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ABSTRACT

This report study on the performance analysis of carbide element in a DC-DC Converter
by having comparisons between Silicon Schottky and Silicon Carbide Schottky Diode in
terms of their reverse recovery current, reverse recovery losses and the MOSFET turn-
on losses. The results of the analysis had proven how much the carbide element in a
Silicon Carbide Schottky Diode effects in the output results. The inductive load chopper
circuit was chosen to be used in PSpice simulation to study the characteristics of both
Silicon Carbide Schottky and Silicon Schoitky diode. The efficiency of Silicon Carbide
Schottky diode was proven to be improved by 96.16% compared to Silicon Schottky
diode. The Silicon Schottky and Silicon Carbide Schottky diode investigated in this
project were both unipolar, therefore the effect of carbide could be distinguished by
analyzing the outputs produced by Silicon Carbide Schottky diode.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Semiconductors plays an important role in switching for its low power dissipation on
the switching device, thus resulting in a very high-efficiency power electronic
system. Unlike semiconductor that works in linear mode in power amplifiers and
linear regulators, a very large amount of energy is lost in the power circuit before the
processed energy reaches the output. This applies for power conversion from source
to load which requires high efficiency. Power will be dissipated in the forms of heat

once the system has a very low efficiency[1].

A Silicon Schottky is a common diode used in power electronics circuits, on the
other hand Silicon Carbide Schottky is a diode that overall could perform the same

operation but at a higher efficiency rate, for example in terms of switching losses.

An ideal semiconductor device would perform within these criteria; possessing large
breakdown voltage, low voltage drop in the on-state, high switching speed and low
power loss. To increase the performance of a semiconductor device, doping process
will be experienced by the device, where the characteristic of the device will be
altered by adding some impurity atoms to the pure semiconductor material. The
material will then recognized as exﬁinsic material of w-type and p-type. A
predetermined number of impurity atoms will be added into the silicon or
germanium base semiconductor. For silicon, the n-type is created by introducing
impurity elements with five valence electrons (pentavalent), such as antimony,

arsenic and phosphorus. The n-type semiconductor will have electrons as majority
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carriers due to one extra free electron to move within the newly formed n-type
material. On the other hand, p-type material is formed by doping the silicon crystal
with impurity atoms having three valence electrons such as boron, gallium and
indium. A p-type semiconductor will have holes as majority carriers due to
insufficient number of electrons to complete the covalent bonds which results to

holes.

A forward bias or “on” condition is established once the positive potential is applied
to the p-fype material and the negative potential to the n-fype material. The
application of forward-bias potential will “pressure” electrons in the n-fype materials
and holes in the p-fype material to recombine with the ions near the boundary and
reduce the width of depletion region. If an external potential of volts is applied
across the p-» junction such that the positive terminal is connected to the n-fype
material and the negative terminal is connected to the p-type material, the number of
uncovered positive ions in the depletion region of the n-type material will increase
~ because there are large number of free electrons drawn to the positive potential of
the applied voltage. The number of uncovered negative ions will also increase in the
p-type material. Thus, the net effect is a widening of the depletion region and the

diode is reverse-biased|2].

1.2 Problem Statement

Today's technology requires research in order to invent more powerful and portable
devices. With that, power losses in device should be put into consideration. An ideal
switching device that could decrease the energy losses is what is trying to be

investigated in this project.

The Silicon Schottky Diodes is not very suitable for high frequency application due
to its small bandgap and slower switching frequency. Silicon Carbide Schottky on



the other hand has all the requirement and very suitable to act as a substitute for
Schottky Diode especially in High Frequency Application.

The main role of the carbide element in Silicon Carbide Schottky diode is also being
investigated in this project in order to see how the carbide element being the most

important element in producing such results in application.

1.3  Objectives and Scope of Study

The objective of this project is to come up with a comparison between Silicon
Schottky Diode and Silicon Carbide Schottky Diode, to show which diodes shows
better performance in terms of energy losses. The Inductive Load Chopper Circuit

will be used in the investigation.

From the result, this project will try to reveal the main role of Carbide in the Silicon

Carbide device.

The project will be conducted by studying both diodes using simulation and results
in PSPICE. Therefore it is needed to study the PSPICE software before the

experiment or simulation could be done.

For the first part of the research, this project is focused on research and study of
Static and Dynamic characteristic of both diodes; Silicon Schottky and Silicon
Carbide Schottky and a simulation of performance for both diodes in PSpice. The
second part of the research will emphasize on how much the carbide element effect
the Silicon Carbide Schottky Diode's performance according to the simulation
results obtained from PSpice.



