Chapter 4 )
Schottky Rectifiers e

A Schottky rectifier is formed by making a nonlinear contact between a metal and the
semiconductor drift region. The Schottky rectifier is an attractive unipolar device for
power electronics applications due to its relatively low on-state voltage drop and its
fast switching behavior. It has been widely used in power supply circuits with low
operating voltages due to the availability of excellent devices based upon silicon
technology. In the case of silicon, the maximum breakdown voltage of Schottky
rectifiers has been limited by the increase in the resistance of the drift region.
Commercially available devices are generally rated at breakdown voltages of less
than 100 V. Novel silicon structures that utilize the charge-coupling concept have
allowed extending the breakdown voltage to the 200 V range [1, 2].

Many applications described in Chap. 1 require fast switching rectifiers with low
on-state voltage drop that can also support over 500 V. The much lower resistance of
the drift region for silicon carbide enables the development of such Schottky
rectifiers with very high breakdown voltages [3]. These devices not only offer fast
switching speed but also eliminate the large reverse recovery current observed in
high-voltage silicon P-i-N rectifiers. This reduces switching losses not only in the
rectifier but also in the IGBTSs used within the power circuits [4].

In this chapter, the basic structure of the power Schottky rectifier is first intro-
duced to define its constituent elements. The chapter then provides a discussion of
the basic principles of operation of the metal-semiconductor contact. The current
transport mechanisms that are pertinent to power devices are elucidated for both the
forward and reverse mode of operation. In the first quadrant of operation, the
thermionic emission process is dominant for power Schottky rectifiers. In the third
quadrant of operation, the influence of Schottky barrier lowering has a strong impact
on the leakage current for silicon devices. In the case of silicon carbide devices, the
influence of tunneling current must also be taken into account when performing the
analysis of the reverse leakage current.

The trade-off between reducing power dissipation in the on-state and the off-state
for Schottky rectifiers is also analyzed in this chapter. This trade-off requires taking
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into account the maximum operating temperature for the application. The power
dissipation in the Schottky rectifier is shown to depend upon the barrier height as
well as the duty cycle.

4.1 Power Schottky Rectifier Structure

The basic one-dimensional structure of the metal-semiconductor or Schottky rectifier
structure is shown in Fig. 4.1 together with electric field profile under reverse bias
operation. The applied voltage is supported by the drift region with a triangular
electric field distribution if the drift region doping is uniform. The maximum electric
field occurs at the metal contact. The device undergoes breakdown when this field
becomes equal to the critical electric field for the semiconductor.

When a negative bias is applied to the cathode, current flow occurs in the
Schottky rectifier by the transport of electrons over the metal-semiconductor contact
and through the drift region as well as the substrate. The on-state voltage drop is
determined by the voltage drop across the metal-semiconductor interface and the
ohmic voltage drop in the resistance of the drift region, the substrate, and its ohmic
contact.

At typical on-state operating current density levels, the current transport is
dominated by majority carriers. Consequently, there is insignificant minority carrier
stored charge within the drift region in the power Schottky rectifier. This enables
switching the Schottky rectifier from the on-state to the reverse blocking off-state in
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Fig. 4.1 Electric field distribution in a Schottky rectifier
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a rapid manner by establishing a depletion region within the drift region. The fast
switching capability of the Schottky rectifier enables operation at high frequencies
with low power losses making this device popular for high-frequency switch-mode
power supply applications. With the advent of high-voltage Schottky rectifiers based
upon silicon carbide, they are being utilized in motor control and solar inverter
applications as well.

4.2 Metal-Semiconductor Contact

Nonlinear current transport across a metal-semiconductor contact has been known
for a long time. The potential barrier responsible for this behavior was ascribed to the
presence of a stable space-charge layer by Walter Schottky in 1938. In this section,
the principles for the formation of a rectifying contact between a metal and an N-type
semiconductor region are described. This enables relating the Schottky barrier height
between the metal and the semiconductor to their fundamental properties.

The energy band diagram for a metal and an N-type semiconductor are shown in
Fig. 4.2 when they are isolated from each other. In general, the position of the Fermi
level in the metal and the semiconductor will have different energy values. In the
example shown in the figure, the Fermi level in the semiconductor lies above the
Fermi level for the metal. The work function for the metal (¢by) is defined as the
energy required to move an electron from the Fermi level position in the metal (Egyp)
to a state of rest in free space outside the surface of the metal. In the same manner, the
work function for the semiconductor (¢s) is defined as the energy required to move
an electron from the Fermi level position in the semiconductor (Egs) to a state of rest
in free space outside the surface of the semiconductor. Since no electrons are located
at the Fermi level position in the semiconductor, it is useful to define an electron
affinity for the semiconductor (ys) as the energy required to move an electron from
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the bottom of the conduction band in the semiconductor (E¢) to a state of rest in free
space outside the surface of the semiconductor. The work function and electron
affinity for the semiconductor are related by:

(0N =xs+ (EC — Eps) (41)

The potential difference between the Fermi level in the semiconductor and the Fermi
level in the metal is called the contact potential (Vcp) which is given by:

qVCP = (EFS — EFM) = (I)M — (Ds = (I)M — ()(S + EC — Eps) (42)

The contact potential is also the built-in voltage for a Schottky barrier diode.

When an electrical connection is provided between the metal and the semicon-
ductor, electrons are transferred from the semiconductor to the metal due to their
greater energy until thermal equilibrium is established. This transfer of electrons
creates a negative charge in the metal and a positive charge within a depletion region
formed at the semiconductor surface. The resulting band structure is illustrated in
Fig. 4.3 for the case of a separation “d” between the metal and the semiconductor
surfaces. When the metal and the semiconductor surfaces are brought into contact by
reducing the separation “d” to zero, the band structure for the metal-semiconductor
contact is obtained as illustrated in Fig. 4.4. The entire contact potential is now
supported within the depletion region formed at the surface of the semiconductor.
This voltage is therefore also referred to as the built-in potential (Vy,;) of the metal-
semiconductor contact.

