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ABSTRACT 
This study investigates the electrical and charge transport properties of Schottky diodes with a p-Si/TiO2/SAM/Al 

structure, incorporating the self-assembly monolayers (SAMs) 4", 4""-[biphenyl-4,4"-

diylbis(phenylimino)]dibiphenyl-4-carboxylic acid (MZ187) onto a titanium dioxide (TiO2) layer synthesized via 

the sol-gel method. The impact of the MZ187 molecule on diode performance was evaluated based on parameters 

such as the barrier height (∅b), ideality factor (n), and series resistance (Rs). Experimental results reveal that the 

MZ187 monolayers on TiO2 substantially enhanced diode performance, reducing the n from 3.7 for the control 

diode to 2.7 for the MZ187-modified diode. The Rs was also significantly reduced, while the ∅b increased. The 

rectification ratio increased from 1.3x102 for the control diode to 2.2x103 for the MZ187 modified diode. These 

improvements are attributed to the ability of MZ187 molecules to minimize interface states (Nss) and improve 

surface quality. These findings underscore the critical role of SAMs in optimizing Schottky diode performance 

and demonstrate how the MZ187 molecule enhances diode efficiency by altering interface properties. The 

effectiveness of SAM coatings in enhancing Schottky diode performance makes a significant contribution to the 

field of nanoelectronics. This research paves the way for future studies on the use of SAMs in various nano 

electronic applications and offers promising potential for improving the performance and reliability of these 

technologies. 

 

Keywords: Schottky diode, sol-gel TiO2, self-assembly monolayer, electrical characterization, interfaces, surface 

modification 

 

 

Kendiliğinden Organize Olan Tek Tabaka Moleküllerin (SAM) 

Schottky Diyot Performansı Üzerindeki Rolü 
 

ÖZ 

Bu çalışma, p-Si/TiO2/SAM/Al yapısına sahip Schottky diyotlarının elektriksel ve yük taşıma 

özelliklerini incelemektedir. Schottky diyotları, sol-jel yöntemiyle sentezlenen titanyum dioksit (TiO2) 

tabakasına, kendiliğinden organize olan monolayer (SAM) molekülü olan 4",4" "-[bifenil-4,4" -

diylbis(fenilimino)]dibifenil-4-karboksilik asit (MZ187) uygulanarak üretilmiştir. MZ187 molekülünün  

diyot performansı üzerindeki etkisi, idealite faktörü (n), seri direnci (Rs) ve bariyer yüksekliği (∅b) gibi 

parametreler üzerinden değerlendirilmiştir. Deneysel sonuçlar, TiO2 üzerinde monolayer MZ187 

kaplamasının diyot performansını önemli ölçüde iyileştirdiğini göstermektedir. Kontrol diyot için 3.7 
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olan n, MZ187 modifiye diyot için 2.7'ye düşmüştür. Rs, MZ187 nedeniyle azalmış ve ∅b artmıştır. 

Doğrultma oranı, kontrol diyot için 1.3x102'den MZ187 modifiye diyot için 2.2x103'e yükselmiştir.  

Bu iyileşmeler, MZ187 moleküllerinin arayüzey durumlarını (Nss) minimize etme ve yüzey özelliklerini 

geliştirme yeteneğine atfedilmektedir. Bu çalışma, SAM'ların Schottky diyot performansını optimize 

etmedeki kritik rolünü vurgulamakta ve MZ187 molekülünün arayüzey özelliklerini değiştirerek diyot 

verimliliğini nasıl iyileştirdiğini göstermektedir. SAM kaplamalarının Schottky diyot performansını 

artırmadaki etkinliği, nanoelektronik alanına önemli katkılar sağlamaktadır. Bu araştırma, SAM'ların 

çeşitli nanoelektronik uygulamalarda kullanımına yönelik gelecekteki çalışmalara temel oluşturmakta 

ve bu teknolojilerin performansını ve güvenilirliğini artırmada umut verici etkiler sunmaktadır. 

