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ABSTRACT 
This study investigates the properties of a film made of zinc ferrite (ZnFe2O4) doped polyvinyl alcohol (PVA). 

The film is sandwiched between an aluminum (Al) and p-Si semiconductor layers, and electrical measurements 

are conducted on the structure in a wide scope of frequency besides voltage. The study evaluates the impacts of 

the ZnFe2O4-PVA interlayer on surface-states (NSS), and complex-impedance (Z* = Z' - jZ''). A remarkable impact 

of the values of series resistance (RS) and the interlayer on the capacitance-voltage (C-V) and conductance-voltage 

(G/ω-V) data has been observed at moderate and high frequencies. Hence, the C and G/ω versus V qualities were 

modified at high frequency to eliminate the outcome of RS. The Hill-Coleman approach was utilized to estimate 

the values for NSS. Experimental results confirm that both the NSS , RS and the interlayer in the metal-polymer-

semiconductor (MPS) structures are critical factors that significantly alter the electrical and dielectric properties. 

The analysis of the results obtained from the impedance study showed divergent behavior. It was observed that 

the impedance values increase in the low frequency, while they diminish in the higher frequencies, as a result of 

the mutual effect between the interface and the dipole polarization. The study suggests that due to its high dielectric 

value, the ZnFe2O4-PVA interlayer may be a better alternative to conventional insulators for charge/energy storage. 
 

Keywords: Metal-Polymer-Semiconductor, Complex-impedance, Frequency dependence, Series resistance, 

Interface states. 

 

 

Al/(ZnFe2O4-PVA)/P-Si Yapılarda, Empedans ve Arayüz 

Durumlarının Frekansa Bağlı Analizi  
 

ÖZ 
Bu çalışmada çinko ferrit (ZnFe2O4) katkılı polivinil alkolden (PVA) yapılmış bir filmin özellikleri 

araştırılmaktadır. Film, alüminyum (Al) ve p-Si yapı arasına sıkıştırılmış olup, yapı üzerinde voltajın yanı sıra 

geniş bir frekans aralığında elektriksel ölçümler yapılmıştır. Çalışma, ZnFe2O4-PVA ara katmanının yüzey 

durumları (NSS) ve kompleks empedans (Z* = Z' - jZ'') üzerine etkilerini değerlendirmektedir. Orta ve yüksek 

frekanslarda seri direnç (RS) ve ara katman değerlerinin kapasitans-gerilim (C-V) ve iletkenlik-gerilim (G/ω-V) 
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özellikleri üzerinde dikkate değer bir etkisi gözlemlenmiştir. Bu nedenle, RS etkisini ortadan kaldırmak için C-V 

ve G/ω-V değerleri yüksek frekansta düzenlenmiştir. NSS değerlerini tahmin etmek için Hill-Coleman yaklaşımı 

kullanıldı. Deneysel sonuçlar hem NSS hem de RS’in ve metal-polimer-yarı iletken (MPS) yapısındaki ara katmanın, 

elektriksel ve dielektrik özellikleri önemli ölçüde değiştiren kritik faktörler olduğunu doğrulamaktadır. Empedans 

çalışmasından elde edilen sonuçların analizi farklı davranışlar gösterdi. Arayüzey ile dipol polarizasyonunun 

karşılıklı etkisi sonucunda empedans değerlerinin düşük frekansta arttığı, yüksek frekanslarda ise azaldığı 

gözlenmiştir. Çalışma, yüksek dielektrik değeri nedeniyle ZnFe2O4-PVA ara katmanının, yük/enerji depolaması 

için geleneksel yalıtkanlara nazaran daha iyi bir alternatif olabileceğini öne sürmektedir. 

 

Anahtar Kelimeler: Metal-Polimer-Yarıiletken, Kompleks empedans, Frekans bağımlılığı, Seri direnç, Arayüzey 

durumları. 

