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Basics of Diodes
(Types and Overview of Diodes)

Outline:
Diodes are used in a wide range of equipment for various applications such as rectification,
reverse-current blocking, and circuit protection. In addition to silicon (Si) pn diodes, various other
types of diodes are available, including Schottky barrier diodes (SBDs), transient voltage suppressor
(TVS) diodes (also known as ESD protection diodes), and Zener diodes. Toshiba’s product portfolio
also includes state-of-the-art silicon carbide (SiC) SBDs fabricated using a compound semiconductor.
This application note provides an overview of the classification and operation of diodes.
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1. Types of diodes
1.1. Classification of diodes according to their applications and characteristics
Different types of diodes are available for various applications. Diodes are broadly classified into two
types: pn diodes that are based on the pn junction formed by p-type and n-type semiconductors and
metal-semiconductor diodes (commonly known as Schottky barrier diodes or SBDs for short) that are
formed by the junction of a metal with either an n-type or p-type semiconductor. Figure 1.1 shows
the classification of diodes according to their applications and characteristics.

Figure 1.1 Types of diodes
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Figure 1.2 shows the classification of diodes according to their internal connections.

Figure 1.2 Classification of diodes according to their internal connections

2. Overview of various types of diodes
2.1. pn diodes
2.1.1. What is a pn junction?
A pn junction is an interface between two types of semiconductor materials, p-type and n-type,
maintaining their orderly crystal lattice arrangements. These semiconductors have different Fermi
levels. The Fermi level of the p-type region is close to the highest energy level of a valence band
whereas the Fermi level of the n-type region is close to the lowest energy level of a conduction band.

Figure 2.1 Fermi level of Figure 2.2 Fermi level of Figure 2.3 Fermi level of
intrinsic semip-type semin-type semiconductors
conductors
conductors
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2.1.2. pn junction in an unbiased state
Electrons in the n-type semiconductor close to the pn junction diffuse into the p-type semiconductor
and recombine with holes there. Conversely, holes in the p-type semiconductor diffuse into the
n-type semiconductor and recombine with electrons there. The recombination of carriers (free
electrons and holes) causes a region where no carriers exist to be formed as shown in Figure 2.5. This
region is called a depletion layer.

Figure 2.4 P-type and n-type semi-

Figure 2.5 P-type and n-type semi-

conductors before they are

conductors after they are

joined together

joined together

When p-type and n-type semiconductors are joined together, carrier diffusion causes the Fermi level
of the p-type semiconductor to move upwards and that of the n-type semiconductor to move
downwards, resulting in the formation of new Fermi levels as shown in Figure 2.6. The decrease in
the Fermi level in the conduction band is equal to the work function of the p-type and n-type regions.
As a result, a diffusion potential (qVD) appears between them.

Diffusion potential

Figure 2.6 Band diagram of a pn junction
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Figure 2.7 shows the electron and hole densities in the p-type and n-type semiconductors when the
pn junction is unbiased. Electrons in the n-type semiconductor that have energy higher than Ecp can
move into the p-type semiconductor. Likewise, holes in the p-type semiconductor that have energy
lower than Evn can move into the n-type semiconductor. At this time, the electron densities in the
n-type and p-type semiconductors (nn and np) become almost equal. When nn≈np, the movement of
electrons stops, reaching an equilibrium state. The hole densities in the n-type and p-type
semiconductor (pn and pp) have the same relationship.

Density of holes in the n-type semiconductor
Density of holes in the p-type semiconductor

Figure 2.7 Band diagram of a pn junction in an unbiased state
2.1.3. pn junction in the forward-biased state
When a forward bias of qVB is applied across the pn junction (with the p-type semiconductor being
more positive than the n-type semiconductor), its diffusion potential decreases from qVD in the
unbiased state to q(VD-VB). As a result, the density of electrons in the n-type semiconductor that
have energy higher than Ecp becomes higher than the electron density in the p-type semiconductor,
causing a huge amount of electrons to move from the n-type semiconductor to the p-type
semiconductor. At the same time, a multitude of holes in the p-type semiconductor diffuse into the
n-type semiconductor. Therefore, electric current flows.
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Density of holes in the n-type semiconductor
Density of holes in the p-type semiconductor

Figure 2.8 Band diagram of a pn junction in the forward-biased state
2.1.4. pn junction in the reverse-biased state
When a reverse bias of qVR is applied across the pn junction (with the p-type semiconductor being
more negative than the n-type semiconductor, the p-type semiconductor is applied negatively and
the n-type semiconductor is applied positively), the diffusion potential increases from qVD in the
unbiased state to q(VD+VR). As a result, the density of electrons in the n-type semiconductor that
have energy higher than Ecp becomes almost zero. Likewise, holes in the p-type semiconductor that
can diffuse into the n-type semiconductor almost disappear, causing the current flow to stop.