The Schottky barrier height (¢gy) is related to the built-in potential by:

®pn = Vi + (Ec — Ers) (4.3)
Another useful relationship for obtaining the Schottky barrier height is:

Py = Oy — x5 (4.4)
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because these properties for the materials can be measured. The built-in potential
creates a depletion region within the semiconductor whose width is given by:

265V
Wo = | [Tt (4.5)
qNp

4.3 Forward Conduction

Current flow across the metal-semiconductor junction can be produced by the
application of a negative bias to the N-type semiconductor region. This produces a
shift in the energy band structure as illustrated in Fig. 4.5. Current flow across the
interface then occurs mainly due to majority carriers — electrons for the case of an
N-type semiconductor. The current transport across the contact can take place via
four basic processes [5] that are schematically shown in the figure:

(a) The transport of electrons from the semiconductor into the metal over the
potential barrier — referred to as thermionic emission current

(b) The transport of electrons by quantum mechanical tunneling through the poten-
tial barrier — referred to as tunneling current

(c) The transport of electrons and holes into the depletion region followed by their
recombination — referred to as recombination current

(d) The transport of holes from the metal into the neutral region of the semiconduc-
tor followed by recombination — referred to as the minority carrier current

In the case of power rectifiers, the doping concentration in the semiconductor
must be relatively low in order to support the reverse bias (or blocking) voltage. This
spreads the depletion region over a substantial distance. Consequently, the potential
barrier is not sharp enough to allow substantial current via the tunneling process. The
recombination current in the space-charge region is observable only at very low
on-state current levels. The current transport due to the injection of holes is usually
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Fig. 4.5 Energy band diagram for a metal-semiconductor junction after the application of a
forward bias voltage (electrons are shown as red circles and holes as blue squares)

negligible unless the Schottky barrier height is large. In power Schottky rectifiers,
the barrier height is intentionally reduced to lower the on-state voltage drop making
the minority carrier current small. Consequently, the current flow via the thermionic
emission process is the dominant current transport mechanism in silicon and silicon
carbide Schottky power rectifiers.

In the case of high-mobility semiconductors, such as silicon, gallium arsenide,
and silicon carbide, and for power rectifiers with low doping concentrations in the
semiconductor, the thermionic emission theory can be used to describe the current
flow across the Schottky barrier interface [6]:

J — AT2e~(a®sn/KT) [ewwm _ 1} (4.6)

where A is the effective Richardson’s constant, T is the absolute temperature, k is
Boltzmann’s constant, and V is the applied bias. An effective Richardson’s constant
of 110, 140, and 146 A/cm>-°K? can be used for N-type silicon [6], gallium arsenide
[6], and 4H silicon carbide [3], respectively. This expression, based upon the
superimposition of the current flux from the metal and the semiconductor [7]
which balance out at zero bias, holds true for both positive and negative voltages
applied to the metal contact.

When a forward bias is applied (positive values for Vin Eq. (4.6)), the first term in
the square brackets of the equation becomes dominant allowing calculation of the
forward current density using:

Jp = AT a®an/AT) (aVes /K1) (4.7)

where Vgs is the forward voltage drop across the Schottky contact.
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In the case of power Schottky rectifiers, a thick lightly doped drift region must be
placed below the Schottky contact as illustrated in Fig. 4.1 to allow supporting the
reverse blocking voltage. A resistive voltage drop (V) occurs across this drift region
which increases the on-state voltage drop of the power Schottky rectifier beyond Vis.
In case of current transport by the thermionic emission process, there is no modu-
lation of the resistance of the drift region because minority carrier injection is
neglected. Due to the small thickness (typically less than 50 pm) of the drift region
for power Schottky diodes, it is grown on top of a heavily doped N* substrate as a
handle during processing and packaging of the devices. The resistance contributed
by the substrate (Rsyg) must be included in the analysis because it can be compa-
rable to that of the drift region especially for silicon carbide devices. In addition, the
resistance of the ohmic contact (Rcont) to the cathode may make a substantial
contribution to the on-state voltage drop.

The on-state voltage drop (V) for the power Schottky rectifier, after including the
resistive voltage drop, is given by:

VeE=Vg +Vr = k;T In (52) + Rs,spJF (4.8)

where Jg is the forward (on-state) current density, Js is the saturation current density,
and Rgsp is the total series-specific resistance. In this expression, the saturation
current is given by:

Js = AT?e (@Pen/KT) (4.9)
and the total series-specific resistance is given by:

Rs,sp = Rp,sp + Rsu + Rcont (4.10)

The saturation current is a strong function of the Schottky barrier height and the
temperature as shown in Fig. 4.6 for silicon devices. (A corresponding plot for
4H-SiC is provided in Ref. [3] for the range of barrier heights typical for this
material.) The barrier heights chosen for this plot are in the range for typical metal
contacts with silicon. The saturation current density increases with increasing
temperature and reduction of the barrier height. This has an influence not only on
the on-state voltage drop but an even greater impact on the reverse leakage current as
discussed in the next section.

As discussed in Chap. 1, the specific on-resistance of the drift region is given by:

4BV?
Ron—ideat = —— 4.11
on—ideal 8SﬂnE3é ( )

The specific on-resistance of the drift region for 4H-SiC is approximately 2000 times
smaller than for silicon devices for the same breakdown voltage (around 1000 V) as
shown earlier in Fig. 3.6. Their values are given by:
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Fig. 4.6 Saturation current density for silicon Schottky barrier rectifiers

Rp.sp = Ron-igeat (Si) = 8.4 x 107 BV*? (4.12)

and

Rp.sp = Ron-igea (4H — SiC) = 2.07 x 107 12BV?? (4.13)

if a constant mobility of 1360 cm?/V-s is used for silicon and 1140 cm*/V-s for
4H-SiC. This approximation works well for silicon but not for 4H-SiC because the
doping levels are much larger resulting in reduced mobility.

In addition, it is important to include the resistance associated with the thick,
highly doped N substrate because this is comparable to that for the drift region in
some instances. The specific resistance of the N* substrate can be determined by
taking the product of its resistivity and thickness. For silicon, N* substrates with
resistivity of 1 mQ-cm are available. If the thickness of the substrate is 200 pm, the
specific resistance contributed by the N* substrate is 2 x 10~ Q-cm?. For silicon
carbide, the available resistivity of the N™ substrates is substantially larger. For the
available substrates with a typical resistivity of 0.02 Q-cm and thickness of 200 pm,
the substrate contribution is 4 x 10~* Q-cm?. The specific resistance of the ohmic
contact to the N* substrate can be reduced to less than 1 x 107° Q-cm® with
adequate attention to increasing the doping concentration at the contact and by
using ohmic contact metals with low barrier heights as discussed in Sect. 2.4.

The calculated forward conduction characteristics for silicon Schottky rectifiers
are shown in Fig. 4.7 for various breakdown voltages. For this figure, a Schottky
barrier height of 0.7 eV was chosen because this is a typical value used in actual
power devices. It can be seen that the series resistance of the drift region does not
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Fig. 4.7 Forward characteristics of silicon Schottky rectifiers

adversely impact the on-state voltage drop for the device with a breakdown voltage
of 50 V at a nominal on-state current density of 100 A/cm?®. However, this resistance
becomes significant when the breakdown voltage exceeds 100 V, limiting the
application of silicon Schottky rectifiers to systems, such as switch-mode power
supply circuits, operating at voltages below 100 V.

