ABSTRACT

YANG, MINGYU. Process Development of an Ultra High Density Chip-on-Chip Power
Module. (Under the direction of Dr. Douglas C Hopkins).

This research developed a fabrication process for novel 3D chip-on-chip power modules for
the NCSU-PREES laboratory. Past and present 3D power module packaging technologies
have been reviewed, and flex-circuit-based chip-on-chip approach has been selected to
demonstrate fabrication processes to produce very high power density modules. Based on
this concept, the flex circuit and testing circuit topologies have been designed with the assist
of electrical and thermal simulations. Because flex materials have low modulus, mechanical
stress analysis was not pursued for this particular research. An extra need of the module is
double-sided solderable power devices since the devices will be sandwiched between
different flex circuit layers in the module to realize electrical and thermal connections. This
required a surface metallization process to be developed at the NCSU-NNF facility to
convert Al die pads to solderable Ag or Cu. A Ti/Ni/Cu metallization solution has been
chosen to deposit on Al pads of the devices. Lastly, the flex circuits and test circuits have

been assembled and tested to show fabrication process success.

Although the flex module has not been electrically tested due to the failure of the surface
metallization process, the entire fabrication process for the NCSU-PREES Laboratory has
been presented in this thesis and can be repeated once solderable devices are available. Some

potential improvements are suggested at the end of the thesis.
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CHAPTER 1 INTRODUCTION

This chapter gives a basic background of power electronic module design. A section of
literature review is included to show state-of-the-art packaging technologies. The motivation

and methodology of this research will also be addressed.

1.1 Background

Power electronic modules are widely used in power electronic systems, such as switching
power supplies, motor drives and electric vehicles. The packaging of power electronics is a
critical factor to performance and reliability of power electronics systems [1]. The current
R&D focus on power electronic packaging is on cost reduction, increase of power density,
increase of reliability and reduction of effects due to parasitic elements. These parasitics are
undesirable capacitance between circuit parts and inductance in circuit traces. They both can
have a negative effect, such as increases in electromagnetic radiation and switching loss.
Therefore, designers and manufacturers try to minimize the parasitic elements of the
modules. Another concern for power modules is thermal management since power modules
are basically used for high current and high voltage applications. Massive heat will be
generated during the switching process. The heat has to pass through different layers such as
solder, baseplate, thermal interface material and heat sink [2]. Since modern silicon carbide
power semiconductors become more and more popular in various applications, the power
density of power modules becomes higher, which requires more efficient and effective heat

transfer design.



=

lll_—tl\Anun

7 Naen

N

Ir

TNy
(21

X
=

- ")1
A b 3 T

Figure 1-1 Typical power multi-chip module [3]

Figure 1-1 is a typical power multi-chip semiconductor module. It has six power devices
paralleled with power diodes respectively, which constitute a 3-phase full bridge converter
circuit. In this conventional power module, wire-bonding technology is adopted to provide
electrical interconnection. Currently, wire bonding is generally considered the most cost
effective and flexible interconnect technology, and is used to assemble the majority of
semiconductor packages. However, wire-bonding has some inherent disadvantages. For
example, wires used to connect devices can induce stray inductance, and power devices can

be only planar. As the demand of power rating and switching speed of power electronics



devices increase, the di/dt is getting faster [4]. Therefore, the stray inductance inside the

module plays an ever more important role in high current and high frequency operation.

The objective of this work is to develop a packaging fabrication method suitable for chip-

stack technology and apply flexible PCB circuit technology for interconnection to reduce the

stray inductance to realize high power density. The 3D chip-stack advantages are:

e Smaller Footprint: more functionality fits into a smaller space

e Shorter interconnect: the average interconnect length is reduced and thus stray inductance
is reduced as a result

e Higher power: flexible circuit connection leads to higher power capability by choosing

heavy Cu layer up to 5 ounce (175um/6.9mil) thick

Flexible printed circuit, also known as flex circuit or flexible PCB, is a technology for
assembling electronic circuits by mounting electronic devices on flexible polymer substrates,
such as polyimide [5]. Flexible circuits can be manufactured using identical components of
small size as used in rigid printed circuit boards, but allowing the circuit to flex during use.
This is the major reason why fabrication of flex circuitry was chosen for the thesis work.
Flex circuits also have other benefits compared to traditional rigid boards, e.g.

e Higher circuit density

e More robust operating temperature range

e Stronger signal quality



e Improved reliability and impedance control
e Size and weight reduction

e Elimination of mechanical connectors, such as lead frame in traditional modules

The objective of this thesis is to develop and demonstrate in the NCSU-PREES laboratory
the fabrication processes to create stacked power electronic circuits, which can realize the

above advantages.

There are a few approaches to flex circuit construction. The most common from simple to
complex may include single-layer single-access flex circuits, single-layer double-access flex,
double-sided flex, multilayer flex and rigid-flex circuits. Double-sided flex will be used in
the thesis, and the design and fabrication details will be covered in Chapter 2. As an example,

Figure 1-2 shows the cross sectional view of a double-sided flexible circuit.

1 -

Bl rolyimide fim [ ] adhesive [ conductor

Figure 1-2 Double-sided flexible PCB [6]



1.2 Overview of Stacked Chip Power Module

Flip-Chip technology was firstly introduced in the IC industry as a low cost, high density and
reliable chip attachment approach. [7] Bonding wires are eliminated in this method. Instead,
solder joints are utilized for interconnection and provide more current capability with lower
parasitic inductance and capacitance. In addition, the flip-chip package also becomes smaller
since it does not need a lead frame. This section, we will go through some of the existing

research and state-of-the-art technologies of flip-chip and flex circuit technology.

In the paper ‘Power Electronics Modules for Inverter Applications using Flip-Chip on Flex-
Circuit Technology’, researchers from Rensselaer Polytechnic Institute and University of
Wisconsin developed an integrated power electronics module (IPEM) for motor drive
application. Figure 1-3 is the cross sectional schematic of the power module which is based
on half bridge circuitry. The direct bond copper (DBC) substrate that provides the power
device drain interconnections. The underside of flex circuit provides the gate and source

interconnections. Gate driver circuitry is placed at the top side of the flex substrate.
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Figure 1-3 IPEM using flex circuit [8]

In the paper ‘Flip-Chip on Flex Integrated Power Electronics Modules for High-Density
Power Integration’, researchers from Virginia Tech presented a high-density power module
using flip-chip on flex (FCOF) technology as shown in Figure 1-4. The flex circuit is etched
on both sides and one side of the flex provides interconnection to power devices while the
other is used to construct a simple gate dive circuit. Via holes through the flex integrate the
power stage and gate driver together. The MOSFET and Schottky diode used in this study

were acquired from IXYS and have been processed by sputtering metallization.
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Figure 1-4 Flex-circuit based power module [9]

On the industrial side, Semikron has developed a technology which they named SKiN
Technology, using multiple flex layers made up of flex foil. Figure 1-5 shows the difference
between standard power module package and SKiN Technology. As can be seen, the
traditional wire bonding is substituted by flex layers, and also all soldering and bond
connections are replaced by sintered compositions. According to Semikron’s experimental
data, advantages lie in the aspects below:

e Thermal resistance between semiconductor and coolant is decreased by 30%

e Bond wires can only make contact to about 21% of the total metallized chip surface,
while sintered flex foil exhibits a die contact area of up to 85%. This leads to a 60%
reduction of inner commutation inductance.

e Without wire bonding and lead frame, power density is increased by 50% in this 3D

packaging solution.



a) Standard Technology b) SKiN Technology

Figure 1-5 Comparison of standard connection technology (solder/bonding) and SKiN
technology [10]

Texas Instrument’s PowerStack technology also provides another solution for 3D chip-on-
chip packaging. With this packaging technology, high side and low side MOSFET dies are
stacked in a single package as shown in Figure 1-6. Source of high side MOSFET faces
down and is interconnected with low-side MOSFET drain through a low resistance copper
clip. Another clip connects to the high side drain. Low side die sits on the lead frame, which

has an exposed pad on the bottom of the package at ground potential.
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Figure 1-6 TI’s PowerStack technology [11]

1.3 Problem Statement and Objective

This research develops a procedure in the NCSU Laboratory for Packaging Research in
Electronic Energy Systems (PREES) for fabricating stacked components, such as a
MOSFET, diode and gate driver, to create a single module. A demonstration module is
constructed with flex-circuit technology with focus on process development and
documenting the process. The module is constructed as a planar geometry with extended
planar interconnection onto the next package level, e.g. a printed circuit board (PCB). The
planar connections provide very high frequency performance. Silicon carbide devices are
used to realize high voltage and high frequency characteristics, i.e. 1200V SiC MOSFET and
Schottky diode bare dies are acquired from CREE. The cross section of the demonstration
module sitting inside a well that is drilled into the PCB is shown in Figure 1-7. The diode sits
on the very bottom of the module with anode face up, and cathode connected to a heat sink

through thermal paste. Anode of the diode is then connected to the MOSFET drain by a



10

double-sided flex circuit, i.e. the MOSFET and diode are both soldered to same piece of flex
circuit. Extensions to this flex circuit also plays the role of interconnect to realize the
connection between power module and outer PCB circuitry. Similarly, the MOSFET source
(top-side) is soldered to another flex circuit which hosts the gate drive control circuitry.
Hence, the MOSFET and diode are sandwiched by two pieces of flex circuit as shown Figure
1-7. Finally, the module is tested in a buck topology. Electrical connection is covered in

Chapter 2.

In order to solder bare die, i.e. MOSFET and diode, onto flex circuit, additional surface
metallization processes are necessary for the devices. After the semiconductor device
becomes solderable, the device is soldered by a reflow process. During the reflow processes,
different melting temperature solders should be applied to the joints between devices and

circuits so that multiple reflows become feasible.

Gate Driver, Bypass Capacitor, Gate Resistor

Double-layer Double-access Flex(Part A)

\ [ Solder
\

SiC MOSFET

Single-layer Double-access Flex(Part B
SiC Schottky diode

Single-layer Double-access Flex(Part C)

Heat Sink

Figure 1-7 Cross sectional view of flex module
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1.4 Methodology

From electrical design point of view, power modules are normally quite simple to be
designed [12]. However, a lot of issues are associated with thermal management, material
selection and reliability of the 3D structure because the power modules are always pursuing
higher voltage, current, frequency as well as higher level integration capabilities. This thesis
work is comprised of four major steps which are literature review and idea proposal,
establishing design guidelines for chip-stack power module, electrical and thermal

simulation, and power module physical testing.

Literature reviews have been done for several packaging technologies, such as flip-chip, 3D
(stacked chip) packaging, direct work in stacked power chips, and reports on publications

relevant to designing a chip-stack power module.

The designed chip-stack power module aims at 1600W with 400V input voltage and 4A input
current. Thermal management is a crucial part of the design. Therefore, electrical and thermal

simulation plays an important role in designing the system topology.

The topology uses a stacked silicon-carbide MOSFET, diode, and gate driver chip. Silicon
carbide MOSFET and diode will be pre-processed to change the surface metallization for
soldering onto a flexible printed circuit. It is followed by multiple reflow steps to assemble

the power module and test circuit. The power module will be physically assembled and tested
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in a typical buck converter circuit. Electrical characteristics, such as gate signal, conductive

current, drain to source voltage and turn-on and turn-off transient waveforms can be

monitored. For the construction of this 3D power module, a fabrication flow chart is shown

in Figure 1-8.
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1.5 Thesis Outline

This thesis consists of the following chapters:

Chapter 1 introduces the stacked chip power module, states thesis topic and problem and
reviews relevant literatures.