'CHAPTER 2

LITERATURE REVIEW AND THEORY

2.1 The Schettky Diode

The Schottky diode or Schottky Barrier diode is an electronics component that is
widely used as a mixer or detector diode. The Schottky diode is also used in power
applications as a rectifier, because of its low forward voltage drop leading to lower

levels of power loss[3].

Schottky diode is a unipolar device, in which the current transport is mainly due to
majority carriers. Characteristics of Schottky diode is that, it does not rely on holes
or electrons recombining when they enter the opposite type of region as in the case
of a conventional diode and therefore it give better speed. This diode also has low

turn on voltage and high frequency capability and low capacitance[4].

2.2 The Silicon Carbide Material

Silicon Carbide (SiC) is a type of Wide-bandgap (WBG) semiconductor with
advantages to have fast recovery times. SiC Schottky Diode is seen to have no
change. (or lesser) on switching loss on increasing of temperature, where else Silicon
Schottky Diode’s behaviour changes as the increasing of temperaturef5]. This device
has the potential to operate more efficiently by producing less heat and capable to
work at high temperatures compared to Silicon Diodes. The cause of increasing

temperature is the increasing of electron’s thermal energy which causes reduction of



barrier height in the Silicon Schottky Diode. Therefore, the power losses of Silicon
Schottky Diode increases because of increasing in its peak reverse recovery

current|6].

Silicon Carbide Schottky Diode has higher critical field and higher barrier heights
than Silicon Schottky Diode. This two advantages results to reduced on-resistance
and lower leakage current of SiC Schottky Diodes [7]. It has been demonstrated that
the SiC has the potential to improve power FET performance|8].

The SiC also come in small sizes and lighter weight compared to normal Schottky
Diode. The SiC is a semiconductor with bandgap energy at most three times higher
than Schottky Diode and due to its wider bandgap, it also gives SiC an electrical
breakdown strength about 10 times higher than Schottky Diodes. This means that
electronic devices in SiC can operate at voltages 5 to 20 times higher than Schottky
Diodes, and current densities 200 to 400 times higher than Schottky Diodes[9].

The normal Schottky diode has a small forward voltage and the reverse breakdown
voltage cannot be made too high (currently, approx. 100 to 200 volts). The Schottky
diodes for general rectification are used for the rectification of power supplies for
low voltages and high currents, or power supply switching for the rectification of

high frequencies with its small reverse recovery time.

Silicon Carbide Crystal Structure

@ S atom

8 alom

Figure 1: The tetragonal bonding of a carbon atom with the four nearest silicon

neighbours[10].



From Figure 1, the four Silicon atoms made a covalent bonding with a single Carbon
atom in order to form a Silicon Carbide (SiC). The Carbon atom is located in the
middle of the structure, and the distance between all the atoms which marked C-Si

are the same.
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Figure 2: Position of Carbon and Silicon in Periodic Table.

The Silicon Carbide possesses increased tolerance to radiation damage, making it a
material desired for defense and aerospace applications. Due to the high tolerance of
temperature of Silicon Carbide (up to 650°C) [11], it is used in various industries,

such as aircraft, automotive, communications, power, and spacecraft.

Silicon Carbide Schottky as a wide bandgap semiconductor

Hole
Energy

Electron

Energy E;  (Fotbidden Band )

Figure 3: Energy band diagram of a semiconductor[12].
The characteristic of Silicon Carbide Schottky diode as a wide bandgap

semiconductor results in more energy to excite the electron from its covalent

bonding during turn-off compared to Silicon Schottky diode. Referring to Figure 3,
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the wide bandgap is measured from the distance between the conduction band and
the valence band of the semiconductor. An insulator would have a larger bandgap
that it would take a lot of energy for the electrons to move from the valence band to
the conduction band while a conductor would have no forbidden band. From figure
3, the bandgap energy, E; = E, - E,. The wider the bandgap of a semiconductor, the
more thermal energy is needed to excite the clectrons to the valence band, thus a
wide bandgap semiconductor could operate at higher temperature without affecting
its electrical property.

2.3 Diode Characteristic

Static Characteristic

Components of static characteristic include the I-V characteristics and the reverse
characteristics. The Silicon Schottky Diode would have a lower voltage drop than
the Silicon Carbide Schottky Diode. This happens when during turn-on, there is a
high level injection of carrier for Silicon Schottky diode that leads to a smaller
amount of voltage to forward bias the diode. Due to smaller band-gap at Silicon
Schottky Diode compared to Silicon Carbide Schottky Diode, higher voltage is
required to forward bias the Silicon Carbide Schottky Diode{13].

