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Abstract 

This work focuses on the preparation of Holmium oxide nanoparticles embedded Polyvinylidene 

fluoride trifluoroethylene P(VDF-TrFE) as the interfacial insulating layer in the Metal–Polymer–

Semiconductor (MPS) structured Schottky Barrier diodes (SBDs). A wet chemical method is used 

for the synthesis of Ho2O3 nanoparticles and a spin-coating technique is used for the preparation 

of P(VDF-TrFE)/ Ho2O3 thin films over silicon wafers. DC sputtering technique is employed to 

deposit Cu electrode over the thin film forming Cu/ P(VDF-TrFE) - Ho2O3/ p-Si MPS structured 

SBDs. The temperature dependent current–voltage characteristics of the diodes are evaluated by 

varying the temperature from 30 ºC to 100 ºC. The effect of the P(VDF-TrFE)/ Ho2O3 polymer 

layer on the current–voltage (I-V) characteristics and the performance of the fabricated diode with 

temperature is discussed. The Capacitance–Voltage (C-V) analysis, together with I-V 

characteristics, provides a comprehensive understanding of the electrical behavior of the fabricated 

MIS SBDs and the role of the interfacial layer in controlling charge transport. 

Introduction 

In recent decades, researchers have shown great interest in the fabrication of metal-semiconductor 

(MS) type Schottky barrier diodes (SBDs) because of its applications in several optoelectronic and 

microelectronic devices [1] such as solar cells, photodiodes, gas sensors, transistors and radio-

frequency detectors [2-4]. Later researchers incorporated a thin insulator layer between the metal 

and semiconductor [5] and this changed MS structures into metal-insulator-semiconductor (MIS) 

structures. Recently, metal–polymer–semiconductor (MPS) structured SBDs have attracted 

researchers for their stability, low forward voltage drops and fast switching, thus employing them 

in the areas of sensors [6], thin-film transistors [7], light-emitting diodes [8], Schottky diodes [9, 

10] etc. The interfacial layer controls the series resistance, generation–recombination rate of the 

charge carriers, interface states density, rectification ratio, conduction mechanisms, operation 



bandwidth and distribution of the Schottky barrier height and thus affects the performance and 

reliability of MPS structures [11–15]. 

Polymer materials have low processing temperatures, high electrical resistivity, high flexibility, 

light weight, large-area coverage [16–18] which can be utilized in several electronic applications 

such as energy harvesting, sensors, energy storage, solar cells and light emitting diode (LED) [19]. 

P(VDF-TrFE) has large polarization, high thermal stability, good piezoelectric, ferroelectric, and 

pyroelectric properties [20, 21]. P(VDF-TrFE) possesses five crystalline phases which are α, β, γ, 

δ, and ε [22]. Out of the five phases, β-phase exhibits strongest ferro electric properties due to the 

spontaneous polarization due to the alignment of parallel dipole of adjacent macro molecular units 

leading to the formation of zig zag trans (TTTT) conformation [23]. By incorporating suitable 

nanoparticles in the polymer matrix, an improvement in the optical and electrical properties of 

polymers are observed due to the interfacial interaction between the polymer and nanoparticles, 

[24]. Polymer nanocomposites have several applications in the fields of energy harvesters, non- 

actuators, volatile memory devices, sensors, acoustic transducers, biomedical and electrical 

devices [25–28]. In this work Holmium oxide nanoparticles are incorporated into P(VDF-TrFE) 

matrix due to its large band gap, high dielectric constant, good chemical, thermal, mechanical 

stability and optical properties [29]. They have many applications in the construction of pH sensing 

films, optical materials, memory devices and wavelength-calibration tools [30–32]. The P(VDF-

TrFE)/ Ho2O3 is used as the interfacial layer in the fabrication of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si 

SBDs. 

Temperature-dependent electrical studies of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs are useful to 

understand charge transport mechanisms and thermal stability of semiconductor based devices. 

The electrical characteristics of SBDs are highly temperature dependent, as temperature variations 

can alter carrier concentration, carrier mobility, thermionic emission process, barrier height and 

density of interface states [33].  Therefore, investigating the current–voltage characteristics at 

different temperatures is essential for understanding the dominant conduction mechanisms and the 

nature of the metal–semiconductor interface. The temperature dependent I-V characteristics of the 

fabricated MIS Schottky barrier diodes are studied over a suitable temperature range in the present 

study. The variation in forward and reverse currents is studied for different temperatures and 

important diode parameters are estimated from the I-V characteristics [34]. In practical, the carrier 



transport can be strongly affected by the presence of interface states, defects, localized charges and 

inhomogeneities in the interfacial layer. The study of these parameters in relation to the 

temperature thus helps to determine the contribution of the thermally activated transport and 

interface related effects [35]. The analysis also gives an insight into the thermal stability and 

reliability of the fabricated devices which are important considerations for their potential 

application in optoelectronic and photodetection systems. 