 

Anahtar Kelimeler: Schottky diyot, sol-gel TiO2, kendiliğinden organize olan tek tabaka, elektriksel 

karakterizasyon, arayüzeyler, yüzey modifikasyonu 

 

 

I. INTRODUCTION 
 

Metal/insulator/semiconductor (MIS) contacts play a crucial role in semiconductor device technology 

and significantly influence the stability and performance of these devices. The behavior of these devices 

is determined by the characteristics of the semiconductor/metal interface. The insulating interface layer 

in MIS structures plays a critical role in enhancing device performance by affecting the barrier height 

(∅b) and diode parameters [1-4]. The performance of MIS Schottky diodes is influenced by various 

parameters such as the interface states at the insulator/metal and insulator/semiconductor interfaces, the 

∅b, the ideality factor (n), and the series resistance (Rs). Both the interface layer and Rs are critical 

parameters for MIS Schottky diodes because the total voltage applied to the diode is shared among the 

Rs, interface layer and the depletion layer. The magnitude of this voltage depends on the structure of the 

interface layer and thickness as well as Rs. Therefore, since the effectiveness and reliability of these 

devices are closely linked to both the Rs and the quality of the interface layer, it is imperative to 

meticulously account for Rs to achieve an accurate and reliable assessment of their electrical 

characteristics [5-9]. 

 

Titanium dioxide (TiO2) is a widely studied material due to its impressive properties, such as a high 

dielectric constant, thermal stability, wide bandgap, high refractive index, and low leakage current 

density [10,11]. Considering its general properties, TiO2 exhibits high transparency across a wide range 

of wavelengths due to the combination of Ti 3d and O 2p orbitals. Although TiO2 has three different 

crystal phases—anatase, rutile, and brookite—all phases have the same chemical formula. However, 

differences in bond lengths and crystal structures among the phases lead to variations in density and 

electronic properties. The band gaps are 3.2 eV, 3.0 eV, and 3.3 eV for anatase, rutile and brookite 

respectively, resulting in distinct electronic properties for each phase [12]. While the anatase and rutile 

phases have similar valence band positions, brookite has a lower band position. The band positions vary 

among the phases, with brookite having the highest conduction band position. Anatase and rutile phases 

possess a tetragonal crystal system, whereas brookite has an orthorhombic structure. The surface 

properties also differ; anatase and rutile are more hydrophobic compared to brookite. The stability and 

efficiency of TiO2 phases depend on nanoparticle size and synthesis method. Anatase is preferred for 

smaller nanoparticles, while rutile and brookite are stable at larger sizes [12-14]. The versatile nature of 

TiO2 makes it promising for a wide range of applications, including catalysis, sensors, anti-reflective 

coatings, solar cells, and Schottky diodes. TiO2 can be produced using various methods such as sol-gel 

technique, atomic layer deposition (ALD) and chemical vapor deposition, sputtering [15]. Among these 

techniques, the sol-gel method offers high control over the solution, ensuring control of composition 

and homogeneity. It also provides advantages over other coating approaches, particularly in situations 

where cost is a significant concern [16]. 

In 2008, Altındal et al. coated p-Si with TiO2 prepared with the sol-gel method and coated with a dip-

coating technique. They achieved n of 1.51 at room temperature and observed a significant decrease in 

the zero-bias barrier height (∅b0) along with an increase in the n value over the temperature range of 80-

300 K [17]. Barış et al. used the DC magnetron sputtering technique to produce Au/TiO2 (rutile) and 
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Au/TiO2 (anatase) structures. They observed that as the temperature increased, the ∅b increased from 

0.57 to 0.82 eV for rutile and increased from 0.74 to 0.85 eV for anatase [18,19]. In 2014, Aydın et al. 

achieved n of 1.8 and ∅b of 0.66 eV from Al/TiO2/p-Si diodes prepared using the ALD [20]. In 2015, 

