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Modeling of high permittivity insulator structure with interface
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An analytical model of the power metal-oxide—semiconductor field-effect transistor (MOSFET) with high permittiv-
ity insulator structure (HKMOS) with interface charge is established based on superposition and developed for optimization
by charge compensation. In light of charge compensation, the disturbance aroused by interface charge is efficiently com-
promised by introducing extra charge for maximizing breakdown voltage (BV) and minimizing specific ON-resistance
(Ron,sp)- From this optimization method, it is very efficient to obtain the design parameters to overcome the difficulty in
implementing the Ron sp—BV trade-off for quick design. The analytical results prove that in the HKMOS with positive or
negative interface charge at a given length of drift region, the extraction of the parameters is qualitatively and quantitatively
optimized for trading off BV and Ron sp with JFET effect taken into account.

Keywords: charge compensation, breakdown voltage, high permittivity, interface charge, super-junction

PACS: 85.30.De, 51.50.+v

1. Introduction

Today, the power metal-oxide—semiconductor field-effect
transistor (MOSFET) with high permittivity insulator struc-
ture (HKMOS) as a prospective power semiconductor switch-
ing has excellent advantages for applications in the low
and medium power field.!"# The high permittivity (HK)
pillar introduced into power MOSFET has no problem of
charge imbalance potentially and replaces the superjunction
(SJ), thereby optimizing the trade-off between specific ON-
resistance (Ronsp) and breakdown voltage (BV) of power
MOSFETSs.!>] However, the existence of interface charge at
the hetero-interface between HK pillar and silicon pillar is un-
avoidable, resulting in pre-avalanche breakdown.!”! There-
fore, the quick designing of BV and Ronsp, Which is depen-
dent not only on drift region doping concentration, but also
on interface charge, becomes a complex work to facilitate the

n [10-13

optimizatio I Owing to material-dependent HK pillar,

BV2/ROH’Sp regarded as the figure of merit gives a useful in-
sight into the assessment of compromising BV—Rop sp.!!*!%]
Although BV varies in a range of —8.1%-5.3% with uninten-
tional penalty in Ry sp increment affected by HK pillar, [16:17]
in the case of HKMOS with interface charge, the BV—Roy sp
trade-off becomes difficult to account for.

the HKMOS with interface charge
evolves into the HKMOS with charge-compensation region
(CZHKMOS). The charge-compensation (CC) region intro-
duced in C’HKMOS is exploited to compensate for the influ-

In this paper,

ence of interface charge. This CC mechanism is also detailed
analytically for Ron sp—BV optimization.
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2. Charge compensation mechanism

Figure 1 shows a cross-sectional cell unit of a C’CHKMOS
device. At the top of the device, it is the source region, and at
the bottom, it is the drain region. In the middle, the silicon
drift region is connected in parallel with an HK region with
a dielectric constant &y (& = k&, & is the permittivity of
silicon) and a width of wg. The whole drift region with the
width of wy and the length of Lp consists of two parts: N-
type drift region on the left and CC region with a width of wcc
on the right. Specially, fixed charge (viz) and interface charge
(Qjy) exist at the hetero-interface between HK pillar and drift
region. Figure 1(b) shows that the electric field displacement
is absorbed by negative Qj, and figure 1(c) demonstrates that
the electric field displacement is repelled by positive Qj;.

N-type doping :X =0

ir=-

Xy

z

P

N

D(Vs) @ lonized acceptor @ Positive interface charge
olonized donor  ©Negative interface charge

(2) (©)
Fig. 1. Schematic digram of (a) CCHKMOS, (b) CC region with N-type
doping compensation, and (c) CC region with P-type doping compensation.

