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ABSTRACT 

This work studies the effect of an interfacial layer on the electrical properties of 

Schottky diodes contacts formed with three metals - Chromium (Cr), Tungsten 

(W), and Molybdenum (Mo) - in contact with n-type Germanium (Ge). The 

electrical parameters studied include the saturation current (Iₛ), barrier height 

(𝛷𝐵), ideality factor (n), and series resistance (Rₛ) at 300 K. Using Cheung’s model 

and the modified Cheung’s model, voltage values ranging from 0.09 V to 0.15 V 

were simulated, consistent with the operational conditions of the models. Results 

indicate that Cr/n-type Ge and Cr/interfacial-layer/n-type Ge provide the most 

efficient rectifying contacts, exhibiting optimal barrier heights and low series 

resistances. These findings highlight the significant role of interfacial layer 

composition and thickness in tuning Schottky diode performance. 

 

INTRODUCTION 

Schottky diodes, also known as metal-semiconductor 

junctions, are formed by the intimate contact between a 

metal and a semiconductor (Di Bartolomeo et al., 2025; 

Liu & Tang, 2023). These diodes play a crucial role in 

modern electronic devices due to their fast-switching 

characteristics and ability to operate at high frequencies 

(Somano, 2022). The type of junction formed - ohmic or 

rectifying - depends primarily on the doping 

concentration of the semiconductor. High doping levels 

lead to ohmic contacts, while low doping levels result in 

rectifying contacts (Di Natale, 2023; Paul et al., 2020). 

The rectifying behaviour of Schottky diodes underlies 

their widespread applications in high-speed electronic 

devices. 

The metal-semiconductor interface is also critical for the 

performance of electronic and optoelectronic devices, as 

well as for integrated circuit technology (Zhao et al., 

2023; Gholami & Khakbaz, 2011). The electrical 

behaviour at this interface is commonly interpreted using 

the Schottky barrier concept (Liu et al., 2018). As 

majority-carrier devices, Schottky diodes have the 

advantage of fast reverse recovery, as they do not store 

minority carrier charge, making them suitable for high-

frequency applications (Kumar et al., 2025). 

Experimentally observed Schottky barrier heights 

(SBHs) often show weak dependence on the metal work 

function due to a high density of interface states that pin 

the Fermi level (Tung, 1993). Interface state models 

typically assume that the positive and negative charges 

forming the interface dipole can be individually 

identified and assigned energy levels (Poli et al., 2020). 

In this work, we explicitly account for the thickness of 

the interfacial layer (𝛿) when calculating electrical 

parameters. 

Here, we study three metals - Chromium (Cr), Tungsten 

(W), and Molybdenum (Mo) - in contact with an intrinsic 

n-type Germanium semiconductor. Using thermionic 

emission theory, Cheung’s model, and the modified 

Cheung’s model, we analyse how variations in the 

interfacial layer affect key electrical parameters: 

saturation current, barrier height, ideality factor, and 

series resistance. 

 

Theoretical Background 

Basic Thermionic theory 

The Schottky barrier diode is a temperature-dependent 

device, a feature that is evident in its current-voltage 

relationship as described by thermionic emission. 

Current transport across the metal-semiconductor 

interface is activated by temperature (Gholami & 

Khakbaz, 2011). For a Schottky diode the relationship 

between the applied forward voltage and current is given 

by (Tung, 1993), 

𝐼 = 𝐼𝑠 𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) [1 − 𝑒𝑥𝑝 (

−𝑞𝑉

𝑘𝑇
)]  (2) 
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or 

𝐼 = 𝐼𝑠 𝑒𝑥𝑝 [
𝑞𝑉

𝑘𝑇
]    (3) 

where n (=1) is the ideality factor, q is the electronic 

charge, k is the Boltzmann’s constant, T is the absolute 

temperature in Kelvin, and Is is the saturation current 

expressed as  

𝐼𝑠 = 𝐴𝐴•𝑇2 𝑒𝑥𝑝 (
−𝑞Φ𝐵

𝑘𝑇
)   (4) 

where A is the effective diode area, A* is the effective 

Richardson constant that varies from one semiconductor 

to the other, and Φ𝐵 is the barrier height. A modified 

Equation (2) was referred to as the Richardson equation 

for Schottky diode given as (Yaganeh and 

Rahmatollahpur, 2010)  