Altındal et al. reported ∅b of 1.068 eV at 100 kHz and 0.347 eV at 1 MHz in Au/TiO2/n-4H-SiC diode 

structures prepared using the ALD [21]. In 2018, Yılmaz et al. achieved ∅b of 0.92 eV and n of 2.39 at 

room temperature from Ag/TiO2 nanotube/Ti electrode structures containing TiO2 nanotubes produced 

using the electrochemical anodization method [22]. In 2021, Taşdemir et al. reported n of 2.39 for Al/Zr-

doped TiO2/p-Si structures synthesized using sol-gel and drop-casting methods [23]. In 2022, Bilgili et 

al. achieved n of 1.39 and a ∅b of 0.52 eV for thin TiO2 films, and n of 1.41 and ∅b of 0.50 eV for thick 

TiO2 films in Ag/TiO2/n-InP diode structures prepared using the sputtering method [24]. Tsui et al. 

demonstrated that coating the metal/4H-SiC interface with a 5 nm TiO2 layer reduced the ∅b from 0.9 

eV to 0.63 eV [25]. In 2023, Taşyürek coated TiO2 nanotubes, produced using the anodization method, 

with DC magnetron sputtering to create Pt/TiO2 nanotube/Ti diodes, achieving n of 1.25 and ∅b of 0.91 

eV [26]. 

 

Surface states (Nss) on semiconductor surfaces arise from defects, doped bonds, oxygen vacancies, 

structural changes due to metallization, doping atom levels, and natural or deposited interface layers at 

the metal/semiconductor interface. These conditions significantly impact the electrical parameters and 

conduction mechanisms of semiconductor devices. Reducing these conditions is critical for high-

performance devices. TiO2 is a commonly used insulating layer in Schottky diodes, as noted in many 

studies, and it contains surface defects that require passivation. While various methods exist to passivate 

defects in TiO2, employing self-assembly monolayers (SAMs) provides a simpler and more cost-

efficient approach to addressing surface defects [27-31]. 

 

SAMs are composed of three main components: head groups, alkyl chains, and functional groups. These 

structures chemically bond to surface atoms and arrange themselves in a two-dimensional pattern, 

improving surface morphology. This can lead to higher current densities and luminescence values in 

applications such as LEDs [32]. SAMs are widely used in various fields, including organic thin-film 

transistors (OTFTs), OLEDs, solar cells and nano sensors. They can also be used to reduce trap states 

caused by hydroxyl groups on SiO2 substrates in silicon-based metal oxide semiconductors. Increasing 

the alkyl chain length reduces surface energy and imparts hydrophobic properties to the surface. 

Additionally, it lowers the threshold voltage by reducing trap states in oxide layers and increases carrier 

mobility. SAM materials contribute to aligning the energy difference between the work function of the 

metal oxide buffer layer and the highest-occupied molecular orbital (HOMO) or lowest-unoccupied 

molecular orbital (LUMO) energy levels of the organic material. However, to our knowledge, 

comprehensive analyses of the diode parameters and charge transport characteristics of 

metal/SAMs/TiO2-based Schottky diodes are rare in literature. Although there exists research focused 

on modulating the Schottky barrier by incorporating SAMs at the Pt/TiO2 interface, detailed 

investigations into these aspects are limited [33-37]. To enhance the performance of next-generation 

Schottky diodes, a detailed investigation of the effects of SAM molecules is required. In the study 

conducted by Can and Havare (2022), the MZ187 molecule demonstrated excellent electronic properties 

due to its strong π-conjugation, making it a promising candidate for organic semiconductor applications. 

When employed as a SAM in OLED devices, MZ187 was found to enhance charge transport and reduce 

interface trap states. This capability has inspired its integration into Schottky diode structures, where its 

role in modifying the interface properties can lead to improved diode performance, particularly in terms 

of reducing Rs and increasing ∅b [38]. 

 

This study explores the influence of SAMs on the electrical properties and charge transport behavior of 

Schottky diodes in an Al/SAM/TiO2/p-Si structure. Our research reveals the impact of SAMs on key 

parameters such as n, Rs, and ∅b. We demonstrated how SAMs enhance the performance of Schottky 

diodes, contributing to the advancement of nano electronic devices. 
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II. EXPERIMENTAL SECTION 
 

A. Materials: Ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2), hydrofluoric acid (HF), 

titanium (IV) isopropoxide (Ti(OC3H7)4), trimethylamine (C3H9N), acetic acid (CH3COOH), acetonitrile 

(CH3CN), and ethanol (C2H5OH) obtained from Sigma-Aldrich. 

