1 and SZn2 and ∼60 and ∼80 nm for samples SAZn1
and SAZn2, respectively, arranged between two metallic thin films of
aluminum (bottom and top electrode) (Fig. 1). Aluminum electrodes
(80 nm thick) were vacuum-deposited by thermal evaporation (BOC
Edwards Auto 306-EXC 120) via shadow mask.
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2. Experimental procedures
2.1. Materials and samples preparation
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Fig. 8. Transmittance spectra (a) and band gap (b) of ZnO/Cs/PMMA and Ag:ZnO/Cs/
PMMA thin films with one (SZn1, SAZn1) and two (SZn2, SAZn2) layers.
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Zinc acetate dehydrate and chitosan with medium-molecular-weight (190–310 kDa) and 75–85% degree of deacetylation (DD)
purchased from Sigma-Aldrich Chemical Co, glacial acetic acid pur

2.2. Samples characterization
The Fourier transform infrared (FTIR) spectra of chitosan solution, commercially MMA, ZnO and Ag:ZnO nanoparticles, prepared

Fig. 9. I –V curves (1 MHz) of ZnO/Cs/PMMA (a) and Ag:ZnO/Cs/PMMA (b) thin films with one (SZn1, SAZn1) and two (SZn2, SAZn2) layers.
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Fig. 10. Capacitance-voltage (dotted lines) and dielectric constant (continuous lines) vs frequency curves of ZnO/Cs/PMMA (a) and Ag:ZnO/Cs/PMMA (b) thin films with one
(SZn1, SAZn1) and two (SZn2, SAZn2) layers.

Fig. 11. Antimicrobial activity of the layers deposited on paper using the hybrid sol based on Ag:ZnO/Cs nanoparticles (Sol 2) and the hybrid films (∼1 μm thick) containing Ag:ZnO/
Cs nanoparticles (SAZn) deposited on silicon and glass substrates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

hybrid solution based on ZnO/Cs/MMA (Sol 1) and Ag:ZnO/Cs/
MMA (Sol 2) and hybrid thin films with two layers (SZn2 and SAZn2)
were recorded in the range between 4000 and 450 cm−1 using NICOLET 6700 Advanced FTIR spectrometer from Termo Scientific and
attenuated total reflectance (ATR) method on a ZnSe crystal.
The morphology of the ZnO and Ag:ZnO nanoparticles was performed by scanning electron microscopy using a Carl Zeiss AURIGA
CrossBeam (FIB-SEM) workstation coupled with energy dispersive

X-ray spectroscopy (EDS) for analysis of elemental composition and
mapping. Sample nanoparticles examined at SEM were obtained by
direct evaporation on the carbon band of a drop of an alcoholic dispersion therefore. Cross-section SEM images of the films were obtained using a ZEISS Auriga cross beam instrument in focus ion
beam (FIB) mode. Ga ions were used for the physical sputtering
(milling) of the film and the images were recorded using the in-column SEM set up functioning at 2 KV with a working distance of
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transmission electron micrographs (HR-TEM), ranges between 10-20
and 8–15 nm, respectively [42]. When comparing the values of the
SEM imagines to the latter ones, one can conclude that the former
ones (Fig. 2) are secondary particles consisting of agglomerates of primary synthetized nanoparticles.
The elemental composition of nanoparticles used for the preparation of hybrid thin films analyzed by EDX spectra and elemental mapping are shown in Fig. 3.
