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Abstract — The authors present a 3-chip mixed integration
approach that combines monolithic silicon multi-terminal power
chips and flip-chip assembly on a printed circuit board (PCB) for
the realization of a multiphase power converter. The overall
approach allows for taking advantage of the degrees of freedom
offered by silicon and PCB technologies with a limited and well-
mastered complexity. The multiphase converter is integrated
within three multi-terminal chips that are judiciously packaged,
using the partial flip-chip, on a PCB board so as to reduce the
switching cell stray inductance as well as the impact of voltage
variations on the common mode current that flows through the
converter’s PCB. Using Si and SiC dipole MOSFET and diode
chips, converters based on the 3-chip approach were realized and
compared to the conventional one. The obtained commutation
loop inductance value is reduced by at least a factor of two as
compared to that of the conventional one.

Keywords— Buck converter, full bridge converter, orthogonal
switching cell, parasitic inductance, monolithic intgration, reverse
conducting IGBT, IGBT, diode.

I. INTRODUCTION

Currently commercialized conventional power modules are
generally realized using 2D hybrid packaging technology in
which two-terminal power dies such as Insulated Gate Bipolar
Transistor (IGBT) and PiN-diode are bonded on their backside
and interconnected using wire bonds. A power module is made
of a great number of two-terminal dies that are interconnected
by wire bonds. Power modules are therefore bulky and their
mass fabrication is limited in productivity. Moreover, due to
the fact that the power dies are soldered on their backside, the
midpoints of the converter’s phase legs are placed on the
circuit board. As a result, the circuit board is directly subjected
to voltage variations during switching phases which is source
of the undesirable common mode current through the circuit
board. Moreover, wire bonds in power modules are source of
parasitic inductance [1-2] that induces high turn-off voltage
overshoot, which not only add electrical stress on the power
dies, but also result in switching losses and thus affect the
overall efficiency.

To improve reliability, electrical performance and reduce
cost of power modules, significant breakthrough can be
achieved by the monolithic integration of the 2D-multiphase
module within a minimum number of multi-terminal dies that
are judiciously packaged. Within the context of integration and

miniaturization, the reverse conducting Insulated Gate Bipolar
Transistor (RC-IGBT), as described in Fig. 1(a) and (b), is
considered as the elementary brick for converter integration.
The RC-IGBT monolithically integrates an IGBT and an anti-
parallel freewheeling PiN diode. The structure of the RC-IGBT
was extensively studied in literature [3-4]. Using this device,
the authors have recently proposed a vertical quasi-monolithic
integration of power converter called two-chip approach as
well as an ultra-compact single chip approach [5] aiming at
reducing fabrication costs, improving electrical performance
and reliability. Different approaches for converter integration
were described in literature in order to reach similar objectives.
However, they are either limited in performance (lateral
integration with vertical insulation trenches [6]) or require a
complex technological process for their realization (molecular
bonding of two wafers [7]). The initial objective of the dual-
chip integration [8] approach was to integrate the high-side part
of the power converter within a single multi-terminal power
chip named a “common anode” chip and the low-side part
within another multi-terminal power chip named “common
cathode” power chip as illustrated in Fig. 2(a). Each power
chip is composed of a great number of quasi-parallel connected
RC-IGBTs that share the same N drift region as shown in Fig.
2b). The number of RC-IGBTs within each chip depends on
the number of converter phases. Within the common cathode
chip, each RC-IGBT section must be electrically insulated
from the neighbouring RC-IGBT sections as illustrated in Fig.
3¢). To that end, a vertical P" wall that crosses vertically the
silicon wafer and surrounds entirely each RC-IGBT section is
used. However, the technological realization of the P* wall is
clearly complex and an intensive process development is in
progress today. To overcome the necessity of using a P* wall
insulation that crosses vertically and entirely the silicon wafer,
the authors propose in this paper original three multi-terminal
power chips. Moreover, it will be demonstrated that the
judicious packaging of these three multi-terminal chips allows
to obtain switching cells of identical quality as those obtained
using the two terminal approach.