Experimental 

Synthesis of Ho2O3 nanoparticles 

Holmium oxide (Ho2O3) nanoparticles were prepared via a controlled wet chemical precipitation 

route. In a typical procedure, a 0.05 M aqueous solution of holmium sulfate [Ho2(SO4)3] was 

prepared in triply distilled water under vigorous magnetic stirring. Concurrently, a 0.1 M aqueous 

solution of sodium hydroxide (NaOH) was introduced dropwise into the precursor solution as the 

reducing and precipitating agent. The reactive mixture was maintained under continuous stirring 

for 2 h at a constant temperature of 80 °C to ensure complete precipitation. After cooling to room 

temperature, the synthesized precipitate was collected via vacuum filtration and washed repeatedly 

with triply distilled water until all residual ions and reactants were eliminated. The isolated 

nanostructured powder was dried and subsequently subjected to high-temperature calcination at 

1000 °C for 3 h in an electric muffle furnace to obtain highly crystalline Ho2O3 nanoparticles.  

Preparation of P(VDF-TrFE)/ Ho2O3 thin films 

Preparation of P(VDF-TrFE)/Ho2O3 Nanocomposite Thin Films 

The P(VDF-TrFE)/Ho2O3 blend solutions were prepared using a solution-casting technique. 

Initially, 500 mg of Polyvinylidene fluoride-trifluoroethylene [P(VDF-TrFE)] copolymer powder 

was dissolved in 20 mL of N, N-dimethyl formamide (DMF) solvent. This solution was 

continuously stirred at 60 °C for 2 h until a completely homogeneous, transparent polymer matrix 

was obtained. Subsequently, pre-weighed portions of the calcined Ho2O3 nanoparticles were 

added to separate polymer solutions to achieve target filler weight fractions of 6 wt%, 8 wt%, and 

10 wt%. The resulting suspensions were stirred vigorously at 60 °C for an additional 2 h to induce 

uniform nanoparticle dispersion and minimize phase separation. For baseline surface morphology 

screening, the solutions were spin-coated onto meticulously cleaned glass substrates at 2000 rpm 



for 30 s and subsequently soft-baked at 60 °C for 2 h to evaporate the residual DMF solvent. The 

optimized composite thin film configurations were designated as HO6 (6 wt%), HO8 (8 wt%), and 

HO10 (10 wt%), respectively. 

Fabrication of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs 

Fabrication of Cu/P(VDF-TrFE)-Ho2O3/p-Si MPS Structured SBDs 

To fabricate the Metal-Polymer-Semiconductor (MPS) Schottky barrier diodes, single-crystal p-

type Silicon (p-Si) wafers were utilized as the semiconductor base substrates. The p-Si wafers were 

chemically cleaned to eliminate native oxides and organic contaminants. The prepared P(VDF-

TrFE)/Ho2O3 solutions (HO6, HO8, and HO10) were directly spin-coated onto the active front 

surface of the cleaned p-Si wafers at 2000 rpm for 30 s, followed by a thermal bake at 60°C for 2 

h to produce uniform, pinned interfacial insulating thin layers. To form the Schottky front contacts, 

a high-purity Copper (Cu) metal layer was deposited over the P(VDF-TrFE)-Ho2O3/p-Si 

heterostructures via DC magnetron sputtering (HIND High Vacuum-BC 300 system). The top 

contact deposition was performed through a shadow mask to define structured, isolated Cu macro-

electrodes. The final Cu/P(VDF-TrFE)-Ho2O3/p-Si MPS SBD architectures were cured at room 

temperature prior to executing systematic temperature-resolved electrical characterizations. 

Results and discussions 

Atomic force microscopy (AFM) analysis 

Atomic force microscopy (AFM) is employed to investigate the surface morphology and 

roughness characteristics of Ho₂O₃-incorporated P(VDF-TrFE) nanocomposite films as shown in 

Fig. 1. The AFM topography (3D) reveals a relatively smooth and continuous surface with gently 

undulating features, indicating uniform dispersion of Ho₂O₃ nanoparticles within the polymer 

matrix due to the good interfacial compatibility between Ho₂O₃ and P(VDF-TrFE). The calculated 