The Silicon Carbide Schottky Diode can also handle large reverse voltage before
having an overshoot of leakage current as compared to Silicon Schottky Diode.
Dynamic Characteristic

Dynamic characteristic are characteristic that changes with time. The studies were
performed to study both Silicon Schottky and Silicon Carbide Schottky Diode in



terms of forward voltage drop, reverse recovery time and reverse recovery current.

The parameters were in Table 1 in the next page [14]:

Table 1;: Dynamic Characteristics Comparison

Characteristics SiC Schottky (SDP 04560) | Si Schottky (SB30-03F)

Reverse Recovery Time  Maintain at every case of | Increases as temperature

temperature increases
Reverse Recovery Current | Negligible Increases as temperature
increases
Switching Losses Low High
Voltage (V) and Current (I) 600V/4A 30V/3A

Rating

From Table 1, the dynamic characteristic of Silicon Carbide Schottky diode shows
that this diode will have a maintained reverse recovery time independent of
temperature, a negligible reverse recovery current and low switching losses
compared to Silicon Schottky diode. Silicon Schottky diode shows an increase of
reverse recovery time and reverse recovery current as the temperature increases and

also shows high switching losses.

2.4 Reverse Recovery

Reverse recovery is one of the properties that can be recognized in a power device
such as Silicon Carbide Schottky and Silicon Schottky diode. It is one measurable

quantity that can differentiate the efficiency of certain devices.

The reverse recovery in a diode occurred when a semiconductor has been conducting

in forward bias long enough for it to establish steady state, there will be charges due



to the presence of minority charge carriers. This charge must be removed when the

device want to block in reverse direction[15].

IF' [r— t" — iF t"
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Figure 4: The reverse recovery characteristic.

Figure 4 above shows the characteristic of reverse recovery that is exhibited by a
diode. t,; represents the reverse recovery time, Irg is the maximum reverse current, t,
is the time due the charge stored in the depletion region of the junction and is the

transition time due to charge stored.

Reverse recovery time, t; in Figure 4 could be obtained by adding t, and t,, While
reverse recovery current is the rate of fall of current multiplied with time taken due

to charge stored.

The reverse recovery current is directly proportional to di/dt. Below is the formula
for reverse recovery current, Igp[161:

kg = V (2 X Qpg di/dt)

From this equation, it can be seen that if the current rate of fall is high, the reverse
recovery current would also be high. The diode conducts in reverse direction due to

the free carriers in the diode.



3.1 Procedure

CHAPTER 3

METHODOLOGY

Al

Literature Review on Static and

Dynamic Characteristics of

Si Schottky and SiC Schottky Diode

A3

A4

A6

1l

Literature Review on

Silicon Carbide Material

L

Selection of Chopper Circuit

design and simulation on PSpice

<=

L

Analysis on output of Simulation

Adjust

Parameter Value

PN

No

Compare Reverse Recovery

Current of SiC Schottky Diode and Si

Schottky Diode

Figure 5: Process Flow of Project Methodology
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Al: Literature Review on Static and Dynamic Characteristics of Si Schottky and SiC
Schottky Diode

The first step in starting the Final Year Project is to do as many literature reviews
about the subject that is studied which in this project, the Silicon Schottky Diode and
Silicon Carbide Schottky Diode. The journals can be obtained on the web for
example the IEEE website because it is the most reliable source as suggested by the

supervisor.
A2: Literature Review on Silicon Carbide Material

Next, the scope is narrowed down to studying the Silicon Carbide Material, in order
to find the answer on the carbide element that is being studied in this project. The

sources of the literatures are also searched in the IEEE website and also from the

library.

A3: Selection of Chopper circuit design and simulation on PSpice

The next step is to select a suitable circuit design for the project, and in this project a
DC-DC converter circuit is selected and simulated in PSpice. The PSpice software is
also studied in order to have the correct setting and to obtain the desired output
waveforms. A detailed explanation on this selecting the circuit design will be

discussed later in this report.

Ad: Analyzing Simulation Outputs
After the simulation is done, the output waveforms are analyzed in order to confirm
that the output obtained is as what is expected. In order to prove the output, it is
needed to refer back to the journals that are studied and also seek advice from the

supervisor.

