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efficiency have been suggested and investigattteipast. For

Abstract—This paper presents a physics-based model for tfexample, the merged pin/Schottky (MPS) diode in [BE

high-voltage fast recovery diodes. The model presich good

trade-off between reverse recovery time and forwastlage drop

realized through a combination of lifetime contrahd emitter

efficiency reduction techniques. The minority carfifetime can be

extracted from the reverse recovery transient mespa@nd forward
characteristics. This paper also shows that ddagdse amount of

the excess carriers stored in the drift region waéult in softer

characteristics which can be achieved using a ldeping level. The

developed model is verified by experiment and tle@sarement data
agrees well with the model.
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|. INTRODUCTION

THE high-voltage fast recovery diode (FRD) is one loé t
most important elements of the power electroniosudis.

The most significant demands imposed on fast pai@des

are short reverse recovery time together with |qverating

power dissipation (lower forward voltage drop) ahijh

breakdown voltage. Also, the reverse recovery ssfinS is
very important to avoid oscillations in circuit whi can be
destructive under certain conditions.

Nowadays,
challenging task for the FRD performance improvenighe
appropriate design of the trade-off between forwanttage
drop and reverse transient characteristics. Tladetoff is
dependent upon a humber of factors such as theyepividth,
the distribution of the deep level impurities, thaping profile
and so on. Among these factors, lifetimpié the most critical
parameter for device characteristics. Many techesqwf
lifetime control have been developed to reducelithéme in
the drift region to increase the switching speerkduce the on
state losses. The often used methods include thke moetal
diffusion (gold or platinum) [1] and ion irradiatiqhelium or
protons) [2]. Also, the recovery behavior of FRDnche
improved by adjusting the efficiency of the emitdanode
emitter usually). Various concepts to reduce thedanemitter
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self-adjusting p-emitter diode (SPEED) in [4]-[5hdathe
hybrid diode in [6], the main idea of these consépto reduce
the amount of carriers injected on the anode sideafbetter
device behavior.This paper presents a physics-b&sed
model which combines lifetime control with emitefficiency
reduction by means of reducing the emitter dopirige model
could accurately predict both forward drop and rsee
recovery switching characteristics. The excess ntyoarrier
distribution during reverse recovery is analyzedyéd a soft
recovery performance. By simulating the turn-ofinsient
response of a p-i-n diode, the minority carrieetlihe can be
extracted. The physics-based rectifier model ietied in the
Medici device simulator and the Tsuprem4 semicotauc
process simulator realizing the physical, electrieand
mixed-mode simulation.

The paper is organized as follows: Section Il déescthe
diode design and the test circuit used for the kitimn. Section
Il depicts the simulation model with lifetime cook and
emitter efficiency reduction while the validatioar fthe FRD
model with experiment data is presented in Sedkon

II. DIODE SIMULATION MODEL

it is generally recognized that the most

A.Diode Structure

The analyzed device used in the modeling and
characterization study is a planar fast recoveigydeli with
reverse breakdown voltage as high as 1700V. Theirgia
material is 88-.cm <111> oriented N-type float zone silicon.

The vertical structure is the traditionat R - N+ structure with
the N--layer and N -layer are created by diffusion. The width
of N- drift region is about 175um. The peak concentratb
backside diffused N region is about £10%° cm?® with a
diffusion transition region of approximately 80 pithe P

emitter doping level at the anode contact is sa0% cm® as a
reference. The depth of the pn junction is aboun.8iihe
effective area of the diode is set at 50? ¢machieve a rated
forward current of 100A.

The 1700V reverse breakdown voltage is achieved by
utilizing a multiple field limiting ring edge termation coupled
with high resistivity poly-silicon floating field Ipte. The
floating field ring which can be fabricated in agle mask step
together with the Rtype anode layer is used for improving the
breakdown voltage. The field plates are designectend over
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the space between the junctions. The field platelsige the
electric field at the edges of all the junctionsl @hso prevent
mobile ions from entering the field oxide. A cragstion of the
device is shown in Fig. 1. The doping profile iswin in Fig. 2.
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Fig. 1 Cross-section of the fast recovery diode
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Fig. 2 Doping pro files of the diode structure from anode's
surface
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B. Test Circuit

In order to analyze the diode reverse recoveryeataristics,
aramp RL test circuit is used to simulate thedi@mt response
as shown in Fig.3 [7]. This circuit model is adegudor
investigating the diode reverse recovery charasttesi It
retains the essential features of inductive switghiehavior.

