ABSTRACT
MAHAJAN ANIURUDHA ATUL. Characterization of Wide Band Gap Power
Semiconductor Devices. (Under the direction of Dr. Subhashish Bhattacharya).
Power semiconductor devices are the main building blocks for power conversion systems.

Wide band gap power devices offer advantages like improved efficiency and low system cost.

This work includes the static and switching characterization of Gallium Nitride and Silicon
Carbide wide band gap transistors. The characterization procedures are explained. The
characterization results are compared for various transistors and advantages of these transistors

over Silicon based transistors are discussed.

The results are obtained by building a hardware characterization setup in the lab.
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1. Introduction
Power semiconductor devices are used to control the energy transfer of electrical and electronic
systems. For last 5 decades Silicon (Si) was a dominant power semiconductor material. It had
several advantages over Germanium and Selenium. Si opened new applications which were
not physically possible with previous materials. It was more reliable than previous materials.
It was easy to use and is a low cost material. Now that the energy requirement is growing
continuously, we need to develop high power, high efficiency, and high power density
applications for power transfer. Si based devices are approaching their limits for high voltage
and high frequency applications. Currently, Si IGBTs (Insulated gate bipolar transistor) can
handle voltage of 5 kV and current of 1000 A but the operating frequency is limited to
maximum of 100 kHz [1]. It reduces the efficiency and makes integration of system more
difficult. Also, because of low frequency operation, a bulky filter circuit is required which
increases system size and cost. Also, bulky cooling system is required to dissipate the heat
generated because of high energy losses. On the other hand, Si MOSFETs have high on
resistance which causes high conduction loss at high voltages limiting the use of these
MOSFETSs for low and medium voltages (< 600 V). The junction temperature of 150°C limits

the use of Si devices in high temperature and high power density applications [2].

The Silicon is approaching its theoretical limits and there is a need to develop other materials
suited for current power market requirements. For Power devices, there are many
characteristics that matter in variety of power conversion systems today. Most important of
them are cost, efficiency, size, and breakdown voltage. The research is going on currently on
wideband gap device technology to address all the problems present with Si based devices.
The wideband gap power semiconductor materials are Gallium Nitride (GaN) and Silicon
Carbide (SiC) with bandgap of 3.4 eV and 3.2 eV respectively. The critical field of GaN and
SiC is 10 times higher than that of Si. Because of high critical field, GaN and SiC can block
the same voltage as Si devices and reduce the size by 10 times. This reduces ON resistance
which also reduces the energy losses in converters which reduces converter size small and

increase power density [3-7].



1.1 Motivation

The material properties of GaN, SiC and Si are discussed in the following table [7].

Parameter Unit Silicon GaN SiC
Band gap eV 1.12 3.39 3.26
Critical Field MV/cm 0.23 3.3 2.2
Electron
- Cm?/V.s 1400 1500 950
mobility
Permittivity 11.8 9 9.7
Thermal
o W/cm.K 1.5 1.3 3.8
Conductivity

Since GaN and SiC, both have superior material properties than Silicon, the new power
electronics systems can be designed with these semiconductor materials which were not
possible because of limitations of Silicon. With GaN, high frequency, low voltage applications
are made possible with very high efficiency. With SiC, high power applications are made more

efficient and power density is increased.

The main objective of this thesis is to characterize wide band gap devices to evaluate their
static, switching and thermal parameters to gain knowledge about the device capabilities and
use this knowledge to design and build highly efficient and compact power conversion
systems. In this thesis, GaN HEMTs and SiC MOSFETSs are characterized for static and

switching parameters. This data will be used to design converters for high frequency, high

efficiency and high temperature applications.

Table 1.1: Properties of Power Semiconductor Materials




1.2 Organization of Thesis

In chapter 2, the static and switching characterization procedures for power semiconductor
devices are discussed. The characterization setup used and precautions taken to obtain accurate

results are also discussed in this chapter.

In chapter 3, material properties of GaN, basic GaN structure and characterization results are
discussed. GaN HEMTs from three different manufacturers are characterized and they are

compared against their characterization data. The results are also plotted in this chapter.

In chapter 4, material properties of SiC and characterization results are discussed. The half
bridge SiC module is characterized and the results and test setup modifications needed for half

bridge module are discussed.
In chapter 5, GaN and SiC results are compared with Silicon transistors and their potential
applications are discussed. Also, advantages of converters using wide band gap devices over

Silicon based converters is discussed.

In chapter 6, thesis is concluded and future work based on this thesis is discussed.



2. Power Devices Characterization Procedures
This chapter introduces general static and switching characterization processes, terminologies,
device behavior for SIC MOSFETs and GaN HEMTSs. The specific issues for these devices

will be discussed in following chapters.

2.1 Static Characterization Approaches

Static characterization of a power semiconductor device is a most basic evaluation of
performance. Static characterization includes DC characteristics (I-V, current voltage
relationship) and AC characteristics (Impedances) [9-11]. The DC characteristics for SiC
MOSFETs and GaN HEMTs are mainly represented by I-V curves, blocking capability,
transfer characteristics, threshold voltage and, diode and third quadrant characteristics. AC
characteristics include internal gate resistance, nonlinear junction capacitances, and package
parasitic inductances. DC characteristics are measured using Tektronix 371A curve tracer [8]

and IWATSU curve tracer. AC characteristics are measured using Agilent E4980A LCR meter.