11



AS5: Adjusting Parameter Values

If the output waveform is not as expected, the parameter value and the setting in the
PSpice software need to be adjusted. A few trials need to be done in order to get the
desired output. Examples of parameters adjusted are the load resistor and load

inductor.

A6: Comparing the results

Finally, the output waveforms are compared between the two diodes studied in this
project, which are Silicon Schottky and Silicon Carbide Schottky Diode. More
analysis is done with the results later on in order to achieve the objective of the

project.

3.2 Tools/Equipment Required

The tools/equipment required in this project is PSpice.

3.3 Methodology for part A3; the Inductive Load Chopper Circuit

A chopper circuit, better known as a dc-to-dc converter is used to obtain variable dc
voltage from a constant voltage dec source. The Silicon Schottky and Silicon Carbide
Schottky diode could be characterized using this circuit. The diode under test
(D1_SiC and D2_Si) for this project will be Silicon Schottky Diode and Silicon
Carbide Schottky Diode.

Major components used in these circuits are:
M1 and M2: IRF520 - 9.2A/100V MOSFET
DUT (D1_SiC): SDP06S60/INF — 6A/600V Silicon Carbide Schottky Diode
(D2_8Si): SB30-03F — 3A/30V Silicon Schottky Diode
Rioad = 55 Q
lioad = 500uH

12



The value of R,; and Ry used for the simulation is 21€2, with temperature af 27 °C
and V. is 25V.

Figure 6 shows an inductive load chopper test circuit.
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Figure 6: Inductive Load Chopper Circuit

The design of the circuit was made by arranging the load resistor and load inductor
in series and the diode under test in parallel to the loads. The pulse voltage (Vpuse) is
in series to the gate of MOSFET and a limiting resistor were placed in the middle of

The dc source current from Vee will provide current during turn-on of the switch
(MOSFET). The turn-on and turn-off of the switch will be determined by Vpuse. The

operation of the inductive load chopper circuit will be explained in the next part.

Circuit Operation

This circuit operation will represent one of the circuits above since both circuits are
having the same perimeters except for the diode under test. Vg will provide a pulse
signal to the MOSFET (M1) and the signat will appear at V. The pulse signal will
then forward bias the collector-emitter junction of the MOSFET, using current that
passes through R,; or known as I,. As a result, the MOSFET is being turned on. The

collector current will increase slowly until the pulse signal drops to zero. The current

13



will stop flowing into once I, drop below the threshold value of the MOSFET due to
no current flowing through emitter, the MOSFET is turned off.

In the loop containing DI SiC, Riyea and Ijpaq, during turn on of MOSFET, DI _SiC
will be turned off due to no current flowing through DI_SiC. The DC current from
the DC source will flow through the resistor, R,y and inductor, .4 and collector of
the MOSFET and reached the gate at the emitter of the MOSFET. When the current
flow through 7., it charges up the inductor.

D1 SiC is turned on once MOSFET is turned off. This happens when current stored
in the I,z will start to flow and go through DI SiC. DI _SiC will be in forward
biased until some period of time that MOSFET get turned on again by Vi (Vpuise)
signal. Just a few moment before DI SiC turned off, it will be forced to flow in
reverse direction. This is where the reverse recovery current appears and what is

tried to be investigated in this project.

The cycle of the signal will repeat again by charging and discharging of I,,s and
turning on and off of MOSFET and DI SiC. The PSpice settings for the circuit

above are as follows:

Mame _ . Value '

o -frv
V=200 i™:  Change Dlspia?
TD=0s [

1 ARELL BN
TF=20ns (2
Pw=12 us »
PER=25us _ o v

[ Inchide Non-changeable Mttibtes - - - ok |
T Include System-defined Attributes Cancel

Figure 7: Ve Setting

Figure 7 shows the Vpuse setting used in this project. The DC voltage provided by
the Vp,ise Was set to 20V and the same for V2. V1 is set to 0V. V1 and V2 were set

14



for maximum and minimum voltage of the pulse. The rise and fall time of the pulse
was both sct to 30ns and 20ns respectively. The frequency of the pulse was set to 40
kHz with 50% duty ratio. Therefore the period (PER) was set to 25us and the pulse
width (PW) was set to 12.5ps, representing the 50% duty ratio. The dc current

supplied to the circuit was set to 25V.