The FTIR spectra of the precursors used for films preparation,
meaning chitosan solution (2 wt %), MMA solution, ZnO and Ag:ZnO
NPs, as well as ZnO/Cs/PMMA (Sol 1) and Ag:ZnO/Cs/PMMA (Sol
2) hybrid sols and the resulted hybrid films with two layers (SZn2
and SAZn2) are shown in Fig. 4. The spectrum of MMA shows three
characteristic peaks at 1158, 1442 and 1723 cm−1 assigned to O–CH3
stretching, CH3 stretching and C=O stretching, respectively [46]. The
FTIR spectra of chitosan solution 2% show the characteristic broad
band between 3200 and 3600 cm−1 corresponding to the stretching vibrations of O–H (-OH) and N–H (-NH2) bonds [47]. The peaks at 1634
and 1390 cm−1, assigned to amide I and amide II bands of chitosan,
confirmed that the polymer was only a partially deacetylated product (75–85%). Especially, the amide I band, present in the spectrum
due to C=O stretching, indicated the presence of CH3–C=O groups
in a chitosan molecule [48]. Apart from the above-mentioned amide
bands, the spectrum of chitosan displayed a set of characteristic saccharide bands situated in the range of 1100–900 cm−1 [49]. The spectrum of ZnO and Ag:ZnO nanoparticles shows a broad peak between
3200 and 3600 cm−1 associated to the vibration of O–H bond of the adsorbed and chemosorbed water and a band below 500 cm−1 related to
the Zn–O stretching vibration [50]. The peaks located at 1575, 1414,
1020 and 859 cm−1 are assigned to the stretches of carbonate groups
of the residual hydrozincite phase existing in zinc oxide nanoparticles
prepared from solution [51]. The spectra of ZnO/Cs/MMA highlights
increased intensity peaks, especially at 1044 cm−1 which is shifted towards higher energy value, compared to the above-mentioned shift of
the stretching vibration band of carbonate groups of ZnO nanoparticles sample (1020 cm−1). The peak assigned to the amide I band of chitosan (1634 cm−1) is also shifted to the higher energy value for ZnO/
Cs/MMA solution (1652 cm−1). All these modifications can provide an
important evidence of chemical interaction between the components
[42]. Also, the presence of the characteristic peaks clearly proves that
MMA has been successfully grafted onto the chitosan surface [52].
The FTIR spectra highlight the chemical structure of the post-deposition treated films (SZn2 and SAZn2 in Fig. 4a). A new molecular structure is revealed for these hybrid films, different from that of
raw materials and of the hybrid sols used for films deposition (Sol 1
and Sol 2), by the presence of two broad bands in the 600-1200 cm−1
domain with maxima at about 900 and 1080 cm−1 (Fig. 4a). The presence of the broad bands, which suggest the formation of quasi amorphous complex nanocomposites, can be attributed to the overlapping
of characteristic vibrations of saccharide bands of chitosan situated in
the range of 1100–900 cm−1 and the characteristic C–O–C stretching
vibrations of acrylic matrix (PMMA), modified by chemical and intermolecular reciprocal interactions in the presence of ZnO and Ag:ZnO
nanoparticles. The details of FTIR spectra highlight the presence of
residual O–H groups (Fig. 4b) and suggest the presence of carbonate groups of zyncite phase [51] (Fig. 4c) in the post-deposed treated
films.
The results of the thermal analysis of ZnO/Cs/MMA and Ag:ZnO/
Cs/MMA solutions performed by TG-DSC measurements are shown
in Fig. 5. The thermogram of ZnO/Cs/MMA (Sol 1) and Ag:ZnO/Cs/
MMA (Sol 2) show a weight loss of about 81% and 92%, respectively, which may be attributed to the loss of solvent as well as chemically water and compounds resulting from reactions between the pre
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5 mm. A thin protection layer of Au was deposited onto the film surface prior to the milling and this layer appears as a white region on the
top of the films. The surface topography of the obtained hybrid thin
films was investigated through atomic force microscopy (AFM) using
Asylum MFP3D equipment. The top view images were analyzed by
the Gwyddion software, in order to obtain the surface roughness of
synthesized samples.
The optical response of the samples was measured with a double beam ultra-violet, visible and near infra-red (UV–Vis–NIR) spectrophotometer from PerkinElmer (Lambda 950) equipped with an integrating sphere, in the wavelength range of 300–1200 nm.
Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were carried out using the simultaneous thermal analyzer TGA-DSC—STA 449 F3 Jupiter from Netzsch. Approximately
25 mg of sample was loaded into a closed aluminum crucible and
heated from room temperature to 550 °C with a heating rate of 10 °C
min−1, in synthetic air.