Density of holes in the n-type semiconductor
Density of holes in the p-type semiconductor

Figure 2.9 Band diagram of a pn junction in the reverse-biased state
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2.1.5. Electric characteristics of pn diodes
In the case of a diode formed by a pn junction, the forward current (IF) is expressed by Equation 2-1.
This equation applies to the low-current region, but not to the high-current region because the
internal resistance of a diode causes a voltage drop in the high-current region.

𝑞∙𝑉𝐹

𝐼𝐹 = 𝐼𝑆 ∙ (𝑒 𝐾∙𝑇 − 1)

････････････････････････････････････････････････････････････
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Figure 2.10 Current-voltage curve of a pn diode
Figure 2.10 shows the current-voltage curve of a pn diode. When a forward bias of 0.6 to 0.7 V is
applied across a Si diode, its forward current rises suddenly.
The forward voltage (VF) of the Si diode has a temperature coefficient of roughly -2 mV/°C. However,
the temperature coefficient decreases in the high-current region because a voltage drop due to
internal resistance has a positive temperature coefficient.
The current that flows through a diode when it is reverse-biased is called reverse current (IR)*3 or
saturation current (IS). IR is approximated by Equation 2-2:
*3 Also called leakage current
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𝐼𝑅 = 𝐼𝑅0 ∙ 𝑒 𝑘(𝑇−𝑇0)

･････････････････････････････････････････････････････････････････
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:
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Temperature
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(2-2)

(A)
(A)

Constant determined by the semiconductor material
used (approximately 0.1/°C in the case of Si)

Figure 2.11 shows an example of the IR curve over temperature. In this example, IR exhibits a
double-digit increase over a temperature increase (ΔTa) of 75°C.

Figure 2.11 Example of a pn diode’s reverse current-vs-ambient temperature curve

2.1.6. PIN diode

Figure 2.12 Structure of a PIN diode
Typical Si diodes using a pn junction have a thick n- layer*4 with a low dopant concentration between
p+ and n+ layers as shown in Figure 2.12. The n- layer is called an intrinsic layer because it has a
dopant concentration close to that of an intrinsic semiconductor. Since this diode has a p-i-n structure,
it is called a PIN diode. The PIN diode has unique characteristics described below.
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*4 The n- layer is also called a high-resistance layer or a drift layer.
1) Increase in breakdown voltage
When the pn junction is reverse-biased, a depletion layer expands in the intrinsic layer. The electric
field increases the most at the pn junction. When it exceeds the maximum electric field strength,
either avalanche or Zener breakdown occurs. The breakdown voltage of the pn junction is
determined by the triangular area shown in Figure 2.13. Therefore, the breakdown voltage can be
increased by decreasing the dopant concentration of the n- layer to make the slope of the electric field
strength shallow and by increasing the thickness of the n- layer.

Figure 2.13 Increasing the breakdown voltage of a PIN diode

2) Low conduction resistance
When the pn diode consisting of a p+ and an n- layer conducts, holes are injected from the p+ layer
into the n- layer. Conversely, electrons are injected from the n+ layer into the n- layer, causing the
carrier density in the n- layer to exceed its dopant concentration. As a result, the resistance of the
n- layer decreases when the pn diode conducts. The phenomenon that an increase in the number of
carriers in the n- layer causes a decrease in conduction resistance is called conductivity modulation.
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Figure 2.14 Change in the dopant concentration of the n- layer due to
conductivity modulation

2.2. Schottky barrier diodes
2.2.1. Schottky junction
Figure 2.15 shows the structure of a Schottky barrier diode. A Schottky barrier diode is a type of
diode formed by the metal-to-semiconductor junction that behaves as a rectifier. The Schottky
barrier diode (SBD) is named after Walter Hans Schottky. In an SBD, a Schottky junction is formed by
a deposited metal and an n-type semiconductor.

Figure 2.15 Example of a structure of a Schottky barrier diode

© 2021
Toshiba Electronic Devices & Storage Corporation

13

2021-08-31

Basics of Diodes (Types and Overview of Diodes)
Application Note
A metal has a Fermi level between valence and conduction bands and does not have a forbidden band
(i.e., a bandgap) as shown in Figure 2.16. Therefore, a metal has a huge amount of holes in a valence
band and a huge amount of electrons in a conduction band.
Figure 2.17 shows a band diagram of an n-type semiconductor. The n-type semiconductor has a
forbidden band between valance and conduction bands in which no electron states can exist. The
Fermi level is located within the forbidden band.
A Schottky junction is formed when an n-type semiconductor is joined with a metal that has a lower
Fermi level than that of the n-type semiconductor. The Schottky junction behaves as a rectifier. In
contrast, an ohmic junction is formed when an n-type semiconductor is joined with a metal that has
a higher Fermi level than that of the n-type semiconductor. The ohmic junction behaves as a resistor.