The paper is organized as follows: the first section presents
the “three-chip” power converter integration approach, the
second section focuses on the packaging of the three multi-
terminal chips on a PCB, and the last section details the
different characterization techniques employed to the
estimation of the commutation loop stray inductance.
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Fig. 1. (a) IGBT with its anti-parallel freewheeling diode, (b) a schematic
cross-sectional view of an RC-IGBT integrating monolithically an IGBT and a
freewheeling diode.
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Fig. 2. (a) The dual-chip integration approach, cross-sectional view of the:
(b) common anode three-terminal structure, (c¢) common cathode three-
terminal structure [8].

II. PRINCIPLE OF THE THREE-CHIP INTEGRATION APPROACH

As detailed in Fig. 3 (a), (b) and (c), the whole row of high
side Reverse-Conducting Insulated Gate Bipolar Transistors
(RC-IGBTSs) is integrated within a single multi-terminal chip
named “common anode” while the low-side RC-IGBTs row is
integrated within two distinct monolithic multi-terminal power
chips: the low-side insulated gate bipolar transistors are
integrated within one single multi-terminal power chip while
the low-side power PiN diodes are integrated within another
multi-terminal power chip as shown in Fig. 4. This allows
overcoming the technological complexity encountered for the
realization of the P* wall that crosses vertically the silicon
wafer within the common cathode chip [8] that makes its
process of realization complex [9-10]. For the purpose of
validating the operating modes of the different chips using 2D
Sentaurus™ simulations, dielectrically filled trenches were
used within the frame of this study.

The optimized targeted packaging for the three-chip
approach is shown in Fig. 3(b). The chips are packaged so that
to minimize the length as well as the apparent surface of the
commutation loops. So then, the unique high-side multi-
terminal common anode chip is positioned at the centre and on
its one side is placed the low-side multi-terminal IGBT power
chip and on the opposite side the low-side multi-terminal diode
power chip. In this way, as it is detailed in section §IV
dedicated to packaging and characterization, the parasitic
commutation loop inductance is reduced to that of a single set
of wire bonds, instead of two series connected sets encountered
in the case of conventional packaging. Moreover, the circuit
board effect is reduced due to the fact that this latter is not
directly subjected to dv/dt disturbances during switching
phases. For buck and boost chopper applications, one of the
low-side two multi-terminal chips becomes useless and the
packaging can be reduced to only two multi-terminal power
chips.
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Fig. 3. (a) Principle of integrating a multiphase converter composed of K-
phase legs using the 3-chip approach , (b) Schematic illustration of the 3-chip
packaging.
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Fig. 4. 2D structures of the three-terminal chips for the case of an H-bridge
inverter: (a) high-side common anode chip, (b) low-side multi-IGBT chip, (c)
low-side multi-diode chip.

1L SENTAURUSTM MIXED-MODE SIMULATION RESULTS

The main geometrical and physical parameters of the
diffusion regions used in the IGBT and diode sections are
those set by the IGBT process-flow of the micro and
nanotechnology platform at LAAS-CNRS [8]. The drift region
thickness is chosen so that the devices are able to withstand
600 V. In Fig. 5 and 6, the simulation conditions correspond to
a static state: when one diagonal section of the bridge is in on-
state the other is in off-state, a current source of 100 A/cm’
simulates an inductive load. The common anode concept was
already validated in previous works of the authors [9] and is
not described in this paper. In Fig. 5(a) and Fig. 6(a), 100A
current flows through one section of each chip while the other



section is in off-state (negligible leakage current). In Fig. 5(b)
and Fig. 6(b), a 600V is supported by each section in off-state.
Depletion regions (for reverse biased junctions) extend mainly
into the lightly doped N- drift-region.
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Fig. 5. 2D mixed-mode Sentaurus™ simulation results for the multi-IGBT
chip: (a) total current density, (b) equipotential lines.
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Fig. 6. 2D mixed-mode Sentaurus™ simulation results for the multi-diode
chip: (a) total current density, (b) equipotential lines.