Characteristics of power semiconductor devices are also dependent on operating temperature.
External temperature source is required to heat the device to analyze temperature dependence
of statics characteristics of device under test (called DUT hereafter). A hotplate is used to
control GaN HEMT junction temperature and Thermostream is used to control junction
temperature of SiC MOSFETSs. Both the setups are shown in figures 2.1 and 2.2 respectively.



Figure 2.1: Static Characterization Setup with Hot Plate

Figure 2.2: Static Characterization Setup with Thermostream



2.1.1 Blocking Capability

The blocking capability of DUT is determined using following parameters [9].
1. BVpss — Drain to source breakdown voltage
2. lpss — Drain leakage current at rated voltage

BVpss of MOSFET is usually defined as the voltage which produces 250 pA drain leakage
current. For GaN HEMTs the number is very small. The measured BVpss under this criterion
is higher than rated voltage but at higher temperatures, device may produce 250 pA current at
lower drain to source voltage than rated voltage. Also, for certain prototype DUTSs, some single
cells are weaker than the others, which will break under high voltage stress causing permanent
damage to the DUT and incapability to block voltage [12].

To avoid the DUT damages, Ipss is better option to evaluate blocking capability of the device.

It is measured using curve tracer in high voltage mode.

2.1.2 Output and Transfer Characteristics

The output characteristics of the DUT is drain current Ip vs. Drain to source voltage Vps at
various gate voltages Vgs. The transfer characteristics of a DUT are drain current Ip vs. gate
to source voltage Vgs for a given Drain to source voltage Vps. These characteristics are
measured using curve tracer. Positive gate bias is given to calculate I-V curves and transfer

characteristics [9].

2.1.3 ON State Resistance (Rpson)

On state resistance can be calculated directly using the output characteristics of the DUT [9-
10]. Some papers define Rpson as maximum slope for given turn ON voltage while other
papers define it as slope at specific drain current. We get minimum Rpson value using first
definition but it does not give the real gate resistance when DUT is ON i.e. when drain current
is non zero. The second definition of Rpson iS used since it gives real gate resistance which
can be used as design parameter for converters. The difference between the Rpson at different

drain currents is shown in figure 2.3.
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Figure 2.3: ON Resistance

2.1.4 Body Diode and Third Quadrant Characteristics

SiC MOSFETSs have intrinsic body diode because of its device structure. GaN HEMT does not
have a body diode because of lateral structure. Measuring body diode characteristics is similar
to output characteristics except device channel needs to be pinched off during measurement. It
is achieved by shorting gate and source terminals of applying negative bias to gate and source.
For third quadrant characteristics, device channel is turned on and I-V characteristics are
measured for body diode. It is achieved by giving positive bias between gate and source of the
DUT.

2.1.5 Pre Characterization Precautions:
There are several precautions that need to be taken to ensure accurate measurements of device
parameters.

1. Kelvin Sensing: Kelvin sensing is required to accurately measure static characteristics.
Long wire and contact resistances may cause error in measurement in high current
mode in the curve tracer. Conventional TO-247 and TO 220 packages usually fit into
adapter panel of the curve tracer. For the surface mount devices (called SMD hereafter)



and other packaging, wires are needed to be connected to ensure kelvin sensing.
Contact and wire resistance needs to be calculated and subtracted from measured
readings to ensure accurate characteristics values. The Kelvin contacts setup for SiC
power module is shown in the figure 2.4.

Figure 2.4: Kelvin Contacts for SiC Power Module

. Temperature Control: The statics characteristics of power semiconductor devices are
dependent on junction temperature. It is necessary to pay attention to junction
temperature of the DUT. The static data needs to be collected as quickly as possible to
avoid self-heating of the DUT which causes junction temperature change.
Electrostatic Discharge (ESD): If not handled properly, ESD can destroy gate-source
oxide layer permanently. Some precautions need to be taken when storing power
semiconductor devices [13].

a. Shorting Gate-source terminals

b. Using anti-ESD boxes

c. Handling DUT by packaging and not the metal contacts



2.2 Switching Characterization Approaches
2.2.1 Double Pulse Tester

A SiC
t Schottky

+Ve

Gate Re Ig &

| oY Vbs
—— Drve W

Figure 2.5: Double Pulse Test Schematic

The switching characteristics of DUT are evaluated using inductive load double pulse tester
[14-16]. The double pulse tester schematic is shown in figure 2.5. The DUT is driven by high
speed, high current gate driver CRD001 by Cree which supplies -5V to +20V for a MOSFET.
Figure 2.6 shows typical Ves, Vps and Ip test waveforms. At the end of first cycle and at the
start of second cycle, the DUT’s switching transients can be captured for a desired Vps and Ip
values. The DUT can be switched under any Vps and Ip stress. DUT is switched only twice to
minimize the losses and therefore self-heating of the junction. The junction temperature is

controlled externally to calculate switching characteristics at different temperatures.
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Figure 2.6: Ideal Switching Waveforms for Double Pulse Test

For SiC MOSFETS, high side MOSFET was switched OFF using gate driver providing Vs =
-5V and anti-parallel Schottky diode was used to conduct current at the high side. For GaN
HEMTSs, Infineon 1200V 15A, SiC Schottky diode is used on the high side. SiC diode can
eliminate reverse recovery effect and therefore limit the current spike in the DUT during turn
ON.