The dielectric properties of the ZnO/Cs/PMMA and Ag:ZnO/Cs/
PMMA capacitors were performed measuring both the current-voltage, the capacitance-voltage and capacitance-frequency characteristics
of the devices in the range of 1 kHz to 1 MHz, using the semiconductor device analyzer KEYSIGHT B1500A.
The dielectric constant values (ki) of the hybrid thin films were
determined using Eq. (1) for a parallel plate capacitor, The dielectric
constant (ki) values of the hybrid films were determined from the capacitance-frequency measurements, using Eq. (1) for a parallel plate
capacitor:
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where Ɛ0 is the permittivity of free space, t is the film thickness, A is
the area of the capacitor and C is the measured capacitance [45].
The antimicrobial activity of 10 and 20 μL hybrid sols (Sol 1
and Sol 2) deposited on sterile 7 mm side paper sheets was tested
against Gram-negative bacteria Escherichia coli (reference strains E.
coli ATCC 25922) and Gram-positive bacteria Staphylococcus aureus
(reference strains S. aureus ATCC 25923) of 0.1 and 0.25 McFarland concentration, on the Mueller-Hinton agar medium. The hybrid
sols deposited on the paper were dried at 120 °C for 2 h. After cooling to room temperature, the samples were gently pressed against the
medium plate to have good contact with the bacteria-inoculated agar
and then were kept in incubator at constant temperature at 37 °C ± 1 °C
for 24 h, before the inhibition zones were observed. A similar procedure has also been used to measure the antimicrobial activity of
Ag:ZnO/Cs/PMMA hybrid films (about 1 μm thick) deposited on silicon and glass substrates.
3. Results and discussion

3.1. Structure and morphology

The SEM images of ZnO and Ag:ZnO nanoparticles (Fig. 2), used
for the preparation of hybrid complex thin films, show aggregates
formed from plate like nanoparticles with diameters ranging from 100
to 250 nm for ZnO and between 60 and 150 nm for Ag:ZnO. It can
be noticed that in the case of Ag-doped nanoparticles both the size
of the nanoparticles and their agglomerates decrease. In the used synthesis method, the Ag+ ions existing in the solution directly precipitate as metallic nanoparticles on the surface of the oxide nanoparticles (ZnO) being formed, thus limiting their growth [40]. In a previous paper we showed that the size of ZnO and Ag:ZnO nanoparticles synthesized by the same method, estimated from high resolution
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NPs, explained before (Section 1. Introduction), in decreasing the optical Eg value is dominant. Eg values of all the obtained hybrid films
are close to that of polymeric PMMA films and can recommend their
investigation for potential dielectric gate application in thin films transistors.
Fig. 9 shows the I–V characteristic curves of ZnO/Cs/PMMA and
Ag:ZnO/Cs/PMMA thin films for applied gate voltages from −3 to
+1 V. In the inversion region (0 and + 1 V), the leakage current density of one layer (SZn1) and two-layered (SZn2) films with ZnO/
Cs nanoparticles is 5 x 10−6 and 3 x 10−6 A/cm2 respectively, and
slightly decreases for films containing Ag:ZnO nanoparticles (SAZn1
and SAZn2) to about 1 x 10−6 A/cm2. The slight decrease of the leakage current in the case of the two-layers ZnO film (SZn2) compared
to one-layer film (SZn1) is due to the decrease of the electric field
with the increase in film thickness (Fig. 9a). For the films containing Ag:ZnO composite nanoparticles (Fig. 9b), two phenomena are
observed compared to the films with ZnO NPs (Fig. 9a): in the presence of Ag, the leakage current does not decrease for the thicker film
(80 nm) with two layers (SAZn2) compared to the thinner film (60 nm)
with one-layer (SAZn1) and the leakage current value (1x10−6 A/cm2)
is slightly lower than the corresponding values for one- and two-layered films without Ag (SZn1 and SZn2, respectively). This behavior
can be explained by the fact that in the case of thicker film with Ag the
decrease of the field value with the increase of film thickness is compensated by the increase in conductivity due to the increase of carrier
number. At the same time, a decrease in current leakage in the case of
Ag:ZnO-based films compared to ZnO-based films can be explained
by the braking of electrons displacement through the material layer
(film thickness) following collision with larger Ag+ ions/atoms, which
causes a decrease of mobility and, implicitly, of conductivity.