¥ag - vpulse signnal

204 -

TR

r T - 7 T T
o5 tius s deus Aus Smus 6fus
« UlUggIie}
Tine

Figure 8: Vg1 (Vpuise) Signal

Figure 8 shows the signal waveform from the Vjuse. The signal was the same for
both circuits since the parameters used in both circuits are the same. Therefore, Vpyse
for Silicon Carbide Schottky diode circuit is shown to represent Vpue from both
circuits. The correct signal shows square wave with pulse period at 25us and the
maximum voltage is at 20V while the minimum is at 0V. As the duty ratio is 50%,

half of period was seen at 12.5ps.
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Part I' Finding Ve, and Vy,

To find the voltage across gate (g) and source (s) of the MOSFET is by using the
voltage-differential marker. The marker will be placed at the gate and source

according to its polarity and current flow. The illustration is as follows:
LR -
1RS520 l_“_i

m\v;\

& SDPO4SS0ANF
Rgl .5 21 DI_SIC 7Y

Figure 9: Finding V; of Silicon Schottky and Silicon Carbide Schottky diode using
voltage differential probe.

While to find the voltage across drain (d) and source (s) of the MOSFET is also by
using the voltage-differential marker. The marker will be placed at the drain and

source according to its polarity and current flow. The illustration is as follows:

B vis

IRFSZ'O L‘{f i \

SOPD4SE0ANF
a1 ©opisic 7%

,%:.C.

v

4

T

) Vagi
,éi

M1
!

Rglfl;
i

R

Figure 10: Finding V4 of Silicon Schottky and Silicon Carbide Schottky diode using
voltage differential probe.
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The simulation was done one at a time starting with finding the voltage across gate
and source, and then followed by finding the voltage across the drain and source.

Any overshoots or ringing will be noticed and the results are saved.

Part II: Finding the reverse recovery current (1)
The next process in the simulation is to find the reverse recovery current produced
by Silicon Carbide Schottky and Silicon Schottky diode. The current marker will be

placed at the diode and then the simulation began.

Figure 11 below shows the V output waveform of measured in both Silicon
Carbide Schottky and Silicon Schottky diode.

SDPO4SE0ANF
‘DI_SIC

Figure 11: Current probe placed on the diode under test (DUT).

After the setting was done, the simulation will be started. A diode current will be
displayed and by using the ‘zooming’ tool, the reverse recovery current of both

diodes could be analyzed.

Part III: Finding diode turn-off power loss and MOSFET turn-on power loss.

The PSpice software is already occupicd with a function to find the power loss. The
conventional way to find the power loss is by using the equation P = IV, but by
using PSpice, after simulation for finding the reverse recovery, the power loss could
be found right away. The power loss function is somewhere at the bottom of “add
trace’ function and user could select the type of losses they want, for example
W(M1) and W(M2) for MOSFET loss in the circuit used in this project.

17



Part IV: Finding the effect of varying frequency to the reverse recovery loss of the
diode.

The frequency of the inductive load chopper circuit used in this project was obtained
from the V. Therefore, in order to vary the frequency, the period (PER) inside the
Vpuise setting will be adjusted according to formula f=1/T, where in this case T is the
period (PER). It also has to be noted that after the period has been changed, the PW
(pulse width) must also be changed to follow the setting of 50% duty ratio.

All of the results will be discussed in the next chapter.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Simulation Results and Discussion

The inductive load chopper circuit used is constructed using Pspice and the circuit s

as follows:
1 _p/. 2 ) 1 ) 20
; p .
ST D e - ‘ LEL mean - ‘
1 o 2
L . ] . . Y
Riosd 2 - : Feosd? <
. o oo s L]
P SOFDABEOINF RuZ : D51
CRgr S - oL 1;;9/@? : o 8630-03F -
fgrc U DR ¥ __ﬁcz. -
@ng o ‘L“dé s00u i I J o Lozd? ( 500y
., I%n

Figure 12: Circuit Diagram for PSpice Simulation of Both Diodes.

Major components used in these circuits are:

M1 and M2: IRF520 - 9.2A/100V MOSFET

DUT (D1_SiC): SDP04S60/INF — 4A/600V Silicon Carbide Schottky Diode

(D2_8Si): SB30-03F - 3A/30V Silicon Schottky Diode

Rioad = 55 €2

Tipag = 500uH
The value of R,y and R, used for the simulation is 21€Q, with temperature at 27 °C
and V. is 25V.

From the steps explained in Chapter 3, the results of the simulation will be shown
and explained in this part of the report, according to the sequence from Chapter 3.
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Part I: Results of Vs and Vi,

8B

9d+

~4._au

T T T T T T T T
85 1Bus 28us ddus ABus Shus Hus 70us 8Bug
o U(H2:q,M2:5) - U(M1:g,M1:5)

Time

Figure 13: Vg of switch M1 and M2 applied at SiC Schottky Diode and Si Schottky
Diode Circuit respectively.

