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On-Sate Breakdown Mode for High Voltage RESURF LDMOS’
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Abdgtract : An analytical breakdown model under onrstate condition for high voltage RESURF LDMOS is proposed.
The model consders the drift velocity saturation of carriers and influence of parastic bipolar transstor. Asaresult ,
dectric field profile of n-drift in LDMOS at orrstate is obtained. Based on this model ,the electric SOA of LDMOS
can be determined. The analytical results partialy fit to our numerical (by MEDICI) and experiment results. This
model is an aid to understand the device physics during on-state accurately and it also directs high voltage LDMOS
design.
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1 Introduction

LDMOS s very easy to be integrated into a
CMOSor a BiCMOS process which facilitates the
fabrication of control, logic circuits and power
switches on a sngle chip. An optimized LDMOS s
much more efficient in terms of on-state voltage
drops and switching losses compared to power bi-
polar junction transistor (BJT). Today ,the devices
are becoming smaller thus require a SOA as wide
as possble because these devices are still used in
the power application.
breakdown voltage and on-resstance are well-
known features of both lateral and vertical DMOS
trand stors. But the tradeoffs and restrictions im-

The tradeoffs between

posed by the* safe operating area” are less famil-
iar. The SOA defineslimitson the excurson of the
operating point in the l+-Vas plane. To be correc
ted,the SOA should aso include thermal limite
tions ,however ,these can be treated separately!'" .
Khemka et al. has elucidated the thermal and

electrical limitation to the dynamic SOA of large
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area devices through measurements and transient
electrical-thermal smulations'® . Chung et al. has
numerically analyzed the mechanism of the electri-
cal-thermal coupling nature in a LDMOS device,
and found that activation of the parastic bipolar
component resulted from the diffuson and genera
tion currentslead to the thermally driven snapback
breakdown'® . Based on smulation results, Hower
et al. found that a high electrical field peak occurs
at drift-drain junction ,when a large current flows
though LDMOS and it produces sgnificant impact
ionization at the drain of devices. Generation holes
current will lead paradtic bipolar trandstor turn
on,thenit ispointed out that a dgnificant impact i-
onization appears near the drain with 2D devices
smulator!® . Both of the two types analyss have
a common viewpoint ,but the postions where im-
pact ionization occurs are different. Furthermore,
based on analys s results of Hower ,Lee et al. pro-
posed an optimized structure for improving SOA
area,in which body holes current is reduced in or-
der to prevent paradtic bipolar transstor from
used a deep

turning on'”’. Parthasarathy et al.
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drain structure to reduce the electrical field near
the drain of devices,then the impact ionization will
be reduced and holes current will be decreased,
then defer paradtic bipolar transstor turning
on®* . Although the LDMOS SOA has been dis
cussed in a number of papers,the details of the de-
vice physcs which determine the SOA boundary
are still somewhat unclear and further work is nee-
ded.

In this paper ,an on-state breakdown model for
high voltage (600V) LDMOS has been proposed
for the first time and the electrical SOA ,which is
defined by a specific boundary line in the lda-Vas
plane ,has been discussed.
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When the parasitic npn trangstor turnson ,the
total current through the drift of LDMOS increa
ses. It actsjust as podtive feedback ,then the snap-
back behavior appears and the on-state breakdown
voltage at high current decreases. Because the high
current breakdown is due to impact ionization gen-
eration in the drift of LDMOS ,electric field profile
will be analyzed in detail under the high current
condition. The behavior within the n drift region
can be explained by consdering a rectangular block
of nregion with p-type substrate. The electron
concentration distribution in the LDMOS has been
obtained with 2D devices smulator MEDICI ,and
the results are shown in Fig. 1(b). So the n-drift
region can be divided into two regions: depletion
and un-depletion region. Consdering electron cur-
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2 Breakdown models under on-sate
condition

Figure 1(a) shows across section of n-channel
LDMOS with breakdown voltage of 600V . In al n-
channel LDMOStransstors,there are paradtic npn
trang stors that can turn on under a certain condi-
tion. This phenomenon happens when a sufficient

“ base-emitter” voltage develops across the body-
source junction. It is due to holes current ,where
the holes are supplied by the carriers’ generation
mechanisms at the drain edge due to the impact i-
onization under the high electrical field.