The significantly smaller resistance of the drift region enables scaling of the
breakdown voltage of silicon carbide Schottky rectifiers to much larger voltages
typical of medium and high power electronic systems, such as those used for motor
control. The forward characteristics of high-voltage 4H-SiC Schottky rectifiers are
shown in Fig. 4.8 for the case of a Schottky barrier height of 1.1 eV. The N* substrate
resistance used for these calculations was 4 x 10~* Q-cm?. It can be seen that the
drift region resistance does not produce a significant increase in on-state voltage drop
until the breakdown voltage exceeds 3000 V. From these results, it can be concluded
that silicon carbide Schottky rectifiers are excellent companion diodes for medium
and high power electronic systems that utilize insulated gate bipolar transistors
(IGBTs). Their fast switching speed and absence of reverse recovery current can
reduce power losses and improve the efficiency in motor control applications [4].

The choice of the Schottky barrier height has an impact on the on-state voltage
drop. In order to illustrate this, the calculated forward conduction characteristics for
silicon Schottky rectifiers are shown in Fig. 4.9 for various Schottky barrier heights.
For this figure, a breakdown voltage of 50 V was chosen because this is a typical
value for power devices. It can be seen that an increase in the on-state voltage drop
occurs in proportion to the magnitude of the Schottky barrier height. It is therefore
attractive to use a low Schottky barrier height for power rectifiers in order to reduce
the on-state voltage drop.
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Fig. 4.8 Forward characteristics of 4H-SiC Schottky rectifiers
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Fig. 4.9 Forward characteristics of silicon Schottky rectifiers

As discussed above, the on-state voltage drop for silicon Schottky power recti-
fiers designed to support low voltages is determined mainly by the voltage drop
across the metal-semiconductor contact. By using Eqgs. (4.8 and 4.9) and neglecting
the resistive voltage drop, the on-state voltage drop is given by:
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Fig. 4.10 Temperature dependence of the on-state voltage drop for silicon Schottky rectifiers

kT JE
Vi = Opx + — In (25 4.14
F BN + p n <AT2) (4.14)

Since the logarithmic term in this expression has a negative value, the forward
voltage drop for the Schottky diode decreases with increasing temperature. Exam-
ples of the variation of the on-state voltage drop for Schottky rectifiers with
temperature are shown in Fig. 4.10 for various cases of the Schottky barrier height.
The observed decrease in the on-state voltage drop with temperature is favorable for
reducing power losses but can cause current localization within devices.

Simulation Example

The results of one-dimensional numerical simulations are provided in this section for
the case of a device with a breakdown voltage of 50 V to gain further insight into the
physics of operation for the Schottky rectifier. This is a typical breakdown voltage
for commercially available silicon power Schottky rectifiers. This breakdown volt-
age was obtained with a drift region with doping concentration of 8 x 10'° cm ™ and
thickness of 3 pm. The forward conduction characteristics were obtained by sweep-
ing the cathode voltage in the negative direction. Simulations were performed for
various values for the Schottky barrier height to examine the impact on the injection
of minority carriers (holes) into the drift region. The minority carrier lifetimes (7,
and 7,,9) were assigned a value of 10 ps during these simulations.

The forward characteristics obtained with the simulations for these Schottky
rectifiers are shown in Fig. 4.11 for various Schottky barrier heights. These charac-
teristics are in excellent agreement with those shown in Fig. 4.9 based upon the
analytical model. For example, the on-state voltage drop obtained at a current
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density of 100 A/cm? is 0.41 V for both the simulation and the analytical case when
the barrier height is 0.7 eV. The analytical model is therefore sufficient for the
analysis of the silicon Schottky rectifier.

The on-state current flow in the Schottky rectifier was discussed earlier with the
aid of Fig. 4.5. It was pointed out that one of the current flow mechanisms is by
minority carrier injection into the drift region. The simulations allow analysis of this
contribution by examination of the hole concentration in the drift region. Since the
injection process is known to be sensitive to the barrier height [8], the hole concen-
tration in the drift region is shown in Fig. 4.12 for various barrier heights. In all
cases, the on-state voltage drop was chosen as 0.5 V, which is the typical operating
value for silicon rectifiers because it produces an on-state current density of about
100 A/cm?. Tt can be observed that the injected hole concentration increases with
increasing barrier height as expected. However, even for the largest barrier height of
0.8 eV, the injected hole density is less than 10'® cm ™2 in the drift region, which is
1000 times smaller than the doping concentration. This confirms that the on-state
operation of the silicon Schottky rectifier can be performed while neglecting the
injection of minority carriers. It also confirms that the stored charge in the silicon
Schottky rectifier is small allowing rapid switching from the on-state to the off-state
during circuit operation.
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Fig. 4.13 Energy band diagram for a metal-semiconductor junction after the application of a
reverse bias voltage

4.4 Reverse Blocking

When a reverse bias is applied to the Schottky rectifier, the voltage is supported
across the drift region with the maximum electric field located at the metal-
semiconductor contact as shown in Fig. 4.1. The energy band diagram
corresponding to this condition is illustrated in Fig. 4.13. Since no voltage can be
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supported within the metal, the reverse blocking capability of the Schottky rectifier is
governed by the physics for the abrupt P-N junction that was discussed in Chap. 3. If
a parallel-plane breakdown voltage is assumed, the drift region doping and width for
a silicon device are given by:

Np = 1.577 x 108 (BVpp) /> (4.15)

and

Wp = 2.87 x 107 (BVpp)"/® (4.16)

In the case of actual power Schottky rectifiers, the breakdown voltage is constrained
by breakdown at the edges. Edge terminations that have been used to raise the
breakdown voltage of Schottky rectifiers close to the parallel-plane value are
discussed in a later section of the chapter.

4.4.1 Leakage Current

The leakage current for Schottky rectifiers is comprised of three components:

(a) Space-charge generation current arising from the depletion region
(b) Diffusion current arising from carrier generation in the neutral region
(¢c) Thermionic emission current across the metal-semiconductor contact

Due to the relatively small barrier height utilized in silicon Schottky rectifiers, the
thermionic emission component is dominant. The leakage current for the Schottky
rectifier can be obtained by using Eq. (4.6) and substituting a negative bias of
magnitude Vg applied to the diode:

Jp = AT ®an/kT) | o= (aVi/KT) _ 1} (4.17)

Since the typical reverse bias voltages (VR) are much greater than the thermal energy
(kT/q), the exponential term in the square brackets becomes very small under reverse
blocking conditions. Consequently, the leakage current is determined by the satura-
tion current:

JL = —AT2e @ /K — _ (4.18)

As previously discussed with reference to Fig. 4.6 for the saturation current, the
leakage current due to the thermionic emission process is a strong function of the
Schottky barrier height and the temperature. In order to reduce the leakage current
and minimize power dissipation in the blocking state, a large Schottky barrier height
is required. Further, a very rapid increase in leakage current occurs with increasing
temperature, as shown in Fig. 4.14. If the power dissipation due to the leakage
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Fig. 4.14 Temperature dependence of the leakage current for silicon Schottky rectifiers

current becomes dominant, the resulting increase in the device temperature produces
a positive feedback mechanism which can lead to unstable operation of the Schottky
rectifier due to thermal runaway. This destructive failure mechanism for power
Schottky rectifiers must be avoided by sufficiently increasing the Schottky barrier
height even though this increases the on-state voltage drop. A larger Schottky barrier
height is warranted for power Schottky rectifiers that must operate at higher ambient
temperatures. This trade-off is discussed in more detail later in the chapter.