 

 

I. INTRODUCTION 

 
The advancement of semiconductor technology in the past decades has greatly impacted various 

industries, including computing systems, energy, solar cells, and medicine. The increased understanding 

of the properties of semiconductor materials has led to improved performance of devices and the 

development of new applications [1]. Metal-semiconductor contacts (MS) play a crucial role in high-

frequency applications, particularly those requiring high efficiency and performance [2]. In order to 

enhance the characteristics of these devices, insulating materials, such as polymers, are often inserted 

between the metal and the semiconductor [3]. Polymers are attractive materials with their low cost, 

broad application areas, big surface-to-volume ratio in some forms, and dopant-suitable nature [4]. 

However, their inability to conduct electricity makes them unsuitable for specific applications in which 

electrical conductivity matters. Thus, these materials are doped with conductive substances, such as zinc 

ferrite (ZnFe2O4), to overcome this limitation [5]. After the usage of a doped interlayer in an MS 

structure, some abnormal behaviors can be observed in the structures' characteristics. For example, a 

negative capacitance (NC) peak in the structure's characteristics was observed in an earlier study, which 

investigated the influence of surface-states (NSS), utilizing the low-high frequency capacitance approach 

depending on the voltage [6]. For the present study, the impact of NSS was determined according to the 

(Hill-Coleman) approach, which varies depending on frequency. A compound of zinc, iron, and oxygen 

known as zinc ferrite is known for having distinct magnetic and electrical properties [7]. It belongs to 

the spinel family of substances, and its crystal structure is highlighted by cation-occupied tetrahedral 

and octahedral sites. 

 

Many studies have been carried out in recent years to reveal the electrical, dielectric and impedance 

properties of structures similar to the structure used in this study. In a study in which an MPS structure 

was investigated with (Cu2O–CuO–PVA) inter-layer, the researchers observed wide dispersion on the 

values in their C-V-f and G/ω-V-f plots especially in the depletion stage due to the distribution and 

lifetime of Nss. Moreover, they related these dispersions also seen in the accumulation due to series-

resistance (RS) and polymer interlayer effects [8]. As a way to comprehend the dielectric behavior of the 

structure, the impedance results were also analyzed using the equivalent electrical circuit model in 

another study. Since the researchers related the high dielectric losses with the losses in the energy on 

the low-frequency scale, they concluded that in low frequencies, grain boundaries, NSS and 

surface/dipole polarization affect the structure's dielectric response. In contrast, they related this 

behavior with the grains at high frequencies since there would be less energy necessity for the hopping 

processes in high frequencies [9]. In another study [10], which revealed the decreasing dielectric losses 

and easier hopping processes as a result of the high-frequency effect, the researchers found that the 

(NG:PVP) interlayer had high dielectric values, which shows more charging/energy-storing ability of 

the device, indicating that organic interlayers can replace conventional insulators. Additionally, several 

researchers carried out a study of the impedance spectroscopy (IS) method by utilizing appropriate 

equivalent circuits, which included estimates of the effects of Nss and grain boundaries on the 

conductivity behavior changes [11]. A study group noticed that the device manufacturing process was 

efficient, with the devices seen to keep 75% of their charge after 1400 seconds. This work provides an 
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opportunity to use the recently created PVA-PAA-glycerol and a simplified manufacturing method for 

organic memory device applications based on nanoparticles as charge storage units [12]. The IS analysis 

has also proven in understanding and improving the performance of the materials, including their usage 

in alternative ion batteries and catalysis applications [13]. In a recent study, researchers explored how 

glycerol plasticizers influence the conductivity of Chitosan-derived NCSPEs. The electrical and 

electrochemical upshots of these nanocomposite films were assessed using AC conductivity and 

resistivity. The results indicated an improvement in charge transfer resistance with increasing glycerol 

content, making them candidate materials for EDLC applications [14]. Another study’s outcomes 

revealed the importance of RS and NSS in the influence of structure properties. The C & G/–V plots at 

high-frequency levels have been improved to remove the Rs impact. The outcomes affirmed that ZnS-

PVA significantly improved the MPS structure performance in storing electrical charges [15].  