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
) − 1]  (5) 

where IRs is the voltage across the series resistance of the 

Schottky diode. Equation (5) was further modified and 

referred to as the Lieu method (for the values 

of𝑉 >3𝐾𝑇 𝑞⁄ ) given as (Kudryk, et al., 2014; Ahmad & 

Sayyad, 2009) 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
)]   (6) 

From equation (4),  

𝑙𝑛 𝐼𝑠 = 𝑙𝑛(𝐴𝐴*𝑇2) −
𝑞Φ𝐵

𝑘𝑇
   (7)   

or 

Φ𝐵 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐴𝐴*𝑇2

𝐼𝑠
)   (8) 

Equation (8) is the expression for the barrier height. 

 

The Cheung – Cheung’s Model 

The Cheung - Cheung’s model also known as Cheung’s 

model is one of the most efficient methods for evaluating 

the electrical properties of Schottky diode (Gholami & 

Khakbaz, 2011). Using the I-V characteristics, this model 

has the advantage of evaluating the ideality factor, series 

resistance, and the barrier height. 

To obtain the Cheung’s model, consider equation (6) 

𝑙𝑛 𝐼 − 𝑙𝑛 𝐼𝑠 =
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
   (9) 

From equation (9) 
𝑛𝑘𝑇

𝑞
(𝑙𝑛 𝐼 − 𝑙𝑛 𝐼𝑠 +

𝑞𝐼𝑅𝑠

𝑛𝑘𝑇
) = 𝑉  (10) 

𝑑𝑉

𝑑(𝑙𝑛 𝐼)
=

𝑛𝑘𝑇

𝑞
+ 𝐼𝑅𝑠   (11) 

Equation (10) is the first Cheung’s model used for 

obtaining ideality factor values, and the series resistance. 

From equations (4) and (6) 

𝐼 = 𝐴𝐴*𝑇2 𝑒𝑥𝑝 (
−𝑞Φ𝐵

𝑘𝑇
) 𝑒𝑥𝑝 (

𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
) (12)  

Obtaining the natural logarithm of equation (12) gives 

𝑙𝑛 𝐼 = 𝑙𝑛 𝐴𝐴*𝑇2 −
𝑞Φ𝐵

𝑘𝑇
+

𝑞𝑉

𝑛𝑘𝑇
−

𝑞𝐼𝑅𝑠

𝑛𝑘𝑇
 (13) 

Equation (13) is further simplified to give 

𝑉 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝐴𝐴*𝑇2
) + 𝑛Φ𝐵 + 𝐼𝑅𝑠  (14) 

or 

𝑉 −
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝐴𝐴*𝑇2
) = 𝑛Φ𝐵 + 𝐼𝑅𝑠  (15) 

One can define a function 𝐻(𝐼) such that equation (15) 

could be written thus 

𝐻(𝐼) = 𝑉 −
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝐴𝐴*𝑇2
)   (16a) 

and 

𝐻(𝐼) = 𝑛Φ𝐵 + 𝐼𝑅𝑠   (16b) 

Equations (16a) and (16b) are set of Cheung’s models 

that are used to determine the series resistance and the 

barrier height. 

 

The Modified Cheung’s Model 

The Modified Cheung’s model is derived from inserting 

the metal-semiconductor interfacial layer to the Cheung’s 

Model. According to Reddy, et al. (2016), the 

introduction of an interlayer in a Schottky diode leads to 

an increase in the barrier height. The modified Cheung’s 

model introduces an additional factor as a result of the 

inserted interfacial layer. This additional term directly 

impacts the diodes saturation current, Io. Luongo, et al. 