The inductor if 380 pH is used as load. The load inductor can be changed to obtain a desired

drain current at the end of first pulse.

vd —LAI
Y

For a given Vps value, inductance and time period is chosen to obtain desired Ip value at the
end of first switching cycle.

The drain current of the DUT is measured using 0.01 Q shunt resistance for SiC MOSFETSs
and using Pearson current transformer for GaN HEMTSs. The PCB is designed to achieve

minimum parasitic inductance to minimize the switching ringing in the DUT.

10



2.2.2 High Speed Measurement Considerations
As seen in figure 2.6, the switching characterization of the device contains three waveforms,
Gate-source voltage Vgs, drain-source voltage Vps and drain current Ip.
The shunt resistor and Pearson transformer is used to measure Ip of the DUT because of its
high bandwidth which does not cause aberrations during switching transients. All three
waveforms share common source which is DUT source terminal. The drain current therefore
needs to be inverted in the scope because original waveform measures negative current. All
three probes used are single ended probes because the DUT is on the low side [17].
For high speed measurements, the probes need to have enough bandwidths to capture rise and
fall edges of the switching transient. Rise time of the GaN is in order of 5 ns. Drain current rise
time is also in the same order.
_ 035

ty
Therefore, to ensure enough bandwidths, Tektronix P5100A, 2500 V, 500 MHz, 100x probe
is used to measure Vps, shunt resistor of 0.01 €, 2000 MHz is used to measure Ip and Tektronix
P6139 300 V, 500 MHZ, 10x probe is used to measure Vgs.

bw

The different types of probes have different propagation delays. Even though the delay time is
several nanoseconds, in high speed measurements it matters a great deal as it can affect energy
losses and turn ON and OFF times by a significant factor giving too high or too low energy
losses and turn ON and OFF times. The shunt resistor consists of least propagation delay and
Tektronix P5100A the most.
To compensate the different propagation delays, probes need to be de-skewed. The steps to de-
skew the probes is explained below.

1. Choose one probe as the baseline probe.

2. Connect the first (baseline) and second probe to measure the same square waveform.

3. Carefully observe the rising edge and adjust the second waveform using de-skew option

on the scope to ensure the same rising edge for both the probes.

4. Repeat the procedure for the third probe.

11



2.2.3 Switching Characterization Setup

The switching characterization is shown in figure 2.7. The double pulse (0-5 V) is generated
using Agilent signal generator. Time period and amplitude of this signal can be adjusted on the
signal generator. This signal is given to the double pulse tester (called DPT hereafter). The
three waveforms (Vps, Ves, Ip) are captured on the oscilloscope and csv file is recorded on the
USB drive. This data is then processed using MATLAB script to obtain switching energy
losses (Esw) values and, rise and fall timings.

Wavetorm Generator

(MOREER & & &
EmENe O 6

Oscilloscope

Figure 2.7: Switching Characterization Setup

2.2.4 Definitions of Switching Characteristics

Turn ON time Ton is defined as time from Ip reaching 10% of the steady state current to Vps
falling to 10% of the DC bus voltage.

Turn ON delay time is defined as time from Vgs rising to 10% of the final Vs voltage to Ip

reaching 10% of the steady state current.

12



The turn OFF time Torr is defined as time from Vps rising to 10% of the bus voltage to Ip
falling to 10% of the load current.

The turn OFF delay time is defined as time from Vs falling to 90% of the Vgs voltage to Vs
rising to 10% of the bus voltage.

Turn ON switching energy and turn OFF switching energy are integrals of products of Vps and

Io over Ton and Torr respectively [18].

90 %

b -

.’._J.---“-______ I =
¢t '

')
Vos ' 90 %
/
ID / D
Vps
' ‘O % /

v Ir E

{d(on) - td(off) —»
- — i

Figure 2.8: Switching Time Definitions

2.2.5 MOSFET Switching Behavior under Clamped Inductive Load

Under inductive load, load inductor current remains unchanged while current flows through
high side diode during MOSFET turn OFF and flows through MOSFET during MOSFET turn
ON. Switching under these conditions is most common commutation mode for power

semiconductor devices in hard switching converters.

13



Ideal MOSFET Switching Behavior
The double pulse switching setup shown in figure 2.9 is used to explain ideal MOSFET

behavior. Following assumptions are made to ensure ideal operation [2] [19].

1.

2
3.
4

Vas on l'\lz;lf':

Inductor load current is constant during switching.
Freewheeling diode is ideal.
Gate driver is ideal step voltage source.

No parasitic inductance from device packaging or circuit.

o] — .
R — —— Vpe
o 4 Vbs |
[V -
~ /T EN
0 . \ Ve

Figure 2.9: Ideal Double Pulse Test Schematic

14



Turn ON Process
The turn ON of a MOSFET is divided in 4 steps as shown in figure 2.10.

Step 1: Turn ON Delay
When the gate voltage steps from 0 V to Veson, DUT input capacitance starts to be charged.
MOSFET will not switch until gate voltage is reached threshold voltage VestH. This time
represents turn ON delay.
During turn ON delay,

Vps = Vpc

Ip=0

—t
Ves = Veson [1 — €xp ReC ss]
1

R is gate resistance and Ciss is DUT input capacitance.

Step 2: Current Rise

At the end of step 1, Vs has risen to Vesth and MOSFET starts to turn ON. MOSFET starts
to conduct current and therefore current from freewheeling diode is transferred to MOSFET.
During this period, MOSFET still blocks DC bus voltage because diode is still conducting.
When all the load current starts flowing through MOSFET, this step completes.

