Faculty of Women for, Arts,
Science, and Education

Journal of

Scientific Research
in Science

Basic Sciences

Volume 41, Issue 1, 2024

ISSN 2356-8372 (Online) \ ISSN 2356-8364 (print)



Journal of Scientific Research in Science 2024, 41, (1),93:111

Contents lists available at EKE
& Journal of Scientific Research in Science
Epypion Kruowiecke Burk Journal homepage: https://jsrs.journals.ekb.eg/
upsioll &dyzall dlis

Scientific Publishing Unit

The Effect of Power MOSFET Materials on their Switching Performance

Asmaa S. Ibrahim?, Sanaa A. Kamh?, F. A. S. SolimanZand Doaa H. Hanafy"

!Electronic Research Lab. (E.R.L.), Physics Department, Faculty of Women for Arts,
Science, and Education, Ain-Shams University, Cairo, Egypt.

2Electronics Engineering Department, Nuclear Materials Authority,

Ministry of Electricity and Renewable Energy, Cairo, Egypt.

Abstract

Power semiconductor devices have a great impact on the modern society electronic
system applications. The study aims to improve the switching performance of power MOSFET
devices based on materials with different bandgap structures and technologies. In this concern,
the static electrical characteristics of three power MOSFET devices made of Silicon (Si-
MTP20N15E; Eg = 1.12 eV), Silicon Carbide (SiC-TW107N65C; Eg = 3.25 eV) and Gallium
Nitride (GaN-TPH3208PS-ND; Eg = 3.44 eV), operating at the enhancement mode were tested.
Moreover, the design and implementation of their switching circuits were investigated at
frequency of 1.0 kHz. In addition, the influence of their materials on the switching times was
studied. From which, it is noted that, GaN MOSFET has the fastest switching ON/OFF times
(0.3pus /0.34ps), rather than SiC and Si. Where, their switching ON/OFF times were reported
to be (0.37ps /0.52us and 0.76us /0.8us), respectively. These findings underscore the potential
of wide bandgap materials in enhancing the performance of power electronic devices.

Keywords: Switching times, power devices, MOSFET materials, Silicon, Silicon Carbide and
Gallium Nitride.

1.0. Introduction

The expansion of the renewable energy and electronic sectors increases the need for
high power density and high switching performance of power devices in the applications at
different frequencies. However, increasing switching frequency results in higher switching

losses in power transistors, which may reduce the efficiency of power systems [1, 2].

Power MOSFET devices having different materials and energy band gap such as Si
(Eg=1.12eV), SiC (Eg =3.25 eV) and GaN (Eg = 3.44 eV) have been subjected to extensive
research [3]. They are characterized by high operating temperatures (Si: 150°C, SiC: 175°C

*corresponding author: Doaa H. Hanafy, Electronic Research Lab. (E.R.L.), Physics
Department, Faculty of Women for Arts, Science, and Education, Ain-Shams University, Cairo,
Egypt.

Email: doaa.hassan@women.asu.edu.eg

(Received 9 Aug 2024, revised 6 Sep 2024, accepted 7 Sep 2024)
https://doi.org/10.21608/jsrs.2024.311063.1132



mailto:doaa.hassan@women.asu.edu.eg

Asmaa S. Ibrahim et al. J. Sci. Res. Sci., 2024, 41, (1),93:111

and GaN: 150°C) and switching speeds, in addition they are considered to be the next

evolutionary step for future in modern power applications [4,5].

In the present paper, the effect of the power MOSFET materials (Si, SiC and GaN) on
their dynamic switching charecteristics are investigated at frequency of 1.0 kHz. In this concern,
the switching circuits based on the tested power devices are designed and implemented for testing

their dynamic switching characteristics.

2.0. Methodology and Circuit-setup

In this work, power MOSFET device with different materials (Si; MTP20N15E, SiC;
TW107N65C and GaN; TPH3208PS-ND) operating at the enhancement mode are selected and
tested, where their static electrical characteristics (I-V) are plotted using Tektronix curve tracer

type 370A. From which, the ON-resistance (Ron), generated power (Pgep ), dissipated power

(Pais.),and forward transconductance (gss), are calculated as follows [6-9].