Chapter 2 proposes a chip-on-chip MOSFET power module topology for a stacked MOSFET,
diode and gate driver chips. This chapter also introduces the characteristics of the bare die
MOSFET, diode and Fairchild’s gate drive chip. Simulation results are provided to show
module’s performance.

Chapter 3 introduces the material and gives detailed procedures for fabricating a module.
Process procedures and results are also given for providing a solderable interface in place of
aluminium pads on the chips.

Chapter 4 provides the test board assembly and test results.

Chapter 5 is summary of the thesis and future work for completing this research topic.
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CHAPTER 2 TOPOLOGY AND DEVICE CHARACTERISTICS

This chapter introduces the characteristics of the power devices and the gate drive chip.
Electrical circuit design is shown as two parts, flex circuit module and PCB test circuit
motherboard. Electrical and thermal simulation is developed in Simplis®SIMetrix and

Comsol to assist the system design.

2.1 Bare Chip Characteristics

The power devices used in this research are acquired from CREE, with part number CPM2-
1200-0025B and CPW5-1200-Z050B. The CPM2-1200-0025B is an N-channel enhancement
mode silicon carbide power MOSFET. The CPW5-1200-Z050B is silicon carbide Schottky
diode. Both are bare die devices. The MOSFET has aluminum pads on its source and gate.
The diode has aluminum pad on anode. Drain of MOSFET and cathode of diode are
metallized with Ni/Ag. Physical dimensions and layout of chips can be seen in Figure 2-1.
Some of the major electrical parameters which are useful throughout the thesis are shown in

the Table 2-1. Others can be found in the datasheets for the devices in Appendix A.
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¥ 0.80‘
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a) MOSFET chip dimensions

b)Diode chip dimensions

Figure 2-1 Power devices dimension [13] [14]

Table 2-1 Power device electrical specifications [13] [14]

Component

Specifications

MOSFET: CPM2-1200-

0025B

Drain source breakdown voltage: 1200V
Continuous drain current: 50A@120°C
Gate threshold voltage: 2.3V
Gate-source voltage: -10/+25V

gfs: 22S

Qg: 179nC

Ciss: 2980pF

15
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Table 2-1 (continued)

Coss:220pF
Diode: CPW5-1200- Breakdown voltage: 1200V
Z050B Maximum DC current: 50A

DC forward voltage: 1.6V@50A,25°C

Bare gate drive chips are acquired from Fairchild Semiconductor with part number
FAN3122C which is a single low-side gate driver. Figure 2-2 is die attachment diagram.
Actual die size is 67.72x51.17 mils (1720.00x1310.00um). Table 2-2 gives some major
electrical parameters of the gate driver. Other detailed specifications can be found in

Appendix C.



Figure 2-2 FAN3122C die attachment diagram [15]

Table 2-2 FAN3122C specifications [16]

Parameter Value
Supply voltage range VDD 4.5-18V
Input logic high threshold 55%xVDD
Peak sinking current 11.4A
Peak sourcing current 10.6A

17



2.2 Circuit Topology and Design

18

The power module is designed for placement into a buck converter topology. Figure 2-3

shows a traditional buck schematic with the power MOSFET and inductor on the low side.

Gate driver shares the same ground as the power circuit which makes control easier.

VWA

Vx

—Ti

Figure 2-3 Reverse buck converter

Rload

1\?nm

The passive components are designed and selected based on buck converter design

requirements, as shown in Table 2-3.

Table 2-3 Circuit specifications

Vin 400V
Vout 160V
lout 10A
Fsw 500kHz
AlL(peak to peak) 30%
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Table 2-3 (continued)

AVout(peak to peak) 1%

Pout 1600W

The following ideal passive component values are selected based on the specifications above.

Table 2-4 Passive components

Component Value
Output capacitor 1uF
Inductor 64uH

Resistive load 160hm

The bulk capacitor value also needs to be selected. The magnitude of the input current
transient is calculated from formulas below [17]. Efficiency can be assumed at 70% as a
lower value in order to leave design margin. Bulk capacitor calculated value from the

formulas below is 88uF.

Vour
Al = Vi X 1 X Algyt
121 x 1.2 x L
C = tr

AV?2
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In addition, 1uF ceramic capacitors should be applied to both input and output as bypass
capacitors since the design aims at 500kHz switching frequency which is a relatively high
operating frequency. These ceramic capacitors also reduce the equivalent series resistance
and inductance (ESR and ESL) of the bulk capacitor and output capacitor since ceramic
capacitors have extremely low parasitic elements. These will improves the efficiency and

switching performance.

2.3 Flex Circuit Development

There are three flex parts needed for the flex power module. First is used as interconnection
between gate driver and MOSFET, which has a double layer double access feature. Gate
drive bare die is flipped and attached to the top side of this layer as well as a 0.1uf bypass
capacitor and gate resistor in a 0805 standard package. The power MOSFET die is attached
to the bottom side of the layer. Gate signal generated by a signal generator is amplified by
gate driver and applied to the MOSFET gate through vias. Copper traces are extended and
solderable pads are placed at both ends of the part in order to make electrical connection with

the PCB mother board. Figure 2-4 is the actual circuit picture.

2.3.1 Layout Challenges
Notice that the bright silver areas are solderable pads which are covered with solder and hot-
air leveled during production. All flex circuits were patterned and etched by an outside

contractor to the specifications and layout created in this thesis. The light black area which is
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circled in red is where a mistake occurred due to misinterpretation in the layout files. The
pads should be solder filled. Unfortunately, the Cu trace was covered by insulated material.
After communication with the manufacturer, we found a misunderstanding happened because
the part was designed with “partial” double-layer double-access and “partial” single-layer
double-access, which are not standard for manufacturing. The other two parts which are
single-layer double-access parts have similar issues as shown in Figure 2-5. Designers should

be careful when placing single layer and double layer parts on the same panel for fabrication.

Figure 2-4 Double layer double access part

Figure 2-5 Single layer double access part

Another design flaw of the flex circuit is the gate driver landing pattern as Figure 2-6 shows.

Comparing the pattern with die attachment diagram in Figure 2-2, they have identical top
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views. However, since the die flips and is soldered onto the circuit, the landing pattern should
be mirrored against the diagram. This is also a critical point that new designers should pay
close attention to when creating flip-chip versus wire-bond footprints. Since flex circuits
generally require longer turnaround time and higher expense (usually a few hundred dollars

for a single-layer panel), a lot of details should be taken into consideration before ordering.

Figure 2-6 Incorrect gate driver footprint for wire bonding and not flip-chip

The final flex circuits were ordered from American Circuits, Inc. of Charlotte, NC. The three
parts are modified to be double-layer double-access. By use of vias to create “single-layer
double-access” parts, gerber-file layouts and actual circuits for Part A-C are shown side-by-
side in Figure 2-7. The Part A is 825x220mil (21x5.5mm); Part B is 625x 410mil

(16x10mm); and Part C is 625x425mil (16x10mm).



Figure 2-7 Gerber files and fabricated circuits
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SOURCE

b) Part A bottom side

c) Part B top side

ANODE to PCB

ANODE

d) Part B bottom side



Thermal Joint
to Heat Sink

CATHODE

CATHODE to PCB

f) Part C bottom side
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2.4 Test Circuit Development

Test circuit development is the circuit design of a FR4 PCB mother board. Altium designer is
the circuit design software used in the thesis. The circuit design problems, though not very
complicated to a seasoned designed, shows the difficulties in designing flex for a beginner.
Figure 2-8 is the PCB circuit under Altium Designer environment. Six solderable pads are
available in the blue-square area. However, as it shows in Figure 2-9, pads are covered by
epoxy insulation material in the blue-square area. This is because mask relief was absent for
these pads. In Altium Design, the Top Solder layer is the solder mask layer. One should
always pay attention to make the mask relief for the pads. This issue was resolved in the later

chapter by physically removing the insulation and exposing Cu trace.

Figure 2-8 PCB design file in Altium Designer
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Figure 2-9 PCB circuit

2.5 Simulation Results

2.5.1 Electrical simulation

Both electrical and thermal simulations are presented in this section. Electrical simulation is
based on LTspice® Linear Technology. Circuit functionality and device switching
performance will be checked. In addition, simulation results are also helpful with component

selection and thermal analysis.

Electric parasitic elements should be considered for high-current and high-frequency

switching circuit operation. The parasitics particularly inductances in the critical loops of a
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buck topology, are critical for the overall switching speed. There are two critical loops in the
design. One is the AC current loop in the power stage as shown in Figure 2-10. Parasitic
inductance between diode and MOSFET can be neglected since they are stacked vertically
without any wire or via through the interconnection. The parasitic inductance in the loop is
mostly induced by vias between input bypass capacitor and anode of the diode. The PCB via
inductance value can be calculated using formula below:

Inductance: L=5.08hx[In(4h/D)+1] [18]
Where D is the diameter of the via, h is the thickness of the PCB, and H is the length of the
via. There are two kinds of vias in the critical loop on the PCB which have the diameter of
94mil and 56mil. For a 1.6mm standard thickness FR4 PCB, one 94mil via will add
L=5.08x%0.063x [In(4x0.063/0.094)+1]=0.64nH. The other 56mil via will add L=0.8nH. On
the PCB, there are eleven 47mil vias parallel and ten 28mil vias parallel in the loop. Hence

the parasitic inductance of these vias is 0.63nH/11+0.8nH/10=0.14nH

Vin g %

C'D - A = % Rload

/@ Vswitch D

1""'1 1B

Figure 2-10 Critical loop in buck power stage
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For gate drive control, the current paths for the MOSFET turn-on and turn-off are shown in
Figure 2-11. Blue and yellow arrow lines represent the turn-on loops, whereas yellow and red
lines represent the turn-off loop. These critical loops play crucial roles on determining the
switching speed, and designers should make every effort to shorten the loops and minimize

inductance and resistance in the paths.