 

In a recent study on the production of Al/ZnO/p-Si (MOS) type Schottky diodes, the usage of ZnO 

powders produced by biological method as a new approach in this type of semiconductor devices and 

the effect of graphene oxide (GO) on electrical properties were investigated and the obtained results 

were compared. As a result, it was observed that the biological method was favorable in the Schottky 

diode structure and GO doping improved the performance of the device [16]. Similar to this study, by 

reporting the frequencies feedback of C & G/ω data properties of PVA interlayered Au/n-Si structures, 

the effects of interface snares and RS were investigated by impedance computations. In conclusion, it is 

suggested that PVA interlayer doping with CdTe is a good applicant compared to customary 

nonconductors, due to its flexibility, higher endurance, facility of growth process, lower price and lower 

molecular weight [17]. In another study, current-voltage measurements of the Cr/Chlorophyll-a/n-

GaP/Ag device fabricated by spin-coating method at 300 K and electrical parameters were calculated 

using thermionic emission theory, Norde and Cheung functions. According to the measurement results 

taken in light and dark environments, it can be considered that the chlorophyll-a layer positively affects 

the performance of the device. As a result, it is thought that chlorophyll-a layer is photosensitive and 

will be a new material for use in optoelectronic devices [18]. Revealing that Gr doped in PVA can cause 

substantial alterations in both dielectric and electrical parameters in MS structures, the researchers noted 

in their study that, especially interfacial states, series resistance and polarization can change the 

characteristics of the structure at different voltages. Furthermore, they emphasized that a doping rate of 

3% graphene in PVA results in enhanced electrical and dielectric properties [19]. 

 

The high magnetic susceptibility of ZnFe2O4 makes it useful in various applications like microwave 

devices and magnetic recording media [20]. ZnFe2O4 also has other probable applications in optical, 

magnetic, and dielectric materials such as sensors, capacitors, catalysts, etc [21]. Due to its strong 

chemical stability, ZnFe2O4 is also resistant to corrosion from acids and bases [22]. Moreover, an earlier 

study has shown successful outcomes like fine-grained microstructures and superior electromagnetic 

properties at low cost when used with Ni by the sintering process at low and high temperatures [23]. 

Another study showed that ZnFe2O4 has remarkable optical properties in addition to its magnetic and 

electrical characteristics, with a high transparency ratio of around %85 and wavelength over 550 nm for 

a fabricated thin film [24]. While doped polymers with zinc ferrite have the potential for a great variety 

of implementations in the light of the literature, when analyzing this doped polymer in an MS study, the 

primary factor for the system, in general, is the switching mechanism of the structure. Thus, one of this 

field's characteristics, which is necessary to investigate, is the complex impedance in a MIS/MPS device 

since the added layer is expected to change through the entire conduction behavior with small or big 

degrees. An electrical circuit's resistance to an alternating current is measured by impedance. It is a 

complex quantity comprising two parts: reactance and resistance. The circuit's impedance is subject to 

alteration depending on the alternating signal frequency [25]. The opposition to the flow of electrical 

current through a system is called impedance in the MPS structure. The characteristics of the metal, 

polymer, and semiconductor materials utilized and the contact between them affect the impedance of an 

MPS structure. 
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II. EXPERIMENTAL DETAILS 
 

Al/ZnFe2O4-PVA/p-Si measurement and manufacture procedures often require many steps. The 

ZnFe2O4-PVA composite is made by mixing the nanoparticles with PVA polymer. Then, a solvent is 

combined with this composite to produce a solution suitable for electro-spinning. The interlayer 

ZnFe2O4-PVA is made using the electrospinning process. By drawing the solution via a tiny nozzle with 

a high voltage, thin fibers are produced, which are then assembled on a grounded collector. Previous 

works have covered in detail the measurement and manufacturing of the structure as well as the 

electrospinning approach for fabricating interlayer ZnFe2O4-PVA [26]. 

 

 

III. RESULTS AND DISCUSSION 

 

Schottky barrier diodes (SBDs) are a type of semiconductor device that utilizes an MS interface to create 

a rectifying junction. However, it has been shown in the literature that SBDs with a metal-insulator-

semiconductor (MIS) or MPS structures exhibit distinct properties compared to MS-type SBDs [27], 

[28], [29], [30]. The inclusion of an interlayer between metal and semiconductor drastically alters the 

electrical characteristics of the structure. One example of this can be seen in the case of the Al/(ZnFe2O4-

PVA)/p-Si (MPS) structure. The empirical C & G/–V data at ordinary room temperature conditions 

have shown that the structure’s C-V tracings exhibit depletion, inversion, and accumulation regions for 

each frequency.  