(2017) obtained the interfacial layer-induced saturation 

current expression as  

𝐼𝑂 = 𝐴𝐴*𝑇2 𝑒𝑥𝑝(𝜒1/2𝛿) (𝑒𝑥𝑝 (
−𝑞Φ𝐵

𝐾𝑇
)) (17) 

or 

𝐼𝑂 = 𝐴𝐴 ∗ *𝑇2 𝑒𝑥𝑝 (
−𝑞Φ𝐵

𝐾𝑇
)   (18) 

where exp(𝜒1/2𝛿)is the tunneling attenuation factor.𝜒is 

the mean barrier height in eV, and 𝛿 is the thickness of 

the interlayer and a new Richardson constant A** is 

defined as  

A** =A*exp(𝜒1/2𝛿)    (19) 

From equation (17)  
𝐴𝐴*𝑇2

𝐼𝑂
= 𝑒𝑥𝑝(𝜒1/2𝛿) 𝑒𝑥𝑝 (

𝑞Φ𝐵

𝐾𝑇
)  (20) 

𝑙𝑛 (
𝐴𝐴*𝑇2

𝐼𝑂
) = 𝜒1/2𝛿 +

𝑞Φ𝐵

𝐾𝑇
   (21) 

and 𝑞
Φ𝐵

𝐾𝑇
= 𝑙𝑛 (

𝐴𝐴*𝑇2

𝐼𝑂
) − 𝜒1/2𝛿 or 

B = 
𝐾𝑇

𝑞
{𝑙𝑛 (

𝐴𝐴*𝑇2

𝐼𝑂
) − 𝜒1/2𝛿}  (22) 

Equation (22) is the expression of the modified/new 

barrier height as a result of the introduction of interlayer. 

To obtain the modified series resistance in the presence 

of an interlayer let us consider equations (2) and (17) 

such that 𝐼 = 𝐴𝐴*𝑇2 𝑒𝑥𝑝(𝜒1/2𝛿) (𝑒𝑥𝑝
−𝑞Φ𝐵

𝐾𝑇
)𝑒𝑥𝑝 {

𝑞(𝑉−𝐼𝑅𝑆)

𝑛𝐾𝑇
} 

     (23)      

From equation (21) 

𝑙𝑛 𝐼 = 𝑙𝑛 𝐴𝐴*𝑇2 − 𝜒1/2𝛿 −
𝑞Φ𝐵

𝐾𝑇
+

𝑞𝑉

𝑛𝐾𝑇
−

𝑞𝐼𝑅𝑆

𝑛𝐾𝑇
  (24) 

𝑞𝑉

𝑛𝐾𝑇
= 𝑙𝑛 𝐼 − 𝑙𝑛 𝐴𝐴*𝑇2 + 𝜒1/2𝛿 +

𝑞

𝐾𝑇
(Φ𝐵 +

𝐼𝑅𝑆

𝑛
)  

     (25) 

𝑉 =
𝑛𝐾𝑇

𝑞
𝑙𝑛 (

𝐼

𝐴𝐴*𝑇2
) +

𝑛𝐾𝑇

𝑞
𝜒1/2𝛿 + 𝑛Φ𝐵 + 𝐼𝑅𝑆  (26) 

One can define a function F(I) such that equation (26) can 

be written as 

𝐹(𝐼) = 𝑛 (
𝐾𝑇𝜒1/2𝛿

𝑞
+Φ𝐵) + 𝐼𝑅𝑆   (27) 
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This is the modified Cheung’s model equation. In this 

modified model, the condition that led to equation (25) 

still holds, and hence  
𝑑𝑉

𝑑 𝑙𝑛 𝐼
=

𝑛𝐾𝑇

𝑞
+ 𝐼𝑅𝑆    (28) 

 

MATERIALS AND METHODS 

This study is entirely computational, and is aimed at 

investigating the variation of electrical properties in 

Schottky diodes. Measured values of key parameters 

were obtained from literature, and fundamental 

thermionic emission equations, Cheung’s model, and the 

modified Cheung’s model were applied throughout the 

computational process. The methodology is structured as 

follows: 

 

Procedure for Selection of Materials and Values 

Choice of Metals 

Selecting an appropriate metal and semi-conductor is 

essential for forming a good metal-semiconductor 

contact. Chromium (Cr), Tungsten (W), and 

Molybdenum (Mo) were chosen based on their work 

functions relative to the electron affinity of n-type 

Germanium. These choices ensured measured values of 

barrier height consistent with a rectifying Schottky 

contact. Values for the measured work functions of the 

metals and the electron affinity were obtained from 

relevant references. Saturation current values were in the 

range of microamperes (µA), suitable for evaluating 

diode behaviour. 