4.4.2 Schottky Barrier Lowering

Based upon the above analysis, the leakage current of the Schottky rectifier should
be independent of the magnitude of the applied reverse bias voltage. However, actual
power Schottky rectifiers exhibit a significant increase in the leakage current with
increasing reverse bias voltage. This increase in the leakage current is far greater than
the space-charge generation current within the expanding depletion region with
increasing reverse bias voltage.

Under reverse blocking operation, it has been found that there is a reduction of the
Schottky barrier height due the image force lowering phenomenon [9]. In order to
analyze this phenomenon, consider the energy band diagram for the metal-
semiconductor contact shown in Fig. 4.15. When an electron in the semiconductor
approaches the metal at a distance x from the interface, a positive mirror image
charge of the same magnitude occurs in the metal at a distance —x from the interface.
This produces an electrostatic force on the electron given by:
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- 4reg(2x) (19)

This attractive force between the particles creates a negative potential energy for the
electron inside the semiconductor, which is the work done to move the electron from
position x to infinity. The corresponding image force potential (V7) is given by:

o0 2 00 2
q dx q
Vi=| Fljdy= - = 4.20
s Jx () l67es L x? 16mesx ( )

The negative image force potential combines with the positive potential due to the
Schottky barrier producing a maximum at a distance Xy, from the interface. At this
location, the image force potential is equal to the potential drop across the depletion
region due to the prevailing electric field indicated by the arrow in the figure. Since
the maximum is located close to the interface, it can be assumed that the electric field
at this location is approximately equal to the maximum electric field (Eyy) at the
Schottky contact. The illustration exaggerates the change in barrier height and the
distance Xy, to clarify the physics. Equating the image force potential (V}) at location
X to the potential drop (Ep.Xy) in the depletion region:

q

———=EuX 4.21
167[83XM MAM ( )

The reduction of the barrier height due to the image force lowering phenomenon,
indicated as A®gy in Fig. 4.15, is then given by:

Apgy = 2EmXm (4.22)

Using Eq. (4.21) to eliminate Xy, the barrier lowering is found to be determined by
the maximum electric field (E)) at the metal-semiconductor interface:
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Fig. 4.16 Schottky barrier lowering for silicon and 4H-SiC Schottky rectifiers

qE
Appn = A/ ﬁ (4.23)

For a one-dimensional structure, the maximum electric field is related to the applied
reverse bias voltage (V) by:

2gN
Ev = \/ Z D (Vg + Vep) (4.24)

where Vy is the reverse bias voltage and Vp is the contact potential.

As an example, the reduction of the barrier height for a 60-V silicon Schottky
rectifier is shown in Fig. 4.16. The reduction of the Schottky barrier height is
0.065 eV at the maximum reverse bias voltage. Although this change in barrier
height may appear to be small, it can lead to a substantial increase in the leakage
current with increasing reverse bias voltage.

The leakage current for the Schottky rectifier including the effect of Schottky
barrier lowering is given by:

JL — _ATZe—ll((/'BN—A’/’BN>/kT (425)

The leakage currents calculated with and without the Schottky barrier lowering
effect are compared for the case of a silicon device with a breakdown voltage of
60 V in Fig. 4.17. In making these plots, the leakage current due to space-charge
generation was neglected because it is much smaller than the leakage current across
the metal-semiconductor contact. It can be seen that the leakage current is enhanced
by a factor of five times due to the barrier lowering phenomenon as the reverse
voltage increases and approaches the breakdown voltage.
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Fig. 4.17 Leakage current density for a 60V silicon Schottky rectifier

4.4.3 Pre-breakdown Avalanche Multiplication

The actual reverse leakage current for silicon Schottky rectifiers has been found to
increase by an even greater degree than predicted by the Schottky barrier lowering
phenomenon. This increase in leakage current can be accounted for by including the
effect of pre-breakdown avalanche multiplication of the large number of free carriers
being transported through the Schottky rectifier structure at the high electric fields
associated with reverse bias voltages close to the breakdown voltage [10]. This
impact ionization process can be treated as a purely electron initiated process due to
the relatively large thermionic emission current across the metal-semiconductor
contact. The total number of electrons that reach the edge of the depletion region
will be larger than those crossing the metal-semiconductor contact by a factor M,,,
which is the electron multiplication factor. An analytical expression for the electron
multiplication factor can be derived by using a power series approximation for the
impact ionization coefficients a,, and a,,:

a, =66 x 10723 (4.26)
and
ap =23 x 1072E*" =0.344q, (4.27)

It has been assumed that the ratio of the impact ionization coefficients for electrons
and holes remains independent of the electric field. The multiplication coefficient
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(M,) is then determined from the maximum electric field (Ey;) at the metal-
semiconductor contact:

M, ={1-152[1—exp(-722 x 10 PE-Pwp)]}" (4.28)

where W, is the depletion layer width. The leakage current density for a silicon
Schottky rectifier with drift region doping concentration of 1 x 10'® cm ™ is shown
in Fig. 4.15 after including the influence of the pre-breakdown multiplication
coefficient. The effect of including the multiplication coefficient is apparent at
high voltages when the electric field approaches the critical electric field for break-
down. The leakage currents obtained, after including the effects of Schottky barrier
lowering and pre-breakdown multiplication, are consistent with the characteristics of
commercially available silicon devices, which exhibit an order of magnitude
increase in leakage current from low reverse bias voltages to the rated voltage
(about 80% of the breakdown voltage).

4.4.4 Silicon Carbide Rectifiers

Since the low specific on-resistance of the drift region in silicon carbide devices is
associated with the much larger electric field in the material before the onset of
impact ionization, the Schottky barrier lowering in silicon carbide rectifiers can be
expected to be significantly larger than in silicon devices. For the case of a drift
region doping level of 1 x 10'® cm >, the barrier lowering is found to be three times
larger in silicon carbide at the corresponding breakdown voltage as shown in
Fig. 4.14. In preparing this graph, the reverse voltage was normalized to the
breakdown voltage because of the different breakdown voltages for the silicon
(50 V) and silicon carbide devices (3000 V).