The multi-terminal chips were assembled to form a 3-chip
inverter. A 600V DC supply is applied at the input and a 100A
DC current supply simulate the load. The results obtained
using mixed-mode Sentaurus'™ simulations are provided in
figure 7.
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Fig. 7. 2D Mixed-mode Sentaurus™ simulation result for a two phase

inverter application.

0,003 0,004

IV. THREE-CHIP VERSUS REFERENCE ASSEMBLY

A. Realized and characterized converter assemblies

The reference two-phase converter assembly makes use
four Reverse Conducting-IGBTs. The targeted packaging for
the full bridge converter circuit given in Fig. 8 (b), according to
the proposed three-chip approach, is shown in Fig. 9 (d). The
IGBTs chip (flipped) is positioned on one side (left-side in this
case) of the common anode chip while the diodes chip is
positioned on the other side (right-side in this case) of the
common anode chip. Due to the fact that the realization of the
proposed IGBT and diode Si multi-terminal chips is being in
progress, the realized converter assemblies are buck type
converters composed of fast two-terminal Si and SiC MOSFET
dies as well as SiC diode dies (Table II) from commercial
providers. These assemblies allow one to characterize the
switching loop inductance.
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Fig. 8. Two-phase converters: (a) Reference using four RC-IGBTs,
(b) According to the proposed 3-chip approach.

To evaluate the improvements brought by the proposed
approach, generic layouts ere designed for the reference as well
as 3-chip two-phase converters. Silicon as well as silicon
carbide chips were used. As compared to Fig. 4, the RC, and
RC, of Fig. 9(c) form the common anode chip, IGBT1 and
IGBT2 form the multi-terminal IGBT-chip while D1 and D2
form the multi-terminal diode-chip. The optimized layout of
the conventional converter results in a coplanar commutation
loop of 130mm® surface while the optimized 3-chip converter
leads to an orthogonal 3D-commutation loop of 26mm” surface
(ratio: 1/5).
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Fig. 9. Layout of converter on the PCB board: (a) coplanar commutation

loop for the reference assembly, (b) orthogonal commutation loop for the 3-
chip, (c) illustration of the IGBT and diode power loops.

B. Switching loop modelling during low-side switch turn-off

The use of a very small (negligible) gate resistance allows
hard and fast turn-off switching. Consequently, the duration of
Miller effect can then be neglected [12] and the switching cell
can be modelled by the electrical circuit given in figure 10.
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Fig. 10. (a) The switching cell model including parasitic elements and (b) its
circuit model at turn-off.

From the equivalent circuit of the switching cell composed
of medium and high frequency loops (Fig. 10b), the peak
overvoltage across the power device (MOSFET in this case) at
turn-off can be expressed as follows:

Lng LSCeq +ESL di hannel
Weospay = Iloaa" T +K1[oad‘ Ci +V diade * (LSCeq +ESL)% Eq. (D)
dec oss 4

(@ b (© (d)

The term (a) represents the transfer of energy stored in the
busbar inductance Lgq to the decoupling ceramic capacitors
Cgee. Terms (b) and (d) represent the different effects of
commutation loop stray inductances: (b) gives back the transfer
of energy stored in the inductance loop Lgceq to the Cog
capacitance of the device, while (d) represents the relation
between the turn-off di/dt and the inductive over-voltage across
the device. A detailed analysis shows that during the dv/dt
sequence just before the over-voltage, the current loop flows
through the C, part and the transition capacitor of the diode.
Then, the equivalent current loop in series with de device is
reduced by a factor K = C/(Cr+C). It should be noted that
the term (a) is predominant at medium frequencies (< 50 MHz)
while (b) is predominant at high frequencies (> 50 MHz) due to
low values of Lgceq compared with Lg.q and of Cy compared
with Cy... Moreover, it can be noted that due to the low value
of C for fast WBG device such as Mosfet SiC, term (b) is
higher than term (d) by a ratio near to 20 (ex. numerical
application: 5nH, 100pF, 1000A/us, 30A, K = 0.5). Thus, it
appears that the gate resistor and the channel control are not
directly influent parameters to manage the HF phenomena.
Parameters of the circuits such as stray inductances and
capacitors values are clearly more influent on the over-voltage
stress. Finally, term (c) easily reflects the forward dynamic
recovery of the diode, mainly for Si-PiN diode that exhibits
slow commutation behaviour in this work.