Figure 13 shows the voltage waveform of Vg for Silicon Carbide Schottky and
Silicon Schottky diode. There is some voltage overshoot during the turn-on of the
MOSFET and in Figure 14, the closer picture of the overshoot is shown.

6.6 A
Si
{30 _030u,5 0217)
(30 032u,5 0484}

siC

5. Bl
‘\
vou] \
LI
3.8t
50, 0aus 50.B2us 58. 845 5e.G6us Su,asus SB.;ﬂus Sﬂ.;gus

u UEH2ig,28) « U(Wizg,H1:s)
Time

Figure 14: V5 overshoot of forward switch M1 (SiC circuit) and M2 (8i circuit).

As seen in Figure 14, the voltage overshoot of MOSFET using Silicon Schottky
diode is higher than using Silicon Carbide Schottky diode with 6.0217V overshoot,
compared to MOSFET with Silicon Carbide Schottky diode at 5.0484V.
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Figure 15: Vg4 of switch M1 and M2 applied at SiC Schottky Diode and Si Schottky

Diode Circuit respectively.

Figure 15 above shows the voltage across drain and source of the MOSFET for both
circuits using Silicon Carbide Schotiky and Silicon Schottky diode. Figure 16 below
shows the overshoot that happened during turn-on, from the part that is circled red in

Figure 15.
21 .8080
8it
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W
lE \ d )
26800 ol /" ) /\v{rﬁ_ﬁ,.ﬁ. g
i
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Figure 16: V4, overshoot of forward switch M1 (SiC circuit) and M2 (Si circuit).
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As seen in Figure 16, the MOSFET’s V4 overshoot or ringing effect were visible in

circuit containing Silicon Carbide Schottky diode with value of overshoot of

26.956V. While for MOSFET in circuit containing Silicon Schottky diode, no

overshoot was recorded at Vg and it turns on smoothly, but at lower value than
Silicon Carbide Schottky diode, which is 25.277V.

Figure 17 shows the load resistor’s current. Ipina for both circuits containing Silicon

LAarniae dCNOUKYV and »IECon HCNOUKV arac.

380RA

IRLoad Max 51

(37,5450, 232 897m)
T

IRLead itax SiC
(37,5430, 250 760m)

280mA

A8 |

‘~.H_-‘ R
/ IPLoad Hin SiC "
] (500300, 45, 074m)

T T T T
26us J0us Afus S0us

. ~1(Rlgad)

[ T
s 18us

» -I{fLoad2)
Timp

HONOTIKY 41008 18 L34 f00omaA. wnie nnnimum

MIMUMUM {R1aad 18 34,20 FHAL

O OUtDUL DOWET O1 TnE CIrCults.

t
40us

I

aRlaas

T v T
70Bus 8Bug Fhus

18us

4 18 43,U/8MA. AS I0T intead H1



The targeted load power for the circuits are obtained from calculation:

Silicon Carbide Schottky diode circuit:

IRload,avg = (IRload,max - IRload,min) /2
= (230.766mA — 45.078mA) / 2
=092 844mA

With Ry,q value of 55Q, the output power (P, is obtained:

Pout= IRload,avg,2 X RRload,load
= 92.844mA’x 55Q
= 474 100mW

Silicon Schottky diode circuit:

IRload,avg = (IRload,max - IRload,min) /2
= {2322971’1’1A —54.207mA)/2
= §0.045mA

With Rieaq value of 55€2, the output power (Poy) is obtained:

Pou = IR]tz)ad,avg2 X Rricad load
=89.045mA”x 55Q

= 436.096mW

From the calculation done, the output power given by Silicon Carbide Schottky
diode circuit is 474.100mW and Silicon Schoftky diode circuit provide an output
power of 436.096mW.

The output power from Silicon Carbide Schottky diode was higher than the output

power of Silicon Schottky diode by 8.016% improvement. The output power from
Silicon Carbide Schottky diode was expected to be higher because it provides higher
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output current, thus higher efficiency than Silicon Schottky diode with the same

parameter.

- E—S———" S———
I - IRioaa | -
IdT._._
| Rad <0 0

P04SB0MNF
o DsIc

Figure 18: Source current, I;, Current across diode, I and load current, Irjoaq.

Figure 18 shows the flow of current to the load. This explanation could easily be

seen by the formula for diode current, 1 = I; - Irigaa.