During current rise,

Vps = Vpe

Ip = 9grs Vs, Vbs)Ves

—t
Ves = Veson [1 — €exp Rg CISS]

grs is transconductance of MOSFET dependent on both Ves and Vps. MOSFET is still in
saturation region because Vps is still high. Therefore current is only dependent on gate voltage.

15



Step 3: Voltage Fall

At the end of second step, all the load current is flowing through MOSFET. In step 3, diode
starts to block the voltage, therefore Vps for MOSFET starts decreasing but since MOSFET is
still in saturation region, Vs value remains unchanged. The gate current deviates from Cgs to

discharge miller capacitance Cgp. At the end of step 3, Vs drops from Vpc to ON state voltage

drop.
During voltage drop,
dVps _ Veson — Vplateau
dt R:Cep
Ip =1,
Ves = grs ',

Vps is hard to express because Cep is nonlinear function of Vps.

Step 4: Vs Rise

At the end of step 3, MOSFET is completely turned ON. In this step, Vs is increased to a
value higher than VpeLaTeau to observe low channel resistance. As gate voltage is increased,
Roson is decreased. Therefore with increase in Vgs, low Rpson is observed.

Vbs = Rpsonly
ID == IL

16



Turn OFF Process

Similar to turn ON, the turn OFF of a MOSFET is divided in 4 steps as shown in figure 2.11.
Step 1: Turn OFF Delay

When the gate drive voltage is stepped to zero, Vs starts to fall. Therefore increase in Rpson
is seen. Because of increase in Rpson, Vps is also increased. When Vgs drops to miller plateau
voltage this step ends.

Vbs = RpsonlL
ID == IL

—t
Ves = Vison [exp RGCISS]

Step 2: Voltage Rise
When Vs is reduced to VrLateau, MOSFET enters saturation region. MOSFET starts blocking
voltage and Vgs remains constant at VpLateau. At the end of step 2, Vps = Vpc = DC bus

voltage and diode starts conducting current.

dVDS - _ Vplateau
ID = IL
Ves = grs 1,

Step 3: Current Fall
At this step, load current is transferred to diode from MOSFET. The input capacitance of DUT
continues to discharge until Ves drops to VestH. This step ends when total load current is
transferred to diode.

Vps = Vpc

Ip = gfs(VGS' Vps)Ves

—t
Ves = Vison [exp R.C ]
c¢Liss

17



Step 4: Ves Fall
The turn OFF process is completed by the end of third step. However, DUT input capacitance
continues to discharge until Vs reaches zero.

Vps = Vpc

ID:0

The above turn ON and turn OFF processes conclude that
1. Smaller junction capacitances are essential for faster switching time.
2. Higher turn ON voltage and lower gate resistance lead to faster switching transients
3. For high load current, turn ON takes more time lengthening all the steps.
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Figure 2.10: MOSFET Turn ON Steps
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Phase 4

Phase 3

Phase 2

Phase 1
Turn-off
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Figure 2.11: MOSFET Turn OFF Steps
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Non ldealities

In this section, diode junction capacitance C; and switching loop inductance Lps a re-

introduced in the ideal circuit.

The diode junction capacitance C; will change the measured drain current waveform. During

MOSFET turn ON, C; is charged and that charging current will add to load current giving

current spike during turn ON. During MOSFET turn OFF, C; is discharged by drawing load

current dropping drain current before diode starts conducting. The inductor EPC is in parallel

with the C; causing same effect.

Los comes from parasitic inductance along drain current paths. When drain current goes from

IL to zero, voltage drop across Lps changes Vps waveform. It forms a notch during turn ON

and peak during turn OFF.

Los and C; tend to resonate causing high frequency ringing in the waveforms.

Switching Trajectories

II} I|:,.
| {f Vs - {§ Vos:
Phase 3 . Phase2
: ’ (—
) Viom 4} Viom
Phase 2 Phase 3 &
{f Vs {f Vis
( Vosi (f Vosi
) . Vg = ) o Vg
A - : ) A Vi
Phase If OFF Phase 4~  OFF
(a) (b)

Figure 2.12: MOSFET Switching Trajectories
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2.2.6 Gate Charge Measurement
If a certain charge is injected in the gate for a given Vpp, the gate voltage will rise to the certain
level. According to datasheet characteristics, three gate charge parameters are discussed.
e Qg is the total gate charge. It is calculated from the origin to the peak value of gate
voltage.
e Qs Is the gate to source charge. It is the charge from to to to.

e Qgp is gate to drain or miller charge. It is the charge from t; to ts.

The setup for gate charge measurement is the similar to double pulse test. A constant current
gate driver is used instead of regular gate driver. For a given Vps and Ip, gate waveform is
measured using oscilloscope. The time for gate voltage to rise from origin to its peak value is
measured. Since we are injecting constant current from a gate driver, a simple product of gate
current and time gives the gate charge. And gate charge curve may be plotted using this data
[19-21].

GATE
VOLTAGE
! Y
b DRAIN | e
T :\l"""'m““g/nnmucunnmr

|
|
Voo :
|

WAVEFORM
(b)

Figure 2.13: Gate Charge
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3. Gallium Nitride (GaN) HEMTs Characterization

The basic structure of GaN HEMT is shown in the figure below. The source and drain
electrodes are pierced through the AlGaN layer to form ohmic contact with the underlying
2DEG (two dimensional electron gas) layer so it creates the short circuit between source and
drain terminals until this layer of 2DEG is depleted [7]. Gate electrode is placed on AlGaN
layer to deplete this 2DEG layer. When negative potential is applied to the gate with respect to
source, 2DEG layer will be depleted and flow of current between drain and source will be
blocked.