The resistive parameter is described as Ron and is given as:

The ON-resistance is equivalent to different components which are;
RoN = Rsource * Ren + RA+ Ry + RD + Rsube v, (2)

Where:
Rsource: MOSFET source resistance,
Ren : MOSFET channel resistance,
Ra : MOSFET accumulation resistance,
Ry : JFET region resistance,
Rp : MOSFET drift region resistance and
Rsub. : MOSFET substrate resistance.

Output power generation of MOSFET device could be calculated using the following

equation:

As well, the dissipated power of MOSFET device could be calculated using the following

equation:

P4is. = Conduction Loss + Switching Losses............c.ccooiiiiiiiiiiiiiiininn. ... 4)
Where:

CONAUCEION LOSS = T2 RON-+- -« eeennneeeee e e e, (5)
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As well, switching losses are composed of the total gate charge loss, Coss loss and rise and
fall time loss.
Switching loss = Total Gate Charge loss + Cout loss + rise and fall time loss.....(6)
Where:
Cout : the output capacitance of MOSFET device.

Moreover, the forward transconductance of MOSFET device could be calculated using

the following equation;

Al
gfs = AV(];DS |VDS ................................................................................. (7)

Where:

Vps: drain-source voltage,
Alp: drain current change and
AVgs: gate-source voltage change.

2.1. Switching Circuit-setup

The investigated switching circuit-setup is shown in Fig. (1), it consists of power
MOSFET device, external gate resistance (Rgex.), as well load resistance (RL).

"Tuu L8

Fig.(1): Tested switching circuit.
2.2. Dynamic Switching Transient Times

Theoritically, the switching input/ output voltage waveforms combined with its dynamic
switching transient times (delay/rise times; tq/t;, as well storge/fall times; ts/ts) are shown in Fig.
(2). For insuring the best switching performance for the power MOSFET devices, the optimum
circuit elements are selected carefully [10-12].
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Fig.(2): Input/Output voltage waveforms.

The time required for a power device to switch to its conduction state (ON-time), is given

by the following equation[11]:

tON = td + tr .............................................................................. (8)

Where:

ton: ON-time,

tq: delay time and
ty: rise time.

From Fig. (2), it is shown that the time needed from the transistor switch to start
responding to a rising edge of the driving pulse (input) is called the delay time (tq). Furthermore,
the rise time is the finite time needed for the output voltage (Vou) to fall 90% to 10% of its

maximum value.

While the turn OFF-time (tggp), is the time required for a MOSFET to switch to its

disconduction state is given by the following equation [10]:

tOFF = tS + tf ................................................................................. (9)

Where:
torr:OFF-time,

ts: storage time and
t: fall time.

The storage time (ts) is the time needed for the switch to start responding to a falling edge
of the input voltage (Vin). While, the fall time (tr) is the finite time needed for the output voltage

(Vout) to rise from 10% to 90% of its maximum value.

The dynamic switching performance of the power switches are affected by several factors
which are the operating conditions [input voltage (Vin) and the circuit elements such as [external

gate resistance (Rgex.) as well, load resistance (Rv)].
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2.2.1. Effect of the Input Voltage and the External Gate Resistance

The effect of the input voltage and external gate resistance variations on the dynamic
switching transient times of the power devices are studied. The dynamic switching transient times

of the tested MOSFET devices could be calculated using the following equations [8,13].

1
tg = RGCin In <1Tﬁ> ...................................................................... (10)

Vs

Where:
Ra: the equivalent gate resistor (RG= Rgi +Rgex.), Rgi: the internal gate resistance and Rgex.: the

external gate resistance,

Cin: the equivalent input capacitance (Cin= Cgs + Cgp) as seen by the gate input circuit, where;
Cgs: the internal gate-source capacitance and Cgp : the internal reverse transfer gate-drain
capacitance (miller capacitance) where Cop> Cgs.Using Miller theorem [14],[Cin = Cgs + (1 +
gmR1) Cap], where; gn: the product of the slope oflp and Vgs with operating dc point (Q),

Vgp: gate miller plateau voltage and

Vas: gate-source voltage.