The output current of Silicon Schottky diode was lower than Silicon Carbide
Schottky diode because the current had gone to diode current, I of Silicon Schottky
diode. The next part will discuss how much is the power loss across the diode,
however from simulation, the Silicon Schottky diode was proven to have larger
power loss than Silicon Carbide Schottky diode. Thus, current that went through
Rycad was lower in Silicon Schottky diode circuit because more current is needed by

Silicon Schottky diode to produce high power loss at the diode.

The carbide element in Silicon Carbide Schottky diode is the element that helps in
increasing the output current, thus the output power of the circuit is higher. This is
due to the fact that Silicon Carbide has lower reverse recovery current, thus lower
power losses at the diode during turn-off. The next part of the results will discuss

about the reverse recovery of both diodes.
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Part II: Finding the reverse recovery current (I}

Figure 19 below shows the diode current, Iy of both diodes in one simulation

window.
.40
3 1
K"‘n—_ \
B
SiC Schottky
~8.5A /
-8.8A- ! I
Si Schobtky
~1.28 i T T T T T
8s 18us 28us 30us Yus 58us 68us

b I¢(H2_Siy « F(01_Sic:1)
Tine

Figure 19: Diode Current, I4 at Silicon Schottky and Silicon Carbide Schottky Diode

From Figure 19, it can be seen that there are some overshoot during the turn-on of
the diode, and also a reverse recovery current that goes below 0A. This is the reverse

recovery current, I, that is investigated in this project.

In this simulation, the transient setting was set to 100us, which explains why the

waveform results are below 100us.
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Below are the results for Reverse Recovery Current, Iy during DUT tum-off of
Silicon Schottky Diode and Silicon Carbide Schottky Diode.

~408AR-

(50.0340,-91 _915m)

SiC Schobtky

-3 ABmh-|
81 Schottky

(50.030u,-1.0245)
-

—1RFZnA

o I(D2_Si) © E(D1_Sit:1}
Time

Figure 20: Reverse Recovery Current of Silicon Schottky and Silicon Carbide
Schottky Diode

From Figure 20, a significant difference of reverse recovery current between Silicon
Carbide Schottky diode and Silicon Schottky diode can be seen. The value of reverse
recovery current of Silicon Schottky diode is -1.0245A, while Silicon Carbide

Schottky diode produce a reverse recovery current of -91.015mA.

The advantage of carbide is that the leakage current from anode to cathode is lower
due to the fact that Silicon Carbide structure of metal-semiconductor barrier is two
times higher than Silicon and its smaller intrinsic carrier concentration[17,18]. The
reverse recovery current in Silicon Carbide Schottky diode is also smaller than
Silicon Schottky Diode as Silicon Carbide has no stored charges and a majority
carrier device which could operate without high-level minority carrier injection.
Therefore, during the turn-off of the SiC Schottky diode, large reverse recovery
currents due to stored charges are removed{19]. The low switching losses of SiC
Schottky diode is due to the factor of high breakdown field of SiC Schottky which
results in reduced blocking layer thickness, in conjunction to the reduced
charges{20].
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Figure 21 shows the turn-off loss of both Silicon Carbide Schottky and Silicon

Schottky diode, taken at the same moment the reverse recovery current happened.
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Figure 21: Tumn Off Loss of Silicon Schottky and Silicon Carbide Schottky Diode

From Figure 21, it can be scen that Silicon Schottky diode has a turn-off loss of
3.0704W larger than Silicon Carbide Schottky diode, which is 818.590mW. This
significant results was expected since the reverse recovery current of Silicon

Schottky diode is higher than Silicon Carbide Schottky diode.

With higher reverse recovery current, more power loss will be produced because

more power will be needed for the reverse recovery in order to have the diode to be

fully turned off.
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Figure 22 below shows the MOSFET turn-on power loss during diode turn-off.
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Figure 22: MOSFET turn-On Power Loss during DUT turn-Off

From Figuré 22, it can be seen that MOSFET turn-on power loss in Silicon Schottky
diode circuit is higher than in Silicon Carbide Schottky diode. The value of Silicon
Schottky dijode circuit MOSFET turn-on loss is 20.619W while in Silicon Carbide
Schottky diode, the MOSFET turn-on loss is 790.777mW.

The higher onss of MOSFET in Silicon Schottky diode during turn-on follows the high
power losséproduced by the diode during turn-off. The carbide element in Silicon
Carbide Sclilottky diode will be the main factor the Silicon Carbide Schottky diode
produced loéwer power loss both during diode turn-on and MOSFET turn-off.