Figure 3.1: GaN HEMT Structure

Since electrons are derived from wideband gap material, there is no impurity scattering of
electrons which results in high electron mobility and at low temperatures, the lattice scattering
is also low.

GaN is composed of Ga with a large ionic radius and N with a small ionic radius and thus
forms a slightly distorted tetrahedral arrangement, it exhibits spontaneous polarization [22].
When AlGaN is grown on GaN, piezoelectric polarization is further added due to the tensile
stress generated in the AlGaN layer. With these two polarization effects, a fixed positive charge
is generated near the AIGaN/GaN Heterojunction in the AlGaN layer and correspondingly a
two-dimensional electron gas is induced in the GaN layer. The density of free electrons in GaN

increases with increasing Al content of AIGaN. It is a unique characteristic of the AlGaN/GaN
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Heterojunction that a high density of two-dimensional electrons is achieved without the
addition of any donor impurities to the AlGaN layer.

Gallium Nitride transistors have Rpson VS. Vs curves similar to Si MOSFETS. The value of
Robson is significantly less than that of Si MOSETSs. GaN transistors have positive temperature
coefficient which is slightly less than Si.

The threshold voltage of GaN is lower than that of Si MOSFETS. In addition to lower Rpson,
GaN transistors have lower device capacitance as well. Since the device capacitances are very
small, it takes less time to charge and discharge the device during each switching making it
preferred device for very high frequency operations.

GaN transistors are lateral devices. There is no parasitic bipolar junction like Si based
MOSFETSs. The device has different mechanism for body diode operation but similar function.
At zero bias between gate and source, all the electrons are depleted. As the drain voltage is
decreased, a positive bias on the gate is created relative to drift region. Once gate is reached to
threshold voltage, there are enough electrons to conduct current in reverse direction. There are
no minority carriers involved in conduction therefore there are no reverse recovery losses.
Since it takes threshold voltage to turn on the transistor in reverse direction, forward voltage
drop for body diode is higher than Si MOSFETSs [23].

The Following table shows the GaN HEMTSs that were characterized.

Device Blocking | Current | ON Resistance | Gate )
Type Packaging
manufacturer | Voltage (V) (A) (mQ) Voltage
+20V /
RFMD 650 30 45 Cascode | TO-247
-20V
GaN +10V /
650 30 52 e-GaN GaNpx
Systems -10V
+18V /
Transphorm 600 17 150 Y Cascode QFN

Table 3.1: GaN HEMTs Parameters

24



3.1 Static Characteristics

Using Tektronix 371A curve tracer, the output characteristics of a RFMD GaN transistor were
measured. The pin geometry for this transistor is different than the standard pin geometry.
Therefore connecting wires were used to connect this transistor with the curve tracer. Since the
kelvin connection was not used, the wire resistance and contact resistance was also added in
the transistor ON resistance, giving false I-V characteristics. The data observed was different

than the preliminary datasheet data provided by the manufacturer.
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Figure 3.2: RFMD GaN I-V Characteristics (Kelvin vs. no Kelvin)

To debug the test setup, the other transistor sample was used to ensure transistor functionality.
To calibrate the curve tracer, Infineon Si CoolMOS was used to measure output characteristics.
The data acquired from the curve tracer was consistent with the datasheet parameters. When
the curve tracer calibration was complete, kelvin contacts were used for RFMD transistor. The
data acquired was consistent with the datasheet parameters in this case.
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Figure 3.3: Silicon CoolMOS I-V Characteristics

Rated gate voltage for transistor is +10 V. The output characteristics are measured for gate
voltages from 5 V to 10V in the interval of every 1 V. The change in the ON resistance with

respect to gate voltage can be seen in the figures.

3.1.1 Static Characteristics of RFMD GaN Transistors

Total 3 samples from same batch were characterized to establish part to part variation and
estimate absolute minimum, typical and maximum values for ON resistance. The temperature
dependence of the ON resistance is also characterized to estimate the thermal coefficient of
these transistors.
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Figure 3.5: Temperature Dependance of ON resistance for RFMD GaN HEMTSs
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Figure 3.6: Body Diode Characteristics for RFMD and Transphorm GaN HEMTSs

3.1.2 Static Characteristics of GaN Systems and Transphorm Transistors

The GaN systems and Transphorm transistors are also characterized for the output
characteristics at various gate voltages going up to their respective gate voltages. For the GaN
systems transistor, as seen in the figure, after saturation, drain current is decreasing with
increase in forward voltage drop. One reason for this can be the self-heating of the transistor.
For the Transphorm device, the transistor acted like resistor around the rated current. There
was no separation in 1-V curves for different gate voltages. The ON resistance was the same

irrespective of the gate voltage.
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Figure 3.7: I-V Characteristics GaN Systems HEMT

Figure 3.8 I-V Characteristics Transphorm HEMT
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3.2 Switching Characteristics

The switching characteristics were also measured using the double pulse tester circuit
explained in chapter 2. For the RFMD cascade transistor, Silicon Labs Si-8233 half bridge gate
driver was used to provide gate pulse of +10 VV / -5 V. Because of the parasitic inductance on
the PCB and overlapping of the ground traces and high dV/dt traces, lot of ringing was
observed and caused to transistor to fail. Since all the probe grounds were not connected to the
source of the transistor, there was a ground loop which caused heavy current and voltage
ringing. The rated gate voltage is +20 V, but to prevent the device, only +10 V gate voltage
was given. The switching results for various gate resistances are measure to confirm that the
ringing goes down with the increase in gate resistance. The dV/dt and dl/dt are measured at
various DC bus voltages. Inductor value was chosen for a given drain current and DC bus value
using a formula:

Al

V=L—
At

V = DC bus voltage, I = inductor current = drain current.