The enhanced Schottky barrier lowering in silicon carbide devices leads to a more
rapid increase in leakage current with increasing reverse bias as shown in Fig. 4.18.
The leakage current is predicted by this model to increase by about three orders of
magnitude when the reverse voltage approaches the breakdown voltage. The
observed increase in leakage current with applied reverse bias voltage for high-
voltage silicon carbide Schottky rectifiers is much greater than can be accounted for
with the Schottky barrier lowering model [11-13] despite the much larger barrier
lowering effect. The experimentally observed increase in leakage current is about six
orders of magnitude with increase in reverse bias voltage.

Tunneling Current

In order to explain the more rapid increase in leakage current observed in silicon
carbide Schottky rectifiers, it is necessary to include the field emission (or tunneling)
component of the leakage current [14]. The thermionic field emission model for the
tunneling current leads to a barrier lowering effect proportional to the square of the
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Fig. 4.18 Leakage current density for a 3 kV 4H-SiC Schottky rectifier

electric field at the metal-semiconductor interface. When combined with the therm-
ionic emission model, the leakage current density can be written as:

A
Js = AT?exp (— q(]f;N> .exp (q ]:;BN> .exp (CTE%,[) (4.29)

where Cr is a tunneling coefficient. A tunneling coefficient of 8 x 10~"* cm*/V? was
found to yield an increase in leakage current by six orders of magnitude as shown in
Fig. 4.18 consistent with the experimental observations. Thus, the inclusion of the
tunneling model enhances the leakage current by another three orders of magnitude
beyond that due to the Schottky barrier lowering phenomenon.

As discussed above, the leakage current in silicon carbide Schottky rectifiers
increases much more rapidly with reverse voltage than in silicon devices. Fortu-
nately, larger barrier heights can be utilized in silicon carbide devices when com-
pared with silicon devices to reduce the absolute magnitude of the leakage current
density because an on-state voltage drop of 1-1.5 V is acceptable for such high-
voltage structures. This enables maintaining an acceptable level of power dissipation
in the reverse blocking mode. For example, in the case of the 3 kV 4H-SiC Schottky
diode discussed above, the reverse power dissipation at room temperature is less than
1 W/em? compared with an on-state power dissipation of 100 W/cm?. The expected
increase in leakage current with temperature must of course be taken into account in
order to ensure that the reverse power dissipation remains below the on-state power
dissipation for stable operation. The leakage current can be suppressed by shielding
the Schottky contact [3] using the JBS rectifier structure [15] originally proposed for
silicon devices.
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4.5 Device Capacitance

The reverse blocking voltage is supported across a depletion region in the power
Schottky rectifier as shown in Fig. 4.11. The thickness of the depletion region (Wp)
is related to the applied reverse bias voltage (VR) by:

285
Wp =4/——(Vr + Vcp 4.30
225 (vt Var) (430

where Vcp is the contact potential. The specific capacitance (capacitance per unit
area) associated with this depletion region is given by:
s
CSBD,SP = WD (431)
where &g is the dielectric constant of the semiconductor.

The specific capacitance calculated using the above relationships is plotted in
Fig. 4.19 for silicon Schottky rectifiers with breakdown voltages of 30, 50, and
100 V. For these plots, the contact potential was assumed to be 0.7 V. The specific
capacitance decreases with increasing reverse bias voltage due to the expansion of
the depletion region into the drift region. At any given reverse bias voltage, the
specific capacitance is smaller for the higher breakdown voltage structure due to the
smaller doping concentration in the drift region. A typical value for the specific
capacitance for silicon Schottky rectifiers is 10~® F/cm?.
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Fig. 4.19 Specific capacitance for silicon Schottky rectifiers
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Fig. 4.20 Specific capacitance for 4H-SiC Schottky rectifiers

The specific capacitance for the 4H-SiC Schottky rectifiers calculated using the
above relationships is plotted in Fig. 4.20. In this case, a slightly larger contact
potential of 1.0 V was used due to the larger Schottky barrier heights utilized in
silicon carbide devices. Larger values for the breakdown voltages for the silicon
carbide Schottky diodes, of interest for their applications, were selected for this
figure. The behavior of the specific capacitance is similar to that for silicon devices.
A typical value for the specific capacitance for these higher breakdown voltage
4H-SiC Schottky rectifiers is also 10~° F/cm?.

4.6 Thermal Considerations

The Schottky power rectifier is used to control the direction of current flow in power
circuits, such as switch-mode power supplies, operating at high frequencies. The
device operates for a part of the cycle in the on-state and in the off-state for the rest of
the cycle with rapid switching transients between these modes. A typical set of
current-voltage waveforms for the Schottky rectifier are shown in Fig. 4.21 under the
assumption that the switching intervals can be neglected. As discussed earlier in the
chapter, the minority carrier stored charge is very small in the silicon Schottky
rectifier allowing the device to rapidly switch between the on-state and the
off-state. In practical circuit boards, care must be taken to ensure that current ringing
due to the stray inductance of the board and the diode capacitance is minimized.
The power dissipation incurred in the power Schottky rectifier can be calculated
by adding the power loss during the on-state with the power dissipated in the
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off-state [16]. Unlike most power devices, the off-state power loss in the Schottky
rectifier becomes significant, especially at elevated temperatures, due to the rela-
tively large leakage current. If the power loss due to the leakage current becomes
greater than the power loss due to the on-state current flow, the Schottky rectifier can
undergo thermal runaway leading to destructive failure.

As shown in Fig. 4.21, typical Schottky rectifiers exhibit a voltage drop (V)
during current conduction in the forward direction. This results in power dissipation
per unit area in the on-state given by:

PL(OI'I) = 5]1: VF (432)

where Jg is the on-state current density. In this expression, d is referred to as the duty
cycle given by:

6= tON/T (433)

where foy is the on-state duration and T is the time period (the reciprocal of the

operating frequency). The on-state power dissipation decreases with increasing

temperature because the on-state voltage drop decreases as shown in Fig. 4.10.
The power dissipation per unit area in the off-state is given by:

where J is the leakage current exhibited by the device in its off-state due to
supporting a reverse bias (Vg). The power dissipation in the off-state increases
rapidly with temperature due to an increase in the leakage current as shown in
Fig. 4.14.
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The total power dissipation incurred in the diode is obtained by combining these
terms:

Py (total) = Pp (on) + Py (off) (4.35)

As the temperature of the diode is increased from room temperature, the on-state
power dissipation decreases resulting in a reduction of the total power dissipation
because the leakage current is small. However, the leakage current increases rapidly
at high temperatures resulting in an increase in the power dissipation with temper-
ature. Consequently, the power dissipation in the Schottky rectifier goes through a
minimum with increasing temperature as illustrated in Fig. 4.22 for the case of a
device with breakdown voltage of 50 V. A duty cycle of 50%, a Schottky barrier
height of 0.7 eV, a reverse bias voltage of 30 V, and an on-state current density of
100 A/cm?® were chosen for this example.