[10

Based on superposition methodology,[!! the equivalent

C?HKMOS under the reverse-voltage sustained condition is
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simply superposed by non-compensation CC region and extra-
charge compensation CC region as shown in Fig. 2(a). The
corresponding potential distribution Ve (x,y) is equal to non-
compensation potential (Vnc) plus extra-charge compensation

tion from solving Poisson equation, Vinc(x,y) is the non-

compensation potential given as

y LDqNNC
potential (Vic), i.e., Vec(x,y) = Wne(x,y) 4+ Vec(x, ). Deriva- WNe(x,y) = VB ot Vi(x,y) + ——3S1(x,y), (D
|
Y y  Ip .
- +-—+— YL AjcoshK,(x+wn)sinK,y, —wN <x < —wcc,
&lp & Esi n=o0dd
2
L

Sixy) =9 —2 -4+ L 42 ¥ (4;coshKyx+AssinhK,x)sinK,y, —wee <x<0, )

gsiLD Esi Esi n=odd

— ¥ AjcoshK,(x—wg)sinK,y,

Enk n=o0dd

where K, = nt/Lp; Ay, Ay, As, and A4 are given in Egs. (A1),
(A4), (A7), and (A10) in Appendix A, respectively. Vi (x,y) is
the potential yielded by the Q;; and expressed as

M
Vie (X7Y) = Z IVit,m Z Cit,mn coshK, (x+ WN) sinK,y, (3)

m=1 n=odd
where Cj, and Ny, are calculated from Egs. (A13) and
(A16) in Appendix A.

Figure 2(b) shows that in the non-compensation structure
with negative Qj;, the concentration of N-type drift region is
Nnc and its quantity is Onc = gNnceWN. In extra-charge com-
pensation region, the additional charge concentration Ngc is
of N-type and its quantity is AQgc = gNgcwcce. In order to

Lp 8sin’(nm/2)

A1 cccoshK,(x +wn) sin Ky,

0<x <wk,

achieve a uniform distribution of electric displacement in non-
compensation region as shown in Fig. 2(c), AQgc is super-
posed over Onc as a CC structure, which compensates for the
disturbance of electric displacement aroused by Qj to be hor-
izontal in HK pillar. Intuitively, the N-type dope of Ngc com-
pensates for the negative Qj from Fig. 1(b), and P-type dope
of Ngc compensates for the positive one from Fig. 1(c). A
positive Ncc represents the ionized N-type CC region, and a
negative Ncc represents the ionized P-type CC region. The
extra charge yields Vic(x,y) distribution as

LpgNgc
VEC(xvy) = qTSZ(xay% (4)

—wn <x < —wcce,

So(x,y) = ) ;20 y Lp 8sin’(n7/2) ®)
— + =+ — ———>—(AzcccoshK, +Aj3 ccsinh K, x)sinK,y, —wce <x <0,
&ilp & &intodd MW ( )
\
where Aj cc, A2 cc, and A3 cc are given in Appendix (A3), According to Eq. (1), Dy gc(x,y) is obtained as
(A6), and (A9) in Append A, respectively. b o LpgNsc dSs(x,y) q
Owing to the fixed charge existing at hetero-interface be- wEC(X,Y) = &i X 2 dx : ®

tween silicon pillar and HK pillar, the horizontal electric dis-
placement is discontinuous at x = 0 as shown in Fig. 2(c). At
x = 0, the horizontal electric displacement is discontinuous.
The difference in electric displacement between x = 0, and
x = 0_ satisfies Dy(x = 04) — Dy(x =0_) = Qy. The hori-
zontal electric displacement D, cc(x,y) is superposed by non-
compensation one- D, nc(x,y) and extra-charge compensated

one- D, pc(x,y) given as

Dy cc(x,y) = Dyne(x,y) + Dy ge(x,y), (6)

In light of Eq. (1), Dy nc(x,y) is expressed as

dv; LpgNnc dS
DX,NC(x7y) =g ¥ < lt(x7y) + DYIVNC 1(X,y)) ) (7)

dx 2 dx

It is obviously found from Fig. 2(c) that the electric dis-
placement yielded by extra-charge can offset the electric dis-
placement yielded by non-compensation in HK region to uni-
form electric field in Fig. 2(d). After compensation, Dy(x,y) in
HK region equals zero. In order to verify this mechanism, fig-
ure 3 shows the verification of the horizontal electric displace-
ment along line M1-M-M, at y = Lp/2. In the conventional
HKMOS (CHKMOS) without Qy, the D, at y = Lp /2 demon-
strates a triangle distribution and the D, peak appears at point
M. Nonetheless, in the CHKMOS with negative Qj;, a nega-
tive D, peak is at x = O_ and a positive one is at x = 0+ due
to the existence of Qj. As shown in Fig. 3(a), the negative Qj
(Ny = —1.0 x 10'2 cm~2) results in D,(04) < 0. The extra-