 

B. Sol-gel TiO2 preparation: The TiO2 solution was prepared using the sol-gel method, following the 

steps detailed in our previous research [39]. Titanium (IV) isopropoxide was gradually added to ethanol 

and mixed at room temperature for one hour to initiate hydrolysis and condensation reactions. 

Subsequently, acetic acid and trimethylamine were added to the solution in ethanol to adjust the pH and 

control the nucleation and growth of TiO2 particles. The solution was then mixed for three hours to 

ensure thorough mixing and homogeneity of the components. The solution was left to age overnight, 

allowing further condensation reactions to occur and improving the homogeneity and stability of the 

resulting TiO2 solution. 

 

C. 4", 4""-[biphenyl-4,4" -diylbis(phenylimino)]dibiphenyl-4-carboxylic acid (MZ187) Synthesis: 

The synthesis steps of the molecule are detailed in the OLED study by Can and Havare [38]. 

 

D. Schottky Diode Fabrication: The diode in the Al/SAMs/TiO2/p-Si configuration was produced on 

the p-type silicon substrate with a resistivity of 5-10 Ωcm. The front surface of the silicon substrates 

was cleaned using the RCA cleaning procedure, which includes oxide removal, organic cleaning, and 

ionic cleaning steps [40]. Initially, the substrates were subjected to an NH4OH:H2O2:H2O (1:1:6) 

solution to eliminate organic impurities and followed by a 10 minutes heating period. Subsequently, a 

30 second treatment with HF:10H2O was employed to remove the SiO2 layer. The substrates were then 

immersed in an HCl + H2O2 + 6H2O solution for 10 minutes. After each step, the Si substrates were 

dried with N2 gas. Before the TiO2 deposition, a 1200 Å layer of aluminum (Al) with 99.999% purity 

was thermally evaporated onto the back side of the Si substrate in a 10-6 Torr vacuum environment. The 

substrates were subjected to annealing at 570°C for 5 minutes in a nitrogen atmosphere to form an ohmic 

back contact with low resistance. This step was crucial for optimizing the electrical contact between the 

metal and the semiconductor, ensuring effective charge carrier transport and reducing contact resistance. 

The TiO2 layer was applied to the substrates by spin coating at 2000 rpm for 30 seconds and then 

annealed at 450°C for 1 hour to obtain a thin TiO2 film in anatase phase [41,42]. The TiO2-coated 

substrates were immersed for 24 hours in a solution of MZ187 prepared by dissolving in acetonitrile at 

a concentration of 1 mM at room temperature. Finally, using a shadow mask, a 100 nm Al metal was 

deposited onto the top surface of the MZ187 molecules under high vacuum conditions (10-6 Torr). 

 

E. Characterization: The electrical characteristics of the Schottky diodes were evaluated by performing 

the current-voltage (I–V) measurements with a Keithley 2400 source meter across a voltage range of -2 

to 2 V. These measurements were carried out at ambient temperature and under dark conditions. The 

TiO2 film thickness was measured via the Ambios P7 profilometer. Capacitance-voltage (C-V) 

measurements were carried out using a Keithley 4200 system, measuring the device capacitance across 

an applied voltage sweep from -2 V to 2 V. 

 

III. RESULTS AND DISCUSSION 

 

The I-V characteristics of Schottky diodes with/without MZ187 are presented on a semi-logarithmic 

scale in Figure 1a. The device architecture is shown in Figure 1b. As expected, the diodes exhibited 

good rectifying behavior, with current increasing linearly with voltage at low forward bias voltages. 