020 49 60
Length/pm
(b)
Fig.1 (a) Cross section of 600V LDMOS; (b) Hectron concentration distribution

rent and ionized doping in undepletion n-drift re-
gion ,the surface electric field is met Eq. (1) ,which
is developed from Poisson’ s and Continuity equar
tions. Holes current and holes profile can be ig-
nored ,because they are o insgnificant that they
can not influence electric field profilein the n-drift.
2

el aen[ 4 o
where Nbo is doping concentration in the n-drift re-
gion,V and n(x) respectively are voltage and elec-
trons concentration in undepletion drift region,qis
unit electron charge £s is dielectric coefficient of
silicon,t(x) is thickness of un-depletion drift re-
gion, | is the total drain currents of LDMOS U, is
mobhility for electron ,which is afunction of electric
field,Zis the width of devices. Equation (1) is a
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high order and norrlinear differential equation,
which is hard to be solved. In order to solve such a
differential equation ,some approximations must be
made. As an approximation, the un-depletion n
drift region can be divided into two regions.

Region lisin n-drift near” n-channel” ,where
electricfield is lower and electron drift velocity is
unsaturated. Because dielectric relaxation time is
smaller than lifetime of carriers in this condition,
charge neutrality approximation can be used. The
mobility is afunction of electric field,

Mn = (2
1+Hno % | Vs

whereM o islow field mobility of electron and vsis
saturated drift velocity of electron. Because high
current breakdown occurs under the high drain
voltage condition ,the®* MOSFET” in LDMOS op-
eratesin saturated consent regime. And the current
of MOSFET” should be equated to the current in
n-drift region. The relationship between the cur-
rent and electrical potential along the n-drift in re-
gion | can be written asfollows.

- qND ZJ no|:t(V(X) - VDmos) ‘Z X% (V(X)-’Z{ - Vgrms)]

Li +Mro/ vs(V(X) - Vbmos)

= Bl (v L V)2 (1 - AVoms) (3)

~ 2L cranne

where V (x) is voltage along the drift region,Vomos
is' drain” voltage of* MOSFET” within LDMOS,
to is the thickness of n-drift region,Na is the con-
centration of the p-type substrate,L: and Lcranna are
the length of low electric field region (region 1)
and that of* MOSFET” channel respectively.A is
the channel length modulation parameter , because
the concentration of p-body is greater than that of
n-drift A almost equals to 1. is defined as

_ ZsN

From Eq. (3) ,Voms can be obtained. Based on
lutions of Poisson’ s and Continuity equation ,in
the region | where electron drift velocity is unsatu-
rated ,the electrical field can be obtained as

_I_ZV(X):Uz _I_ !

-t +
qNDZJno

| B9 = Nb Zvs

(%)

Based on Eg. (4) ,we can find that the electric
field | E(x) | increases with increasng V (x) . Be-
cause V (x) isincreasng with x,| E(x)| isincreas
ing with x. In region | ,the peak €electric field with
the value of the critical electricfield ( Es) for carri-
ers drift velocity saturating,is at the boundary of
region | and region Il. So the voltage Vi at the
boundary of region | and Il is given as below.

qNo Zi ot | E - |(1+“;Z| E|

V| =
' gNo Z & | E
Region Il isin n-drift near the drain of LD-

(6)

MOS. In this region ,carriers drift velocity is satu-
rated and electric field is higher than Es.Based on
space charge relaxation theory ,dielectric relaxation
time @q4) inthisregionis

_€s o1
Ta = qno>< dv ()
dE

Because carriers drift velocity is saturated ,in
other words ,drift velocity is constant ,dv/ dE=0T«
-0 90 the gpace charges,which resultsfrom elec-
trons current flowing through n-drift ,can not be
dismissed in short time and charge neutrality ap-
proximation cannot be used.
S ,equation (1) can be rewritten as

- _ es 4V
2t(0 - Mg “ax " N[J ®

From earlier analyss, the electric field and
voltage at the boundary of region | and region Il is
Es and V. ,and voltage at the drain of LDMOS s
Vo.As aslution of the differential equation ,the e
lectrical field profile of the region Il ,where elec
tron drift velocity is saturated ,can be obtained as

|E(x)|:[ 4] [tln[ t-{VY*?