VDD VDS
f G
CBYP__ Codl To
—— P
™ & ‘“;)
| L =
I/J'-L> l Y
Sh—

Figure 2-11 Gate drive turn-on and turn off current paths [16]

The buck topology constructed in LTspice®Linear Technology is shown in Figure 2-12.
Parasitic inductance is included. Notice that the MOSFET and diode model number are
different from what we mentioned in previous chapter. In fact, the MOSFET represents the
same device, and however diode represents another similar CREE’s device which has 1200V

blocking voltage and 20A average current rating. The reason why we use this device model is
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that CPW5-1200-2050B is a new product of CREE and spice model is not available for the
moment. This 20A model is good enough for the thesis since its material is same as CPW5-
1200-Z050B and our load current is 10A at maximum. The MOSFET electro-thermal spice
model is provided with five terminals which are drain, source, gate Tj and Tc. The terminals
Tj and Tc were specifically included in the design to analyze the self-heating of the device as
a function of time. The terminal Tc represents the case temperature and Tj represents the
junction temperature. The temperature connections are working as voltage pins. Therefore a
potential difference of 1V refers to a temperature difference of 1°C [19]. In this case, Tc is
set to be 25°C as room temperature. The Tj is initially set to be worst case 150°C and a
switching loss can be obtained under this junction temperature. This loss is then put into
thermal simulation to get a new junction temperature. The Tj is then updated with the new
value and a new switching loss is obtained again. As a result, a converged Tj is obtained by
multiple iterations, which is 98°C as shown in Figure 2-12. Figure 2-13 is drain-source
voltage (Vds) and drain current (1d) waveforms under 500kHz switching frequency and 40%
duty cycle. Switching loss in one cycle can be obtained as 130pJ, which is the integral of the
product of VVds and Id. Steady state inductor current is shown in Figure 2-14 and a 14A
current rated inductor is selected accordingly. Schottky diode switching transient is also

provided in Figure 2-15, where the switching loss of diode is obtained as 14J.
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Figure 2-12 Reverse buck topology



32

204

184

-4

[x{U1:Drain]

Vids)

440V

400V

oy

- - - - - - - - - -
= = = = = = = = = =
I S —— — U D N
P K_
= = = = = = = = = =
2 S = = = = =S = =
= = = = S = =

-4V

94980s  949.90s 95000 s 95D1)Is  950.2[ls  950.3Us 950.40ks 95050 s 95060 s 950.71s 950.8)ls 950.9Us 951.00s 9511)s  951.20s  951.30s

9497015

Figure 2-13 Vds & Id



)}

33

13.64

A A A A

e
/ e

:

FINVANVANVANVANY

4.6k

95615

f
9575

f
958} 5

f
9591 s

f f f f f f f f f f f f
9601 s 9%1ls  962Us 9631 s 9641 s 9651s  9661s 967 1) s 9681 s 9691 s 970l s 97lls

Figure 2-14 Steady state inductor current

9721




34

140 V[Vcathode,ds) 1(D1) 148
A00v e 124
360V 104
320V~ - B8A
280¥~ - BA
240~ - 4A
200¥—+ - 24
160¥—~ - 0A
120¥ - 24
B0V~ - -4A
A0V - BA
0¥~ - -8A
A0 f f f f f f f f f I f f f i 104
956.71's  956.810s  95690ls 957.0ls 957.11s  957.20ls  957.3[s  957.4[s  957.5ls  O57.6Ms  957.7[s  O578lls 957.90s  95B.0Ms  958.1[ls  958.21s

Figure 2-15 Vdiode & Idiode

2.5.2 Thermal simulation

Thermal analysis calculates the temperature and heat transfer within and between
components in the design and its environment. The simulation analysis is conducted in
COMSOL Multiphysics® Modeling Software. The flex module is modeled in the software

and steady-state heat transfer condition is obtained.

To determine whether or not power devices are suitable for a particular application from a
thermal standpoint, it is necessary to calculate their power dissipation. The power devices in
the thesis, SIC MOSFET and diode, are major heat sources in the flex module. Heat

dissipation of gate drive chip (FAN3122C) can be neglected compared with the power
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devices. The MOSFET power dissipation is mainly made up of two parts, resistive losses and
switching losses. The switching MOSFET's resistive losses are calculated using its duty
factor and Rds(on):

Presistive = [lon? x Rds(on)] x (Vout/Vin)
According to the datasheet, Rds(on)=43mQ @50A, 150°C which can be used as worst case
condition. In addition, duty cycle and lon is set to be 40% and 10A respectively. Resistive

loss is then obtained as 1.72W.

Calculating the switching MOSFET's switching loss is difficult because it depends on many

difficult-to-quantify and typically unspecified factors that influence both turn-on and turn-

off. As switching losses per cycle are obtained in the electrical simulation, the following

formula is used as a rough approximation to be the first step in evaluating a MOSFET:
Pswitching=fswxSwitching loss per cycle

Where fsw is the targeted switching frequency 500kHz. Switching loss per cycle is 130pJ.

Hence, power dissipation of switching losses is 65W. Switching losses should be calculated

again once switching waveform is obtained on the lab bench.

For the Schottky diode, the following formula can be used for conduction loss calculation:

Pcon=VxIfx(1-Vout/Vin)



Where VT is DC forward voltage, If is forward current. According to the datasheet,

VI=1.5V@ 25A, 125°C. Assume If=10A. Conduction loss is then obtained as 9W. Switching

loss of the diode is calculated based on electrical simulation:

Where fsw is 500kHz and switching loss per cycle is 14uJ. Hence, the power dissipation of

switching loss is 7W.

Then the flex module is built and studied in COMSOL environment. Figure 2-16 shows how

Pswitching=fswxSwitching loss per cycle

the module is built. The parts in the module are built as blocks. Table 2-5 shows the part

dimensions from top to the bottom in the model.

Table 2-5 Part Dimensions

Thickness(mm)

Planar dimension(mm)

Part A Cu trace 0.1 5.5%12.3
Solder 2 0.1 3.05%4.54
MOSFET 0.18 4.04x6.44
Solder 1 0.1 4.04x6.44

Part B Cu trace 0.1 16x10
Solder 2 0.1 3.8x3.8




Table 2-5 (continued)

Diode 0.38 5%5

Solder 0.1 5%5
Part C Cu trace 0.1 16x10

MX-4 0.2 66
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The materials should be assigned to each block after the 3D model is constructed. Table 2-6

shows the thermal characteristics of the materials used in the analysis. Copper is assigned to

the flex circuit trace. Silicon carbide is assigned to the power devices. The MX-4 is a non-

conductive thermal paste that is used to thermally connect Part C to heat sink. The Sn63Pb37

is a solder that will be described in a later chapter.

Table 2-5 Thermal characteristics

Materials Density (kg/m3) Thermal conductivity
(W/(m*K))
Copper 8700 400
Silicon Carbide 3200 450
MX-4 2500 8.5
Sn63Pb37 9000 50
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Figure 2-16 and Figure 2-17 show the steady-state temperature model of the flex module.
Figure 2-15 is top view and Figure 2-16 is bottom view. The bottom of the module, which is
the thermal paste layer, is set to be room temperature as it is directly connected to bulk heat
sink. The extended ends of three flex part are also set to be room temperature since they are
connected with the PCB traces directly. The hottest point is located in the MOSFET layer
and reaches 99°C, which is below the maximum operating temperature of 150°C in the
datasheet. The thermal paste layer is one of the main reasons that causes this high
temperature rise since thermal conductivity of MX-4 is very low compared with other layers.
In conclusion, the flex module design is in compliance with the thermal requirements of the

power devices.
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Figure 2-16 Module top view
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Surface: Temperature (degC)

Figure 2-17 Module bottom view



41

CHAPTER 3 MODULE MATERIALS AND FABRICATION PROCESS

This chapter introduces the materials in the module and fabrication process in the lab. The
SiC MOSFET and diode are from CREE, Inc and the flex circuit is chosen as the substrate.
Surface metallization of the power devices is a major issue addressed in this chapter.
However, the base process has been developed, but needs further improvement due to an

undesirable metallization result.

3.1 MOSFET and Diode

Currently, most of the devices in commercial power modules are interconnected by bonding
wires. Almost all power devices are designed for wire bonding instead of direct solder
interconnect. The power MOSFET and diode used in this thesis were acquired from CREE,
Inc. For the SiC power MOSFET, it has source and gate pads with approximately 4um thick
Al. The backside of the die is the drain, which has a Ag solderable metallization (0.8/0.6um
thick Ni/Ag). For the SiC Schottky diode, similarly, it has 4um Al anode metallization and a
Ag (1.8um Ni/Ag) cathode metallization, according to the datasheet. Except for the bond
pads, the rest of the die is covered with a polyimide passivation to form the insulation
between pads and die edges. The absence of solderable metallization on the source and gate
pads of the MOSFET, and anodes in the Schottky diodes, has to be addressed to achieve

solder interconnection between die and the flexible printed circuit.

3.1.1 Metallization Preparation
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Electron beam physical vapor deposition approach (EBPVD) is selected for the metallization
process to make the Al pads solderable. For the thin film materials, Ti/Ni/Cu under bump
metallization was selected. Target thickness is 200nm/1000nm/200nm respectively. The Ti
layer adheres well to the Al surface on the device pads. The Cu layer on top helps with solder
wetting as well as acting as an oxidization layer. The Ni layer has three functions: [9]

e ltacts as a diffusion barrier between Al and Cu, otherwise intermetallic formation
between them could lead to the depletion of the Cu layer, thereby preventing
solder wetting.

e Itisan excellent solder diffusion barrier

e It may also provide a solder wetting surface in case Cu on top of the metallization

layers is consumed

3.1.2 Metallization process

The metallization process in this thesis has been developed in the Nanofabrication Facility
(NNF) at the NCSU Monteith Research Center building. The major equipment that has been
used in this project is an e-Beam Evaporator in Figure 3-1. It is equipped with 4 load locks

for thin film metal depositions and can accommodate wafers of up to 6’ in diameter.
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Figure 3-1 E-beam evaporator

First, the deposition rate of each metal should be obtained respectively in order to keep good
track of the thickness during the deposition process. Therefore, glass slides are used to
monitor each metal deposition rate. Figure 3-2 is an example of a Ti deposition on glass. The
mirror areas on the glass are where Ti adheres to the glass. The transparent glass area was
covered by kapton tape so that the thickness of metal layer can be obtained by measuring the
height difference between these two areas. Precise measuring tool, Nanometrics in NNF, was

used for thickness measurement. Figure 3-3 shows selected raw thickness data measured.



According to the data, the average thickness of the Ti glass slide is 2194A. The mean

deposition rate then can be calculated by dividing thickness by deposition time.

Figure 3-2 Ti deposition sample
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Scan Type Standard Scan

ID

Stylus Radius: 12.5 pm

Location -16894.7 um 23841.3 um
Length 1674.0 um

Duration 10 sec

Resolution 0.558 um/sample

Force 10.00 mg

Measurement Range 6.5 um

Profile Hills&Valleys

Display Range Auto

R. Cursor Pos: 618.8 um Width: 71.8 um
M. Cursor Pos: 429.7 um Width: 62.1 um

Analytical Results

Function R.Cur Pos R.Cur Width M.Cur Pos M.Cur Width Result
ASH 618.8 um 71.8 um 944.1 um 62.1 um 21941 A

Figure 3-3 Raw data obtained from Nanometrics

After deposition of each layer of metal, the deposition rate was obtained for each of the three
kinds of metal. The rates are 2A/sec for Ti, 4.5A/sec for Ni and 0.3A/sec for Cu. Then three
layers of metal were deposited at one time which means to load all metal materials into e-
beam chamber and run the entire process without breaking vacuum. The reason of doing this
is because metal layers should not be exposed to air during the deposition since the metal
may oxidize and prevent the metal vapor from solidifying and sticking to the previous metal
layer. Figure 3-4 are mechanical chips (dummy chips) that were stabilized onto metal plate

using Kapton tape but left openings at source and gate on MOSFET, and anode on diode.
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Figure 3-4 Mechanical chips on metal plate

During the deposition, another issue made the process much slower than estimated. The tool
has its own cooling system using water. As the process went on, the water temperature was
also rising. According to the equipment manual, temperature of the cooling system should
not go beyond 40°C, otherwise users should turn off the power until the temperature falls
back to laboratory room temperature 17°C. Because of this, the deposition of Ni and Cu
layers was not able to be finished in a single heating cycle. Table 3-1 shows some deposition

parameters obtained from the test.