Also, DC capacitor value decided to keep the voltage drop minimum at the end of last
switching cycle. It is recommended that voltage drop be less than 10% of the DC bus voltage

value. It is decided using the following formula:
[=C—
At
| = drain current, delta V = voltage drop, C = capacitance

After switching off the power supply, to capacitor voltage must drain to ensure the safety. It
must drop to at least 10% of the DC bus voltage within 1 minute. The bleeder resistor value

may be calculated using the following formula:

—t
Ufinal = Vps * GXD(E)
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3.2.1 RFMD Switching Results

The switching results for RFMD GaN HEMT are discussed in this section. The double pulse
test PCB is designed using cadence Allegro [24-26]. Gate driver is soldered on board. The gate
voltage pulse waveform is shown in figure 3.9. When DC bus voltage of 200V is applied to
the DPT circuit, huge ringing in current waveform is observed. The capacitor bank is not
soldered on board. Therefore there is a lot of inductance because of wires connecting DC
capacitor bank to the PCB. Therefore low frequency ringing is observed in drain current
waveform. The waveforms are captured for 0Q2, 20Q and 20Q with 80Q ferrite bead external
resistance for DC bus voltage of 200V and 400V. Theoretically, ringing should reduce with
increase in external gate resistance. Because of the noise, it is hard to say if ringing is going
down. In all the waveforms shown below, channel 1 is Vps, Channel 2 is Ip and channel 3 is
Ves.

Telk S @ Acq Comnplete B Pos 3.800,0s SANVESREC
*
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Save ol

M 25005

Figure 3.9: Gate to Source Voltage for Double Pulse Test
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Figure 3.10: Switching Results at Vps = 200V, Ip = 5A and Rg = 0Q
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Figure 3.11: Turn ON dV/dt
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Figure 3.12: Turn OFF dV/dt

The turn ON and turn OFF dV/dt waveforms are shown in the figures 3.11 and 3.12
respectively. The device rated gate voltage is +20 V. To prevent the device from damage, only
+10 V gate voltage is given in the DPT. Therefore, dV/dt is measured to be 10 V/ns.
Theoretically GaN HEMTs can have a very high dV/dt up to 300V/ns. The switching
waveforms at Vps = 200V and external Rc = 20Q are shown in figure 3.13. This waveform
data is acquired in csv file format and then it is processed using MATLAB script to calculate
switching energy losses. At Vps =400V and Vgs = 10V and Ip = 10A, the turn ON energy loss
is 30 pJ and turn OFF energy loss is 20 pJ. The energy loss will reduce with the increase in gat
voltage because the dV/dt will increase which will have very low current and voltage overlap

reducing energy losses.
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Figure 3.13: Switching Results at Vps = 200V, Ip = 5A and Rg = 20Q
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Figure 3.14: Switching Results at Vps = 400V, Ip = 10A, Rg = 20Q and Ferrite Bead 80Q
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3.2.2 Transphorm Switching Results

The Transphorm GaN HEMT is characterized for switching time measurements and switching

losses. The DC bus voltage of 300V is applied to the circuit. Rated current of this device is

17A. 5 pulses were given instead of 2 pulses to current to rise to 15A which is close to rated

current. The switching waveforms are observed at Vps = 300V and Ip = 15A. The zoomed in

turn OFF and turn ON waveforms are shown in figure 3.16 and 3.17 respectively.

The CREE CRD-001 gate driver is used to drive this device at +15V and -5V. Gate driver is
causing lot of ringing because it can only withstand 40 V/ns dV/dt and dV/dt of approximately

100 V/ns is observed while switching this device from the zoomed in turn ON and turn OFF

figures. The new gate driver needs to be designed which can withstand high dV/dt.

Because of high ringing caused by gate driver, ringing in drain current and drain to source is

observed.
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Figure 3.15: Switching Results at Vps = 300V, Ip = 15A and Rg = 5Q
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4. Silicon Carbide (SiC) MOSFETSs Characterization

Silicon Carbide (SiC) is a compound semiconductor material which consists silicon (Si) and
carbon (C). SiC semiconductors have dielectric breakdown field strength of 10x, thermal
conductivity of 3x and bandgap of 3x compared to Si. SiC devices can operate at higher
temperatures, have higher breakdown voltage and have low resistivity as compared to Si
counterparts [7]. SiC exists in variety of polymorphic crystalline structures e.g. 6H-SiC and
4H-SIiC. Currently 4H-SiC is used widely in practical power device manufacturing.

Since the dielectric breakdown field of SiC is 10 time higher than Si, the devices can be made
with much thinner drift layer or high doping concentration. Therefore they have high

breakdown voltage and low on resistance.