The maximum stable operating temperature for the Schottky rectifier is limited by
the thermal impedance of the package and heat sink. If a tangent is drawn from the
ambient temperature to the power dissipation curve as shown in Fig. 4.22, the
maximum stable operating temperature is obtained as shown in the figure. Although
stable operation is theoretically predicted below this temperature point, it is prudent
to keep the maximum operating temperature below the point of minimum power
dissipation indicated in the figure.

The Schottky barrier height has a strong influence on the maximum operating
temperature and the minimum power dissipation. This is illustrated in Fig. 4.23 for
the case of a silicon Schottky rectifier with a breakdown voltage of 50 V. Here, a
duty cycle of 50% was chosen with a reverse bias voltage of 30 V and an on-state
current density of 100 A/cm? for these diodes. As the barrier height is increased from
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Fig. 4.22 Typical power dissipation for a silicon Schottky rectifier
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Fig. 4.23 Power dissipation for silicon Schottky rectifiers

0.5t0 0.9 eV, the temperature at which the minimum power dissipation occurs shifts
from 300 °K to above 500 °K. Thus, it becomes necessary to use a larger Schottky
barrier height when designing silicon Schottky rectifiers for high temperature oper-
ation. It can be observed from the figure that this is accompanied by an increase in
the power dissipation within the rectifier.

The maximum operating temperature is also dependent on the duty cycle. This is
illustrated in Fig. 4.24 for the case of 50 V silicon Schottky rectifiers with a barrier
height of 0.7 eV. Here, a reverse bias voltage of 30 V and an on-state current density
of 100 A/cm?® were assumed for these diodes. It can be seen that at room temperature,
the power dissipation is reduced for smaller duty cycles because the on-state power
dissipation is dominant. However, the temperature at which the minimum power
dissipation occurs, indicated by the red arrows in the figure, is also smaller for
smaller duty cycles. It becomes necessary to raise the barrier for low duty cycle
operation to enable operation at high temperatures leading to an increase in the
power dissipation.

It is worth pointing out that all the power dissipation curves cross one another at
the same temperature. This implies that there is a temperature at which the power
dissipation becomes independent of the duty cycle. This temperature can be deter-
mined by using Eq. (4.35) with:

dpPy
—==0 4.36

By using Egs. (4.14 and 4.17) for the on-state voltage drop and the leakage current,
this condition is defined by:
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kT JE 2 — kT
JF |:(pBN +;ln (ﬁ)} — AT?e (aban/ )VR =0 (437)

Iterative solution of this equation with the previously defined device parameters
yields a temperature of 466 °K, which is in agreement with the plots in Fig. 4.24.

4.7 Fundamental Trade-Off Analysis

As demonstrated in the previous section, it is necessary to adjust the barrier height in
order to minimize the power losses for applications. Low barrier heights should be
chosen for power Schottky rectifiers that are intended for applications with large
duty cycles where the power losses due to forward conduction are dominant.
However, the leakage current increases resulting in a low maximum operating
temperature if a small Schottky barrier height is chosen. Similarly, large barrier
heights are required for Schottky rectifiers used in applications with high reverse bias
stress and elevated ambient temperatures. It is therefore necessary to make a trade-
off between reducing the forward voltage drop and minimizing the leakage current
by appropriate choice of the barrier height.

In the case of low voltage (< 50 V) Schottky rectifiers, it is possible to neglect the
influence of the series resistance on the on-state voltage drop. In this case, the
on-state voltage drop is given by:
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kT Jr
VE=®pgn+—In|—5 4.38

TR Ty (AT2> (438)
If the impact of Schottky barrier lowering and pre-breakdown avalanche multipli-
cation is neglected, then the leakage current for the Schottky rectifier is equal to the
saturation current density:

JL = Jg = AT?e~(a®n/kT) (4.39)

A fundamental trade-off relationship that is useful during the design of Schottky
power rectifiers can be derived by combining the above equations with the elimina-
tion of the barrier height:

J = Jpe 4Ve/KT) (4.40)

The calculated trade-off curves for Schottky rectifiers operating at various junc-
tion temperatures are shown in Fig. 4.25. It is worth pointing out that these trade-off
curves are fundamental in nature because they are independent of the semiconductor
material (not accounting for the small difference in the Richardson’s constant). This
implies that the performance of silicon Schottky rectifiers with low breakdown
voltages cannot be improved by replacement with other semiconductors, such as
gallium arsenide or silicon carbide. Thus, the plots in Fig. 4.25 establish the
minimum expected leakage current in Schottky rectifiers for any given on-state
voltage drop and operating temperature. For example, the trade-off curve for
400 °K indicates that the minimum leakage current for a Schottky rectifier will be

10°

On-State
| Current
Density =

10!

lﬂ-l ...... { 1 { i W T T S - -

103} 1 L4 L 1 1 | A, £l O N N S N D N N S S |

1004} 1 1+ | LA 1L LA I b N SN . ) N S . N |

Ll T Y 0 1 O O S 4 N ., I D

we} L

Leakage Current Density (A/cm?)

107
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Forward Voltage Drop (Volts)

Fig. 4.25 Fundamental trade-off curves for Schottky rectifiers



198 4 Schottky Rectifiers

1 mA/cm? if the barrier height is chosen to obtain an on-state voltage drop of 0.4 V.
The performance of actual devices can be expected to be worse than this due to the
impact of the series resistance on increasing the on-state voltage drop and the
influence of Schottky barrier lowering and pre-breakdown avalanche multiplication
on increasing the leakage current.

4.8 Device Technology

A variety of metals have been used to manufacture silicon Schottky barrier rectifiers.
As previously pointed out, it is necessary to use a metal with low barrier height to
reduce the power dissipation. This is satisfactory if the operating ambient tempera-
ture for the diode is low. As the ambient temperature increases, it becomes necessary
to use metals with larger barrier heights to suppress the leakage current. The
Schottky barrier height depends upon the work function of the metal. The work
functions and corresponding barrier heights [17] are tabulated in Fig. 4.26 for
cleaved silicon surfaces with metal deposited in an ultrahigh vacuum environment.
As expected, the barrier height increases with increasing work function for the metal.
These values for the barrier height are consistent with an electron affinity of about
4.0 eV for silicon.