Table 3-1 Deposition process and thickness obtained
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Heatin Deposition Cooling Total Total Average

Metal . clesg time (one | time(one | . | thickness deposition

4 cycle) cycle) obtained(A) | rate(A/sec)
Ti 1 15 10 25 2015 1.34
Ni 5 30 10 200 9295 0.77
Cu 11 30 10 440 1834 0.07

*Time is in minute

Metallization results are not desirable. As shown in Figure 3-5 are the samples taken out of

the e-beam after the process. The Cu layer is the outer layer, and therefore, the metal layer

presents a reddish brown color. However, the stacked layer failed to stick on the aluminum

pads (on the chip) or metal plate. It showed weak strength and was easy to peel off. Only

three MOSFETs among the 6 samples can be taken for mechanical pull test after visual

inspection under a microscope (Figure 3-6).




Figure 3-5 Samples after process

Figure 3-6 MOSFET samples under microscope
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3.1.3 Pull test and results

Pull test is illustrated in Figure 3-7. Metallized MOSFET die was attached to a direct bonded
copper (DBC) plate. A specifically sized pull stud with a rounded end used for this type of
testing was soldered onto the metallized side of the MOSFET. The other end was bent for
pull test. A force meter was then hooked up to measure the tension. As a result, the peak
tension recorded in the pull test is 1829 at 2.3x4.0 mm? area which equals to 0.02kg/mm2.
According to [20], average strength of PVD Cu metallization is larger than 55MPa which
equals to 5.5kg/mm2. In contrast, the strength of the metallized layers on MOSFET is not
enough for the application. As a result, the metallization approach needs to be improved. The

improvement should be made will be mentioned in future work in the last chapter.

Figure 3-7 Pull test set up
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3.2 Flex circuit

Flex circuits are ordered from American Circuit, Inc. Materials of Part A are depicted in
Figure 1-2 where each polyimide layer is 1mil (25.4um) thick and each Cu layer is 1oz
(35um). The Parts B and C are single-layer double-access, which use the same thickness
materials as Part A. The reason of using single-layer for Parts B and C is because single-layer
flex can provide better heat transfer capability than double layer. As it is shown in Figure 1-
2, double-layer flex circuits always have an internal insulation material as well as adhesive
layers in between the Cu layers which significantly increase the thermal resistance in the
path. In contrast, single-layer double access flex is able to create a low thermal resistance
path as shown in Figure 3-8. MOSFET and diode are vertically placed on both sides of Part
B, since SiC has fairly good thermal conductivity. The thermal path made up of SiC and Cu

materials is good for heat dissipation.

- polyimide film [ ] adhesive [[] conductor

Figure 3-8 Single-layer double-access flex [6]
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CHAPTER 4 ASSEMBLY, TESTING AND RESULTS

This chapter introduces the assembly and testing procedures of the chip-on-chip power
module. However, due to failure of chip surface metallization, the actual MOSFET and diode
were not used in the process. Since the thesis focuses on developing a fabrication process for
the chip-on-chip power module, an identically sized Cu plate was used as substitution for the
power devices. As a result, electrical characterization was developed with a wire-bonded

power module. These procedures can be repeated once metallized power devices are obtained.

4.1 Power Module Assembly

Figure 4-1 shows the final flex circuit parts. The Part A has four component footprints on it,
i.e. gate drive chip, MOSFET, gate drive bypass capacitor and gate resistor. Gate drive chip
and MOSFET have the finest footprints that needs much effort to make sure they are
connected well both mechanically and electrically. Since they are on opposite sides of Part A.
Two kinds of solder (Table 4-1) with different melting temperatures are needed. The lower
temperature solder (Sn63Pb37) is used for all the top side component attachment. The higher

temperature solder (Sn10Pb88Ag2) is used for all the bottom side component attachement.

Table 4-1 Two types of solder with different melting temperature

Solder# Alloy Melting Temp
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Table 4-1 (continued)

1 Sn63Ph37 183°C

2 Sn10Pb88Ag2 268-290°C

Figure 4-1 Size comparison of flex circuit parts and one cent coin

The assembly and electrical test process is developed step by step as below:

Stepl. MOSFET source and gate attachment on Part A

MOSFET source and gate are attached to the bottom side of Part A. Therefore solder 2
should be used. In order to reach the high melting point of solder 2, a Sikama conduction belt
reflow oven (Figure 4-2) was used in this step. The reflow process consists of four zones:

pre-heat, pre-reflow, reflow and cool-down [21]. The reflow profile is shown in Figure 4-3
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and belt speed was set as 6 inch/min. In addition, because of physical proximity of gate and
source pads, short circuit may happen between gate and source and therefore need extra
attention. A multimeter can be used to check the insulation between gate and source by
probing plated vias. Figure 4-4 illustrates the module status after Step 1 in constrast with the

finished module in Figure 1-7.
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Figure 4-2 Sikama conduction belt reflow oven
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Figure 4-3 Reflow temperature profile

Double-layer Double-access Flex(Part A)

SiC MOSFET
Figure 4-4 Semi-finished module after Step 1

Step2. Gate driver, capacitor and resistor attachment on Part A

Gate driver, capacitor and resistor were then attached on the top side of Part A with solder 1
applied on flex circuit pads. Figure 4-5 shows how solder paste is applied on pads. Since
solder 1 is used for this step, the reflow temperature profile needs to be adjusted as Figure 4-
6. After one cycle of lower temperture reflow process, Part A assembly was completed as
Figure 4-7 shows (gate driver chip is absent). Figure 4-8 illustrate the module status after

Step2.
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Figure 4-5 Solder paste on pads
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Figure 4-6 lower temperature reflow profile
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Figure 4-7 Part A with components

///
1
Double-layer Double-access Flex(Part A)

SiC MOSFET

Gate Dri/,ver, Bypass Capacitor, Gate Resistor
[1 Solder

Figure 4-8 Semi-finished module after Step 2

Step3. Diode anode attachment to Part B
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A similar process is done to Part B in this step. Diode anode should be soldered to the bottom
side of Part B using 300°C Solder 2 as shown in Figure 4-9 with cathode . Likewise, Part B is
probed at anode and cathode by a multimeter to check electrical conductivity. Figure 4-10

illustrates Part B assemly status. Thus far, pre-assembly of Parts A, B and C is finished.

Figure 4-9 Bottom sides of Part A and B

SiC Schottky diode

Figure 4-10 Part B assembly status



58

Step4. Module final assembly

In this step, the top side of Part B should be attached to the MOSFET drain, and the top side
of Part C should be attached to diode cathode. Solder 1 was applied on top sides of Part B
and C (Figure 4-11), and then three parts were stacked together and placed into the reflow
oven (Figure 4-12). Kapton tape is used to stabilize each part since the flowability of liquid
solder paste during reflow may cause the parts to drift away from original place. Typically, a
solder dam material is applied to confine solder spreading, but is skipped for this

demonstration. The finished flex module is illustrated in Figure 4-13.

Figure 4-11 Solder paste on pads
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Figure 4-12 Flex module before reflow process

Gate Driver, Bypass Capacitor, Gate Resistor
i L [ Solder

Double-layer Double-access Flex(Part A)

SiC MOSFET

Single-layer Double-access Flex(Part B

SiC Schottky diode

Single-layer Double-access Flex(Part C)

Figure 4-13 Finished flex module
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Step5. Test circuit assembly
One more reflow process is needed in this step in order to solder the flex module onto the
PCB mother board. Other loose componenets can be mounted manually. Figure 4-14 shows

the finished system assembly.

id Flex module

Figure 4-14 Finished system assembly

4.2 Electrical Characterization

Electrical characterization is conducted with a traditional wire-bonded power module due to

unavailabile solderable power devices. Figure 4-15 shows the testbench set up. Tektronix
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AFG 3252 Dual Channel Arbitrary/Function Generator and DPO 2024B Digital Phosphor

Oscilloscope were used to perform the test.

Figure 4-15 Test bench set up

DC power source is Keithley 2230-30-1 triple channel DC power source. Channel 1 and
channel 2 are able to provide 0-30V and 0-15A DC power which are used to provide 30V DC
input for the PCB board and 15V supply for gate drive chip respectively. A 400V test could

not be performed since the high voltage power supply needed a substantial time to create a
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safe set-up for the PCB board and module. It was decided to spend more time on pad

metalization, since the thesis is to develop the design process.

Gate-source and drain-source voltages are probed and recorded as shown in Figure 4-16. This
provides suitable verification that the testing approach could be follwed in flex module

design.
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Figure 4-16 Vgs&Vds switching waveforms
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CHAPTER 5 SUMMARY AND FUTURE WORKS

This research developed a fabrication process for novel 3D chip-on-chip power modules for
the NCSU-PREES laboratory. First, the thesis introduces the background of power
semiconductor modules, and reviews the past and current technologies of power packaging.
Based on the past and current packaging technologies, the thesis proposes an idea of 3D chip-
on-chip module using flex circuit substrate. The module have three potential advantages
against other packaging approaches:

e Smaller footprint

e Shorter interconnect

e Higher power capacity
For future works, three other areas should be addressed when designing a chip-on-chip power
module.

e Parasitic extraction: Ansoft®Q3D extractor would be a good choice to extract the
parasitics of the circuit design. The parasitics can be quantified more accurately by
software simulation than by theoretical calculation.

e PCB mother board layout: the PCB test board, though not the major work of the
thesis, directly influences the module’s performance electrically when testing it on the
bench. The layout of the PCB still should be improved. For example, electrical vias
which add inductance in the loop can be further reduced. These vias, add inductance
at a few nano Henry, and can be harmful by slowing down the switching speed in

high current and high frequency applications.
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Other improvable issues include separating and shortening ground return of both
power and signal loops, the approach to measure Id and so on. These are very specific
engineering efforts that require careful and patient considerations.

Zincate treatment: Zincate treatment for aluminum pads on power devices should be
investigated for surface metallization. The zincate process is the most widely used for
plating onto aluminum. It basically adds a zinc layer on top of the aluminum and this
zinc layer (or double zinc layers if needed) can improve the adhesion of the metal

layers [22].
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CPM2-1200-0025B Lesc 30A

. . Rogesy 25 m
Silicon Carbide Power MOSFET

C2M' MOSFET Technology
MN-Channel Enhancement Mode

Features Chip Outline

MNew C2M SiC MOSFET technlogy

High Blocking Voltage with Low On-Resisance

High Speed Switching with Low Capadtances |5 |
'r to Parzllel and Simple to Drive |
anche Ruggedness

Reslstant to Latch-Up

Halogen Free, RoHS Compliant

Benefits

#  Higher System Efficiency

* Reduced Cooling Requirements
-

-

Increased Power Density
Increased System Switching Frequencyy

Applications

L Part Number Die Size {mm)
* Solar Inverters
* Switch Mode Power Supplies CPM2-1200-00258 4.04 3 644
#* High Voltage DC/DC converters
* Battery Chargers
= Motor Drive
*  Pulsed Power Applications
Maximum Ratings (T_ = 25 "C unless otherwise specified)

Symbol Parametear Value | Unit Test Conditions MNote

Vs | Drain - Source Voltage 1200 V| Vas=0V o= 100 pA

Visna: | Gate - Source Voltage -10f+25| v | Absolute maximum values

Viae | Gate - Source Voltage -5/+20 | V |Remmmended operational values
. ) 90 Vs =20, Te=25"C
In Continuous Drain Current A Note 1
&0 Vigs =20V, Tc=100°C
Tipusey | Pulsed Drain Current 250 A | Pulse width t;, limited by Ty,
. - -55 to =
T__I . T“1I Operating Junction and Storage Temperature +150 C
T, Solder Temperature 250 “c | 1.6mm (0.063") from case for 10s
Toe Maxamum Processing Temperature 325 *C | 10 mim. maximurm