The SiC MOSFETSs have low on resistance as compared to Si IGBTs. Also MOSFETSs have
no tail current as opposed to IGBTs. Therefore SiC MOSFETs reduce switching loss
significantly at higher operating voltages enabling high frequency operation. Since these
devices are operating at higher switching frequency, the filter circuit requirements are reduced
making overall system less bulky. Also since it has low switching losses and SiC devices can
operate at higher temperatures, the cooling system requirement is also reduced. Both of these

parameters help reduce the overall system size increasing power density of the system.

The Following table shows the SiC MOSFET that was characterized.

Device Blocking ON Resistance
Current (A) Type
manufacturer | Voltage (V) (mQ)
Cree 1200 300 4.6 Half Bridge

Table 4.1: SiC MOSFET Parameters
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4.1 Static Characterization

The On resistance of 1200V 300A SiC half bridge power module is measured using Iwatsu
curve tracer. I-V characteristics are measured at -40°C, 25°C and 150°C for gate voltages from
10 V to 20 V at every 2 V. ON resistance increases with the increase in temperature. The
normalized ON resistance graph is also shown below. For a given temperature, ON resistance
decreases with the increase in Gate to source voltage.

Setup with kelvin contacts was used to characterize this half bridge module. One switch
position in the bridge is characterized at once. The other switch was held in OFF state by

shorting gate and source terminals (Vgs = 0).

4.1.1 Output Characteristics
Figure 4.1, 4.2 and 4.3 show |-V characteristics at 25°C, 150°C and -40°C respectively.
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Figure 4.1: I-V Characteristics at 25°C
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4.1.2 ON Resistance

The following figures show the ON resistance dependence on temperature and gate voltage.
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Figure 4.4: ON resistance vs. Temperature

[ [——] ﬁuu|J||||J||||4||||J||||4|||1M||||4||||
I I I I | | | I
| I S A I
[%] (%]
IE--3= [  A  E A
I =] [=] I I I I | | | I
28 ali I I I I [ |
[N ] o~ ] ] ] ] ] ] Ml I
1 -0 [ A A A -
=l
r||||r||||r|||L||||L||||L|||*L||||L|||LF||||F||||
] | ] ] ] ] ] I —._ I
A - B
| I | | | | | [ B
I | I I I I —_ | u_ I
I T S I T
I
b
NS A I NNV AN N S N N I \“\\\\
S S S A
N N
N I
A A A T
A A -
I | I I I I .I__ I* | I
o s
] | ] ] ] ] T_ X ] ]
I | I I I I I o I I
I | I I I I | M | I
T||||T||||T|||1||||i||||4|*||¢|||1h||||+| —t———=
A
Y L
. ]
A O
I A
. I
| | | | | | I h& | | |
A O T T B 0 I
SRS SN = S S A Vs LA <~ SN SR
D AR
loat” 1
A 4 R
A R A | FE N A
Rt B A S D
et |
be® | ] ] ] ] ] ] I I
A A R
I
I R R AN R R R N
r L] L] L} L} L} L} L} L} L}
o -] [¥-] <t o~ o -] o <t ~ o
o~ - - — i i

(Ow) NS0y ‘aoue)sisay-uo

20

18

16

14

12

10

Gate-Source Voltage, V¢, (V)

Figure 4.5: ON resistance vs. Gate to Source Voltage
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The following figures show the diode and third quadrant characteristics of MOSFETS.

4.1.3 Third Quadrant Characteristics
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Figure 4.7: Third Quadrant Characteristics at 150°C
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4.1.4 Threshold Voltage

The following figure shows the temperature dependence of the threshold voltage.
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4.1.5 Transfer Characteristics

The drain voltage is kept constant at Vps = 20 V by controlling the curve tracer remotely using
LabView script. The drain current is measured manually at gate voltages from 0 V at every 0.5
V until the drain current reaches twice the rated value. The drain current vs. Vgs graph is
plotted for junction temperature of -40°C, 25°C and 150°C. The nominal transconductance

value is calculated at rated current.
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Figure 4.10: Transfer Characteristics
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4.1.6 Device Capacitance Measurement

Input capacitance (Ciss), output capacitance (Coss) and reverse transfer capacitance (Crss) are
measured [27-28] using Agilent E4980A LCR meter. DC bias was provided using a power
source. LabView script was run which controlled LCR meter and DC bias remotely and C-V
curve measurement was recorded in a csv file format.

Ciss = Cgs + Cep, Coss = Cps + Cep, Crss = Cep

Drain (D)

Source (S)

100

T,=25°C
Vpe=25mV

Sy weprep—m——r—"y

Capacitance (nF)

0.01

0 200 400 600 800 1000
Drain-Source Voltage, Vs (V)

Figure 4.12: Device Capacitance Waveforms
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4.2 Switching Characteristics

4.2.1 Clamped Inductive Test

The double pulse test setup was used for switching characterization of Cree half bridge module.
9 Pulses were given instead of two to go up to 1.5 times the rated current. Because of the 9
pulses, the energy losses were calculated at 8 different current levels providing switching loss
dependence on the load current. The csv file was extracted from the oscilloscope which was
post processed using MATLAB script to calculate ON and OFF switching energy losses and
switching time. Also de-skewing of probes is very important to obtain correct energy losses.
During the testing, it was observed that the overall switching losses remain almost constant but
ON switching loss and OFF switching loss change drastically with the change in probe de-
skewing. The switching characterization at half of the rated voltage (600V) and at 2/3" of the
rated voltage (800V). Channel 1 represents is Vps, channel 2 represents Ip and channel 3
represents Ves. Gate to source voltage of +20 V/ -5 V was given to gate using Cree CRD-001
gate driver.