Figure 2.17 Band diagram of an

Figure 2.16 Band diagram
of a metal

n-type semiconductor

When a metal and an n-type semiconductor are joined together, some electrons diffuse into the metal
from the n-type semiconductor, making their Fermi level constant. At the same time, the lowest
energy level in the conduction band (EC) and the highest energy level in the valence band (EV) of the
n-type semiconductor change as shown in Figure 2.18. At this time, diffusion energy of
qΦbi=q(Φm-Φs) is generated between the metal and the n-type semiconductor, causing a depletion
layer to be formed by positive ions on the n-type semiconductor side. A depletion layer hardly
expands into the metal even when electrons flow into it from the n-type semiconductor because the
metal has a huge amount of electrons. When the Schottky junction is unbiased, no current flows
because electrons cannot exceed the diffusion energy level of the depletion layer, q(Φm-Φs).
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Figure 2.18 Band diagram of a Schottky junction in an unbiased state
When a forward bias of VB is applied across the Schottky junction, the energy level of the n-type
semiconductor rises, increasing the number of electrons that exceed the diffusion energy, q(Φm- Φs
- VB). These electrons move into the metal, allowing current to flow.

Figure 2.19 Band diagram of a Schottky junction in the forward-biased state
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When a reverse bias of VR is applied across the Schottky junction, the energy level of the n-type
semiconductor drops. Therefore, few electrons can exceed the diffusion energy, q(Φm- Φs+VR),
causing the current flow to stop.

Figure 2.20 Band diagram of a Schottky junction in the reverse-biased state

Typically, molybdenum (Mo), titanium (Ti), and vanadium (V) are used as a barrier metal forming a
Schottky junction. A major characteristic of the SBD is that its current rises at a voltage lower than
the Si diode.
The diffusion potential of vanadium (V) and titanium (Ti) is lower than that of molybdenum (Mo).
Therefore, SBDs using vanadium and titanium have lower metal-to-semiconductor barrier potential
than those using molybdenum and tend to exhibit larger reverse current. SBDs with large reverse
current cause an increase in junction temperature because of power dissipation equal to reverse
voltage multiplied by reverse current. Reverse current has a positive temperature coefficient. In
other words, reverse current increases as junction temperature increases. As junction temperature
increases, reverse current, in turn, increases, eventually leading to thermal runaway and ultimately
to destruction or degradation of the device. Therefore, care should be taken as to the reverse bias
voltage applied, ambient temperature, and other usage conditions when using SBDs.
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2.2.2. JBS structure
Despite low forward voltage (VF), an SBD exhibits large reverse current. Since reverse current has a
positive temperature coefficient, it increases as temperature increases. A rise in temperature, in turn,
causes an increase in reverse current, eventually leading to thermal runaway, depending on the
reverse voltage applied, ambient temperature, and other usage conditions. Thermal runaway might
cause device destruction or degradation. Toshiba's product portfolio includes diodes designed with a
Junction Barrier Schottky (JBS) structure to reduce reverse current.
Figure 2.21 shows the cross-sectional view of an SBD with the JBS structure, which has p-type layers
buried in the n layer. When an SBD is reverse-biased, depletion layers begin to expand across the n
and diffused p layers. As the reverse bias voltage is increased, adjacent depletion layers merge,
suppressing an increase in reverse current.

Figure 2.21 JBS structure

Figure 2.22 Formation of depletion layers by

Figure 2.23 Expansion of depletion layers by

the application of a reverse bias

an increase in reverse bias across

across the Schottky junction

the Schottky junction
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Figure 2.24 Comparison of the reverse current characteristics of SBDs with
typical and JBS structures