In the accumulation region (−3 and −1.5 V), the current density
is higher (Fig. 9) and need future experimental work to be improved
for applications as dielectric thin films gate. These values, which are
higher than the characteristic leakage current reported for PMMA
(10−8 A/cm2) [58], could be explained by the presence of residual O–H
groups [59,60]. Although after combined thermal (160 °C) and UV irradiation treatment the films show, through comparisons with precursors (Fig. 4a), a drastic decrease of O–H peaks (between 3000 and
3750 cm−1), the small peaks in FTIR spectra of thin films (Fig. 4b) indicate that the hydroxyl groups are still present in residual quantities.
Further studies are taking into consideration to explain the electrical
behavior with the effect of processing temperature to reduce the content of hydroxyl groups in the films.
The C–V curves of the investigated thin films (Fig. 10) in MIS
capacitor structure of 1 mm in diameter surface (Fig. 1), at 100 kHz
frequency, show accumulation, depletion and inversion regions [60].
The depletion region of the two-layered ZnO/Cs/PMMA (SZn2) film
(Fig. 10a) and of the both one- and two-layered Ag:ZnO/Cs/PMMA
(SAZn1, SAZn2) films (Fig. 10b) is well defined between −1 and
−0.6 V, while for the one-layered ZnO/Cs/PMMA film (SZn1) it is
larger and less precisely defined (Fig. 10a). The behavior of films
with ZnO NPs (Fig. 10a) can be explained taking into consideration
that for one layer the thickness of the film is small (40 nm), the dielectric constant is lower (9.2) and, as a result, the depletion starts
at lower frequency (∼440 kHz). For the two-layered film (60 nm), the
depletion starts at higher frequencies (∼500 kHz) due to the increase
in the dielectric constant (14.9) as a result of the dominant dielectric
behavior of the polymers components (PMMA and Cs) with the increase in film thickness. In the case of the films with Ag:ZnO NPs
(Fig. 10b), the dominant effect (previously discussed at the variation
of the optic bad gap value) of Ag in increasing the conductivity of
the film results in a decrease in the dielectric constant when the film
thickness increases, which compensates the effect of dielectric com
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cursors or their thermal decomposition. The DSC curves indicate
two major processes, an endothermic process below 100 °C and an
exothermic one between 400 and 500 °C. The first process, with peaks
at 37 and 47 °C is mainly related with solvent evaporation and the
second one with the exothermic decomposition of the acrylic matrix
(PMMA) grafted with chitosan which covers the ZnO and Ag:ZnO
nanoparticles [42]; the shift to higher temperature of thermal decomposition of the hybrid matrix, from 436 to 454 °C, confirm stronger interactions into the (Ag)ZnO/Cs/MMA hybrid material.
Fig. 6 shows the AFM surface morphology, in an area of 2 × 2 μm2,
of one-layer (SZn1) and two-layered (SZn2) ZnO/Cs/PMMA thin
films deposed onto p-Si substrate. The root mean square (RMS)
roughness, evaluated with the Gwyddion software in 2 × 2 μm2 area,
is 1.84 and 2.79 nm for SZn1 and SZn2, respectively, which means a
low surface roughness of the obtained hybrid films. An increase of the
roughness with increasing from one to two the number of layers is observed. There are not evidences of separate phase precipitation at the
micrometric scale. Thus, the AFM phase images confirm the formation of homogeneous hybrid organic-inorganic thin films.
The average thickness of the investigated thin films with one and
two layers, measured from cross sectional SEM images, was 40 and
60 nm for ZnO/Cs/PMMA and 60 and 80 nm for Ag:ZnO/Cs/PMMA,
respectively (Fig. 7).