charge in CC region is presened by ionized donor, and the
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charge density is Ngc = 3.33 x 101 cm™3. After imbedding
CC region into CZHKMOS, the electric displacement in the
HK is modified into being horizontal. Conversely, in Fig. 3(b),

and verified in Fig. 3. Derived from the formula (6), the opti-

mal Ngc is

C2HKMOS with the positive Qi (N = 1.0 x 102 cm~2) re- Nec — — (NNC Nig ) ©)
sults in Dy(0) > 0. The extra-charge in P-type CC region is a  weeB
ionized acceptor, and its density is Ngc = —1.5 x 10'® cm ™3 ] )
L . . where the coefficients o and 3 are given as
to flatten the electric displacement to zero in HK pillar.
Assuming that D, (04 ) = 0, the extra-charge concentra- Y KuAscesin(nm/2)
n B
tion Ngc reaches the optimal value to guarantee an uniform o= n=odd : ’ (10)
electric field along X;—-X] as schematically shown in Fig. 2(d) nzzo«ddKn (A3 N +A3cc)sin(nm/2)
|
M
ZlNit,mWit,m de &iKnA3 ccsin(nm/2)
_ m= n=0
B=—; ' . i ) (11)
Y X SsiWCCLD]Vit,mCit,mnKn sinh K, wN Sln(””/z) —q X WCCMt,mVVit,m
m=1n=odd m=1

M, M, +
X!
VB
Non-compensation Extra-charge compensation
n n
! +
Ond [ Nne
N3
—Wn—Wce §0 X —wn—wce §0 X
Oit Okt
(C) Dx Dx
. - Dy rc(0)>0
M/ M M, M, M .
s —1 |}
—wWN—weel0 LT x —wee |0 X
@ Dy.cc(0+) = Dine(04) + Dypc(04) =0
X1 X 0—|—> E X E
I I
I I
- | Enc(x,y) + Erc(x.y) |
I I
X P g — I 1xi ]
1 24 E, vy Ey vy Ey

Ecc(x,y) = Enxc(x,y) + Egc(x,y)

Fig. 2. Superposition method used in deriving electric displacement of C’HKMOS: (a) schematic equivalent diagram of C’HKMOS by
superposition, (b) equivalent charge concentration, (c) compensation of electric displacement, and (d) superposition of the electric field. In
panel (a), the CC structure is split into a non-compensation one and extra-charge compensation one. After compensation, the horizontal electric
displacement in HK pillar is modulated to be zero in panel (c) and electric field distributes uniformly along X;—X| in panel (d).
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(3)20'|'|'|'|'|'|'|'
Line: model Nye=1.5X10 ¢cm—3
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101 3(3 O
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10 ]
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D, (108 C-.cm™2)
®)
S

— 0 C2HKMOS wNj,

P R R TP TP SR N
107473727101234

z (pm)

®) e mod

Line: model
20 FDot: simulation

— A CHKMOS w/o Ny
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- — A CHKMOS w Ny

10 a2

&

Q

O

x‘ 0 1 5 1 1 1

8 ok . _ © CHHKMOS whNie o 4 6x10-7 C.cm=2
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Q

a=0.3 0
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O b /
0
e e OO Oe e
Nnc=2.0X10" cm—3
Ngc=—1.5X10'6 cm~—3 LY

o

—10 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4
& (um)
Fig. 3. D, along line M;-M-M,: (a) compensation for negative Qj; with
Nyt = —1.0 x 10'2 cm~2 and (b) compensation for positive Q;; with Ny, =

1.0 x 10'2 cm~2. At the hetero-interface in panels (a) and (b), the fixed Qj;
results in abrupt change of electric displacement, and ionized charge in CC
region can change electric displacement into being horizontal in HK pillar.

The abbreviations “w” and “w/0” in the figure express “with” an “without”,

respectively.

where parameter K, = nn/Lp, Ny is the Qj density, param-
eter A3 N and A3 cc are shown in Egs. (A8) and (A9) of Ap-
pendix A.