C. Double-pulse time-domain characterization of the
switching loop

The used circuit is a buck-type converter composed of a high
speed switching power device and a freewheeling diode. The
operating principle consists in applying to the gate of the
power device two consecutive short pulses. The first pulse is
of duration (t1) relatively long allows the establishment of the
load current, the second pulse of shorter duration (t;) and aims
at enabling the observation of oscillations in the output voltage
waveform across the MOSFET at turn-off (figure 11(b)). The

stray inductance can then be deduced from the measurement
of the oscillation frequency of the voltage waveform across
the power device at turn-off.
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Fig. 11. (a) test bench for electrical characterizations, (b) Electrical circuit in
Buck-Type topology, (c) double short-pulse control signal.

The analysis of the components that compose the amplitude
and oscillation-frequency, of the voltage waveform at turn-off,
enables one to determine the parameters of the switching cell.
From eq. (1), the High frequency term (HF) allows to
determine the pair (Lgsceq, Coss), medium frequency (MF) term
allows to characterize the pair (Lge, Cu.). Conventional as
well as proposed 3-chip converters were realized using either
Si-dies or SiC-dies and were characterized. The turn-off
waveforms of Si and SiC assemblies, summarized in tables II
and III, are provided in Fig. 12 and Fig. 13. The analytical
expressions used to estimate the inductances values at medium
and high frequencies are given in tables IV and V, respectively.
Table IV is organized as follows: part(A) presents the
medium-frequency (MF) measurements as well as calculations
carried-out to estimate the busbar inductance (Lg.,), part (B)
presents Lg., values obtained for the reference (classical) Si
and SiC assemblies, and part (C) presents L., values obtained
for Si and SiC assemblies based on the proposed 3-chip
approach. Table V is organized as follows: part (A) describes
high-frequency (HF) measurements as well as calculations
carried-out to estimate the switching cell inductance (Lgce,),
part (B) presents Lgc,, values obtained for the reference
(classical) Si and SiC assemblies, and part (C) presents Lgce,
values obtained for Si and SiC assemblies based on the
proposed 3-chip approach.



TABLE L. DOUBLE-PULSE CHARACTERIZATION: SI AND SIC TABLE II. DOUBLE-PULSE CHARACTERIZATION: SI AND SIC “PROPOSED”
“REFERENCE” CONVERTERS CONVERTERS

Reference assembly Proposed assembly
Using Silicon chips Using Silicon-carbide chips Using Silicon chips Using Silicon-carbide chips

i

)‘= SiMosfet
| igh side
s s
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TABLE III.

MEDIUM FREQUENCY STRAY INDUCTANCE VALUE:
MEASUREMENT AND CALCULATED (SEE (A), (B) AND (C) BELOW)

TABLE IV.

HIGH FREQUENCY STRAY INDUCTANCE VALUE:

MEASUREMENT AND CALCULATED (SEE (A), (B) AND (C) BELOW)

A) Busbar characterization (Medium-Frequency loop) methods

(Equivalent localized physical quantities: Lyeq, Caec)

Realized measurements

Analytical expressions

A) Switching-cell characterization (High-Frequency loop)
(Equivalent localized physical quantities: Lcq, ESLacc, Coss)

1) Measurements using an impedance
analyzer, Agilent 4294A + dedicated
PCB Probe 42941A

2) Time-domain measurements:
carried-out using an oscilloscope TEK
DPO4104B 1GHz/5GSamp.s™ + Passive
voltage probes TPP1000 1GHz (Deskew
mode + Hi/Average x4 mode)

Lyegrin = Cec (

LlyeqMAX =

1

From time-domain measurements, two
techniques were used to calculate Lycg:
Technique (a) From the voltage ripple
(damping neglected --> giving a lower
bound value): 5
6V(‘de(' ]
Tioad

Technique (b) From the oscillation
period (damping neglected --> giving an
upper bound value):

Caec- 27 Fyp)?