From Fig. 8a one can be observed that the transmittance spectra
of all the thin films is about 90% in the visible range, indicating very
good potential applications in transparent electronics. The values of
the optical band gap energy (Eg) of the investigated thin films, extracted by plotting (αhν)2 against the photoenergy hν and extrapolating to the energy axis, are shown in Fig. 8b.
Very generally presented, the optical Eg values of the investigated
films ranges between 3.543 and 3.737 eV. In the case of nanoparticles-based thin films, the first correlation for variation of the Eg value
is related to the nanoparticles size. It is known that, according to quantum size effect, smaller nanoparticle size lead to higher optical Eg values [53]. Taking into account the size of the crystalline nanoparticles, only the one-layer investigated films (SZn1 and SAZn1) show
an expected behavior, the Eg value increasing from 3.543 eV in the
case of the film with larger ZnO nanoparticle (SZn1) to 3.737 eV
for the film containing smaller Ag:ZnO nanoparticles (SAZn1). In
the case of two-layers films, this simple correlation is no longer appropriate. The Eg value decreases from 3.705 eV for the film with
larger ZnO NPs (SZn2) to 3.638 eV for the film with smaller Ag:ZnO
nanoparticles (SAZn2). The Eg value of SAZn2 film with the highest thickness (80 nm) is lower than the Eg values of the film with
ZnO nanoparticles (SZn2) and of the film with Ag:ZnO nanoparticles (SAZn1), both films having the same thickness of 60 nm. This
variation indicates that with the increase in film thickness, the particle size factor is no longer dominant. In the case of such complex
films, in addition to the nanoparticle size, the concentration of crystalline nanoparticles and (macro)molecules along the optical radiation way through the film (film thickness), as well as the electrical behavior (conductive, semiconductor or dielectric) of the components must be taken into consideration for the optical Eg values. The
hybrid films presented in this study contain metal conductive compound (Ag), semiconductor compound (ZnO) and dielectric polymers
(Cs and PMMA). According to literature data, the optical band gap
values for thin films based on the individual components included
in our new hybrid films are 3.26 eV for ZnO [54], 3.27–3.28 eV for
Ag:ZnO [55], 4.055 eV for chitosan with medium molecular weight
[56] and 3.6–3.9 eV for PMMA [57]. In the case of the SAZn2 film
with the highest thickness (80 nm) and implicitly with the highest
concentration of Ag on the radiation way crossing the film (film
thickness), the effect of enhanced conductivity of Ag:ZnO
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tration of the bacteria, indicating a better activity (larger inhibition
zone) for S. aureus. These qualitative antimicrobial tests showed
smaller inhibition areas around the thin films deposited on silicon
and glass than those around the dried sol-impregnated paper samples,
which can be explained by lower amount of active hybrid compound
in the case of thin films (under 1 μm thickness) deposited on glass and
silicon.
4. Conclusions

This paper reports on synthesis of new multifunctional transparent hybrid (Ag)ZnO/Cs/PMMA thin films with band gap energy values between 3.543 and 3.737 eV in MIS structure, investigated for biocompatible electronic applications including dielectric gate in TFT device.
The hybrid thin films show low surface roughness, high optical
transmittance in Vis-NIR of about 90% and dielectric constant between 9.2 and 9.5 at 20 kHz.
The presence of Ag in the composition slightly decreases the leakage current density from 5x10−6 to 1x10−6 A/cm2 and improved the capacitance of films, indicating high potential applications of the hybrid
films in transparent electronics.
The present results show promising dielectric behavior of Ag:ZnO/
Cs/PMMA hybrid films and further research will be developed to be
improved leakage current value by reduction the hydroxyl and other
residual groups.
The qualitative antimicrobial tests demonstrate antimicrobial activity against E. coli and S. aureus bacteria of Ag:ZnO/Cs/PMMA hybrid
sols and thin films deposited on silicon and glass substrates.