 

Choice of Semiconductor 

While most Schottky diode research focuses on extrinsic 

semiconductors, this study uses an intrinsic n-type 

Germanium (Ge). In intrinsic semiconductors, electrons 

and holes are generated solely by thermal excitation, 

providing a clear platform to investigate interfacial layer 

effects (Gaur & Gupta, 2011). 

 

Selection of Temperature 

Schottky diodes are thermally stable at room 

temperature, and all simulations were conducted at 

300 K. 

 

Choice of Voltage Range 

Cheung’s model is valid for voltages that satisfy its 

operational conditions 𝑉 >
3𝑘𝑇

𝑞
 (Kudryk et al., 2014). At 

300 K, voltages between 0.09 V and 0.15 V were used for 

all simulations. 

 

Materials and Constants Used 

The materials and constants employed in the 

computational process are summarized in Table 1. 

 

Table 1: Materials and Constants Used 

Metal Work 

Function 

𝜱𝒎(eV) 

Semiconductor Electron 

Affinity 

𝝌(eV) 

Richardson’s 

Constant; A* 

(A cm-2 K-2) 

Effective 

Area 

A(cm2) 

Chromium (Cr) 4.50 n-type Ge 4.05 112 2 × 10⁻⁴ 

Tungsten (W) 4.55 - - - - 

Molybdenum (Mo) 4.60 - - - - 

 

Other constants: 

Boltzmann’s constant, k = 1.38 × 10⁻²³ J K⁻¹ 

Electronic charge, q = 1.602 × 10⁻¹⁹ C 

 

Computational Procedure 

Barrier Height Calculation 

The barrier heights were calculated using Equation (1), 

with measured work functions obtained from Lee et al. 

(2006) and effective diode areas from Ahmad & Sayyad 

(2009). Richardson constants for n-type Si from Guler, et 

al. (2009) and for n-type Ge from Mikhelashvili et al. 

(2001). 

 

Saturation Current Calculation  

Using Equation (4), saturation currents were simulated 

over the voltage range 0.09-0.15 V at 300 K. 

 

Cheung’s Model Analysis 

i. Using Equation (11), plots of H(I) versus I were 

generated. 

ii. Curved points were approximated with least-

squares fitted straight lines Kudryk, et al. (2014) 

and Gholami & Khakbaz (2011). 

iii. Series resistance (Rₛ) was obtained from the slope, 

and the ideality factor (n) from the intercept. 

iv. Using Equations (16a) and (16b), barrier 

heightΦ𝐵(intercept) and another set of series Rₛ 

(slope) values were calculated similarly from a plot 

of H(I) against (I). 

 

Modified Cheung’s Model Analysis 

i. The electrical parameters of the modified Cheung’s 

model were obtained by considering the effects of 

the interfacial layer on the Cheung model using 

Equations (27) and (28). 

ii. Plots of H(I) versus I and F(I) versus I were fitted 

with straight lines with 𝑅𝑠(= 𝑎)and 

 𝑏 (=
𝐾𝑇𝜒1/2𝛿

𝑞
+ Φ𝐵). 
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iii. Barrier height (Φ𝐵), ideality factor (n), and series 

resistance (Rₛ) were extracted from the respective 

equations (22, 27, and 28). 

This procedure allowed a direct comparison of electrical 

parameters with and without the interfacial layer for all 

three metals in contact with n-type Ge. 

 

RESULTS AND DISCUSSION 

Eighteen graphs were generated to extract the series 

resistance, barrier height, and ideality factor for the three 

metals in contact with n-type Germanium. These 

included: 

i. Three plots for each metal using conventional I-V 

characteristics and the modified I-V model. 

ii. Six plots for each metal using Cheung’s and 

modified Cheung’s models. 

For conciseness, six representative plots are presented 

here: Cr/I/n-type Ge, W/I/n-type Ge, and Mo/I/n-type Ge 

at 300 K (Figures 1-6). 