Considering t, 2 RgCgq (V " ) ......................................................... (11)
GS™Vgp
Moreover tg =
\Y
RCiss In (V—GS) .................................................................................................. (12)
gp
As well t; =

2.2.2. Effect of the Load Resistance

For the tested power MOSFET switches, the dynamic switching transient times
dependency on the load resistance are studied. Concerning the fall time (tf) dependency could be

calculated using by the following equation [15-18]:

tf = _RLCLIn(Vout 10%/Vout 90%) ......................................................... (14)

Where:
Re: load resistance and
Cv: load capacitance.
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3.0. Results and Discussions

The main aim of this work is to investigate the influence of the tested power MOSFET
materials for the (Si-MTP20N15E, SiC-TW107N65C and GaN-TPH3208PS-ND) on their static
characteristics as well their dynamic switching characteristics.

3.1. Devices Characteristics

The output and transfer static characteristics ofthe tested power MOSFET devices are
carried out and plotted at different Vs values depending on their materials.

3.1.1. Static Output Characteristics

The device materials effect on their (I-V) static output characteristics plotted at different

Vs values are shown in Fig. (3).For Si-device (3.5 — 6.0 Volts), and SiC (6.5 — 9.5 Volts) as well
GaN (2.5 - 3.25 Volts).
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Fig. (3): (1-V) Characteristic curves of different MOSFET device materials,
plotted at different Vs values.
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3.1.1.1 ON-Resistance of MOSFET Devices

ON-resistance (Ron) represents the internally resistance element of MOSFET device
which is responsable for power disspation. Figure (4) explores the influence of increasing Ves on
Ron Of the tested MOSFET materials. From which, it is clearly shown that, for Si-MOSFET, the
value of Ron decreases from 9.09 Q to 0.6 Q, measured at Vs value of 3.5 Volt up-to 4.5 Volt,
respectively. Also, SiC MOSFET, the value of Ron decreases from 10 Q to 0.46 Q, measured at
Vs value of 6.5 Volt up-to 8.9 Volt.Whenever GaN MOSFET, the values of Ron decreases from
3.1 Q to 0.31 Q, measured at Vgs value of 2.5 Volt up-to 3.25 Volt, respectively. For higher

values of Vgs a saturation conditions on Ron were observed.

S : ;
SiC
(TW107N65C
]
Si
(MTP20N15E)

ON - resistance, (Q)
¢ . ¢

W

GaN
(TPH3208PS)

L.

Y
Gate-source voltage, (V)

Fig. (4): Effect of Vs on Ron for different MOSFET device materials.

3.1.1.2 Output Power Generation of MOSFET Devices

The influence of MOSFET materials on their output power generated are investigated
and plotted for different Vgs values as shown in Fig. (5). It is clearly shown that, generally the
output power generated depends on both voltages Vs and Vps. The higher power generated
reaches the value of 79.8 W at Vs = 6 Volt and 40 W at Vs = 9.5 Volt, while the values of 60
W at Vs = 3.25 Volt, for Si and SiC as well GaN, respectively.

It is noted that, these variations in output power generated may be attributed to the

difference in their threshold values, as shown in Table (1).
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Fig. (5): (P-V) Characteristic curves of different MOSFET device materials,
plotted at different Vs values.
3.1.2.  Transfer Characteristics of MOSFET Devices

The device materials influence on their transfer characteristics (Io-Vgs) plotted at constant
(Vps= 6.0 Volt) are illustrated in Fig. (6). Their threshold voltage values are recorded to be 3.4,
6 and 2.1 Volt for Si, SiC and GaN MOSFET devices, respectively. After these values there is a
remarked rapid increase in their drain current (Ip) values which reflected that, the devices are in

conducting state. It is to be noted that, the tested GaN device has the lowest threshold value (2.1
Volt).
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Fig. (6): Transfer characteristics for different MOSFET device materials.