Realized measurements

Analytical expressions

1) Measurements using an
impedance analyzer Agilent 4294A
+ dedicated PCB Probe 42941A

From time-domain measurements, one
can calculate L.q. Indeed, Ly.q can be
calculated by a combination of
techniques (a) and (b) below. It can also
be calculated using technique (c)
below.

2) Time-domain measurements:
carried-out using an oscilloscope
TEK DPO4104B 1GHz/5GSamp.s™
+ Passive voltage probes TPP1000
1GHz (Deskew mode + Hi/Average
x4 mode)

a) From the voltage ripple
(damping neglected --> giving a lower
bound value):

2
Feons
Lycogrn = Coss ( X 2 ] —ESLy

Lload

Buck-Type case: Half-Bridge
K= Coss case:
B) Busbar characterization (Medium-Frequency loop) : reference assembly Coss + Criiode k-l
Type of Assembly Measurement using an Time-d in (Analytical) 2
impedance analyzer Deterfnined : Deter.mined : b) From the voltage ripple given
Referencesi T t 4 ((:)) T LL q ((l::)) in "point (a)" and dV ,,,/dt
1 ] 4
assembly (Type: | Cdec : 2x<KEMET-X7R - | 25A/100V/Rg- | 25A/100V/ WV Kl
Half-Bridge) 500V 109/ Rg- dt C,,
(measurements) OVegee = 8.4V 10Q/3.8MHz _ B ) ( Vs )z .
Coss = 300 pF 2x60 nF (at 100V) N = o o
(at 100V) 2x45 nF (at 150V)
Coss =220 pF ESL = 0.8 nH e -
(at 151(3)V) ESL. =0 4“ H Lyogsiv= Lyegsax = ¢) From the oscillation period
C &= EPé]OS 13.5nH 14.6 nH (damping neglected—> giving a upper
SK=05 "'“”2')(("‘3)5 = bound value):
400V/ESLcqmax=9 nH 1
L.. -
Reference SiC _ Technique (a) Technique (b) seegMAX =0 (2w Fyp
T Bocosasune = IL03nELat |- 11 7p7100v/ | 11.747100V/ oss ur
(Type: Buck) z Rg- 10Q/0Vcgee | Rg-
I =34V 102/4.2MHz
Coss =470 pF 3 B) Switching-cell characterization (High-Frequency loop): reference assembly
t 100V) Lyeg uin= Ly =
Cr. md(:; 3x1)70 pF 1"0"21” :Z‘I 1"1";' ::;1 Type of Assembly Measurement Time-domain (analytical)
(a 1007)  using an Determined Determined
impedance A . .
_ _ analyzer using techniques usmg.
~K (3["11201/) “Short and wide” (@) +(b) technique (c)
busbar Reference Si assembly 9.5 nH a) 26A/100V/ ¢) 26A/100V/
(Type: Half-Bridge) (Extrapolated Rg 0Q/ 117MHz/
value) Vo =37V Rg 0Q
C) Busbar characterization (Medium-Frequency loop) : proposed bly Coss :(2?10025) a‘;’{V(){tHZIz 28A/150V/
Type of Measurement using an Time-domain (Analytical) Cou =220 pF ( verli’;v e¥ b) 25A/100V/R_§T’ 133MHz/
Assembly impedance analyzer Deter'mined Deter'mined ™l 500) co;tnec;ed) 10€/31.6kV.us Rg-0Q
using using => Lycog min = => Lycog max =
technique(a) | technique(b) ->K=0.5 2.4 nH-4.4 nH 6.1 nH-6.5 nH
i : X B Techniq Technique (b .
fTr °p§_s§icsk‘) Clee: OENIETXTR i | Tehnie ™ Reference SiC 10.7nH a) IL7TA/I00V/ | ¢) 11.7A/100V/
e (measurements) Rg Rgl10Q/1.7M assembly at I0MHz Rg 10Q/8Vcoss = 72.7MHz/
Coss = 300pF 6x60nF (at 100V) 10Q/8Vegee = Hz (Type: Buck) (3W in 2x 16V Rg-10Q
(at 100) 6x45nF (at 1507) XY 40 oF serte:d b) 11.7A/100V/
Craiode = 65pF ESL = 0.8 nH Lyegsiiv= Lyuq siax= S 100 connected) Rgl0e/
(at 1007) ESL,, = 0.14 nH 14.4nH 24.3nH Crooae = 3x170 pF 5.9kV.ps
Citer (i : EPCOS 2x3.3uF/ e 00w => Lycoq v = => Lyceg max =
==K =0.82 400V/ESL qmax=9 nH 3.8 nH-7.7 nH 10.2 nH
(at 100V) !
=>K =048
(at 100V)
Lheq MEASURE = < -
Proposed SiC Technique (a) Technique (b)
(Type: Buck) 19.08n H@I0MHz 24.5A/100V/ | 11.7A/100V/
Coss = 470pF - Rg.10Q/ Rg.10Q/
(at 100V) OVedee =5V 1.6MHz
=400pF
(at 150V) Lyeg uin= Lyeqmax=
Crdgiode = 2x170pF 15.0 nH 27.5nH
(at 100V)
=2x140pF "Long and narrow"
(at 150V) busbar
=>K=0.58
(at 100V)
=>K=0.59
(at 150V)




