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The Schottky diode, also known as a hot-electron diode or Schottky barrier diode, is a semiconductor-
metal junction device renowned for its fast switching speed and low forward voltage drop. Its unique
electrical properties make it highly suitable for high-frequency applications, rectifiers, and clamping
circuits. Understanding the current-voltage (I-V) characteristics of the Schottky diode, especially for
the n-type semiconductor, is crucial for designing and analyzing circuits that incorporate this device.
In this article, we will derive the I-V equation of the Schottky diode (n-type semiconductor) and
illustrate its I-V characteristic curve, providing a comprehensive understanding of its operation.

Overview of the Schottky Diode
The Schottky diode forms when a metal comes into contact with a semiconductor, creating a metal-
semiconductor junction. Unlike the p-n junction diode, which involves a depletion region formed by p-
type and n-type materials, the Schottky diode's barrier is due to the difference in work functions
between the metal and the semiconductor.

Key Features of the Schottky Diode

Low forward voltage drop (typically 0.2 to 0.3 V)

Fast switching response due to majority carrier conduction

High current density capability

Lower junction capacitance compared to p-n junction diodes

Energy Band Diagram and Barrier Formation
Understanding the energy band diagram is essential for deriving the I-V equation.

Work Function and Barrier Height
- Work Function of Metal (φ_m): The energy needed to remove an electron from the metal to vacuum
level.
- Electron Affinity of Semiconductor (χ): The energy difference between the conduction band edge and



vacuum.
- Fermi Level of Semiconductor (E_F): The energy level at which the probability of occupancy is 50%.

The Schottky barrier height (φ_b) for an n-type semiconductor is given by:
\[ \phi_b = \phi_m - \chi \]

This barrier impedes electrons moving from the semiconductor to the metal and vice versa.

Derivation of the I-V Equation for the n-type Schottky
Diode

The current flow across the Schottky barrier is primarily due to thermionic emission, where electrons
gain enough thermal energy to surmount the barrier. The derivation involves considering the
thermionic emission theory and the distribution of electrons in the semiconductor.

Assumptions
- The current is dominated by thermionic emission over the barrier.
- The barrier height remains constant during operation.
- The device operates under steady-state conditions.
- The effects of tunneling and recombination are neglected for simplicity.

Thermionic Emission Theory
The current density (J) due to thermionic emission over the barrier is given by:

\[ J = A^ T^2 e^{-\frac{q \phi_b}{k T}} \left( e^{\frac{q V}{k T}} - 1 \right) \]

Where:
- \( J \) = current density (A/m²)
- \( A^ \) = Richardson constant, a material-dependent parameter
- \( T \) = absolute temperature (Kelvin)
- \( q \) = electronic charge (1.602 × 10^-19 C)
- \( \phi_b \) = barrier height (eV)
- \( V \) = applied voltage across the diode (V)
- \( k \) = Boltzmann constant (1.381 × 10^-23 J/K)

This expression resembles the ideal diode equation but tailored for thermionic emission over the
barrier.

Deriving the Total Current
The total current (I) is obtained by multiplying the current density (J) with the diode's effective cross-
sectional area (A):



\[ I = J \times A = A^ T^2 A e^{-\frac{q \phi_b}{k T}} \left( e^{\frac{q V}{k T}} - 1 \right) \]

Define the saturation current \( I_s \) as:

\[ I_s = A^ T^2 A e^{-\frac{q \phi_b}{k T}} \]

Hence, the I-V characteristic of the Schottky diode becomes:

Final I-V Equation

\[
\boxed{
I = I_s \left( e^{\frac{q V}{k T}} - 1 \right)
}
\]

This equation resembles the ideal diode equation but with the saturation current \( I_s \) explicitly
depending on the barrier height and temperature.

Understanding the I-V Characteristic of the Schottky
Diode

The I-V characteristic of the Schottky diode exhibits distinct behavior in forward and reverse bias
conditions.