RMS values are 66, 53 and 51 nm for HO6, HO8 and HO10. It indicates that as loading percentage 

of nanoparticles increases, smoothness and compactness of the films also increase.  This RMS 

values confirms the formation of a uniform film layer will favor the diode fabrication [36]. Prior 

reports by C.V. Prasad et.al, P.P. Thapaswini et.al and V.R. Reddy et.al, reported that samples with 

fairly smooth surface showed better diode performance [37, 38] by improving the rectifying nature 

of MIS junction and Schottky diode parameters. The strong polymer-nanoparticle interfacial 



interaction exists as the nanoparticles fill the free voids between polymer chains thereby making 

the polymer chains more ordered or constrained. The AFM analysis demonstrates that Ho₂O₃ 

concentration plays a crucial role in determining the surface morphology of P(VDF-TrFE) thin 

films. Among the investigated compositions, the HO10 film exhibits the most favorable surface 

characteristics, with reduced roughness and homogeneous morphology, indicating optimal 

nanoparticle dispersion [39]. Excessive Ho₂O₃ loading leads to agglomeration and increased height 

variation, highlighting the existence of an optimal filler concentration for achieving uniform 

surface morphology and improved functional performance.  The uniform, smooth topography 

recorded for the HO10 optimal configuration suppresses localized electric field spikes and spatial 

defects, paving the way for consistent interfacial potential profiles that drastically improve the 

rectifying parameters of the fabricated MIS Schottky junctions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 AFM images of (a) HO6 (b) HO8 (c) HO10 
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I-V characterization of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si Schottky barrier diodes with  

temperature variation 

Fig. 2 shows the I-V characteristics of fabricated diodes measured using Keithley source meter by 

varying temperature from 30˚C to 100˚C in the voltage range - 5 V to 5 V and explores how the 

temperature variations influence the I-V characteristics of the MPS diodes. It is observed that the 

current increases with the applied voltage and temperature. As the temperature increases, the 

number of thermally excited carriers increases to overcome the potential barrier, leading to a higher 

current flow [40]. A diode must perform reliably over a temperature range, otherwise its 

performance may degrade. The plot of ln J versus V is shown in Fig. 3. TE theory is employed in 

the evaluation of the current density (J) as given by the equations (1-2)  

J = J0 [exp ( ௤௏௡௞ಳ்) − 1]                 (1)      

J0 = A*T2 exp(− ௤ɸಳ௞ಳ்)                 (2) 

Where J0, q, V, n, kB, A*, T and ΦB are reverse leakage current density, electron charge, voltage 

applied, ideality factor, Boltzmann’s constant, Richardson constant (32 A/cm2K2 for p-Si), 

temperature in kelvin and effective barrier height. The ideality factor (n) and barrier height (ΦB) 

can be calculated by the following equations (3-4) [41] 

n = qkBT ( dVd(ln J))                  (3) 

ΦB = kBTq ln (A∗T2J0 )                  (4) 

Temperature variations can affect the effective barrier height and the ideality factor of MPS diodes. 

The temperature dependent values of ideality factor and barrier height determined from equations 

3 and 4 are given in Table. 1. The temperature dependence of the ideality factor and barrier height 

for Cu/ P(VDF-TrFE)- Ho2O3/ p-Si type SBDs is shown in Fig. 4. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 I-V characteristics of the Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs at different temperatures 

A number of factors, including interface states, high series resistance, charge recombination within 

the space charge region and imperfections in the insulating layer, cause deviations from the ideality 

factor, which should be near 1 [42]. The majority of metal-insulator-semiconductor (MIS) diodes 

have n=1, indicating that the TE mechanism is predominant. Other transport processes such as 

tunneling, recombination and trap-assisted conduction may occur when n exceeds 1. As the 

temperature rises from 30˚C to 100˚C, the barrier height increases from 0.653 eV to 0.681 eV and 

the ideality factor decreases from 5.33 to 3.89 for HO10. In MPS diodes, the current conduction 

is a temperature-activated process [43]. Electrons can only pass through lower barriers at lower 

temperatures. Electrons acquire sufficient energy to get past high barriers at high temperatures 

[44]. Due to surface inhomogeneity in the Schottky contact interface, numerous researchers have 



documented an increase in barrier height and a decrease in ideality factor with temperature [45]. 