However, at higher voltages, this linear relationship was disrupted due to the presence of Rs and interface 

layers, leading to the formation of interface states. The deviation from linearity at elevated voltages is 

primarily due to the increasing influence of Rs and interface layers within the device. These resistance 

components become more pronounced under higher applied voltages, resulting in the emergence of 
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interface states and adversely affecting the device performance [43]. Understanding these mechanisms 

is crucial for developing high-performance Schottky diodes, as it highlights the limitations imposed by 

interface effects and resistance losses. The current flow in these devices is influenced by various factors. 

These include the temperature variations, semiconductor fabrication parameters, applied forward bias, 

and the presence of insulating layers. Different theoretical models, such as thermionic emission (TE), 

Cheung-Cheung, and Norde functions, have been proposed to explain the charge transport mechanisms 

of Schottky diodes. According to TE theory, the I-V characteristics of MIS contacts are described by the 

relationship between the current and the applied forward bias, as given by Equation 1 [3,44,45]. 

 

𝐼 = 𝐼0 (exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1)               (1) 

 

𝐼0 = 𝐴𝐴∗𝑇2exp (−
𝑞∅𝑏0

𝑘𝑇
)               (2) 

 

Here, I0 is the reverse saturation current, q is the electron charge, k is the Boltzmann constant, n is the 

ideality factor indicating how close the diode is to ideal behavior (n=1), A is the rectifying contact area 

(7.85x10-3 cm2), T is the temperature, and A* is the effective Richardson constant (32 A/cm2K2 for p-

Si). Additionally, ∅b0: the barrier height at zero forward bias, and the relationship is given by: 

 

∅𝑏0 =
𝑘𝑇

𝑞
ln (

𝐴𝐴∗𝑇2

𝐼0
)          (3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. (a) I-V characteristics of the Schottky diodes, and (b) the diode configuration fabricated with MZ187. 

 

The n can be derived from the following Equation 4, which considers the slope of the lnI-V in the forward 

bias region (for V>3kT/q): 

 

𝑛 =
𝑞

𝑘𝑇

d𝑉

d(ln𝐼)
                (4) 

 

The n values calculated from the lnI-V graphs for the control and MZ187-modified TiO2-based diodes 

are 3.7 and 2.7 at room temperature, respectively. This indicates that the MZ187-modified diodes exhibit 

a more ideal diode behavior. Deviations from ideality can be attributed to factors such as Rs, Nss, and 

interface insulation layers. The rectification ratios (IF/IR) derived from the I-V in the range of +2V to -

2V are 1.3x102 for the control diode and 2.2x103 for the MZ187-modified diode, demonstrating an 

improvement in the rectification ratio with MZ187 compared to the control diode. 

 

To calculate the Schottky barrier height ∅b0, the reverse saturation current I0 can be used. First, the I0  

are obtained from the intersection of the lnI-V' curves under zero forward bias conditions, which are 

a

) 

a) b) 
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3.5x10-9 A for the control diode and 1.2x10-9 A for the MZ187-based diode. This indicates that MZ187 

reduces the reverse saturation current, resulting in lower leakage current. Subsequently, ∅b0 can be 

determined by substituting I0 into Equation 3. The values of ∅b0 for the control and MZ187-based diodes 

are obtained to be 0.76 eV and 0.79 eV, respectively. These results show that MZ187 enhances the 

barrier height, thereby improving the overall performance of the device [27,46,47]. 

 

As known, the forward I-V characteristics of Schottky diodes can exhibit significant non-ideal behavior 

at high voltage regions due to factors such as Rs. The Rs is influenced by the presence of the 

semiconductor/metal interface and leads to non-ideal diode characteristics. The method developed by 

Cheung-Cheung is highly effective in determining Rs, and this method can be used to find the Schottky 

diode parameters ∅b and n. The Cheung-Cheung functions are as follows:[48] 

 

𝐼 = 𝐼0exp (
𝑞(𝑉−𝐼𝑅𝑠

𝑛𝑘𝑇
)                (5) 

 
d𝑉

d(𝑙𝑛𝐼)
= 𝐼𝑅𝑠 + 𝑛 (

𝑘𝑇

𝑞
)                (6) 

 

𝐻(𝐼) = 𝑉 − 𝑛
𝑘𝑇

𝑞
ln (

𝐼

𝐴𝐴∗𝑇2)               (7) 

 

𝐻(𝐼) = 𝐼𝑅𝑠 + 𝑛∅𝐵                (8) 

 

Figure 2. (a) dV/dLnI(V)-I (A) and (b) H(I)-I graphs of Schottky diodes. 