2.3. SiC Schottky barrier diodes
2.3.1. What is SiC?
Silicon carbide (SiC) consists of silicon (Si) and carbon (C) atoms. Each atom is surrounded by four
different atoms in the form of a regular tetrahedron. SiC is the compound semiconductor with the
densest tetrahedral arrangement. SiC has many crystalline structures called polytypes that exhibit
different physical properties because of periodic differences in the overlap of tetrahedrons.
Compared to silicon, SiC has a wider energy gap where no electron states can exist (called a bandgap,
Eg) between valence and conduction bands. A wide bandgap provides a strong atomic bond and
therefore a high electrical breakdown field. SiC has an electrical breakdown field that is roughly ten
times that of silicon. Because of a strong atomic bond, SiC has greater lattice vibration and
consequently conducts energy more easily than silicon. Therefore, SiC is a semiconductor material
with good thermal conduction. The polytypes of SiC include 4H-SiC and 6H-SiC that are hexagonal
crystal structures and 3C-SiC that is a cubic crystal structure. Table 2-1 compares the physical
properties of silicon and other semiconductor materials. 4H-SiC is commonly used as a
semiconductor material because it provides a better balance among electron mobility, electrical
breakdown field, saturation electron drift velocity, and other physical properties than other polytypes
of SiC.
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Table 2-1 Physical properties of typical semiconductor materials
Property

Symbol

Unit

Si

4H-SiC

6H-SiC

3C-SiC

GaN

GaAs

ダイヤモンド

Bandgap

Eg

eV

1.12

3.26

3.02

2.23

3.39

1.43

5.47

Electron mobility

μe

1000

900

8500

2200

Hole mobility

μh

Electric
breakdown field
Thermal
conductivity

cm2/ Vs

1400

1000/1200 450/ 100

600

120

100

50

150

400

1600

Ec

V/ cm

3.0×105

2.8×106

3.0×106

1.5×106

3.3×106

4.0×105

1.0×107

λ

W/ cm･K

1.5

4.9

4.9

4.9

2.0

0.5

20

Vsat

cm/ s

1.0×107

2.2×107

1.9×107

2.7×107

2.7×107

2.0×107

2.7×107

εr

-

9.7

9.0

12.8

5.5

Saturation
electron drift
velocity
Relative dielectric
constant

11.8

9.7/ 10.2 9.7/ 10.2

Figure 2.25 Bandgap of Si

Figure 2.26 Bandgap of SiC

High-voltage Si power devices have low electric breakdown field. In order to achieve high
breakdown voltage, it is necessary to provide a wide n- layer with low dopant concentration as
shown in Figure 2.27. However, a lightly doped n- layer has large resistivity, causing the conduction
resistance of a diode to increase.
Since the electric breakdown field of SiC is nearly 10 times that of silicon, SiC makes it possible to
increase the dopant concentration and reduce the thickness of the n- layer in order to obtain the
breakdown voltage equivalent to that of Si diodes.
Electron and hole mobilities (μ) characterize how quickly an electric field can accelerate the velocity
of an electron or a hole [(velocity = mobility (μ) × electric field (E)]. A higher carrier mobility (μ)
means that an electric current flows more easily with less resistance. Since SiC provides a higher
saturation electron drift velocity (i.e., a higher limit to μ) than Si, SiC makes it possible to create
high-performance devices.
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n-

n-

Figure 2.27 Comparison of electric fields in Si and SiC SBDs

2.3.2. SBD with an improved JBS structure
Large current flows through SiC and other types of rectifier diodes when charging a capacitance load.
Therefore, high forward pulse current capability (IFP or IFSM) is required for these diodes.

Figure 2.28 Example of a waveform of a charging current flowing to a
capacitor for full-wave rectification
To meet this requirement, Toshiba has developed new SiC SBDs with an improved JBS structure
incorporating the concept of the Merged PIN Schottky (MPS) structure.
The MPS structure has p+ layers buried in the n- layer of an SBD as shown in Figure 2.29. (Toshiba’s
MPS structure replaces some of the p layers in a JBS structure with p+ layers.) When large current
flows through an SBD, the pn diode formed by the p+ and n- layers conducts in addition to the
Schottky junction. At this time, the p+ layers provide holes for the n- layer while the n+ layer provides
electrons for the n- layer. This causes conductivity modulation, increasing the carrier concentration in
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the n- layer (see section 2.1.6). Conductivity modulation reduces the resistance of the n- layer,
making it possible to conduct large current and increase allowable peak forward surge current.

Figure 2.29 Cross-sectional view of an SBD with an improved JBS structure

Figure 2.30 shows the forward current-vs-forward voltage curve of an SBD with an improved JBS
structure. This SBD provides high pulse current capability as well as low forward voltage even in the
high-current region.