Forward Bias Region (\( V > 0 \))
- The exponential term dominates, leading to a rapid increase in current.
- The forward voltage drop is typically low (~0.2 - 0.3 V).
- The current increases exponentially with applied voltage.

Reverse Bias Region (\( V < 0 \))
- The current approaches the saturation current \( I_s \).
- The current remains relatively constant; ideally, only a small leakage current flows.
- The reverse current is mainly due to thermionic emission of electrons over the barrier.

Graphical Representation
- The I-V characteristic curve starts near zero current at zero bias.
- In forward bias, the current rises exponentially with increasing voltage.
- In reverse bias, the current plateaus near \(- I_s\).



Factors Affecting the I-V Characteristics
Several parameters influence the behavior of the Schottky diode:

Barrier Height (\( \phi_b \)): Higher barrier reduces saturation current, leading to lower
forward current.

Temperature (T): Increased temperature raises \( I_s \), resulting in higher forward and
reverse currents.

Metal and Semiconductor Materials: Different combinations yield various barrier heights
and electrical characteristics.

Surface Conditions: Surface states and interface quality affect the barrier and, consequently,
the I-V behavior.

Practical Applications and Significance
Understanding the I-V equation of the Schottky diode is essential for designing circuits with
predictable behavior, especially in high-frequency and fast-switching applications. Its low forward
voltage drop enhances efficiency in rectification, while its rapid response times make it ideal for radio-
frequency mixers and detectors.

Summary
- The Schottky diode forms a metal-semiconductor junction with a characteristic energy barrier.
- Thermionic emission governs the current flow across the barrier.
- The derived I-V equation for an n-type Schottky diode is:

\[
I = I_s \left( e^{\frac{q V}{k T}} - 1 \right)
\]

- The I-V characteristic curve displays exponential growth in forward bias and saturation in reverse
bias.
- Several factors influence the diode's electrical behavior, including barrier height and temperature.

In conclusion, mastering the derivation of the I-V equation and understanding the characteristic
behavior of the Schottky diode are fundamental for engineers and physicists working in
semiconductor device design and circuit analysis. Its unique properties make it a vital component for
modern electronic systems requiring high-speed and low-voltage operation.

---
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Frequently Asked Questions

What is the fundamental I-V equation of a Schottky diode
made with an n-type semiconductor?
The I-V equation of a Schottky diode is given by I = I_s (exp(qV / (kT)) - 1), where I_s is the saturation
current, q is the electronic charge, V is the applied voltage, k is Boltzmann's constant, and T is the
temperature in Kelvin.

How is the saturation current (I_s) of an n-type Schottky diode
derived?
The saturation current I_s is derived from thermionic emission theory and given by I_s = A A_e T^2
exp(-qΦ_B / (kT)), where A is the effective Richardson constant, A_e is the diode area, T is
temperature, q is charge of electron, and Φ_B is the barrier height.

What are the key features of the I-V characteristic curve of an
n-type Schottky diode?
The I-V characteristic shows a low forward voltage drop (~0.2-0.3V), a rapid increase in current with
forward bias, and a very small reverse leakage current, indicating a nearly exponential forward
conduction and minimal reverse leakage.

How does temperature influence the I-V equation of a
Schottky diode?
Increasing temperature increases I_s exponentially, leading to higher forward current at a given
voltage. Additionally, the thermal energy reduces the barrier height slightly, affecting the diode's
conduction characteristics.

What is the significance of the ideality factor in the I-V
equation of a Schottky diode?
The ideality factor (n) accounts for deviations from ideal thermionic emission, reflecting
recombination and tunneling effects. The modified I-V equation becomes I = I_s (exp(qV / (nkT)) - 1),
where n typically ranges from 1 to 2.

How is the I-V characteristic of the Schottky diode plotted and
interpreted?
The forward characteristic is plotted as log(I) versus V, showing an exponential rise, while the reverse
characteristic remains nearly flat, indicating minimal leakage. The curve helps determine parameters



like barrier height and ideality factor.