In addition, the effect of the tested power device materials on their threshold voltage and
the forward transconductance (grs) are summarized and tabulated in Table (1). It is observed that,

GaN device has a higher conductivity (11.5 Q1) which is attributed to its lower threshold voltage
value (2.1 Volt).

Table (1): MOSFET device materials effect on their static electrical parameters.

Electrical Parameters Power MOSFET Devices
Si SiC GaN
VTh, Volt 3.4 6.0 2.1
gfs, Q! 3.08 1.14 11.5

3.2.  Switching Characteristics

The switching characteristics of the tested MOSFET devices are experessed as their

switching transient times (toy, torr)-

The switching output voltage waveforms of different MOSFET materials, are affected by

different factors. Namely; input voltage (Vin) and external gate resistance (Rgex.) as well, load

resistance (Rvr).
3.2.1. Effect of the Input Voltage

In this concern, Fig. (7) displays the cuptured input / output voltage waveforms (Y-axis:
10 V/div. and X-axis: 1.0 ps/div.) illustrating the switching behaviour of three different MOSFET
materials under the influence of varying input voltage (Vin) from 9.0 volt up to 20 volt.
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It is noted that, a Miller plateau is clearly observed in certain MOSFET device. Figure
(7.a) highlights its presence in Si-MTP20N15E MOSFET waveform. This plateau arises due to
the combined effects of input capacitance and the Miller capacitance.

Conversely, SiC and GaN exhibit lower Miller capacitance compared to conventional
MOSFETS, leading to lower switching losses and faster switching speeds as shown in Fig. (7.b,
7.c). Notably, The cascode topology of employed in GaN manages the Miller effect during
transients (dv/dt), as evident in Fig. (7.c).
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Fig. (7): The switching output voltage waveforms of different MOSFET materials

dependency on the varitions of input voltage values.
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In addition, depending on the switching output voltage waveforms (Fig.7), the switching
transient times(tgy, torr)Of the tested MOSFET device materials are illustrated in Fig. (8). It is
clearly shown that, their ON-times decreases by increasing input voltage value. Where its value
decreases from 5.08 to 0.76 for Si, 0.865 to 0.37 for SiC and 0.52 to 0.3 for GaN by increasing of
input voltage from 9 Volt to 20 Volt. In addition, the OFF-time of switch decreasesby increasing
the input voltage value. Where its value slightly decreases from 1.04 to 0.9 for Si, 0.65 to 0.52
for SiCand 0.355 to 0.34 for GaN.
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Fig. (8): Switching transient times of different MOSFET materials (a) ON-time and
(b) OFF-time, plotted at different input voltage values.

3.2.2. Effect of the External Gate Resistance

The influence of the external gate resistance (Rgex.) variation ranging from 10.0 Q up to
100.0 © on the switching output voltage waveforms for different MOSFET materials is shown in
Fig. (9). From which, it is clearly shown that, the external gate resistance variation show a
remarked effect on the switching output voltage waveforms for different MOSFET materials. It

is observed that, GaN-MOSFET device has the lowest dependency on Rgex. than the other tested

materials.
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Fig. (9): The influence of the external gate resistance on the switching output voltage
waveformsfor different MOSFET materials.
In this concern, depending on the influence of the external gate resistance on the switching
output voltage waveforms Fig. (9), the switching transient times (tgy,torp) Of the tested
MOSFET device materials are shown in Fig. (10). From which it is clearly shown that, their ON-

times are affected by chaning of Reex. values. It is observed that, considering GaN switch its ON-
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time shows a little increases (from 0.3 up to 0.4 us - duration time = 0.1us) than SiC (from 0.37

up to 0.69 us -duration time = 0.32 ps) and Si (from 0.76 upto 1.15 ps - duration time = 0.39 pus),
respectively.