Figure 2.30 Forward current-vs-forward voltage curves of a typical SBD,
a pn diode, and an SBD with an improved JBS structure
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2.4. Zener diodes
Zener diodes differ from typical rectifier and switching diodes in that they are used in the breakdown
region in which the reverse characteristics of the pn junction are stable. Typical diodes cannot be
used in the reverse breakdown region unless it is specifically noted that it is permissible. Using typical
diodes in the reverse breakdown region causes a local breakdown phenomenon, which might cause
current concentration, resulting in the destruction of the pn junction. In contrast, Zener diodes are
designed in such a manner that current does not concentrate locally at the pn junction.
The breakdown characteristics of a Zener diode are determined by the dopant profile in the vicinity of
the pn junction as well as its shape and surface conditions. Therefore, Zener diodes with different
breakdown voltages can be designed by changing these conditions.

2.4.1. Zener breakdown and avalanche breakdown
The operation of a Zener diode can be explained by two phenomena: Zener breakdown and
avalanche breakdown.
2.4.1.1. Zener breakdown
As the reverse bias voltage across the pn junction is increased, bonding in a crystal lattice is broken
because valence electrons (i.e., electrons in the outermost shell) comprising the crystal lattice in the
depletion layer are exposed to a high electric field. As a result, free electrons are created. These free
electrons jump by tunneling from the valence band to the conduction band. As electrons and holes
are attracted to the electrodes of a diode, current flows suddenly. If a diode is heavily doped, a
depletion layer does not expand easily even when the pn junction is reverse-biased. In such cases,
Zener breakdown occurs. Zener breakdown is predominant for low-voltage Zener diodes in which a
breakdown occurs at a voltage lower than 5 to 6 V.

Figure 2.31 Zener breakdown
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2.4.1.2. Avalanche breakdown
Avalanche breakdown is also called electron avalanche breakdown. As the reverse bias voltage across
the pn junction is increased, thermally generated electrons and holes are accelerated by the high
electric field in the depletion layer and collide with the atoms in crystal, knocking valence electrons
free and thus creating electron-hole pairs. As these electron-hole pairs are also accelerated by the
high electric field, they collide with other atoms, creating more electron-hole pairs. This leads to
further knocking-out processes, attracting electrons and holes to the electrodes of a Zener diode and
causing current to flow suddenly. Called avalanche breakdown, this effect becomes predominant at a
voltage higher than 5 to 6 V.

Figure 2.32 Avalanche breakdown
Zener breakdown and avalanche breakdown exhibit different temperature characteristics because of
the difference in their mechanisms. The Zener breakdown voltage decreases as temperature
increases whereas the avalanche breakdown voltage increases as temperature increases.
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Figure 2.33 Example of Zener voltage temperature coefficient vs
Zener voltage
2.4.2. Forward characteristics of Zener diodes
As is the case with typical pn diodes, the forward current of a Zener diode in the low-current region
is expressed by Equation 2-3:

𝑞∙𝑉𝐹

𝐼𝐹 = 𝐼𝑆 ∙ (𝑒 𝐾∙𝑇 − 1)
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2.4.3. Reverse characteristics of Zener diodes
The voltage that is sufficient to allow a Zener diode to conduct in the reverse direction is called Zener voltage (V Z),
which is determined by the dopant concentration of the n-type semiconductor and the dopant concentration profile of
the pn junction. Figure 2.34 show an example of the IZ–VZ curves at different Zener voltages. Since Zener voltage
(VZ) depends on Zener current (IZ), IZ should be set appropriately according to VZ.
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Figure 2.34 Example of IZ-VZ curves at different Zener voltages
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To perform a parametric search of switching diodes

→

Click Here

To perform a parametric search of rectifier diodes

→

Click Here

To visit a web page on Schottky barrier diodes

→

Click Here

To perform a parametric search of Schottky barrier diodes

→

Click Here

To visit a web page on SiC Schottky barrier diodes

→

Click Here

To perform a parametric search of SiC Schottky barrier diodes

→

Click Here

To visit a web page on TVS (ESD protection) diodes

→

Click Here

To perform a parametric search of TVS (ESD protection) diodes

→

Click Here

To visit a web page on Zener diodes

→

Click Here

To perform a parametric search of Zener diodes

→

Click Here

To download the application note “SiC Schottky Barrier Diodes”

→

Click Here

→

Click Here

for Voltage Boost Circuits”

→

Click Here

To download the application note “Basics of ESD Protection (TVS) Diodes”

→

Click Here

ESD Protection Diodes Suitable for Overvoltage Protection”

→

Click Here

To visit an FAQ web page on diodes

→

Click Here

Reference Design Center

→

Click Here

To download the application note “SiC Schottky Barrier Diodes:
Absolute Maximum Ratings and Electrical Characteristics”
To download the application note “Selecting Schottky Barrier Diodes

To download the application note “Zener and
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