Can you sketch the typical I-V characteristic of an n-type
Schottky diode?
Yes. The graph shows a steep exponential increase in current in the forward bias region starting near
0.2-0.3V, and a nearly flat line close to zero current in the reverse bias, indicating high rectification
behavior.

Additional Resources
Schottky Diode I-V Equation: An In-Depth Analysis and Characteristic Curve

The Schottky diode stands as a pivotal component in modern electronics, renowned for its fast
switching speed, low forward voltage drop, and excellent high-frequency performance. As a metal-
semiconductor junction, primarily formed between a metal and an n-type semiconductor,
understanding its current-voltage (I-V) characteristics is essential for designing efficient rectifiers,
detectors, and high-speed switching circuits. This article offers a comprehensive exploration of
deriving the I-V equation for a Schottky diode, with an emphasis on the n-type semiconductor
configuration, and provides detailed insights into its characteristic curve.

---

Introduction to the Schottky Diode

Before delving into the derivation of the I-V equation, it is crucial to understand the fundamental
structure and operation of a Schottky diode.

What is a Schottky Diode?

A Schottky diode is a unipolar semiconductor device formed by the contact of a metal with an n-type
semiconductor. Unlike the traditional p-n junction diode, which relies on the depletion region formed
by p-n junctions, the Schottky diode's rectifying behavior originates from the metal-semiconductor
interface.

Key Features and Applications

- Low Forward Voltage Drop: Typically around 0.2 – 0.3 V, making it more efficient in power
applications.
- Fast Switching Speed: Due to the absence of minority carrier diffusion across the junction.
- High-frequency Capability: Suitable for RF and microwave applications.
- Common Uses: Power rectifiers, RF detectors, clamping diodes, and high-speed switching circuits.

---



Structure and Energy Band Diagram

Understanding the energy band diagram is essential for deriving the I-V equation.

Metal-N-Type Semiconductor Contact

In an n-type semiconductor, electrons are majority carriers, and the metal contact forms a Schottky
barrier at the interface due to differences in work functions:

- Metal work function (φ_m): The energy needed to remove an electron from the metal.
- Semiconductor work function (φ_s): The energy needed to remove an electron from the conduction
band edge to vacuum.

Formation of the Schottky Barrier

When the metal contacts the n-type semiconductor, electrons flow from the semiconductor to the
metal to equilibrate Fermi levels, leading to:

- Formation of a depletion region in the semiconductor near the interface.
- An energy barrier known as the Schottky barrier height (Φ_Bn), which impedes electron flow from
the semiconductor into the metal.

The barrier height for an n-type semiconductor is given by:

\[
\boxed{\Phi_{Bn} = \phi_m - \chi}
\]

Where:

- \(\phi_m\) = metal work function.
- \(\chi\) = electron affinity of the semiconductor.

Energy Band Diagram (Simplified)

In equilibrium, the Fermi level in the metal aligns with that in the semiconductor, but the conduction
band bends upward near the interface, creating a potential barrier.

---

Derivation of the I-V Equation of the Schottky Diode

The current-voltage characteristics of a Schottky diode are fundamentally governed by thermionic
emission theory, which considers the flow of electrons over the energy barrier at the metal-
semiconductor interface.

Assumptions in the Model



- The dominant transport mechanism is thermionic emission.
- The depletion approximation applies, with a uniform electric field in the depletion region.
- Recombination in the depletion region is negligible.
- Temperature remains constant (isothermal conditions).
- The contact is ideal, with no interface states or tunneling effects.

Step 1: Electron Flow in Forward Bias

When a forward bias \( V \) is applied (positive to the metal relative to the semiconductor):

- The barrier height is effectively lowered by \( qV \), where \( q \) is the electronic charge.
- Electrons in the semiconductor with energies exceeding the lowered barrier can surmount it,
contributing to current flow.