 

 
(a)                                         (b) 

 
Figure 1. (a) Capacitance – Voltage and (b) Conductance – Voltage characteristics of MPS structure. 

 

In the study, the MPS structure’s (C-V) and (G/ω-V) feature were analyzed at -3,5 V – 1 V voltage 

interval since this range encompasses the majority of the depletion and accumulation zones, which were 

observed at this very scale and, significantly impact the MPS structure performance. By focusing on this 

specific range, it was able to gain more comprehending of how the MPS structure's interface layer affects 

the device's impedance properties and how it can be optimized for specific applications. The electrical 

behavior of materials can be investigated using the technique known as complex impedance 

spectroscopy. It can be utilized to investigate the dielectric characteristics of the interlayer (ZnFe2O4-

PVA) in the context of an MPS structure. Z* is the abbreviation of the material’s complex impedance, 

as described in the following equation, consists of both a real component (Z') and an imaginary 

component (Z'') [8]. These components collectively influence the device's response and play a 

paramount role in shaping the quality of the conducted signal, especially in depletion and accumulation 

levels. Additionally, they contribute to the energy storage capabilities of the device in inversion and 

depletion states. 
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𝑍∗ = 𝑍′ − 𝑗. 𝑍′′ (1) 

 

where j is the imaginary unit, Z' represents the real term of impedance, and Z'' represents the imaginary 

term of impedance. When evaluating the electrical behavior of an MPS structure, the measured 

capacitance (Cm) and conductance (Gm) serve to define its complex impedance (Z*) through the 

following equations where  is the angular frequency [31]: 

 

𝑍′ =
𝐺𝑚

𝐺𝑚
2 + (𝜔 ⋅ 𝐶𝑚)2

 (2) 

 

𝑍′′ =
𝜔. 𝐶𝑚

𝐺𝑚
2 + (𝜔 ⋅ 𝐶𝑚)2

 (3) 

 

Figs 2(a) and (b) chart the complex impedance (Z*) variation with applied voltage across divergent 

frequencies. These parameters show that the real component Z' decreases with increasing frequency, 

while it can be seen different patterns of change between the increase and decrease in Z'' values with the 

change in frequency. A severe drop in both components of impedance values can be observed within a 

certain voltage range, (-1) - (0) volts. This reduction becomes less noticeable as the voltage increases in 

the reverse and forward directions. As the frequency increased, the Z' values decreased; Conversely, Z'' 

values increased, as shown in Fig 3. The presence of fixed charges and NSS through the MPS interface 

accounts for this behavior. So, the NSS-induced imperfections may cause bandgap formation at the 

semiconductor and metal interface. Besides, at a voltage of 0.2 volts, it becomes evident that NC values 

correspond to negative Z'' values. This correlation can also be observed at this specific voltage point. It 

arises due to the occurrence of NSS  in the semiconducting layer through the MS interface. The NC is an 

effective instrument for inter-layered MS structures as it can be used in the design of high-frequency 

devices such as oscillators and amplifiers by means of a device capacitance limiting feature. The 

researchers have mostly observed NC behavior at low-frequency and forward bias scales, as well as 

appeared in our study, parallel to the literature, but it can be seen other than these working scales, too 

[32]. The general acceptance is that NC is an inductive reflectance of the structure's response against to 

the AC signal, related to the lifetime, NSS , and  the minority carrier injection [33], [34]. 

 

The two upside elbows at the corresponding positive capacitance values at reverse polarization and one 

downside elbow at the negative capacitance values at around 0 V in positive polarization in Fig 1(a) are 

the noticeable results of the material's relaxation in the applied external electrical field due to the lifetime 

and the excessive capacitance appearance due to the doped materials relative permittivity's change 

affecting the whole structure's response, respectively. Also, another reason for the reduced effective 

capacitance is not only because of the entire interlayer's effect of the doped-PVA but also because of 

the extra capacitive formations due to the surface charges' self-storage/charge effect at low frequencies. 