When the metal-silicon interface is subjected to an anneal process at elevated
temperatures, the metal reacts with the silicon producing a metal silicide which has a
different work function. The measured barrier heights for various metal silicides on
N-type silicon are provided in Fig. 4.27. Platinum silicide is commonly used for
power Schottky rectifiers that must be designed to operate at high temperatures.

Metal Cr W Mo Pt
Work Function (eV) 4.50 4.60 4.60 5.30
Barrier Height (eV) 0.57 0.61 0.59 0.81

Fig. 4.26 Work functions and Schottky barrier heights for metals on silicon

Fig. 4.27 Schottky barrier
heights for metal silicides on Metal-Silicide CrSi, | WSi, | MoSi, | PtSi,

silicon

Barrier Height

(V) 0.57 | 065 | 0.55 | 0.78
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4.9 Barrier Height Adjustment

The barrier height is usually decided by the choice of the metal when manufacturing
power Schottky rectifiers. An alternative approach to adjusting the barrier height is
by employing a shallow ion implant at the surface of the semiconductor. The
addition of a surface layer, whose thickness is less than the electron mean free
path of about 100 angstroms, with a carefully controlled dose, can change the
effective barrier height between the metal and the semiconductor [18]. For an
N-type drift region, the addition of an N-type surface layer will reduce the effective
barrier height, while it will be increased by the incorporation of a P-type surface
layer. This method is attractive because it allows the selection of the metal based
upon the metallurgical properties of the interface with the semiconductor for stable
operation while simultaneously tailoring the barrier height using the ion-implanted
layer for the intended application. The optimization of the barrier height for power
Schottky rectifiers can be achieved by starting with a large barrier height and then
reducing the barrier by ion implantation of an N-type surface layer into the N-type
drift region.

In order to analyze the reduction of the barrier height, the doping profile for this
case is shown in Fig. 4.28 under the assumption of a uniform concentration in the
surface layer and the drift region. The electric field profile for this doping profile is
also shown in the figure. The slope of the electric field profile in the zone from x =0
to x = a is determined by the larger doping concentration of the surface layer while
that in the drift region from x = a to x = W is determined by its lower doping
concentration. It can be seen from the band diagram in Fig. 4.28 that a narrow
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potential barrier is formed at the metal-semiconductor interface. As indicated in the
figure, electrons can pass through this barrier creating a tunneling current. This
additional current component can be analyzed as a reduction in the barrier height
producing an enhancement of the thermionic emission current.

The electric field profile obtained by solving Poisson’s equation with the doping
profile shown in Fig. 4.28 is given by the following equations:

N
E(x) = —Ey + 2287 (4.41)
es
from x =0 to x = a and
N
E(x) = D (w —y) (4.42)
&s

from x = a to x = W. The maximum electric field (Ey) at the metal-semiconductor
contact is given by:

4 [Nsa + Np(W — a)] (4.43)

Ey=—
£s

The reduction of the Schottky barrier height can be obtained by substitution of this
expression into Eq. (4.23). If the dose (Ns.a) of the ion implant to create the N-type
surface layer is much greater than the charge in the depletion region at zero bias, the
reduction of the barrier height is given by:

g [aNs

The effective barrier height (¢gg) can be calculated by subtracting this barrier
reduction from the metal-semiconductor barrier height (¢gN).

The reduction of the Schottky barrier height that can be achieved with a shallow
N-type ion implant is shown in Fig. 4.29. It is possible to obtain a barrier reduction in
the range of 0.05-0.15 eV by using a dose of between 10'* and 10'* cm 2. This has
been experimentally confirmed by using antimony implanted into an N-type drift
region [19]. Antimony was chosen as the N-type dopant because of its large mass
and low diffusion coefficient in silicon. The large atomic mass for antimony ensures
that the dopant is located close to the silicon surface for ion implant energies of
5-10 keV, the lowest energies available in commercial ion implanters. Its low
diffusion coefficient ensures that the dopant does not get redistributed during the
post-implant annealing step to activate the dopant and remove the implant damage. It
has been found that the damage from ion implantation can also alter the barrier
height as well as contribute to leakage current by the generation of current at the
metal-semiconductor interface via deep levels in the bandgap. Consequently, appro-
priate annealing steps are required after the ion implant to produce good Schottky
diode characteristics.
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Fig. 4.29 Reduction of the Schottky barrier height with a thin, highly doped, N-type surface layer

4.10 Edge Terminations

The power Schottky barrier rectifier can be fabricated without the need for the
additional processing steps that are required for creating P-N junctions. A Schottky
rectifier with a metal field plate structure is illustrated in Fig. 4.30(a) with thermally
grown silicon dioxide as the passivation at the edges. With this edge termination, a
high electric field develops at the edges of metal (at point A). This not only degrades
the breakdown voltage but contributes to the enhancement of the leakage current due
to Schottky barrier lowering. The extension of Schottky contact metal over the oxide
reduces the electric field at point A as discussed for field plates in Chap. 3. Care must
be taken to design the field plate termination so that premature breakdown is not
initiated at point B.

An improved field plate structure, illustrated in Fig. 4.30(b), can be created by
using the LOCOS (Local Oxidation of Silicon) process. In the LOCOS process, a
tapered field oxide is grown at the edges by utilizing a silicon nitride mask in the
active area of the diode. This produces a tapered oxide at the edges due to formation
of the “birds-beak” effect, as illustrated in the figure, which assists in reducing the
electric field at Schottky metal contact.

A more commonly used approach for providing the edge termination for silicon
Schottky power rectifiers is by incorporation of a P* guard ring, as illustrated in
Fig. 4.30(c), even though this entails extra processing steps. The guard rings overlap
the edges of the Schottky contact metal completely screening it from high electric
fields. The breakdown voltage of this edge termination is the same as that of the
cylindrical junction discussed in Chap. 3 if the corners of the diode are sufficiently
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Fig. 4.30 Edge terminations for Schottky barrier rectifiers

rounded to avoid formation of spherical junctions. The presence of the P* guard ring
creates a P-N junction in parallel with the Schottky diode. If the Schottky rectifier is
designed to operate with an on-state voltage drop below 0.6 V, as is typical for
silicon Schottky rectifiers with low breakdown voltages, the P-N junction does not
get sufficiently forward biased to inject minority carriers into the drift region under
normal operating conditions. This preserves the fast switching properties of the
Schottky rectifiers essential for their application in high-frequency power circuits.
Under surge current levels, where the diode is subjected to a very high on-state
current density, the injection from the P-N junction is beneficial for reducing the
on-state voltage drop and power dissipation.