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ponents in increasing the dielectric constant with the thickness increase, resulting in very close values, 9.4 and 9.5 for SAZn1 (60 nm)
and SAZn2 (80 nm), respectively. As a result, the depletion area starts
at very near frequency (around 500 kHz) for both films.
In the inversion region, between 0 and + 1 V, the carrier polarity
being inverted, the measured capacity refers to minimum capacity values (Fig. 10a–b). For the accumulation region at applied voltage between −3 and −1 V, where for a p-type MIS capacitor the total capacity is given by the dielectric capacity, the general observation is that
the capacity of the films varies, being affected by the leakage current,
differently for the films containing silver nanoparticles compared to
silver-free films. If in the case of films with ZnO/Cs nanoparticles the
capacity started from approximately the same values regardless of the
number of layers, for films with Ag:ZnO nanoparticles the capacity at
different applied voltage depends to a greater extent on the film thickness. Thus, at -3 V the capacitance of the one-layered SAZn1 film is
3 times higher than that of the two-layered SAZn2 film, both these
values (1200 and 400 nF/cm2, respectively, Fig. 10b) being very different from the corresponding values for films that do not contain Ag
(SZn1 and SZn2) and which are very close to each other (720 and
750 nF/cm2, respectively, Fig. 10a). The two-layered SAZn2 film with
Ag:ZnO/Cs nanoparticles shows the smallest variation of the capacitance with the applied voltage and better accumulation behavior at
negative applied voltage between −3 and −1 V (Fig. 10b) of all the investigated films. The present result shows promising dielectric behavior of the 80 nm thick Ag:ZnO/Cs/PMMA film and further research
will be developed to be improved.
Fig. 10 also shows frequency dependent values of dielectric constant, most probably due to ionic movement of some residues inside
the investigated films. All the obtained values at 20 kHz (Fig. 10a)
are much higher than that reported (3.5) for pure PMMA thin films
[58]. The number of layers (film thickness) affects more the dielectric constant value for silver-free films (14.9 and 9.2 for SZn2 and
SZn1, respectively, Fig. 10a) than for silver-containing films (9.5 and
9.4 for SAZn2 and SAZn1, respectively, Fig. 10b), the last values being closed with that one reported (9.2) by MD Morales-Acosta et al.
for PMMA-SiO2 organic-inorganic hybrid films [58]. The explanation of the large dielectric constant values in the investigated hybrid
films must take into consideration the contributions of highly polarizable bonds such as C–O–C, C=C, C=O and O–H bonds [59] present
inside the samples. The capacitance values decrease sharply until ∼3
and ∼7, respectively at 50 kHz and below 3 at 100 kHz (Fig. 10a–b).
This behavior can be explained by the fact that at a sufficiently high
frequency the dipolar moment orientation is limited by strong bonds
between components inside the investigated samples and the interface
traps do not respond, therefore their contribution to the capacitance
and the dielectric constant diminishes [60]. The dielectric behavior of
the (Ag)ZnO/Cs-PMMA films might be controlled by the presence of
residual hydroxyl groups in the hybrid films [60], confirmed by the
FTIR spectra (Fig. 4b). In addition, we aim to optimize the Ag doping for a range of slightly lower concentrations, for the optimization
of electrical/dielectric properties (especially leakage of currents).
The antimicrobial activity of the hybrid sols and thin films mentioned earlier have been also investigated. Fig. 11 shows the results
of the inhibition zone test in dark conditions for antibacterial activity
of the hybrid sol containing Ag:ZnO/Cs nanoparticles (Sol 2) impregnated in the paper disk and the corresponding thin films (SAZn2) deposited on silicon and glass substrates. All the samples, placed on the
surfaces of the bacteria-inoculated agar medium, show distinct zones
of inhibition (clear areas with no bacterial growth) around them, both
for E. coli and S. aureus bacteria.
The diameter of area of killed bacteria under and around the samples varies with the volume of the hybrid sol which has been impregnated in the paper disc and varies according to the type and concen
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