R L
%W
Vi
O w DUT,
Vr

Fig. 3 Schematic of reverse recovery circuit useithe mixed-mode
simulation

The applied voltage is set by a time dependenagelsource
through a piecewise linear function. The known fery
current F through the DUT, must flow for a sufficient periofl
time allowing the diode to reach its stable coniuncttate. #
can be adjusted by the resistor R. The circuit ¢ctalce L is
given a value of 0.3uH, while Rhad a value of 0Q. The
diode conducted a forward current of 1A which isrtiamped

Il.  SIMULATION MODEL DEVELOPMENT

In order to analyze both static and dynamic chergstics of
all structures, two-dimensional device simulatordideis used
after a satisfactorily results from the technolagisimulation
following by the generation of device structure ngsithe
process simulator Tsuprem4. The numerical anaiygarried
out using the Newton method by solving the Poisaod
continuity equations.During the simulation, differeMedici
physical models have been used in addition to thi@udk
models to accurately predict the device charatiesisThus, it
allows take into account concentration and higletelefield
dependent mobility as well as general model foraeation of
mobility with transverse electric field applyingl aver the
device not just at surface. Carrier-carrier scaiteis included
to account for ambipolar transport effects. Recaoratibn
mechanisms include Auger recombination and
Shockley-Read-Hall (SRH) recombination process withing
dependent lifetime and a single recombination lemethe
center of the band gap. Bandgap narrowing as well a
temperature dependent lifetime are taken into atdcouthe
simulation. The model used to simulate avalancleakmfown
ionization for the reverse biased condition inckidearrier
generation due to impact ionization. Temperatureraion is
set at 298K (room temperature).

In order to obtain beneficial static characteristand to
optimize the dynamic diode behavior for both highdtdand
high dv/dt applications, two important approachasehbeen
taken:

A) Lifetime control: adjusting the carrier lifetarin the
drift-region of device

B) Emitter efficiency reduction: adjusting theieféncy of the
emitters by their doping profile

the

A. Lifetime Control

The lifetime value of the carriers in the drift-rexg is one of
the most important design parameters for a P-i-Ndeli
Reduction of on state losses or increasing of d&uked are
achieved through modifications of carrier lifetinfde lifetime
of the carriers can be extracted by simulating téeerse
recovery and forward drop characteristics.In theusation, the
values of lifetime are set at 50ns, 300ns, 5000s,The test
circuit conditions for the reverse recovery chagdstics are
kept at the reference values:z380V, di/dt=100A/us,
IrF=1A.The reverse recovery waveforms of the FRD with
different lifetime values are shown in Fig. 4. TRRD model
predicts that the reverse recovery timg {tecreases gradually
when the lifetime is reduced. However, lower lifled values
results in a harder “snappy” recovery with osaditlas, caused
by sudden disappearance of minority carriers stonethe
drift-region. Also, the increase of peak reverserent as
lifetime increases can be clearly observed. Thetagel
waveforms of the forward drop predicted by the nhosliéh

by the application of a reverse voltage of 30V. Th¥ariable lifetime values are shown in Fig. 5. Ihdse seen that,
commutating di/dt is controlled via the circuit indance L and the forward drop of the FRD increases steeply adlitetime

the applied reverse voltagegVtherefore di/dt is equal to decreases from 1lus to 50ns. This means the cufessity of
100A/uS. the FRD decreases when the lifetime increases.aéletoff

between the switching speed and the forward voltige is
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observed, as expected.
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A way to verify that the diode has the right life@ value is

No:1, 2012

of I.=1A. The simulation results of the reverse recoweng
forward characteristic for the model are shownahbl€ I. It can
be seen that when the lifetime value is betweemn&Qind
250ns which can be achieved through a specifitirtife control
process (platinum doping or electron irradiatiobpth the
reverse recovery time and forward voltage meetdésign
requirement.

B. Emitter Efficiency Reduction

TABLE |
VF AND Tgrg FOR DIFFERENT LIFETIME VALUES
T (ns) wr (NS) Ve (volts)
150 82 3.2
200 88 2.3
250 93 2.1
300 110 1.7

In order to prevent the snappy recovery due tdavecarrier
lifetime, certain design consideration must be mtaketo
account to minimize the effects of any current mofarmities.
Using emitter efficiency reduction techniques coatdhieve a
desirable soft recovery performance. This improvenie due
to the fact that the reduced carrier concentrationthe
drift-region takes to a faster extraction of therieas during
reverse recovery, which resulting in less reverseent peak
and faster reverse recovery. It is desirable ferrdduction of
switching power losses. Actual devices tend todase end
region recombination effects, that is, to reduce eegion
emitter efficiency, since the increase of end regio
recombination results in an improvement of dynab&bavior
[81-[9].