Both n and ΦB are typically temperature independent for an ideal Schottky diode. The lack of a 

pure TE mechanism in the diodes is evident from the temperature dependence of the n and ΦB 

values [46]. The barrier inhomogeneities resulting from the non-uniform interfacial layer and the 

non-uniform charge distribution between the Cu and p-Si are the primary causes of the diode’s 

departure from the pure TE mechanism [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Temperatures dependent ln (J)-V plots for Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs 

 

 

 



Temperature 

(˚C) 

Ideality factor (n) Barrier height eV (ΦB) 

HO6 HO8 HO10 HO6 HO8 HO10 

30 5.52 5.42 5.33 0.648 0.651 0.653 

40 5.36 5.20 5.13 0.650 0.658 0.660 

50 5.24 5.08 4.75 0.653 0.662 0.663 

60 5.17 4.80 4.56 0.658 0.664 0.666 

70 4.69 4.64 4.38 0.660 0.668 0.671 

80 4.37 4.30 4.22 0.664 0.670 0.675 

90 4.26 4.19 4.15 0.668 0.672 0.678 

100 4.13 4.09 3.89 0.672 0.674 0.681 

Table. 1 Diode parameters of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs at different temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Temperature dependent variation of n and ΦB for Cu/ P(VDF-TrFE)- Ho2O3/ p-Si SBDs 



Capacitance-Voltage characteristics of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si diodes 

The C-V characteristics of the Cu/ P(VDF-TrFE)- Ho2O3/ p-Si diodes at room temperature 

measured under a frequency of 1 MHz using a Key sight E4990A impedance analyzer is presented 

in Fig. 5. The contribution to the capacitance due to interface traps is negligible at high frequencies 

and hence the frequency of 1 MHz is chosen for the study of C-V profile. There is roughly no 

variation of capacitance with voltage in the reverse bias voltage range. However, in the forward 

bias range, a sudden increase in capacitance with voltage is seen [48]. The increase in capacitance 

at positive voltages depending on the bias indicates a strong interfacial (Maxwell-Wagner) 

polarization at the nanoparticle-polymer interfaces.  

 

 

 

 

 

 

 

 

 

 

Fig. 5 C-V characteristics of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si MPS structured SBDs 

Fig. 6 shows the C−2-V plot from which the barrier height can be evaluated using the following 

equation [49] 

ΦB = Vd + ௞௤்  ln (ேೇேಲ)              (5) 

Where Vd is defined as the diffusion potential. The origin of the kT/q term is based on the effect 

of the penetration of electrons from the metal to the depletion region [50]. NA can be calculated 



from the slope of the C−2-V plot. NV = 1.04 × 1019 cm-3 is the effective density of states in the Si 

valence band. The parameters obtained from the C−2-V characteristics are given in Table. 2. The 

barrier height values obtained from I-V method and C-V method are close to each other. When the 

interface is clean and has very few interface states or oxide defects, both the I-V and C-V methods 

give almost the same potential barrier. By using relatively thick depletion layers, image-force 

barrier lowering and tunneling are suppressed so that the effective transport barrier (I-V) is not 

reduced with respect to the electrostatic barrier (C-V). 

Sample Vd (V) NA (cm-3) ΦB (I-V method 

at 30°C) 

ΦB (C-V method) 

HO6 0.528 2.105⨯ 10
19

 0.648 0.509 

HO8 0.594 5.789⨯ 10
18

 0.651 0.605 

HO10 0.638 1.116⨯ 10
18

 0.653 0.696 

Table. 2 The parameters obtained from the C−2-V characteristics of SBDs 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 6 C−2-V plots of Cu/ P(VDF-TrFE)- Ho2O3/ p-Si MPS structured SBDs 

 

Conclusions  

A high-performance Cu/ P(VDF-TrFE)- Ho2O3/ p-Si Schottky Barrier diodes were fabricated with 

different concentration of Ho2O3 in P(VDF-TrFE) matrix using Spin coating technique. The 

temperature dependent I-V performances of the diodes were evaluated by varying the temperature 

from 30˚C to 100˚C. The I-V characteristics measured over the investigated temperature range 

revealed a significant increase in forward current with increasing temperature. The extracted diode 

parameters exhibited a noticeable dependence on temperature. A decrement in the ideality factor 

and an increment in the barrier height with temperature was observed. The temperature-dependent 

studies demonstrate that the electrical transport in the fabricated MIS Schottky barrier diodes is 

governed by a combination of thermally activated carrier transport and interface-related effects 

The results provide useful information regarding the stability, charge transport behavior, and 

interfacial properties of the devices. Such an understanding is essential for optimizing the 

interfacial layer and improving the performance and reliability of MIS Schottky barrier diodes.  

The comprehensive findings demonstrate that blending Ho₂O₃ nanoparticles into a P(VDF-TrFE) 

matrix produces a thermally stable, high-k interfacial layer capable of regulating charge transport, 

which provides valuable design parameters for optimizing reliable, high-performance MIS-type 

microelectronic and optoelectronic switching devices. 
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