 

 

The n values derived from Equation 6 for the control and the MZ187-modified TiO2 diode at room 

temperature are 4.4 and 2.8, respectively. The slope of the linear graph obtained from Equation 6 allows 

us to calculate Rs. The calculated Rs values for the control and MZ187-based diodes are 168.3 kΩ and 

129.2 kΩ, respectively. The decrease in Rs with the MZ187 molecule indicates that passivation has 

occurred at the Al/TiO2 interface. From the linear fit of the H(I)-I graph, plotted using Equation 8, the 

y-intercept provides the ∅b value, while the slope gives Rs. The Rs calculated from the H(I)-I graph for 

the control and MZ187-based diodes are 90.3 kΩ and 76.1 kΩ, respectively, demonstrating that MZ187 

reduces the series resistance and improves the device performance. The ∅b values are 0.80 eV for the 

control diode and 0.82 eV for the MZ187-based diode (Figure 2). These findings indicate that MZ187 

not only decreases the series resistance but also increases the barrier height, thereby enhancing the 

overall performance of the Schottky diodes [49,50]. 

 

Another important method for calculating ∅b and Rs is the Norde method. The Norde functions expressed 

based on I-V measurements are as follows:[51] 

a) b) 
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𝐹(𝑉) =
𝑉

𝛾
−

𝑘𝑇

𝑞
ln (

𝐼

𝐴𝐴∗𝑇2)                 (9) 

 

∅𝑏 = 𝐹(𝑉0) +
𝑉0

𝛾
−

𝑘𝑇

𝑞
              (10) 

 

𝑅𝑠 =
𝑘𝑇(𝛾−𝑛)

𝑞𝐼𝑚𝑖𝑛(𝑉0)
               (11) 

 

Here, γ is a random integer greater than n. V is the voltage and I represent the current obtained from the 

I-V measurements. After determining the γ values as 4 for the control and 3 for the MZ187-based diodes, 

the F(V)-V plot can be constructed. From the F(V)-V plot in Figure 3, the diode barrier heights ∅b can 

be calculated by substituting the values corresponding to the minimum F(V0) at the lowest voltage V0 

into the equation. The ∅b values calculated from Equation 10 are 0.78 eV for the control and 0.80 eV 

for the MZ187-based diodes. The Rs values calculated from Equation 11 are 5.5 MΩ for the control and 

3.5 MΩ for the MZ187-based diodes. Both analytical methods demonstrate that the MZ187 molecule 

effectively improves the performance of Schottky diodes. The decrease in Rs values for MZ187-based 

diodes indicates surface passivation, resulting in reduced resistance to current conduction. Additionally, 

the increase in ∅b values suggests that these diodes offer a higher barrier height and consequently lower 

leakage current [52]. 

 

 

 

 

 

 

 

 

Figure 3. F(V)-V plots of Schottky diodes. 

 

It is evident that the Schottky diode parameters obtained using the three different methods vary 

significantly from one another. The Norde method assumes an ideal metal/semiconductor contact and 

typically considers the ideality factor n=1. This method collects data from the linear region of the I-V, 

where the current changes exponentially. As a result, Rs values calculated using the Norde method are 

5.5 MΩ for the control and 3.5 MΩ for the MZ187-based diodes. In contrast, the Cheung-Cheung 

method uses data from the nonlinear regions of the I-V, accounting for Rs and determining ∅b values. 