The effect of external gate resistance on the switching energy losses and switching time is also
observed. Gate drivers with external gate resistance of 2.5Q, 5Q, 100, 20Q and 40Q are used
to drive this module.

Since it is a half bridge module, in the double pulse test, low side switch was device under test
(called DUT hereafter) and high side switch and its antiparallel diode was used for
freewheeling diode in DPT setup. The high side device was kept OFF using a gate driver which
provides -5V output voltage. But during a turn ON transition, the high side switch encounters
a false turn ON sometimes causing shoot-through for drain current. Therefore high current
ringing is observed at the turn ON transition. The switching energy losses are increased
because of high current ringing.
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Figure 4.19: Switching Loss vs. Ip at Vps = 600V
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Figure 4.20: Switching Loss vs. Ip at Vps = 800V
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4.2.2 Gate Charge Measurement
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5. GaN vs. Sivs. SiC
In the previous chapters, the GaN HEMTs and SiC MOSFETs were characterized and their
results are discussed separately. These characterization results are compared with Infineon
600V CoolMOS MOSFET.

] GaN Si SiC
Parameter Unit
(650V, 30A) (650V. 30A) (1200V, 300A)

ON resistance mQ 50 120 5

Input capacitance nF 0.18 2.1 18
Output capacitance nF 0.07 0.125 2.5
Gate charge nC 6.5 96 1025

Reverse recovery
pC 0 10 3.2
charge

Table 5.1: GaN vs. Si vs. SiC Parameters

For the similar specifications, GaN has lower ON resistance than Si CoolMOS. The low on
resistance reduces the conduction losses. The ON resistance of CoolMOS can be reduced by
using several transistors in parallel. But paralleling the transistors also increase the overall
device capacitance. The increase in capacitance causes increase in frequency dependent
switching losses and limits the high frequency operation. The device capacitance of GaN is
very low, enabling GaN to operate at higher frequencies at a reduced switching loss. For given
Roson, GaN has a very low output charge, gate charge and reverse recovery charge as
compared to Si CoolMOS as shown in above table. The low output charge enables fast turn
ON and high dV/dt. It also plays an important role in reducing the dead-time. Negligible
reverse recovery charge provides with the higher frequency limits.

SiC MOSFETSs are designed for high power applications. For the high power applications, the
switching frequency is lower than that for low power applications. The switching frequency
for high power applications is 100-200 kHz. The low ON resistance reduces conduction losses

significantly and SiC MOSFET does not have tail current as observed in Si IGBTs which
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reduces turn OFF switching loss in MOSFETSs. Also low reverse recovery charge in SiC
MOSFETs allows operation at higher frequency than Si IGBTS.

For low power applications, GaN HEMTs are preferred over Si CoolMOS because of high
frequency operation, low ON resistance, low capacitance and low gate charge. The high
switching frequency allows reduction of filtering circuit. Low gate charge and capacitance
allows high switching frequency operations and simplification of gate driver design since a
low current is needed to charge the gate to turn ON the device. Low capacitance also gives
high dV/dt which reduces switching losses. The cooling system requirements are reduced
because of the low switching and conduction losses. The GaN HEMTSs are around 10 times
smaller than their Si counterparts which reduces the overall system size and increases the
power density.

The converter topologies, magnetics, control and operating frequency need to be considered
when using GaN transistors over Si CoolMOS. GaN benefits may not be completely realized
if it is replaced for Si CoolMOS in the existing converter topologies.

The bridgeless totem-pole PFC converter with GaN is preferred over traditional PFC converter.
In the traditional PFC converter, if Si is replaced with GaN, only advantage is reduction in
conduction loss. The effect on the efficiency is negligible because of the significantly large
diode drops in the bridge rectifier. Therefore, in the new totem-pole topology, there is no ridge

rectifier which takes more advantage of GaN transistors’ benefits and offer higher efficiency

[4].

SiC MOSFETSs are designed for high power operation. It has low conduction losses and low
switching losses as discussed in chapter 4. SiC MOSFETSs are also small in size as compared
to their Si counterparts. The SiC MOSFETS can operate at higher frequencies than Si IGBTSs
and reduce switching and conduction losses increasing the efficiency of the system. SiC
devices fit very well in the existing high power applications. Because of these advantages of

SiC, it is preferred over Si IGBTs for high power applications.
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6. Conclusion and Future Work
6.1 Conclusion
This thesis proposes, the characterization procedures for power semiconductor devices and
precautions that need to be taken to obtain accurate results for wide band gap semiconductor
devices. The static and switching characterization procedures are discussed in depth and
several GaN HEMTs and SiC MOSFET are characterized. The data acquired is compared with
the existing commercial power devices to discuss the superiority of wide band gap devices

over existing transistors.

The ON resistance, device capacitances, gate charge and, switching energy losses and
switching time are characterized. All of these parameters are superior for GaN and SiC when
compared it with Si transistors which makes GaN and SiC superior than Si transistors. The

potential applications are also discussed for both GaN and SiC transistors.

6.2 Future Work

The future work includes the characterization of wide band gap devices from various
manufacturers to compare the static and switching parameters. The thermal characterization of
GaN and SiC transistors to evaluate safe operation area and, current and power derating.

It also includes design of DC-DC converter systems which can take the most advantage of

these transistors based on the characterized parameters.
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