Mote (1): Assumes a Ry, < 0.27 K/'wW




71

CREE®

Electrical Characteristics (T_ = 25°C unless otherwise specified)

Symbol Parameter Min. | Typ. |Max. | Unit Test Conditions Note
Vimes | Drain-Source Breakdown Voltage 1200 v Ves= 0V, Io = 100 pA
2.4 3.0 W Vo = 10V, In = 12.5méA
Vespy | Gate Thresheld Veoltage = Fig. 11
1.8 2.0 W Ve = 10V I = 12.5m#, T, = 150 °C
j Zero Gate Voltage Drain Current 2 100 pA Ve = 1200 W, V=0V
Ie= Gate-Source Leakage Current &00 nA Ve =20 Ve==0VW
25 34 Ve =20V, I, =50 A
Rergacy Drrain-Source On-5tate Resistance m = Fig.
) 43 Ve =200V, In = 50 A, T, = 150 °C 4.3,6
23.6 Ves= 20V, Ins= 50 A
O Transconductance s Fig. 7
1.7 Vo= 20V, Ie= 50 A, T, = 150 °C
Cim Input Capacitance 2788
Ve =0W Fig
Com (0] t C. it 220 "
= utput Capacitance pF Ves = 1000 17,18
G Reverse Transfer Capacitance 15 F=1 MHz
Eum Cem Stored Energy 121 pl | Vee= 25 mV Fig 16
Eas Avalanche Energy, Single Pluse 3.5 ] I, = 3504,V = 50V
= Tumn-On Switching Energy 1.4 . Ves = 800 V, Vs = -5/20 V,
m.
Eorr Tum Off Switching Enargy 0.3 I,=30A, R, = 2.30,L=412 uH
Tagony Tumn-On Delay Timea 14 Voo = 8O0 V, Ve = -5/20 V
|2 Rise Time 32 Io = 50 A,
ns |Rowy=250, R =160
taer; | Tum-Off Delay Time 29 Timing relative to V__
o Fall Time 28 Per I[ECE0747-3-4 pg 83
Rgrey Internal Gate Resistance 1.1 0O f =1 MHz: Vic= 25 mV, ESR of C__
Qe Gate to Source Charge 46 Ves = 800 V, Vs = -5/20 V
Qe Gate to Drain Charge 50 nC |Lo =50A Fig. 12
Q, | Total Gats Charge 161 Per [ECE0747-8-4 pg 83

Reverse Diode Characteristics

Symbaol | Parameter Typ. Max. | Unit Test Conditions Note

3.3 W V. =-3WI_=254A -

Ve Diode Forward Voltage = = F'g']_% 3
31 Vo |Vo=-5VIL,=25AT,=150°C

I Continuous Dicde Forward Current 50 T=25°C Note 2

R R Ti 45

t, verse Recovery Time ns V_=-5V,I,=50A.T,=25°C

Q. Reverse Recovery Charge 406 nC ;ri?,ﬂﬂ:tiuauuuu Aus Note 2

I. Peak Reverse Recovery Current 13.5 A

Mote (2): When using 5iC Body Diode the maximum recommended V. = -5V

Mote [3}: For inductive and resistive switching data and waveforms please refer to datasheet for packaged device.
Part number C2ZM00251200,
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Typical Performance
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Typical Performance
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* RoHS Compliance
The levels of RoHS restricted materials in this product are below the maximum concentration values (also referred
to as the threshold limits) permitted for such substances, or are used in an exempted application, in accordance
with EU Directive 2011/65/EC (RoHS2), as implemented January 2, 2013, ReHS Declarations for this product can
be obtained from your Cree representative or frem the Product Documentation sections of www.cree.com,

» REACh Compliance
REACh substances of high concern {(SVHCs) information is available for this product. Since the European Chemi-
cal Agency (ECHA) has published notice of their intent to frequently revise the SVHC listing for the foreseeable
future,please contact a Cree representative to insure you get the most up-to-date REACh SVHC Declaration.
REACh banned substance information (REACh Article 67) is also available upon request.

® This preduct has not been designed or tested for use in, and is not intended for use in, applications implanted into
the human bedy nor in applicatiens in which failure of the product could lead to death, personal injury or property
damage, including but not limited to equipment used in the operation of nuclear facilities, life-support machines,
cardiac defibrillaters or similar emergency medical equipment, aircraft navigation er communication or control
systems, air traffic control systems.

Related Links

® C2M PSPICE Models: www.cree.com /power
® SiC MOSFET Isclated Gate Driver reference design: www.cree.com/power

® Application Considerations for Silicon-Carbide MOSFETs: www.cree.com/power

Copyright @ 2014 Cree, Inc. All nghts reserved.
The information in this document is subject to change without notice.

Cree, the Cree logo, and Zero Recovery are registered trademarks of Cree, Inc. P, +1,919.313.5451
AW LTS, CINTY pormer




5.2 Appendix B CPW5-1200-Z050B SiC Diode Datasheet

76



77

CREE®

CPW5-1200-Z050B

Silicon Carbide Schottky Diode Chip
Vi = 1200V
Z-REC® RECTIFIER L -50A
. . Q, = 246 nC
Features Chip Outline
= 1200-Vaolt Schottky Rectifier
= Jero Reverse Recovery
 Zero Forward Recovery
» High-Frequency Operation
=+ Temperature-Independent Switching Behavior
+ Extremely Fast Switching
+ Positive Temperature Coefficient on VW,
Part Number Die Size Ancde Cathode
CPW5-1200-Z0508 4.9 x 4.9 mm? Al Ni/ag
Maximum Ratings
Symbol | Parameter Value | Unit Test Conditions Note
Vi Repetitive Peak Reverse Voltage 1200 W
Voo Surge Peak Reverse Voltage 1200 W
v, DC Peak Blocking Velage 1300 W
L Continuous Forward Current 50 A | T=175°C 1
T,.T, Operating Junction and Storage Temperature i °c
3 e Tag +175
Torse Maximum Processing Temperature 325 °C | 10 min Maximum
Moke:

1. Assumes Ry Thermal Resistance < 0.25°C/W and T. =145 c
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Electrical Characteristics

Symbaol Parameter Typ. | Max. Unit Test Conditions Note
1.6 1.8 I, =50 A T=25°C
1.25 I, =25 A T=23°2C
A DC Forward Voltage W - Fig 1
2.25 2.7 I, =50A T=173"C
1.55 I, =25 A T=175"C
100 500 W, = 1200 ¥ T,=25°C
6 W, =800V T,=25°C
L, Rewerse Current [T Fig 2
300 1000 '\.l'nL = 1200V T__=175°C
40 v, = B0D V T,=175°C
Q. Total Capacitive Charge 246 nC V, = B00V, T, = 25°C Fig 4
3380 V,=0VT, = 25°0C, f = 1 MH=
C Total Capacitance 230 pF V, =400V, T,=25°C, f= 1 MHz Fig 3
173 V. =BOOV, T, = 25°C, f= 1 MHz
Mechanical Parameters
Parameter Typ. Unit
Die Size 4.9« 4.9 mm
Anode Pad opening 3.8x 3.8 mim
Thickness 380 £ 10% pm
Wafer Size 100 mim
Anode Metalization (Al) 4 pm
Cathode Metalization (Ni/Ag) 1.8 pm
Frontside Passivation Polyimide
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Typical Performance
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Chip Dimensions

symbol dimension
mm inch
A 49 0193
B 49 0193
C 38 0.150
(0] 38 0.150

Motes

* RoHS Compliance
The levels of RoHS restricted materials in this product are below the maximum concentration values (also referred
to as the threshold limits) permitted for such substances, or are used in an exempted application, in accordance
with EU Directive 2011/65/EC (RoHS2), as implemented January 2, 2013. RoHS Declarations for this product can
be obtained from your Cree representative or from the Product Documentation sections of www.cree.com.

* REACh Compliance
REACh substances of high concern (SVHCs) information is available for this product. Since the European Chemi-
cal Agency (ECHA) has published notice of their intent to frequently revise the SWHC listing for the foreseeable
future,please contact a Cree representative to insure you get the most up-to-date REACh SVHC Declaration.
REACh banned substance information (REACh Article §7) is also available upon request.

#* This product has not been designed or tested for use in, and is not intended for use in, applications implanted into
the human body nor in applications in which failure of the product could lead to death, personal injury or property
damage, including but not limited to equipment used in the operation of nuclear facilities, life-support machines,
cardiac defibrillators or similar emergency medical equipment, aircraft navigation or communication or control
systems, or air traffic contral systems.

Copyright @ 2014 Cree, Inc. All rights reserved.
The information in this document is subject to change without notice.

Cree, the Cree logo, and Zero Recovery are registered trademarks of Cree, Inc.
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FAIRCHILD.

FAN3121/ FAN3122

January 2015

Single 9-A High-Speed, Low-Side Gate Driver

Features

" Industry-Standard Pin-out with Emable Input
= 45\ o 18-V Operating Range

" 114 A Peak Sink at Vpp= 12V

" B.7-A Sink ! 7.1-A Source at Vour=8 WV

" Imverting Configuration (FAM3121) and
Mon-Inverting Configuration (FAN3122)

" Intermal Resistors Turn Driver Off If Mo Inputs

= 23-ns{ 18-ns Typical Rise/Fall Times (10 nF Load)
= 18 ns to 23 ns Typical Propagation Delay Time

= Choice of TTL or CMOS Input Thresholds

" MillerDrive™ Technology

= Available in Thermally Enhanced 3x3 mm 8-Lead
MLF or 8-Lead 301 Package (Pb-Free Finish)

"  Rated from —40°C to +125°C
" Automotive Qualified to AEC-Q100 (FO85 Versions)

Applications

" Synchromous Rectifier Circuits

" High-Efficiency MOSFET Switching

" Switch-Mode Power Supplies

"  DC-to-DC Converters

" Maotor Control

" Automotive-Qualified Systems (FOBS Versions)

Description

The FAN3121 and FAN3122 MOSFET drivers are
designed to drive M-channel enhancement BMOSFETs in
low-side switching applications by providing high peak
cument pulses. The drivers are available with either TTL
imput thresholds (FAN312xT) or Vooproportional CMOS
imput thresholds (FAN312xC). Intemal circuitry provides
an under-vollage lockout function by holding the output
low until the supply voltage is within the operating range.

FAN312x  drivers incorporate the  MillerDrive™
architecture for the final output stage. This bipolar /
MOSFET combination provides the highest peak cument
during the Miller plateau stage of the MOSFET turn-on /
tum-off process.

The FAN3121 and FAMN3122 drivers implement an
enable function on pin 3 (EM). previcusly unused in the
imdustry-standard pin-cut. The pin is internally pulled up
to Vg for active HIGH logic and can be left open for
standard operation.