This method considers interface effects and free carriers but may yield different results due to the 

indirect evaluation of these effects. For the Cheung-Cheung method, Rs values are calculated as 168.3 

kΩ for the control and 129.2 kΩ for the MZ187-based diodes. The ∅b values are 0.78 eV and 0.80 eV 

for the Norde method and 0.80 eV and 0.82 eV for the Cheung-Cheung method, respectively. These 
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differences arise from the different regions of the lnI-V graph from which each method collects data. As 

shown in Table 1, there are significant variations in the Rs obtained using the three methods. The Rs 

values obtained from the Norde method may differ from those obtained using the Cheung-Cheung and 

I-V technique. Furthermore, difficulties in accurately identifying the minimum points of the F(V)-V 

curves can introduce error margins. The Norde method, which derives the Rs from the linear region of 

the lnI-V characteristics, and accurately identifying the turning points of the graph is critical for 

calculating Rs correctly. Consequently, the differences between methods are due to the regions of data 

analysis and the assumptions used [3,53,54]. 

 
Table 1. Electrical parameters of Schottky diodes obtained using different methods. 

 

Device parameters TiO2 TiO2/MZ187 

n (I-V) 3.7 2.7 

n (dV/dln(I)) (𝑘𝛺) 4.4 2.8 

I0 (A) 3.5x10-9 1.2x10-9 

∅ (I-V) eV 0.76 0.79 

∅ (H-V) eV 0.80 0.82 

∅ (F-V) eV 0.78 0.80 

Rs (dV/dln(I)) (𝑘𝛺) 168.3 129.2 

Rs (H(I)-I) (𝑘𝛺) 90.3 76.1 

Rs (F(V)-V) (M𝛺) 5.5 3.5 

Rectification ratio 1.3x102 2.2x103 

 

The experimental findings presented in this study are in good agreement with the electrical parameters 

observed in similar Schottky diode structures reported in Table 2. The calculated parameters such as 

ideality factor and series resistance exhibit comparable trends, strengthening the consistency of the 

results obtained with the results obtained from previous studies on TiO2-based Schottky diodes 

fabricated with different deposition techniques. 

 
Table 2. Comparison of electrical parameters in Schottky diodes with TiO2 fabricated using various deposition 

techniques. 

 

Deposition Method Structure T (K) n ∅b (eV) Ref. 

ALD Au/TiO₂/n-4H-SiC 300 - 

1.068 (100 

kHz), 

0.347 (1 MHz) 

[21] 

ALD TiO₂ Interlayer/4H-SiC 300 - 0.63-0.90 [25] 

ALD Al/TiO₂/p-Si 300 1.8 0.66 [20] 

DC Magnetron 

Sputtering 
Au/TiO₂ (rutile)/n-Si 

200-

380 
3.50-1.9 0.57-0.82 

[18] 

DC Magnetron 

Sputtering 
Au/TiO₂ (anatase)/n-Si 

340-

400 
2.47-2.24 0.74-0.85 

[19] 

DC Magnetron 

Sputtering 
Ag/TiO₂/n-InP 300 

1.39 (60 

Å), 1.41 

(120 Å) 

0.50-0.52 

[24] 

Electrochemical 

Anodization 
Ag/TiO₂ nanotube/Ti 

300 
2.39 0.92 

[22] 

Electrochemical 

Anodization 
Pt/TiO₂ nanotubes/Ti 

300 
1.25 0.91 

[26] 

Sol-Gel/Drop Casting Al/Zr-doped TiO₂/p-Si 300 2.39 - [23] 

Sol-Gel/Spin coating Al/SAMs/TiO2/p-Si 300 2.7 0.79 this work 
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The electrical properties of Schottky barrier diodes can vary significantly based on the interaction 

between the interfacial layer’s thickness and the Nss at the metal-semiconductor junction. Nss is a critical 

factor that directly influences the diode's overall performance and quality, particularly affecting the n 

and ∅b. The distribution of Nss can be derived from the forward-bias I-V of the diode. The voltage 

dependence of Nss can be mathematically described using the following Equation 12:[9,55,56] 

 

𝑁𝑠𝑠(𝑉) =
1

𝑞
[

𝜀𝑖

𝑑
(𝑛(𝑉) − 1) −

𝜀𝑠

𝑊𝑑
]            (12) 