In the CCHKMOS, according to Gauss law,!'®! the flux
integral of the electric displacement along close path X;—X{—
le—Xz is

il D(x,y)dxdy = Onc + AQsc + Q. (12)
X, X/ XX,

There is no doubt that in Eq. (12) the right term equal to
zero causes the left term to appear in the form of symmetric
As indi-
cated in Fig. 2(d), the optimized electric field needs to be as

distribution, similar to superjuction or PIN diode.

close to the ideal PIN diode as possible to maximize BV. It im-
plies that the uniform D(x, y) along the line X;—X/ and the line
X>—Xj with Dy(x,y)
Hence, the limited condition is simplified from Eq. (9) into

=0 is illustrated at x = £4 um in Fig. 3.

N N;
qwce (NC + Ngc + H) = Onc +AQgc + Qi = 0. (13)
o weeB

It is worth pointing out that using the numerical calcula-
1 with a de-
viation < 1% after electric-displacement compensation. From

tion, the value of f is approximately 1, i.e., B ~

Fig. 4, it is available that & demonstrates a linear function of
wce and can be expressed approximately as o =~ wcc/WN.
Equation (13) implies an approximation of charge-balance
condition for contracting electric flux to attain D,(0,) = 0.
Note that extra charge satisfies Eq. (13) with little influence
from k; and Lp.

1.0

0.8

0.6

0.4

0.2

0 1 2 3 4 5 6 7 8
wee (pm)

Fig. 4. Curves of o versus wcc for ky =
that ¢ varies linearly with wec.

10 and wy = 4, 6, 8 um, indicating

3. Optimization of breakdown voltage

In the CCHKMOS, the electric displacement along the
line X;-X] is derived from Eq. (1) as

D()C = _WN7y)
V8 LpgNnc
i {LD T
851n (nm/2)
% 7+ Z  2nr (A1 N+Ailcc)cosKyy
n=odd
y LpgNEc
+ Z Nitm Z BitunKn cos Ky + —
m=1 n=odd
8sin®(nm/2
Z Z(ZHA]’CCCOSKny}, (14)
n=odd n-w

After compensation, the whole drift region is under
punch-through and the avalanche breakdown location retains

at point X;. At this location, the electric displacement is

D(—wn,0) = Do+ D1 (—wn,0) + Dgc(—wn,0),  (15)

where Dy = &;Vs/Lp and Dgc(x,y) donates the additional
electric displacement caused by the compensation charge Ngc.
At avalanche breakdown, the electric displacement along line
Xi—X{ is approximated by

D(—wn,Y)

= Dy/Dy, § = Dy/(&iNnxc), and D, =
D1(—wn,0) + Dgc(—wn,0). From Fulop’s model,['*! ioniza-
tion integral in D(y) form is [ 1.25268 x 10¥D(—wy,y)’dy =

= Do(1+Aexp(—2y/Lp{), (16)

where, A

028501-4
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1. Submitting D(—wn,y) into ionization integral, we find that

131926 x 10’ DYBV = (14-&)7, (17)

where & = - F(A)/840, and F(A) = A (2940 + A (4410 +
A (4900 4+ A (3675 4+ 2A(882+5A(49+6A)))))). In F(A),
A = 0 is obtained in the ideal PIN diode. The BV of ideal PIN

[9,10

diode is recorded as BVpN. I So assuming A = 0, equa-

tion (17) becomes

&

6
1.31926><1037<LD> BV = 1. (18)

Considering the case in Eq. (18) and eliminating Lp, the nor-
malized factor n = BV /BVp|y is calculated by

—1/7
n=(1+&", (19)
Lp=1.62x10"°n"7/°By7/°, (20)
(@) 80 | O a=01 Line: model 4
a=0.3 Dot: simulation
| — O a=05
""" Ideal PIN **
60 L n=0.959 i
g % CHKMOS w/o Niy %
=3
~ > " PIN limit
40 |- * Q. i
* A k=10
o wNy =4 um
Nnc=1.5X10" cm—3 ]
Ny = —1.0X10'2 cm—2
20 1 1 1
400 600 800 1000 1200
BV (V)