4.11 Reverse Recovery Current

It will be shown in Chap. 5 that P-i-N rectifiers exhibit a large reverse recovery
current flow due to stored charge inside the drift region produced by the on-state
current flow. There is no stored charge in Schottky rectifiers due to majority carrier
transport in the on-state. Despite this, a reverse recovery current is observed in
Schottky rectifiers due to the capacitance of the device.
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Consider the case of a Schottky rectifier which undergoes switching from the
on-state to the off-state with a constant rate of change () of the anode voltage. The
reverse voltage across the device is then given by:

Vr(t) = (Vui + 61) (4.45)

where Vy,; is the built-in voltage of the Schottky contact. The reverse current
produced by this [dV/df] applied to the Schottky diode can be obtained using its
capacitance C(V):

av Es

Jr(t) = C(V) {E} = Vo 5 (4.46)

where Wp(V) is the width of the depletion region. The width of the depletion region
is given by:

Wn(r) = \/288 [ng(\t/? Vi _ \/285 (;Sltv I Vi) (4.47)

where Np is the doping concentration of the drift region. Using this expression in

Eq. (4.46):
| gNpes&®
Jr(t) = m (4.48)

As an example, the reverse recovery current density is shown in Fig. 4.31 for case
of a drift region doping concentration of 1 x 10'® cm ™ corresponding to a Schottky
diode with breakdown voltage of about 50 V. A reverse voltage ramp rate of 1 x 107
V/s was assumed here with the resulting waveform shown in Fig. 4.31. The largest
reverse current density occurs at zero crossing because of the largest capacitance
with a maximum value of about 0.3 A/cm?® This is a relatively small reverse
recovery current when compared with P-i-N rectifiers.

4.12 Summary

The physics of operation of the Schottky rectifier has been described in this chapter.
For power devices with relatively high breakdown voltages, the dominant current
conduction mechanism is by the thermionic emission process. This process governs
the fundamental relationship between the on-state voltage drop and the leakage
current for power Schottky rectifiers. For power Schottky rectifiers, it is necessary
to include the impact of the series resistance of the drift region on the on-state
voltage drop. This series resistance limits the performance of silicon rectifiers to a
breakdown voltage of less than 200 V. In addition, the Schottky barrier lowering and
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Fig. 4.31 Reverse recovery waveforms for Schottky barrier rectifiers

pre-breakdown avalanche multiplication must be taken into consideration when
analyzing the leakage current for silicon devices because they can enhance the
leakage current by an order of magnitude for high reverse bias voltages. In the
case of silicon carbide Schottky rectifiers, it is possible to extend the breakdown
voltage to at least 3000 V due to the much smaller resistance in the drift region.
However, the reverse leakage current in silicon carbide devices is significantly
enhanced by the tunneling current at high reverse bias voltages.

The leakage current in silicon and silicon carbide Schottky rectifiers can be
suppressed by using the junction-barrier controlled Schottky (JBS) rectifier structure
[1-3]. A detailed analysis of these structures is beyond the scope of this textbook due
to space limitations. In addition, the performance of silicon Schottky rectifiers has
been greatly improved by using the Trench MOS Barrier Schottky (TMBS) charge-
coupling concept. The JBS and TMBS structures are discussed in detail in other
recently published books [20, 21].

Problems

4.1 Calculate the barrier height for a Schottky contact to silicon made using a
metal with a work function of 4.6 eV.

4.2 Calculate the specific resistance for the ideal drift region for a silicon Schottky
barrier rectifier designed to block 100 V.

4.3 Calculate the on-state voltage drop for a Silicon Schottky barrier rectifier
designed to block 100 V under the following assumptions: (a) parallel-plane
breakdown voltage, (b) on-state current density of 100 Alem?, (c) barrier
height of 0.8 eV, (d) operation at room temperature (300 °K), and (e) zero
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substrate and ohmic contact resistance. Provide the voltage drop across the
Schottky barrier and the drift region.

4.4 Calculate the specific resistance for the ideal drift region for a silicon Schottky
barrier rectifier designed to block 1000 V.

4.5 Calculate the on-state voltage drop for a silicon Schottky barrier rectifier
designed to block 1000 V under the following assumptions: (a) parallel-
plane breakdown voltage, (b) on-state current density of 100 Alem?,
(c) barrier height of 0.8 eV, (d) operation at room temperature (300 °K),
and (e) zero substrate and ohmic contact resistance. Provide the voltage drop
across the Schottky barrier and the drift region.

4.6 Calculate the specific resistance for the ideal drift region for a 4H-SiC
Schottky barrier rectifier designed to block 1000 V.

4.7 Calculate the on-state voltage drop for a 4H-SiC Schottky barrier rectifier
designed to block 1000 V under the following assumptions: (a) parallel-plane
breakdown voltage, (b) on-state current density of 100 Alem?, (c) barrier
height of 1.1 eV, (d) operation at room temperature (300 °K), and (e) zero
substrate and ohmic contact resistance. Provide the voltage drop across the
Schottky barrier and the drift region.

4.8 A Silicon Schottky barrier rectifier is designed to block 100 V.

(a) Calculate the leakage current density without Schottky barrier lowering.
(b) Calculate the leakage current density with Schottky barrier lowering.
(c) What is the barrier reduction in eV due to the image force?
Use the following assumptions: (a) parallel-plane breakdown voltage,
(b) reverse bias voltage of 80 V, (c) barrier height of 0.8 eV, (d) no impact
ionization, and (e) no generation or diffusion current.

4.9 A 4H-SiC Schottky barrier rectifier is designed to block 1000 V.

(a) Calculate the leakage current density without Schottky barrier lowering
and tunneling.

(b) Calculate the leakage current density with Schottky barrier lowering but
without tunneling.

(c) Calculate the leakage current density with Schottky barrier lowering and
tunneling.

(d) What is the barrier reduction in eV due to the image force?

Use the following assumptions: (a) parallel-plane breakdown voltage,

(b) reverse bias voltage of 800 V, (c) barrier height of 1.1 eV, (d) no
impact ionization, and (e) no generation or diffusion current.

4.10 Calculate the specific capacitance for a silicon Schottky barrier rectifier
designed to block 100 V at reverse bias voltages of 10, 20, 40, and 80 V.

4.11 Calculate the specific capacitance for a 4H-SiC Schottky barrier rectifier
designed to block 1000 V at reverse bias voltages of 100, 200, 400, and 800 V.

4.12 Calculate the power dissipation for a silicon Schottky barrier rectifier designed
to block 100 V at 300, 350, 400, 450, and 500 °K. Use the following
assumptions: (a) parallel-plane breakdown voltage, (b) reverse bias voltage
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of 80 V, (c) barrier height of 0.8 eV, (d) duty cycle of 50%, and (e) on-state
current density of 100 A/cm”. Estimate the temperature at which minimum
power dissipation is observed.
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