The thermionic emission current density (current per unit area) is expressed as:

\[
J = A^{} T^{2} \exp \left( - \frac{q \Phi_{Bn}}{k T} \right) \left[ \exp \left( \frac{q V}{k T} \right) - 1
\right]
\]

Where:

- \( A^{} \) = Richardson constant.
- \( T \) = absolute temperature.
- \( k \) = Boltzmann's constant.
- \( \Phi_{Bn} \) = Schottky barrier height.
- \( V \) = applied voltage across the diode.

Step 2: Expressing Total Current

Since current density \( J \) relates to total current \( I \) via the diode's cross-sectional area \( A \):

\[
I = J \times A
\]

The total current through the diode becomes:

\[
\boxed{
I = I_s \left[ \exp \left( \frac{q V}{k T} \right) - 1 \right]
}
\]

where the saturation current \( I_s \) is:

\[
I_s = A^{} T^{2} A \exp \left( - \frac{q \Phi_{Bn}}{k T} \right)
\]



Final I-V Equation of the Schottky Diode

Thus, the I-V characteristic is described by the diode equation:

\[
\boxed{
I = I_s \left[ \exp \left( \frac{q V}{n k T} \right) - 1 \right]
}
\]

where:

- \( n \) = ideality factor (typically between 1 and 2), accounting for deviations from the ideal
thermionic emission model.
- \( I_s \) = saturation current, exponentially dependent on the barrier height and temperature.

This equation closely resembles the Shockley diode equation but with parameters specific to the
metal-semiconductor junction.

---

Understanding the Parameters in the I-V Equation

- Saturation Current \( I_s \): Indicates the small current that flows when the diode is reverse-biased,
exponentially sensitive to the barrier height and temperature.
- Ideality Factor \( n \): Accounts for non-ideal effects such as interface states, tunneling, and
recombination. Typically, \( n \) varies from 1 (ideal thermionic emission) to about 2.
- Thermal Voltage \( V_T = \frac{kT}{q} \): At room temperature (~300K), \( V_T \approx 25.85 \) mV,
which influences the exponential behavior.

---

Plotting the I-V Characteristic of a Schottky Diode

Visualizing the diode's behavior requires plotting the I-V curve, which displays the relationship
between current and applied voltage.

Forward Bias Region

- Exponential Rise: The current increases exponentially with voltage, reflecting the thermionic
emission over the barrier.
- Low Forward Voltage: Due to low \( V_{F} \), typically around 0.2–0.3 V, the current can reach
significant values rapidly.

Reverse Bias Region



- Leakage Current: A small, nearly constant current flows in the reverse direction, characterized by \(
I_s \).
- Breakdown Potential: At high reverse voltages, avalanche or Zener breakdown may occur,
depending on the device's design.

Typical Characteristics Curve

- The forward characteristic shows a sharp exponential rise.
- The reverse characteristic is nearly flat, indicating low leakage.
- The intersection point at zero bias corresponds to no current flow.

---

Practical Implications and Applications

Understanding the I-V equation and characteristic curve of the Schottky diode has several practical
benefits:

- Design Optimization: Engineers can tailor the barrier height and doping levels to optimize forward
voltage and leakage.
- High-Speed Circuits: The fast response times make Schottky diodes suitable for RF and microwave
applications.
- Power Rectification: Low forward voltage drop enhances efficiency in power supplies.
- Detection and Mixing: Their nonlinear I-V characteristics are exploited in RF detection and mixing
circuits.

---

Conclusion

The derivation of the I-V equation for a Schottky diode reveals its foundation in thermionic emission
principles, with the current exponentially dependent on the applied voltage and barrier height.
Recognizing the influence of parameters such as temperature, barrier height, and ideality factor
enables engineers and scientists to predict device behavior accurately and optimize applications
accordingly.

The graphical I-V characteristic curve emphasizes the diode's unique combination of low forward
voltage, rapid switching, and minimal reverse leakage—attributes that continue to drive innovation in
high-frequency, high-efficiency electronic systems. Mastery of this fundamental relationship
empowers designers to harness the full potential of Schottky diodes in cutting-edge technological
solutions.
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