Furthermore, these kinds of NC appearances in a doped-interlayered heterostructure's plots show that 

the NC does not appear only on the directly ferroelectric materials but also on the layered materials with 

effects of impurities in turn due to the created short-term virtual polarization. 

 

The amplitude of impedance and the phase angle (θ) between Z' and Z'' can be calculated as by the 

following expressions: 

 

[𝑍] = √𝑍′2 + 𝑍′′2
 (4) 

 

𝜃 = 𝑡𝑎𝑛−1 (
𝑧′′

𝑧′
) 

(5) 
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(a)                                         (b) 

 

Figure 2. (a) Z'-V, (b) Z''-V characteristics of MPS structure for different frequencies. 

 

 
(a)                                         (b) 

 

Figure 3. (a) Z'-V, (b) Z''-V characteristics of MPS structure for different frequencies at voltage range (-1-0). 

 

 
(a)                                         (b) 

 

Figure 4. (a)│Z│-V, (b) Phase angle ()-V characteristics of MPS structure for different frequencies. 
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The evolution of the amplitude and phase angle were illustrated in response to biases at different 

frequencies in Figs 4(a) and (b). Notably, the impedance magnitude exhibits behavior closely mirroring 

the real and imaginary impedance components, owing to the presence of a low phase angle value (θ < 

40°). Moreover, the phase angle attains its minimum while the frequency diminishes. When looking at 

details in Fig 4(b), the medium, high, and low frequency peaks are located at the beginning, respectively. 

However, they change their locations specifically after -0,6 V, which can also be observed in the 

secondary highest peaks in Fig 5. After this bias point, they divide into rising high frequency peaks and 

lessening medium and low peaks. This division is also observable at the bias point after -0,4 V in Z"-V 

plot in Fig 3(b). This early appearance of peak division in phase angle, compared to the appearance in 

the imaginary part of impedance, is due to the Rs effects on the conduction, corresponding to after -1 V 

in Fig 1(a) and after -0,8V in Fig 1(b). 

 

To evaluate the effect of RS on (C-V) and (G/-V) data, these data were corrected at 500 kHz under all 

biases. The corrected capacitance (CC) and conductance (GC) values were acquired through the 

following equations [35], [36]: 

 

Cc =
[Gm

2  + (ωCm)2]Cm

a2 + (ωCm)2
  (6) 

 

Gc =
[Gm

2  + (ωCm)2]𝑎

a2 + (ωCm)2
 (7) 

 

Where a is equivalent to the equation. 

 

a = Gm  − [Gm
2  + (ωCm)2]Rs (8) 

 

These equations take into account the influence of Rs on the measured capacitance and conductance 

values and provide a more accurate representation of the true capacitance and conductance of the MPS 

structure. By analyzing the corrected values of CC and GC, it is possible to obtain a better comprehension 

of the electrical properties of the structure and how they are affected by the presence of RS. The 

measuring frequency, temperature, and bias conditions can significantly impact the measurement results 

and the RS. Therefore, when measuring and correcting the C-V and G/-V readings, it is vital to take 

these parameters into account in order to achieve accurate findings. 

 

(a)                                         (b) 

 
Figure 5. (a) CC-V, Cm-V, and (b) GC/ω-V, Cm-V characteristics for MPS structure. 

 

Thus, the C-V and G/ω-V data are presented in Figs 5 (a) and (b), correspondingly, before and after 

correction. When the C-V characteristic is corrected, as shown in Fig 4(a), the increment at CC values 
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realizes as the applied biases increase, particularly in the accumulation and depletion zones. Corrected 

C values accurately describe the actual C of the MPS structure. However, the corrected conductance 

(GC/ω-V) characteristic shows a peak in the depletion zone, demonstrating the possibility of charge 

transfer over the interface. It is obvious that the values of RS are important, particularly in the zones of 

accumulation and depletion. This is due to the fact that the majority of charge transfer occurs in the 

depletion and accumulation zones. Therefore, when inferring the frequency- and voltage-dependent 

electrical attributes of the MPS structure, the RS value should be considered. NSS of MPS can also be 

determined using the Hill-Coleman approach by following equation [37]: 

 

𝑁𝑠𝑠  =
2

𝑞𝐴
[

(𝐺𝑚 ⁄ 𝜔)𝑚𝑎𝑥

((𝐺𝑚 ⁄ 𝜔)𝑚𝑎𝑥/𝐶𝑖)2 + (1 − 𝐶𝑚/𝐶𝑖)2] 
(9) 

 

 
 

Figure 6. NSS -ln(f) characteristics for MPS structure. 