Here, Nss represents the density of surface states at equilibrium with the semiconductor, Wd denotes the 

width of the depletion region, 𝜀𝑠 is the permittivity of the semiconductor, 𝜀𝑖 is the permittivity of the 

interfacial layer, n is the ideality factor, d is the thickness of the insulating layer. The TiO2 thin film's 

thickness was measured at 53 nm using a profilometer. The expression for Wd can be written as:[40] 

 

𝑊𝐷 = [
2𝜀0𝜀𝑠𝑉0   

𝑞𝑁𝐴 
] 

1

2              (13) 

 

where εs=11.8ε0, and V0 represents the built-in potential, which is determined by extrapolating the 1/C²–

V curve onto the voltage axis as shown in Figure 4. Analysis of the 1/C²–V characteristic at 500 kHz 

yields a slope that corresponds to an acceptor density (NA) of 2.7x1017 cm-3 within the semiconductor. 

The calculated Wd is 63 nm. Extrapolation of this curve on the voltage axis allows for the determination 

of the V0. This capacitance relation is represented by:[45] 

 

𝐶−2 =
2(𝑉0+𝑉)

𝜀0𝜀𝑠𝑞𝐴2𝑁𝐴
              (14) 

  

 

 

 

 

 

 

 

 

 

 

Figure 4. 1/C²–V characteristics of the Schottky diode with MZ187 at 500 kHz. 

For p-type semiconductors, the energy of the surface states (Ess) with respect to the valence band 

maximum of the semiconductor is given by: 

∅𝑒 = ∅𝑏𝑜 + 𝛽(𝑉 − 𝐼𝑅𝑠) = ∅𝑏𝑜 + (
1

1−𝑛(𝑉)
) (𝑉 − 𝐼𝑅𝑠)          (15) 
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𝐸𝑠𝑠 − 𝐸𝑣 = 𝑞[∅𝑒 − (𝑉 − 𝐼𝑅𝑠)]             (16) 

 

Here, V represents the applied voltage drop, ∅e is the effective barrier height. Using Equation (12), Nss  

as a function of voltage can be determined. As shown in Figure 5, Nss decreases as Ev−Ess increases. 

Clearly, the use of the MZ187 molecule has led to a reduction in Nss. The observed decrease in Nss 

indicates a reduction in trap states at the Al/TiO2 interface in the MZ187-modified diodes [9,57]. The 

reduction of trap states enhances the device's performance and stability, as trap states can negatively 

impact electrical parameters and lead to carrier recombination [58,59]. These results highlight the 

potential of SAMs to improve interface quality and enhance the electrical properties of Schottky barrier 

diodes. 

Figure 5. Nss as a function of Ess-Ev for the Schottky diodes at room temperature. 

 

 

III. CONCLUSION 
 

In this study, the electrical properties and charge transport mechanisms of Schottky barrier diodes 

fabricated using the MZ187 molecule were examined. The results demonstrate that the MZ187 

molecules enhance the Schottky diode performance. Compared to the control diode, the n values for 

MZ187-based diode decreased from 3.7 to 2.7. The Rs values, calculated using various methods, 

significantly decreased in the MZ187-modified diode, indicating that the MZ187 molecules improves 

surface quality. The application of the MZ187 molecule resulted in an increase in ∅b. The rectification 

ratio of the control diode was 1.3x102, while for the MZ187-coated diode, this ratio increased to 2.2x103. 

This improvement was achieved by reducing localized interface states at the metal/semiconductor 

interfaces due to MZ187 molecules. The findings of this study indicate that SAM coatings are an 

effective method for improving Schottky diode performance. The use of SAM molecules holds potential 

for enhancing the efficiency and stability of nano-electronic devices. Our research contributes to the 

development of nano-electronic devices by revealing the effects of SAMs on key parameters such as 

rectification ratios, Rs, n, and ∅b. Additionally, exploring the combinations of SAM molecules with 
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different metal oxides and semiconductors will be a crucial step towards developing higher performance 

and more stable devices. 
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