The commercial FAN3121/22 is available in a 3x3 mm
8-lead thermally-enhanced MLP package or an 8-lead
S0OIC package. The AEC-Q10 automotive-gualified
wversions are available in the 8dead S0IC package.
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VDD (1) (| voD VDD (1) @] voo

IN T out N [ZH— ouT

EN || ouT EN [3] B ouT

GND [3) (B GND GND [3) 3 GHD
Figure 1. FAM3121 Pin Configuration Figure 2. FAN3122 Pin Configuration

& 2008 Fairchikd Semiconductor Comporation wvww Tairchildsem|.com

FAMZ121 / FANZ122 - Rev. 1.1
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Ordering Information

Part Number Logic Thlrgg hmold Package FI::EC[ESE g}:raggg
FAN3121CMPX 3%3 mm MLP-8 Tape & Resl 3,000
FANZ121CMX CMOS SOIC-8 Tape & Resl 2.500
FAN3121CMX_Foas™ L':‘:j:ﬁg ) SOIC-8 Tape & Resl 2.500
FAN3121TMPX Enable 3x3 mm MLP-8 Tape & Reel 3,000
FAN3121TMX TTL SOIC-8 Tape & Reel 2.500
FAN3121TM_Foss ™ SOIC-B Tape & Reel 2,500
FAN3122CMPX 3x3 mm MLP-8 Tape & Reel 3,000
FAN3122CMX CMOS SOIC-8 Tape & Reel 2.500
FaN3122CMx_Foas™ gﬁ:'n':;f;i_"ﬂ sSOIC-8 Tape & Resl 2.500
FAN31Z2TMPX Enable 3x3 mm MLP-8 Tape & Reel 3,000
FAN31Z2TMX TTL SOIC-8 Tape & Reel 2.500
FAN3122TM»_Foss' S0IC-8 Tape & Reel 2,500

For addifional information on Fairchild’s Eco Siatus, please visit:

Note:

1. Qualified to AEC-Q100.

Package Outlines

18M1Q 8)e9) apig-moT ‘paadsg-yBiH v-6 8|BuIs — ZZLENY A / LZLENY S

[T O [ET1
M = 1

=1 | | [l [T=] 711
EIJ '

| I [T=] [ET ]
I3 I [

Figure 3. 3x3 mm MLP-8 (Top View) Figure 4. SO0IC-8 (Top View)
PRI )

Thermal Characteristics” )

Package e, | e, | 8. | ™ | ¥, | Units

B-Lead 3x3 mm Molded Leadless FPackages (MLF) 12 64 42 28 0.y o

B-Pin Small Outline Integrated Circuit (SOIC) . 20 ar 41 23 “CAY

Motes:

2. [Estimafes derived from thermal simulation; actual values depend on the application.

3. Theta_JL (9a)k Thermal resistance bebtween the semiconductor junction and the bottom surface of all the leads
(including any thermal pad) that are typically seldered to a PCB.

4. Theta_JT (85 Thermal resistance between the semiconductor junction and the top surface of the package.
assuming it is held at a uniform temperature by a top-side heatsink.

5. Theta_JA (2 ,4): Thermal resistance between junction and ambient, dependent on the PCB design. heat sinking,
and airflow. The value given is for natural convection with no heatsink, as specified in JEDEC standards
JESDE1-2, JESDS1-5, and JESDS1-7, as appropriate.

8. Psi_JB (¥,g) Thermal characterization parameter providing correlation between semiconductor junction
temperature and am application circuit board reference point for the thermal environment defined in Mote 5. For
the MLP-B package, the board reference is defined as the PCB copper connected to the thermal pad and
protruding from either end of the package. For the S0IC-8 package, the board reference is defined as the PCB
copper adjacent to pin 6.

7. Psi_JT (Wx) Themal characterization parameter providing comelation between the semiconductor junction

temperature and the center of the top of the package for the thermal environment defined im Mote 5.

& 2003 Fairchikd Semiconiucion Corporation

FAMN3121 / FANZ1Z2 « Rew. 111 2

WL Tarchildseml.com
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Pin Definitions
FAN3121 | FAN3122 Mame Description
a 3 EN Enable Input. Pull pim LOW to inhibit driver. EM has legic thresholds for both
B TTL and CMOS5 IM thresholds.
4.5 4, 5 GHD Ground. Common ground reference for input and cutput circuits.
2 2 IM Input.
8T auT Gate Drive Output. Held LOW wunless required input is present and Wpgp is
! above the UVLO threshold.
BT ouT Gate Drive QOutput (inverted from the input). Held LOW unless reguired
) input is present and VWpg is above the UVLO threshold.
1.8 Voo Supply Voltage. Provides power to the [T,
o Thermal Pad {MLP only). Exposed metal on the bottom of the package;
may be left floating or connected to GHND; MOT suitable for carrying current
VoD 1) (g| voD VoD 1] 3| voD
IN ':::O—EI ouT Ej_E(EE ouT
EM |3 @] QuT EX ouT
GMD [F) (5] GND GHND [F) (5] GMD
Figure 5. FAN3121 Pin Assignments (Repeated) Figure 8. FAN3122 Pin Assignments [Repeated)
QOutput Logic
FAN3121 FAN3122
EMN IN ouT EMN 1IN ouT
0 o o 0 o™ 0
0 1™ 0 0 0
bk o 1 T o® -
1|-5| 1|o| D 1 8 1
Mote:
B. Default input signal if no external connection is made.
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Block Diagram

100k Inverting H
(FAN3121) UVLO o

> ; It |
QUT (FAN3121)

N [2}—¢ +—{7] OUT (FAN3122)
2

iy I —

= I—:| }—D“' s +—[&] OUT (FAN3121)

<  Non-inverting
T 100k (FAN3122) ] QUT (FAN3122)

Mty

EN

e
I

:—[5] GND

GND

Figure 7. Block Diagram
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Absolute Maximum Ratings

The absolute maximmum ratings are stress ratings only.

Stresses exceeding the absolute maximum ratings may damage the device. The device may not functiom or be
operable above the recommended operating conditions and stressing the parts to these levels is not recommended.
In addition, extended exposure to stresses above the recommended operating conditions may affect device reliability.

Symbol Parameter Min. Max. | Unit
Voo Vo to GMD -0.3 20,0 W
Ven EM to GMD GHD - 0.3 | Voo + 0.3 A
Vin IM to GMD GHD - 0.3 | Voo + 0.3 A

Vour OUT to GND GND -0.3 | Voo + 0.3 W
To Lead Soldering Temperature (10 Seconds) +260 "
Ta Junction Temperature -55 +150 “c

Tara Storage Temperature -85 +150 "

Recommended Operating Conditions

recommend exceeding them or designing to Absclute Maximum Ratings.

The Recommended Operating Conditions table defines the conditions for actual device operation. Recommended
operating conditions are specified to ensure optimal performance to the datasheet specifications. Fairchild does not

Symibol Parameter Min. Ma. Unit
Voo Supply Voltage Range 4.5 18.0 W
Ve Enable Voltage EMN o Voo W
Vi Input Voltage IM o Yoo W
Ta Operating Ambient Temperature -40 +125 "

1an1Q 819 8pig-mo ‘peadg-yBiH v-6 816uUIS — ZZLENV A / LZLENY S
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Electrical Characteristics

Unless othenwise noted, V=12V and T,=<40°C to +125°C. Currents are defined as positive into the device and
negative cut of the device.

Symbaol Parameter Conditions | Min. | Typ. | Man. | Uit
Supply
Voo Operating Range 45 18.0 W
loo Supply Current, Inputs § EM Mot Connected T = 2.85 0.80 s
CMOS5" 0.58 | D.BS
Vion Device Tum-On Violtage (UWLO) 3.5 4.0 4.3 W
Vioes Device Tum-Off Valtage (UVLO) 330 | 3.5 | 4.10 v

FAM3121_FOES. FAN3122_FOE5 (Automotive-Cualified Versions)

Voo Operating Range 4.5 18.0 W
TTL 0.65 | 1.00
Ino Supply Current, Inputs f EN Not Connected CMos® s T ma
Vion Device Tum-0n Violtage (UWLO) 3.5 4.0 4.3 v
Vees | Device Tum-Off Voltage (UVLO) 225 | 375 | 415 | v
Inputs (TTL, FAN312xT)""
Vit INx Logic Low Threshaold 0.8 1.0 W
Vi |IMx Logic High Thresheld 1.7 2.0 v
Vivs v | TTL Legic Hysteresis Voltage 0.40 | 0D.7D 0.B5 W
FAN3IT21TMX, FAN3I122TMX
lire= Mon-Inverting Input Current IM frem O to Voo -1 175 HA
line- Inverting Input Current IM frem O to Voo -175 1 A
FANII21TMX_FO85, FAN3122TME_FD85 (Automotive-Qualified Versions)
lper T Mon-inverting Input Current = IN=0V -1.5 1.5 p&
lsee T | Men-inverting Input Current'™ IN=V/pg o0 | 120 | 175 | pA
lge T | IMverting Input Current’™™ IN=0V -175 | -120 | -80 pA
lset | Imverting Input Current™ IN=Vpgy 15 1.5 pA
Inputs [CMOS, FAN312xC)
ViLe IMx Logic Low Threshold 30 38 %o
Ve |IMx Logic High Thresheld 55 70 |V
Vivs_e [CMOS Logic Hysteresis Voltage 12 17 24 %\ oo
FAN3I121CMX, FANZ1Z2CMX
. Mon-Inverting Input Current IM frem O to Vog -1 175 pA
I Inwerting Input Current IN from O to Voo -175 1 pA
FAN3121CMX_FO85, FAN3122CMX_FOBS [Automotive-Qualified Versions)
Ik o Mon-Inverting Input Current™ IM=0 v -1.5 1.5 HA
hinee_c Non-Inverting Input Current IN=\Voo a0 120 175 A
mc | Imverting Input Current N=0V -175 | -120 | -80 | pa
mee | Imwerting Input Current'™™ IM=\Voo 15 1.5 pA
Confinued on the folowing page...
& 2004 Fairchild Semiconductor Corporation www farchildseml.com
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Electrical Characteristics (Continued)

Unless otherwise noted. V=12V and T,=<40°C to +125°C. Currents are defined as positive into the device and
negative out of the device.

8. Lower supply current due to inactive TTL circuitry.
10. EM inputs have modified TTL thresholds; refer to the EMABLE section.
11. See Timing Diagrams of Figure & and Figure 5.
12. Mot tested in proeduction.

13. Automotive-qualified FOE5 version specifications.

Symbaol Parameter Conditions | Min. | Typ. | Max. | Unit
EMABLE (FAN3121, FAN3122)
Vea Enable Logic Low Threshold EM from 5 Vi DV 1.2 1.8 2.0 W
Venn Enable Logic High Threshaold EM from 0V ta 5V 1.8 2.2 26 W
Wevs_1r | TTL Logic Hysteresis Voltage 0.2 0.8 0.8 W
Rpu Enable Pull-up Resistance g8 100 134 k2
to1. toz Propagation Delay, CMOS EN el 17 27 ns
to. toa Propagation Delay, TTL ENY 14 21 33 ns
ENABLE (FAN3121_F085, FAN3122_F085) (Automotive-Qualified Versions)
Ve Enable Logic Lew Threshold EMfrom 5Vt DV 1.2 1.8 20 W
VeEnH Enable Logic High Threshald EM from 0V io 5V 1.8 22 2.6 W
Vears_1 | TTL Logic Hysteresis Voltage 0.20 | 0.80 0.85 W
Rpu Enable Pull-up Resistance 68 100 134 k{2
tp1. tpz | Propagation Delay, CMOS EN 'Y a 17 a5 ns
to1. toz Propagation Delay, TTL ENTY a 22 34 ns
Cutputs
lape | OUT Current, Mid-Voltage, Sinking™ gf@:ﬂifgﬁ =1 kHz a7 A
lsource | OUT Current, Mid-Voltage, Sourcing' g;;ﬁ:?ﬁ o1 ki 7.1
lew sk | OUT Current, Peak. Sinking' ™ Croao=1.0 pF, f=1 kHz 114 A
Ip_soumcs | OUT Current, Peak, Sourcing' ™ Croap=1.0 pF, =1 kHz 10.6 A
tese | Output Rise Time!"" Croap=10 nF 18 23 29 ns
tzay | Output Fall Time™" Cronp=10 nF 11 19 27 ns
fp1, toz | Output Propagation Delay, CMOS Inpmﬁ:”' 0—12 Wy 1 Vins Slew Rate g 18 28 ns
o1, toe | Output Propagation Delay, TTL Inputs" E 0—5 Vg 1Vins Slew Rate g 23 A5 ns
lawa QOutput Reverse Current Withstand' = 1500 mA
FAM3121_FDBS, FAN3122_FDBS [Automotive-Qualified Versions)
tmze | Qutput Rise Time'" " CMOS Inputs CrLoag=10 nF 12 23 31 ns
tea. | Output Fall Time' | CMOS Inputs Croap=10 nF 12 19 27 ns
tmze | Output Rise Time' TTL Inputs CLoap=10 nF 18 | 23 35 ns
tzay | Qutput Fall Time"™" TTL Inputs Cronp=10 nF 10 18 28 ns
fp1, toz | Output Propagation Delay, CMOS Inpms:ﬁ' 0—12 Wy 1 Vins Slew Rate 6 18 a5 ns
fp1, toz | Qutput Propagation Delay, TTL Inputs" L 0 — 5V 1 Vins Slkew Rate g 23 3G ns
Vo High Level Qutput Voltage'™ VoH=Voo-VouT, lout=—1 mA 15 35 my
Vo |Low Level Output Voltage''™ lour=1 mA 10 25 my
Motes:

& 2003 Fairchild Femiconductor Comporation
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Timing Diagrams
' ] i
Input W K Input
or H / I"-,l e Vi !
Enable Vi |— i . Enable V' |—
oy oo o te
¥ frss ] frar e T o R
a0% 9
b
Custpud Y Cutput
b1
b
1% J — 1086, | -
Figure 8. HNon-Inverting Figure 9. Inwverting
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Typical Performance Characteristics
Typical characteristics are provided at 25°C and Voo=12 V unless otherwise noted.
1.0 1.0
CMOS Input TTL Input
0.8 0.8
g a
E 08 E os
i E
Inputs Floating, OCutput Low
04 Inputs Floating, Output Low 04
0.2 0.2
4 6 8 10 12 14 16 18 4 8 -3 10 12 14 18 18
Supply Voltage (V) Supply Voltage (V)
Figure 10. Iy (Static) vs. Supply Voltage™® Figure 11. Iy (Static) vs. Supply Voltage™*
14 | CMOS Input 4 F TTLInput Voo =19V
12 } No Load Voo =15V 12 No Load Voo = 12V
10 10
< < Voo = 8V
E s E s i
- £ s
i) 4
2 2
0 0
0 200 400 600 800 1000 0 500 1000
Switching Frequency (kHz) Switching Frequency (kHz)
Figure 12. Iy (No-Load) vs. Frequency Figure 13. Ipp (No-Load) vs. Frequency
180 180
160 |CMOS Input v sy 160 | TTL Input Voo = 15V
140 | 10nF Load Vogm A2V 140 | 1OnF Load = 12y
12 120 TR 2122 120
E 100 co = E 100 VDD =8V
:g' 80 Voo = 4.5V & 80 | Voo =4.5v
60 €0
40 40
20 20
0 4]
0 200 400 600 800 1000 0 200 400 800 800 1000
Switching Frequency (kHz) Switching Frequency (kHz)
Figure 14. lpp (10 nF Load) vs. Frequency Figure 15. Ipg (10 nF Load) vs. Frequency
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Typical Performance Characteristics

Typical characteristics are provided at 25°C and V=12 V unless otherwise noted.

50 .25 4] 25 50 75 100 125
Temperature (°C)

Figure 16. Ipg (Static) vs. Temperature(“’

CMOS Input
/
Vi

0 4 8 12 16 20
Supply Voltage (V)

3
<

Input Thresholds (V)
OS2 NWEUON®Y

Figure 18. Input Thresholds vs. Supply Voltage
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%0'5 / EAG
- ok Inputs Floating, Output Low .So N Inputs Floating, Output Low
0.2 02
00 0.0

-50 -25 v] 25 50 75 100 125
Temperature (°C)

Figure 17. lpp (Static) vs. Temperature‘"’

TTL Input

—

VIN

NovoshwbrnaNm©LO

Input Thresholds (V)
DOO - = b h ok oh N

o
o>

8 12 16 20
Supply Voltage (V)

Figure 19. Input Thresholds vs. Supply Voltage

Input Thresholds (% of \bp)

10%

0%

Supply Voltage (V)

Figure 20. Input Thresholds % vs. Supply Voltage

] “ 8 12 16 20

23 Enable Input
=
V|
®» H
-] 21
2
g 19
=
e 17 Vi
g ’
w 15
13
(4] 4 -] 12 18 20
Voo (V)

Figure 21. Enable Thresholds vs. Supply Voltage
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Typical Performance Characteristics

7.0

CMOS Input
65
s -
- 6.0
[«]
=
B 55
£
.-.
‘g 5.0 Vi
£
45
4.0
50 25 0O 25 80 75 100 125

Temperature (°C)

Figure 22. CMOS Input Thresholds vs. Temperature

N
®

Enable Input

N
i

Vi

Input Thresholds (V)

ViL
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B O ® O N

12
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Temperature (*C)
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Figure 24. Enable Thresholds vs. Temperature

240
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CMOS or TTL Input

\

200
180

160
140

UVLO Hysteresis (mV)

120

100
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Figure 26. UVLO Hysteresis vs. Temperature

Typical characteristics are provided at 25°C and V=12 V unless otherwise noted.

Input Thresholds (V)

41
CMOS or TTL Input

S 40
8 Device ON
2 39
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&
ol [F==" Device OFF
o |
S 37 —
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2.0
TTL Input
1.8

1.6 Viu
1.4

1.0

0.8
0 25 50 75 125

Temperature (°C)
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Figure 23. TTL Input Thresholds vs. Temperature

Temperature (°C)

Figure 25. UVLO Thresholds vs. Temperature

CMOS Inverting Input

IN Rise to OUT Fall

IN Fall to OUT Rise
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Supply Voltage (V)
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Figure 27. Propagation Delay vs. Supply Voltage
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Typical Performance Characteristics

Typical characteristics are provided at 25°C and V=12 V unless otherwise noted.

Figure 28. Propagation Delay vs. Supply Voltage
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Figure 29. Propagation Delay vs. Supply Voltage

TTL Non-Inverting Input
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Figure 30. Propagation Delay vs. Supply Voltage
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Figure 32. Propagation Delays vs. Temperature
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Figure 31. Propagation Delay vs. Supply Voltage
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Figure 33. Propagation Delays vs. Temperature
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Typical Performance Characteristics

[
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CMOS Inverting Input
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Figure 34. Propagation Delays vs. Temperature
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Figure 36. Propagation Delays vs. Temperature
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Figure 38. Rise Time vs. Supply Voltage
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Typical characteristics are provided at 25°C and Voo=12 V unless otherwise noted.
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Figure 35. Propagation Delays vs. Temperature
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Figure 37. Fall Time vs. Supply Voltage
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Typical Performance Characteristics

Typical characteristics are provided at 25°C and V=12 WV unless otherwise noted.

: - [ o= 1
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Figure 40. Rise ! Fall Waveforms with 10 nF Load
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Figure 41. GQuasi-Static Source Current with "nl'.,.,,=1i."'|.l‘J
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Figure 42. Quasi-Static Sink Current with Vgg=12 V'8

Motes:

Iy (34 Jdv)
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Gy e = 10F
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Figure 44. GQuasi-Static Sink Current with V=8 V'

Figure 43. Quasi-Static Source Current with

Voo=8 v
VDD
= [21x47pF L 470pF
ceramic Al EL
€L Current Probe
FAM312122 - LECROY AFPD15
B
louT
T} 1M 1 -
kF W C
1kHz ceramic ouT —J__ 1"'?":1:'

Figure 45 Quasi-Static lgyr / Vour Test Circuit

cument-measurement |DDFI.

14. For any inverting inputs pulled LOW, non-inverting inputs pulled HIGH, or cutputs driven HIGH,; static Igg
imzreases by the current flowing through the cormesponding pull-up/down resistor, shown in Figure 7.
158. The initial spike in each current waveform is a measurement artifact caused by the stray inductance of the
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Applications Information

The FAN3I1Z1 and FAM3122 family offers versions in
either TTL or CMOS input configuration. In  the
FAM3121T and FAM3122T, the input thresholds meet
industry-standard TTLdogic thresholds independent of
the Voo woltage, and there is a hystzresis voltage of
approximately 0.7 V. These levels permit the inputs to
be drwven from a range of input logic signal levels for
which a voltage owver 2V is considered logic HIGH. The
driving sigmal for the TTL inputs should have fast rising
and falling edges with a slew rate of & V/us or faster, so
the rise time from O to 3.3 V should be 550 ns or less.

The FAN3121 and FAMN3122 output can be enabled or
disabled wsing the EM pin with a very rapid response
time. If EM is mot externally connected, an intemal pull-
up resistor enables the driver by default. The EM pin has
legic threshaolds for parts with either TTL or CMOS IN
threshaolds.

In the FAM3121C and FAN3122C, the logic imput
thresholds are dependent on the Vg level and, with Vo
af 12 W, the logic rising edge threshaold is approximately
55% of YWpp and the input falling edge threshold is
approximately 38% of Vgyg The CMOS  imput
configuration offers a  hysteresis  woltage of
approximately 17% of Vgp. The CMOS inputs can be
used with relatively slow edges (approaching DC) i
good decoupling and bypass techniques are
incorporated in the system design to prevent moise from
violatimg the input woltage hysteresis window. This
allows setbng precise timing intervals by fitting an R-C
circuit between the controlling signal and the IM pim of
the driver. The slow rising =dge at the IN pin of the
driver intreduces a delay between the controlling signal
and the OUT pin of the driver.

Static Supply Current

In the lpg (static) Typical Performance Characteristics,
the curves are produced with all inputs / enables floating
(OUT is LOW) and indicates the lowest static Igg current
for the tested configuration. For other states, additional
current fiows throwgh the 100 kil resistors om the inputs
and outputs, as shown in the block diagram {zee Figure
7). In these cases, the actual static lpp current is the
value obtained from the curves, plus this additional
curment.

MillerDrive ™ Gate-Drive Technology

FAM312x gate drivers incorporate the MillerDrive™
architecture shown in Figure 48. For the output stage, a
combimation of bipolar and MOS5 dewvices provide large
currents owver a wide range of supply woltage and
temperature wvariations. The bipolar devices camy the
bulk of the current as OUT swings between 103 to 203
Voo and the MOS devices pull the output to the HIGH or
LOW rail.

The purpose of the Miler Drive™ architecture is to
spead up switching by providing high curment during the
Miller plat=au regicn when the gate-drain capacitance of
the MOSFET is being charged or discharged as part of
the turm-omn [ turn-off process.

For applications with zero voltage switching during the
MOSFET tum-on or tum-off interval, the driver supplies
high peak current for fast switching., even though the
Miller plateau is not present. This situation often occurs
im synchronous rectifier applications because the body
diode is generally conducting before the MOSFET is
switched on.

The output pin slew rate is determined by Vg woltage
and the load on the output. It is not user adjustable, but
a sernes resistor can be added if a slower rise or fall ime
at the MOSFET gate is neseded.