 

The rectifier contacts area (A), measured capacitance (Cm), and conductance (Gm/), as well as the 

interlayer capacitance (Ci), can be used to compute the NSS. The C-V and G/-V data in the strong 

accumulation zone at high frequency (1 MHz) can be used to determine the Ci value [35]. 

 

𝐶𝑖 = 𝐶𝑚𝑎 [1 +
𝐺𝑚𝑎

2

(𝜔𝐶𝑚𝑎)2
] 

(10) 

 

In Eq. 10; the measured values, Gma and Cma, represent the conductance and capacitance at strong 

accumulation stage, correspondingly. Moreover, Fig 5 pictures each frequency's NSS values derived from 

equation (9). The values of NSS decline by frequency rising, as seen in Fig 6. This is due to the fact that 

the NSS are incapable of capturing the AC signal at sufficiently higher frequencies and are not 

participating in the values of capacitance and conductance. It is critical to mention that this approach is 

solely applicable when the series resistance is negligible at high frequency and the frequency is high 

enough to avoid the effect of the depletion region. The Hill-Coleman approach is one of the widely used 

approach to determine the NSS, however it is also a rough approximation and is only valid for low 

frequency and low temperature measurements. 
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(a)                                         (b) 

 
Figure 7. (a) Z'-ln(f), (b) Z''-ln(f), characteristics of the structure. 

 

As shown in Figs 7 (a) and 7 (b), the variations of Z' and Z'' values resulting in distinct outputs of Z* can 

be effective at the choice of diverging applications due to the preferred conditions specifically for the 

voltage range when employed for corresponding negative capacitance scale as in Fig 1 to favor from 

expected to be decreased power consumption. It is clearly seen in Figure 7 (a) that Z'' values decline in 

each component of the voltage spectrum with frequency increment. It is also ascertained in Figure 7 (b) 

that Z'' values are highly frequency dependent and affected by the biases. Z'' values incline with 

increasing frequency until the highest peak around ln(f)=10.3 Hz after which they start to decline with 

further increment in frequency.  

 

 
(a)                    (b)  

 

Figure 8. (a)│Z│-ln(f), (b) Phase angle ()-ln(f) characteristics of MPS structure for different voltage. 

 

This pattern is also observable for │Z│and the phase angle between both elements of Z*, as shown in 

Figs 8 (a) and (b). These trends in values can considerably affect how well the related whole system or 

device works; therefore, they should be cautiously weighed in the envisagement and execution stages. 
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IV. CONCLUSION 
 

In the presented paper, the reliance of various impedance properties of Al/( ZnFe2O4-PVA)/p-Si device 

due to the frequency and polarization have been thoroughly examined. In addition, the frequency-

dependent impedance characteristics were inferred by analyzing C and G data. All these parameters 

were clearly dictated by both frequency and voltage, particularly for low-intermediate frequencies in the 

inversion and accumulation zones. The presence of NSS (non-equilibrium charge carriers), their 

relaxation times, and surface and dipole polarizations were identified as the main reasons behind this 

frequency and voltage reliance. Furthermore, the real part of impedance was observed to impact the C 

and G significantly at high frequencies. The C and G/ω data were corrected for high-frequency values 

in order to take this impact into consideration. The study emphasizes how crucial NSS is as a factor that 

notably affects the electrical properties of Al/(ZnFe2O4-PVA)/p-Si structures. According to impedance 

analysis, the majority of the parameters are impacted by variations in the NSS, and this causes a peak in 

their values at 30 kHz. This understanding of the dielectric properties of this type of structure can be 

useful in the design and optimization of high-capability electronic devices besides energy storage 

solutions. 
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