C) Switching-cell characterization (High-Frequency loop): proposed assembly
Type of Assembly Measurement Time-domain (Analytical)
BT e Determined Determined
impedance using techniques (a) using
analyzer +(b) technique (c)
Proposed Si assembly 4.5nH not measured
(Type: Buck) at I0MH? (no resonance, only dynamic forward
(GBWin Ix recovery of the diode)
Coss = 300 pF series)
(at 100V)
Craiode = 65 pF
(at 100V)
=>K=0.82
(at 100V)
Proposed SiC a) 26A/150V/ c)
assembly Rg.0Q/ 11.7A/100V/
(Type: buck) OVoss = 24.5V Rg10Q/
Coss = 470 pF (at 100V) b) 26A/150V/ Rg 113.5MHz
=400 pF (at 150V) 0Q/24kV .us™
5.3nH
Crdiode = 2x170 pF at 10MHz => Liceq min= => Liceq max=
(at 100V) (W in Ix 1.02 nH-1.63 nH 4.2nH
Craiode = 2x140 pF series)
(at 150V)
==K =0.58
(at 100V)
==K =0.59
(at 150V)

D. Characterizations using an impedance analyzer

It uses an Agilent 4294A" (Fig. 14(a)) equipped with a
sensor head "co-axial 42941A" for PCB with compensated
probe measurement in open circuit and short circuit at the
operating frequency. It allows a wide frequency range
measurement up to 110 MHz of the switching loop impedance
without placing the dies on the PCB. The values obtained by
this technique were reproducible and were considered as
reference values for comparison purposes. The optimized
proposed 3-chip orthogonal switching cell presents a stray
inductance which is lower than half that presented by the
classical switching cell. The measured value for the proposed
approach was about 4.5nH.

(a) (b)
Fig. 14. (a) Impedance measurement using an impedance analyzer, (b) case
of classical switching cell.

V. CONCLUSION

Multi-terminal power dies suitable for the 3-chip
integration approach of multi-phase power converter
integration were proposed and validated by Sentaurus™ 2D
simulations. A partial flip-chip packaging process was set-up.
Converters assemblies composed of Si as well as SiC dies were
realized and characterized for commutation loop stray
inductance estimation. The switching cell inductance was
determined from measurements using an impedance analyzer
and also from time domain measurements using the double-
pulse technique. A comparison between the value of the

switching loop inductance in the reference (classical) assembly
and that in the proposed 3-chip assembly shows that a
reduction by a factor of about two is obtained by the 3-chip
approach (it is about 10.7 nH with the classical and about
4.5 nH with the proposed 3-chip approach). To reduce further
the stray inductance value of the switching cell, the realization
of a Direct Lead Bonding (DLB) version based on the proposed
3-chip assembly is in progress.
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