Fig. 6 shows the reverse recovery current wavefdomghe

to try to match both reverse recovery and forwardiode with different doping level. The lifetimedet at 250ns as

characteristics using the lifetime model. From siraulation
above, low forward voltage demands the value ofiear
lifetime as high as possible while high switchimgped needs
lifetime value stay at a low level. Therefore, tifetime is
chosen by the demand of the device performange tfy S
etc.). Considering the commercial high-voltage FBD the
market, the forward voltage fVfor the 1700V/100A FRD
simulation model should be less than 2.5V and thense

simulated above while the other of the other patamseof the
diode are kept at their reference values. As caseba in Fig. 6,
the value for the reverse recovery time increasas 81ns to
93ns to 101ns as the doping level increases frobddxm?*to
1x10® cm® to 1x13° cm®, while the forward voltage stay
around 2.2V with very little change as shown in.Figlt is
clear that snappiness occurs at higher doping dewetile a
softer recovery occurs at lower levels. Obviouklwer emitter

recovery time,t should be less than 100ns at the test conditigifficiency improves the reverse recovery charastiergreatly

with a remarkable forward voltage performance.
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Fig. 8 Excess minority carrier distribution durirgyerse recovery for different emitter doping level

IV. MODEL VALIDATION

Fig. 8 shows the excess minority distribution dgnieverse According the model simulated above, the FRD isiaited
recovery transient with different emitter doping. tgher sing <111> oriented N-type float zone silicon. Tiietime
emitter doping level will result in a higher coneation of  onro] is implemented by platinum diffusion usedachieve
minority carriers stored near the R - junction than onthe N the lifetime value obtained in the model. Some pssc
parameters are extracted by the Tsuprem-4 progmsgasor,
such as junction driven-in time, implanted dose sadn. In
charge is larger in this case, therefore a longeiod is needed der to reduce the emitter efficiency, the dogingl and the
to clear the P N - junction from these excess carriersjunction depth have to be reduced.

meanwhile this extra time will lead to an extra osmal of Fig. 9 shows the reverse recovery current wavefofons

. f the PN - sid ina the depletion | ¢ Vr=30V/I=1A operating conditions. As can be seen, the éigur
carriers from the side, causing the depletion fayer 105, \q a very soft recovery characteristics anddeak reverse

build up on both ends. This will lead to the diseq@nce of yecovery current. The reverse recovery time df the
charge near the NN+ junction which is crucial for soft experimentis 79ns while thgaf the simulation model is 82ns.

. . . . . _3 .
recovery characteristics of the diode. As can ke fethis case 1€ Simulation results in Fig. 6 with 1’&@”‘_ doping level
the amount of stored excess carriers is vital tterdggne and lifetime control show a good agreement in reveecovery
whether the diode will be snappy or soft. A conidoscan be tme & and the softness S with the experimental data. The

reached here that decreasing the amount of thesexzeriers reverse recovery currergg of simulation is not equivalent to
that of experimental data, since it is very diffi¢o incorporate

.store_d in th.e drift regi.on from the*R - jun(?tic_m to th? NN~ all unknown circuit parasitic in the simulationgFiLO displays
junction will result in softer characteristics, wethg the the forward static characteristics of experimefaD and the
possibility of a space charge region building up@th ends.  physics-based model. The simulated behavior ofedimddel

N+ side as shown in Fig. 8 (b). The total amount tofesl
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closely matches that of the experimental measurtsnénis
shown that the FRD model proposed could accuraedglict
both forward drop and reverse recovery characiesist

Tek S @ Stop b Pos 790008
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ME00ns
Fig. 9 Experimental reverse recovery waveform aitdil00A/us,
I-=1A, Vr=30V, (0.4A/div, 50ns/div)
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Fig. 10 Forward voltage drop for the FRD. Solicklithe simulation
model; dotted line: experimental (10A/div,0.5V/div)

V.CONCLUSIONS

(1]

[2]

(3]

[4]

(5]

(6]

(7]

[9]

The physics-based fast recovery diode model has bee

successfully developed based on the physical psoiceshe
semiconductor device. In the model, a good tradéefveen
forward voltage drop and reverse transient charatts is
obtained result from the combination of lifetimentol and
emitter efficiency reduction techniques. A seriésimulations
is implemented in order to get a desirable matdiwvéen the
forward drop and the reverse recovery time. The ehdas
been test for various operating conditions and & wose
agreement is found between simulation and expetiheata.
Also, the excess carriers stored in the drift regice analyzed
and a very soft recovery performance and low peslerse

recovery current are achieved in the reverse regove

characteristics.
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