Input
slage

Figure 46. Miller Drive™ Output Architecture

Under-Voltage Lockout (UVLO)

The FAN312x startup logic is optimized o drive ground-
referenced M-chanmel MOSFETs with an under-voltage
lockout (UVLO) funciion to ensure that the IC staris in
an ordery fashion. When Vpg is rising, yet below the
4.0 WV operaticnal level, this circuit holds the cutput low,
regardless of the status of the input pins. After the part
is active, the supply voltage must drop 0.25 W before the
part shuts down. This hysteresis helps prevent chatter
when low Vpp supply voltages hawe noise from the
power switchimg. This configuration is not suitable for
driving high-side P-channel MOSFETs becauss the low
output woltage of the driver would tum the P-channel
MOSFET on with Wpp below 4.0 V.

Voo Bypassing and Layout Considerations

The FAM3121 amd FAN3122 are available in either
8-lead S0OIC or MLP packages. In either package, the
Wpg pins 1 and 8 and the GMD pins 4 and 5 should be
connected together on the PCB.

In typical FAM212x gate-driver applications, high-curment
pulses are needed to charge and discharge the gate of
a power MOSFET in time intervals of 50 ns or less. A
bypass capacitor with low ESR and ESL should be
connected directly between the Wpp and GMD pins o
provide these large cument pulses without causing
unacceptable ripple on the Vpg supply. To mest these
requirements in a small size, a ceramic capacitor of 1 pF
or larger is typically used, with a dielectric material such
as XTR. to limit the change in capacitance ower the
temperature and !/ or voltage application ranges.
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Figure 47 shows the pulsed gate drive curremt path
when the gate driver is supplying gate charge to tum the
MOSFET on. The cument is supplied from the local
bypass capacitor Cgye and flows through the driver to
the MOSFET gate and to ground. To reach the high
peak currents possible with the FAM312x family, the
resistamce and inductance in the path shouwld be
minimized. The localized Cgye acis to contain the high
peak current pulses within this driver-MOSFET circuit,
preventing them from disturbing the sensitive analog
circuitry in the PWM contreller.

VDJ VDS
e o
CE"P L
=

FANZ121/2
I
PN

Figure 47. Current Path for MOSFET Turn-On

Figure 48 shows the path the current takes when the gate
driver turmns the MOSFET off. Ideally, the driver shunts the
current directly to the source of the MOSFET in a small
circuit loop. For fast tum-off times, the resistance and
inductance in this path should be minimized.

Voo Vos

=]

CE-TF'_
FAN3121/2 |';

Figure 48 Current Path for MOSFET Turn-Off

Operational Waveforms

At power up, the FAMN3121 inverting driver shown in
Figure 48 holds the cutput LOW wntil the Vpp voltage
reaches the UVLOD turm-om threshold. as indicated in
Figure 50. This facilitates proper startup control of low-
side N-channel MOSFETs.

Voo

Figure 49. Inverting Configuration

The OUT pulses’ magnitude follows Vpp magnitude with
the output polarity inverted from the input until steady-
state Vg is reached.

i
1
Vo !
= e = — = = Tuwm-cn threshoid
1
! -
:I | 1
IN I
1 C.
1 1 1
II 1
>
o T
{UD'-} :I I ] 1
[N 1 1
R
:I 1
1l
1
ouT ”
8 I I

Figure 50. Inverting Startup Waveforms

At power up, the FAN3122 non-inverting driver, shown
im Figure 51, holds the output LOW wuntil the Vgg voltage
reaches the UVLO tumm-on thresheld, as indicated in
Figure 52. The OUT pulses magnitude follow YVpo
magnitude until steady-state VWog is reached.
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Figure 51. Mon-dnwerting Driver
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Figure 52. Mon-dnwerting Startup Wawveforms
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Thermal Guidelines

Gate drivers used to switch MOSFETs and IGBTs at
high frequencies can dissipate significant amounts of
power. It is important to determine the driver power
dissipation and the resulting junction temperature im the
application to ensure that the part is operating within
acceptable temperature limits.

The total power dissipation in a gate driver is the sum of
two components, Pgars and Poypeamc:

Protar = Paare * Povessc {1}

Gate Driving Loss: The maost significant power loss
results from supplying gate cument (charge per unit
time) to switch the load MOSFET on and off at the
switching frequency. The power dissipation that
results from driving a MOSFET at a specified gate-
sgurce wvoltage, Wgz. with gate charge, Qg at
switching frequency. fou. is determined by:

Poare = Qg - Vs - faw (2}

Oynamic Pre-drive [ Shoot-through Cument: A
power loss  resulting  from  intemal  current
consumption under dynamic operating conditions,
including pin pull-up / pull-down resistors, can be
abtained using the "IDD (Mo-Load) vs. Frequency”
graphs in Typical Performance Characteristics to
determine the current lgygaac drawn from Vpp
under actual operating conditions:

Povaasac = lorwsc = Voo (3}

Onece the power dissipated in the driver is determined,
the driver junction rise with respect to circuit board can
be evaluated using the following thermal egquation,
assuming ¥y was determined for a similar thermal
design (heat sinking and air flow):

Ts =Prota Wt Tg (2}
where:
T, = driver junction temperature;

e = (psi) thermal characterization parameter relating
temperature rise to total power dissipation; and

Te = board temperaturs in location as defined in
the Thermal Characteristics table.

In a full-bridge synchronous rectifier application, shown
im Figure 53, each FAM3122 drives a parallel
combination of twe high-current MOSFETs, (such as
FDMSEE805). The typical gate charge for sach SR
MOSFET is 70 nC with Vgg = Vipp = 8 V. At a switching
frequency of 300 kHz, the total power dissipation is:

Poare=2-70nC -8V - 300 kHz = 0.378W (5}
Pomanc = 2 mA = 8V = 16 mW (8}
Proma = 0.386 W (7

The S0OIC-82 has a  junction-to-bocard  thermal
characterization parameter of ¥W,g = 42°CAN. In a system
application, the localized temperature around the device
is a fumction of the layout and construction of the PCB
along with aiflow across the swrfaces. To ensure
reliable ocperation, the maximum junction temperature of
the device must be prevented from exceeding the
maximum rating of 150°C; with 80% derating, T, would
be limited to 120°C. Rearranging Equation 4 determines
the board temperature required to maintain the junction
temperature below 120°C:

Temax =Ty - Protae - ¥ (8)
Touax = 120°C — 0,308 W - 42°C/AW = 104°C  (9)

For comparison, replace the S0IC-8 used in the
previous example with the 3x3 mm MLP package with
Yz = 2.8°CAN. The 3x3 mm MLP package can operate
at a PCB temperature of 118°C, while maintaining the
Junction temperature below 120°C. This illustrates that
the physically smaller MLP package with thermal pad
offers a more conductive path o remove the heat from
the driver. Consider tradecffs between reducing overall
circuit size with junction temperature reduction for
imcreasad reliability.
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Tyrpical Application Diagrams
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Figure 53. Full-Bridge Synchronous Rectification
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Table 1. Related Products
il 181

Number | TP G?;?ni}?sﬁ} Threshold Logic Package"™
FAM3111C | Single1 A | #1.1 A/-DBA CMOS Single Channel of DuaklnputSingle-Ouwiput 3%12:35:5'
FAN3111E | Single 1A | #1.1 A/-D.OA | External™ gggfe:;”""“m"g Channel with Extermnal 3%12:365.
FAM3100C | Single 2 A | +25A/-18 A CMOS Single Channel of Two-Input'One-Output 3%12:365'
FAM3100T | Single 2 A | +2.5A/-18A TTL Single Channel of Two-lnput'One-Output 3%123;5'

FAMN3180 | Single2 A | +24A/-18A TTL Single MNon-Inverting Chanmel + 3.3 W LDO S0OT23-5
FAMN3Z16T | Dual 24 | +24A/-186A TTL Dwal Inverting Channels SDICE
FAM3I21TT | Dual2 A |+24A/-18A TTL Dual Mon-Inverting Channels S0ICE
FAN32Z28C | Dual 24 | +24A/-186A CMOS Dwal Inverting Channels + Dual Enable S01C8, MLFPE
FAM3Z228T | Dual 24 |+24A/-18A TTL Duwal Inverting Channels + Dual Enable S01C8, MLFPB
FAM3227C | Dual2 A |+24A/-16A CMOS Dual Mon-Inverting Channels + Dual Enable S01C8, MLPS
FAM322TT | Dual 24 |+24A/-184A TTL Dual Mon-Inverting Channels + Dual Enable S01C8, MLPS
FAM3228C | Dual2 A | +24A/-184A CMOS Dual Channels of Two-Input'One-Output S01C8, MLPS
FAM322BT | Dual 24 | +24A/-184A TTL Dual Channels of Two-lnput'COne-Output S01C8, MLPS
FAM3220C | Dual2 A |+24A/-184A CMOS Dual Channels of Two-Input'One-Output S01C8, MLPS
FAM3Z2AT | Dual2 & | +24A/-18A TTL Dual Channels of Two-lnput'One-Output S01C8, MLPS
FAM3I2B8T | Dual2A |+24A/-16A TTL fr?vg n';:f‘g”g::i’;:g( f;g‘;fﬂ;‘:‘;i:;is solcs
FAM3I27ET | Dualza |+244/-164A TTL Igr?v: n';:f‘g”g:;i’;i;gi EJE;“;?U;‘:";?:;L soIce
FAM3223C | Duald A | +43A/-28A CMOS Dual Inverting Channels + Dual Enable S01C8, MLPS
FAM3213T | Dual4 & | +43A/-28A TTL Dual Invertimg Channels SOICE
FAM3214T | Dual4 A | +43A/-28A TTL Dwal Mon-Inverting Channels S0OICE
FAM3Z223T | Dual4 A | +43A/-28A TTL Dwal Inverting Channels + Dual Enable S01C8, MLPS
FAM3224C | Duald4 A | +43A/-28BA CMOS Dwal Mon-Inverting Channels + Dual Enable S01C8, MLPS
FAM3Z224T | Dual4 & | +43A/-28A TTL Dual Mon-Inwverting Channels + Dual Enable S01C8, MLPS
FAM3225C | Duald A | +43A/-28A CMOS Dual Channels of Two-Input'One-Output S01C8, MLPS
FAN3Z25T | Dual4 & | +43A/-2BA TTL Dwal Channels of Two-Input'One-Output S01C8, MLFPE
FAN3M121C |Single 3 A +3.TA/-T1A CMOS Single Inverting Channel + Enable SOICE, MLP8
FAN312MT |Single 9 A +3.TA/-T1A TTL Single Inverting Channel + Enable SOICE, MLP8
FAN3I22C |Single 9 A +3.7TAJ-T1A CMOS Single Non-Inverting Channel + Enable SOICE, MLPB
FAMN3I122T |Single 9 A +3.TAJ/-T1A TTL Single Non-Inverting Channel + Enable SOICE, MLPB

FAMN3240 | Dual 12 A =+120A TTL Dual-Ceil Relay Driver, Timing Config. O S0OICE

FAMN3241 | Duwal 12 A =+120 A TTL Dual-Ceoil Relay Driver, Timing Config. 1 S0ICE
Motes:

16. Typical currents with OUT at 8 WV and Wgg= 12 V.

17. Thresholds proportional to an externally supplied reference voltage.

18. Awtomotive-gualified FDE5 versions are only offered in 3OICE packages.
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