2ve L? t-Cv(xY? *

C(v(x"? - v%’z)] - 2—€qsm(v. - V(X)) + Es] v
(9)

Then the breakdown voltage in on-state can be
obtained from the above expressons, when the
peak electric field in n-drift reaches to a value of
critical electric field for
(E).

avalanche breakdown
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In al nchannel LDMOS trans stors,there are
parasitic npn transstors that can turn on under
certain conditions. From electrical field of n-drift
region during ornrstate ,it is shown that at high Vo
impact ionization exists at drain edge. Then eec
tron-hole pairs are generated and the second elec
trons current flows to the drain, meanwhile, the
second holes current flows to the source, which
will cause the paradtic npn trandstor turning on.
Consdering the y column of electric field is almost
zero at the edge of deplete layer in n-drift ,so0 the
generation holes current ,which is caused by impact
ionization ,mainly flows into p-body region while
that flowing through p-sub/ n-drift can be neglec
ted. The value of second holes current Jpo at p-body

edgeis
IO(dx
Jpo = Jno X (10)

1- fadx

whered is coefficient of impact ionization,Jw is €
lectrons current of LDMOSin which impact ioniza
tion is not consgdered. When the voltage drop is
larger than forward bias (Vu) of pn junction,the
parasitic bipolar transstor turns on. The condition
for the paradtic bipolar trandgstor to turnonis

_ Vs
Iadx = RJw + Vp (1D

where Ris parastic red stance in p-body.

After the paradtic bipolar trans stor turnson,
the paragtic trand stor operates at common emitter
amplification status. Consdering the parastic tran-
sstor ,the current multiplication coefficient M~ of
the structure can be rewritten as

M° = Jo + Jo _ Jm-@Vu/Rx

\]I’TDS \] mos

d
1 y JfO‘ X

1-Bfadx (1- fadx) 1- fadx

(12)

whereP isthe current gain of parasitic bipolar tran-
dstor. When M~ - o, the LDMOS avalanche
breakdown occurs,and the integral of impact ioni-
zationis

_ 1
J'O(dx =6+ 1 (13)

Consdering the effects of paradtic bipolar tran-
dstor in LDMOS , the integral of impact ionization,
which is obtained from Eq. (13) ,is1/ 3 +1) times
of that not considering paradtic bipolar transstor.
In fact ,because of the amplification of the parasitic
bipolar transistor ,the increase of the total current
of devices will cause the peak electric field increas
ing further. Because the impact ionization rate is
strongly depended upon €electric field ,the effective
critical electricfield (E') for avalanche breakdown
during the parastic npn trandstor turn-on,can be
rewritten as

E=@B+1)"E=NE (14)
wheren is defined by reduced fact of critical elec
tric field. Considering the parastic bipolar tran-
gstor in LDMOS,on-state breakdown voltage can
be rewritten by replacing E by E .

3 Resultsand discussion

In order to verify the on-state breakdown
model ,600V RESURF LDMOS on 2Q0 m epitaxial
layer grown on p-type 100
been fabricated and smulated with 2D-device s mu-
lator MEDICI. Device structureis shownin Fig. 1.
The channel length is 31 m and the length of n-drift
is 9@ m. Concentration of p-sub ,n-drift and p-body
are 10™ ,10" ,and 3 x10"cm" ® respectively.

Figure 2 shows surface electric field distribu-
tionsin 600V LDMOSat Vg =5V. Solid lines with-
out symbols are analytical results and lines with
symbol s are numerical results by MEDICI. The an-
alytical resultsare partially fit to our numerical (by
M EDICI) and experiment results.