Moreover, for GaN switch its OFF-time shows a little increases (from 0.34 upto 0.344 us
-duration time = 0.004 us) than SiC (from 0.52 up to 0.6 ps - duration time = 0.08 ps) and Si

(from 0.8 up to 0.9 us - duration time = 0.1 ps), respectively.
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Fig. (10): Switching transient times of different MOSFET materials (a) ON-time and
(b) OFF-time, plotted at different external gate resistance values.

3.2.3. Effect of the Load Resistance

The dependency of output voltage waveforms for different MOSFETs materials on load
resistance (RL) variations from 116 Q up to 1.0 kQ is studied and plotted as shown in Fig. (11).
The results clearly demonstrate a significant effect of R. variation on the output waveforms for

all materials. Notably, GaN MOSFETs exhibit the least dependence on changing R. values

compared to the other tested devices.
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Fig. (11): Influence of load resistance on the switch output voltage waveforms
for different MOSFET materials.

fluence of

the load resistance on the switching output voltage

waveforms (Fig.11), the switching transient times (ton,topr) Of the tested MOSFET device

materials are illustrated in Fig. (12). From which it is clearly shown that, their ON-times are
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slightly increases by increasing Rivalues. It is observed that, considering GaN switch its ON-time
shows slightly increase (from 0.3 up to 0.32 ps - duration time = 0.02 us) compared with SiC
(from 0.37 up to 0.395 ps - duration time = 0.025 ps) and Si (from 0.76 up to 0.79 ps - duration
time = 0.03 ps), respectively.

On the other hand, their OFF-time shows a remarkable increase with increasing the load
resistance value which is consistent with (Eq. 13). Considering GaN switch its OFF-time shows
the lowest increase (from 0.34 up to 1.36 ps - duration time =1.02 ps) followed by SiC (from 0.52
up to 1.64 ps - duration time =1.12 ps) and Si (from 0.8 up to 2.74 ys - duration time = 2.06 us),

respectively.
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Fig. (12): Switching transient times of different MOSFET materials(a) ON-time and
(b) OFF-time, plotted at different load resistance values.
The proposed switching circuit is designed after selecting the optimum suitable operating
conditions and circuit element values (Vgs = 20 Volt, Rgex =10 Q and Ry= 116 Q) according to

the obtained results as shown in Fig. (13).

Vas J_[ Vour
(20 Volt) |
2R (116 Q)
Rgex.
(10 Q)
O

Vbp
(20 Volt)

Fig. (13): The proposed switching circuit.
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Figure (14) compares the switching output voltage waveforms of the three tested
MOSFET device materials. Notably, GaN MOSFETs exhibit superior performance in terms of
both transient times and Miller plateau suppression over the other tested devices.
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Fig. (14): The influence of different MOSFET device materials on the switching output
voltage waveforms.

For comparison, Fig. (15) shows the effect of MOSFET device materials on the switching
transient times. From which, it is observed that, for GaN MOSFET has the best switching transient
times with ON-time of 0.3 ps and OFF-time of 0.34 us at 1.0kHz. This is significantly faster than
both Silicon Carbide (SiC) and Silicon (Si). Where, SiC MOSFET has ON- and OFF-times of
0.37 ps and 0.52 ps, respectively, while Si has ON- and OFF-times of 0.76 ps and 0.8 ps,
respectively.
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Fig. (15): Effect of MOSFET device materials on the switching transient times.
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4.0. Conclusions

From the experimental work, results, analysis and interpretation, it could be concluded
that, GaN power MOSFET (TPH3208PS-ND) emerges as a superior switching technology based
on its electrical characteristics. This advantage stems from its lower ON-resistance and faster
switching times. Additionally, SiC power MOSFET (TW107N65C) offers significant
improvements over traditional Si power MOSFET (MTP20N15E).The timing performance of a
switch is influenced by several factors inherent to the operating conditions and system design.
These factors include load resistance, input voltage, and external gate resistance. For optimal
switching circuit performance, a lower load resistance, lower external gate resistance, and higher

input voltage are preferred.
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