 

 
Figure 1: Graph of dv/dlnI vs I(A) for 

Cr/I/n-type Ge at T=300K 

 
Figure 2: Graph of dv/dlnI vs I(A) for 

W/I/n-type Ge at T=300K 

 

 
Figure 3: Graph of dv/dlnI vs I(A) for 

Mo/I/n-type Ge at T=300K 

 
Figure 4: Graph of H(I) vs I(A) for Cr/I/n-

type Ge at T=300K 
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Figure 5: Graph of H(I) vs I(A) for W/I/n-

type Ge at T=300K 

 
Figure 6: Graph of H(I) vs I(A) for Mo/I/n-

type Ge at T=300K 

 

Figures 1–3: dv/dlnI versus I(A) for Cr/I/n-type Ge, W/I/n-type Ge, and Mo/I/n-type Ge. 

Figures 4–6: H(I) versus I(A) for the same contacts. 

 

Electrical Parameters without Interfacial Layer 

Table 2: Electrical parameters of Schottky diode without interfacial layer 

Metal-Semiconductor Contact I-V Model Cheung’s Model 

Io×10-5 (A) 𝜱𝑩(eV)
 n Rs(Ω) 𝜱𝑩(eV)

 

Cr/n-type Ge 13.090 0.6709 0.104 0.18 1.16 

W/n-type Ge 1.9020 0.7857 0.078 0.43 1.53 

Mo/n-type Ge 0.2733 0.9013 0.059 1.46 1.99 

 

Saturation current (I₀) values ranged from microamperes 

to nanoamperes, consistent with nearly ideal rectifying 

behaviour (Gholami & Khakbaz, 2011). 

Series resistance (Rₛ) increased with decreasing metal 

work function, from 0.18 Ω for Cr/n-type Ge to 1.46 Ω 

for Mo/n-type Ge. 

 

Electrical Parameters with Interfacial Layer 

Table 3: Electrical Parameters of Schottky Diode with Interfacial Layer 

Cheung’s Modified Model 

Metal-Semiconductor Contact n Rs(Ω) 𝜱𝑩(eV) 

Cr/I/n-type Ge 0.051 4.40 2.2091 

W/I/n-type Ge 0.071 0.62 1.6573 

Mo/I/n-type Ge 0.054 2.30 2.1179 

 

A look at Tables 2 and 3 shows that the barrier heights 

increased with the introduction of the interfacial layer, 

which is consistent with literature reports (Reddy et al., 

2016; Seven et al., 2024; Bala, 2012). 

Ideality factors remained largely constant, reflecting the 

constant simulation temperature of 300 K (Islam & 

Efeoglu, 2025). 

Series resistance increased in all cases when an 

interfacial layer was present, most notably in Cr/I/n-type 

Ge (4.40 Ω). This aligns with experimental findings that 

interfacial layers add resistance to carrier transport. 

Comparison and Interpretation 

Cr/n-type Ge and Cr/I/n-type Ge consistently exhibited 

the best rectifying behaviour, with high barrier heights 

and relatively low series resistance. 

The presence of an interfacial layer significantly 

increased the barrier height while moderately affecting 

the ideality factor. 

W/I/n-type Ge showed a smaller increase in series 

resistance compared to Cr/I/n-type Ge and Mo/I/n-type 

Ge, indicating that the effect of the interfacial layer 

depends on the specific metal used. 
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These results confirm that the composition and thickness 

of the interfacial layer are key factors in tuning the 

electrical properties of Schottky diodes. 

 

CONCLUSION 

The study demonstrates that the presence of an interfacial 

layer significantly influences the electrical parameters of 

Schottky diodes. Using the modified Cheung’s model, 

the barrier height and series resistance increased for all 

three metals (Cr, W, Mo) when in contact with n-type 

Germanium, thus confirming the key role of the 

interfacial layer in modulating diode performance. 

Among the metals studied, Cr/n-type Ge and Cr/I/n-type 

Ge consistently exhibited the most favourable rectifying 

behaviour, with high barrier heights and relatively low 

series resistance. This indicates that Chromium, both 

with and without an interfacial layer, forms the best 

metal-semiconductor contact under the simulated 

conditions. 

Overall, these results highlight that careful selection of 

metal and consideration of interfacial layer composition 

and thickness are crucial for optimizing Schottky diode 

performance, particularly in applications requiring low 

series resistance and high rectification efficiency. 
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