Figure 3 shows the relationship of breakdown
voltage and gate voltage Vg4 ,and another experi-
ment resultsfrom Ref.[10] also have been shown
to compare with our theory analytical results. The
results of analysis well fit with smulation results.
From Eq. (7) ,the relationship between the break-
down voltage and the current of devices is square
function. The more current flows through LD-
MOS . the lower onrstate breakdown voltage is. Be-

dlicon wafers had
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V =400V numerical
V =300V numerical
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FHg.2 Surface eectric field distributions in 600V LD-
MOSat Vg =5V Solid lines are anaytical results and
lines with symbol are numerical results by MEDICI.

cause the current is dependent on gate voltage ,on
state breakdown voltageisafunction of Vg. In high
voltage LDMOS the concentration of the n-drift is
low ,s0 the effect of channel length modulation for
MOS can be ignored.
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Fig.3 Smulation,experimenta ,and analytical results
for onrstate breakdown voltages as a function of V4

Usually ,the optimization desgn of RESURF
LDMOS is that the lateral breakdown voltage is
designed as same as the vertical breakdown volt-
age. To improve both steady breakdown voltage
and onrstate breakdown voltage,the value of Np
will be designed alittle smaller than that of normal
one.

On-state breakdown voltage depends on mob-
ility;it is quite different from forward block volt-
age. Under the high electric field,the lattice scat-
tering is enhanced ;the mobility t of carriers will be

reduced. From Egs. (4) and (8) ,the reduction of
carriers mobility is associated with that of critical
electric field for avalanche breakdown ,then the on-
state breakdown voltage will be decreased by the
reducing of carriers mobility under the high electric
field.

Another important factor ,which influences the
on-state breakdown voltage,is current gainf3 for
the paradtic bipolar transstor. The higher is as
sciated with the lower on-state breakdown volt-
age. As we know B depends on the concentration
and the junction depth of p-body. To decreasef ,it
is necessary that the higher concentration and the
deeper junction for p-body region should be de
sgned. At the same time ,the paradtic resstancein
p-body region also influences the parastic bipolar
trangstor. Turnron of the parastic bipolar tran-
sistor will be prevented by increas ng concentration
of p-body and reducing parasitic resistance R. On
the other hand,because the concentration and the
depth of p-body region will influence threshold
voltage and enhance the effect of channel length
modulation ,there is a trade-off in devices design.
One of the effective methodsis constructed a bury
layer with high concentration in p-body region to
ensure that LDMOS has a certain threshold voltage
and al o to improve on-state breakdown voltage.

Vi c e
o > — Vb
WhenJ' dx = R + Vo , the parastic bipolar

1
B+1

alanche breakdown in LDMOS occurs. Usually,
Vii/ (RJwo +Vs) isnot equal to 1/ @ +1) ,and both
values of the two expressons are less than 1. So
there are two kinds of physical pictures about on
state breakdown of LDMOS. When Vu/ (RJno +
Vi) <1/ @ +1) <1 ,the parasdtic bipolar trans stor
turnsonfirst and only the current of LDMOSisin-
creasng ,but avalanche breakdown does not occur.

trans stor will turn on;whenJ'O(dx > , the av-

With the voltage of drain increasng,the electric
field reaches to the peak value,avalanche break-
down occurs and snapback phenomenon happens.
When 1/ @ + 1) < Vu/ (RJw + Vi) <1,the avar
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lanche breakdown occurs immediately after the
paradtic bipolar turns on. In this case,the snap-
back phenomenon can not be found. To avoid snap-
back phenomenon and to improve ornr-state break-
down voltage,the values of 1/ 3 + 1) and Vu/
(RJwo + Vi) are designed as coequality and high as
possible.

4 Conclusions

An analytical breakdown model under on-state
condition for RESURF LDMOS has been proposed
inthispaper. The model consdersthe drift velocity
saturation for carriers and the influence of parastic
bipolar transstor,and electric field profile of n
drift in LDMOS at onrstate can be obtained. Based
on this model ,the electric SOA of LDMOS can be
determined. The analytical results are partialy fit
to our numerical (by MEDICI) and experimental
results. Some important factors, which influence
the onrstate breakdown voltage of LDMOS,such as
the concentration of p-body and p-sub ,the sze and
the concentration of drift region, have been dis
cussed. The snapback phenomenon caused by para
sitic bipolar trandstor has been explained. This
model is an aid to understand the device physcs
during on-state in accuracy and it also directs high
voltage LDMOS design.

The fundamental mechanisms that determine
LDMOS safe operating area include thermal SOA

and electric SOA. Only electric SOA has been par-
tially described in this paper ,s0 some further work
i S needed.
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