From resultés obtained for voltage across gate and source, Vgs of the MOSFET in Part
L it can be% seen that lower current spike were produced in Silicon Carbide Schottky
diode circu:it during turn-on. With lower voltage ringing effect in Silicon Carbide
Schottky diode, lower power loss will be produced by the MOSFET during turn-on.
The carbidé: element in Silicon Carbide Schottky diode had helped improving the
MOSFET’Si performance in this circuit.
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Table 2 shows all the data collected from the simulations done in this project,

tabulated into one table.
Table 2: Simulation Results
. ) Percentage
Characteristics Si Schottky Diode | SiC Schottky Diode
Improvement (%)
Output Power, Poy 436.096mW 474.100mW 8.016%
Peak Reverse
Recovery Current, -1.0245A -91.015mA 91.12%
Lre
DUT Turn-Off Loss 3.0704W 818.59mW 73.34%
MOSFET Turn-On
. 20.619W 790.777mW 96.16%
0S8

From Table 2, Silicon Schottky Diode has higher peak Reverse Recovery Current
compared to Silicon Carbide Schottky Diode with -1.0245mA for Silicon Schottky
and -91.015mA for Silicon Carbide Schottky Diode. Therefore, this is confirmed

that theoretically, a Silicon Carbide Schottky Diode will show less Reverse

Recovery Current than Silicon Schottky Diode.

As for Turn-OFF Loss of both diodes, it also shows that Silicon Schottky Diode
possesses more losses than Silicon Carbide Schottky diode. The MOSFET Turn-ON
Loss for Silicon Schottky also shows a very significant difference from Silicon
Carbide Schottky with 96.16% improvement.
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Part IV: The effect of varying frequency to the reverse recovery loss of the diode
under test (DUT).

Figure 23 shows the result of varying frequency in both Silicon Carbide Schottky
and Silicon Schottky diode circuit.

Frequency (Hz) ?I-Ek 56k Bﬁk 1Bbk
i Power Loss (M) | 26781 36845 | 3.5361 3708
SiC Power Loss (W) | 0.754 0.759 0.763 0.769

Graph Of Power Loss Vs Frequency
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Figure 23: Graph of Power Loss vs Frequency of Silicon Schottky and Silicon
Carbide Schottky Diode.

From the graph, it is obvious that SiC Schottky Diode Circuit doesn’t have a
significant difference once the frequency is increased. While Si Schottky Diode
shows an increase in the reverse recovery current with large range of increasing
value. SiC Schotiky shows independency on the frequency due to its low swiiching

power losses, as proven in simulation results in Table 2.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

As a conclusion, this project had come up with analysis of reverse recovery current
for both Silicon Schottky and Silicon Carbide Schottky Diode with the study on
effects of the carbide element of the Silicon Carbide Schottky Diode through PSpice
simulation. This project had also discussed about reverse recovery current and its

importance in power electronics.

An inductive load chopper circuit is used in the simulations and the output of the
simulations ‘in terms of reverse recovery, power losses of Silicon Carbide Schottky
and Silicon Schottky diode, and losses at the MOSFET was analyzed and studied.

From the simulation results, it is proven that Silicon Schottky Diode would produce
more reverse recovery current than Silicon Carbide Schottky diode. Therefore,
Silicon Carbide Schottky diode produced less power losses than Silicon Schottky

diode with 91 .12% improvement.
The results also had proven to improve ringing effect at the main switch (MOSFET)

by 16.16%. The carbide element helps in achieving more output power by 8%

improvement compared to diode without carbide.
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The turn off losses produced at the diodes were improved by 73.34% by using SiC
Schottky diode because the carbide element in SiC helps in setting the diode to be
fully turned off without taking much power.

The MOSFET tumn on power losses is also reduced by 96.16%, following the

reduction of reverse recovery current by Silicon Carbide Schottky diode.

The Silicon Carbide Schottky Diode is better because of the stronger covalent
bonding by the carbide element. Switching losses at Silicon Carbide Schottky Diode
was also proven to be much smaller than of Silicon Schottky Diode. Silicon Carbide
Schottky diode would be a preferable choice for high frequency and high power

applications.

5.2 Recommendations

This project could be continued in the future by studying the effect of temperature in
detail to see the effect of carbide elements in Silicon Carbide Schottky diode.

- Another research could be done in terms of Electromagnetic Interference (EMI)
effects of Silicon Carbide Schottky diode.
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