For the ideal PIN diode, 11 = 1 substituted into Eq. (20) is for
the ideal drift region length, Lp(igear) = 1.62 x 1076 BV7/®,
and for the CCHKMOS, 1 ~ 0.959 yields the optimized drift
region length Lp gy = 1.70 x 107 BV7/®. According to
N =~ 0.959 in the C*HKMOS, the optimized Lp is calculated
at given BV. In Fig. 5, the red dotted line represents Lp—BV
curve of ideal PIN at y = 0 from Eq. (20). In Fig. 5(a), the
C2HKMOS with Ny, = —1.0 x 10'2 cm~2 shows that at the
same BV, a smaller o means a higher dosage in N-type CC
region to ensure minimized Lp approaching to the PIN limit.
In Fig. 5(b), the CCHKMOS with Ny, = 1.0 x 1012 cm~2 shows
that at the same BV, the larger o needs a wider P-type CC re-
gion and smallerNgc. Comparing with CHKMOS without Qy,
the Lp—BV relation of CCHKMOS can approach to the PIN

limit as much as possible.

- T T T
(b) 80 Line: model
Dot: simulation
I Nij;=1.0x10'2 cm—2 :
_ 15 -3
60 _NNc—2.0><10 cm *
s wy =4 pm
g k. =10
3 L
[a]
S a0t .
PIN limit ... Ideal PIN
20 ; n=0.959 |
. *.' CHKMOS w/o Nit
400 600 800 1000 1200
BV (V)

Fig. 5. Values of optimized Lp versus BV at various values of ¢, showing the smaller the width wcc, the closer to the PIN limit the value
ofLp is, (a) for negative Oy with Ni; = —1.0 x 10'2 cm~2, and (b) for positive Q; with Nj; = 1.0 x 10'2 cm~2. This case is much closer to the

scenario of PIN limit.

4. Optimization of specific ON-resistance

The calculation of Ry p in the C2ZHKMOS needs to take
JEET into account like superjunction.?>22 After BV design
as aforementioned in Section 3, the Qj; is compensated for by
CC region. In Fig. 6(a), the Qj; is negative. So the CC region
is chosen to be an N-type region with a concentration of Ncc.
However, in Fig. 6(b), the positive interface needs a P-type CC
region. When the CZHKMOS is at ON-state, the source poten-
tial is grounded, and the drain potential is Vpg. The CC region
is unintentionally depleted for generating JFET effect.

For the negative Qj, the conduction resistance in
CZHKMOS includes two parts, i.e., Ry and R, and expressed
respectively as

Lp Lp
= _ , e
miMy  pigNnc(wn —wee)
L L
D D (22)

WM> U (gNcewee — v4q€iNee @)

where M, is the electron density in the N region, M, is the
electron density of the CC region with JFET taken into account

caused by Qji;, 11 and Uy are carrier mobilities in Egs. (A17)
and (A18), respectively. The Fermi potential @, is

¢ = ViIn(Nee /ni),

where V; is the thermal voltage and n; is the intrinsic carrier

(23)

concentration.
In the case of Fig. 6(a), the total Ronsp,n is composed of
parallel resistance Ry and R, as

RiR>
Ron,sp,n = RI+R, X (WN +WK)

2L V2V €
o> (mNNC(l — ) + PoNecor — -

q WN

N2\ !
X Uy [ NecIn (nczc)) . (24)
i

In the case of Fig. 6(b), the total electron density for con-
duction G, is G, = gNnc(WN — wee) — v/2qEiNoPpi, Where
No = Nnc - |[Neel/(Nne + |[Nec|), and the built-in potential is
@b = Vi - In(|[Nec|Nnc/n3). So, Ronspp is derived as

Lp
111Gy

Ron,sp,p = R3 X (WN JrWK) = X (WN JrWK)
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_ 2Lp

V 2V Ei

WN

: (HlNNc(l —a)-—

(25)

-1
NcelM
- N01n<CC|2NC)> _
n

i

D(Vbs) D(Vbs)

Fig. 6. Schematics of conduction channel in C2HKMOS (a) with nega-
tive Qjr and N-doped CC region, and (b) with positive Qj; and P-doped CC
region, where dashed line denotes depletion boundary due to JFET effect
caused by Qj.

(a) T T T T T T .
50 —— @ Nxc=1.5x10% cm=3 |
—— @ Nxc¢=2.0X10% cm=3
40 Ny = —1x10'2 cm—2 i
o ke =10 BV=1200 V
3]
G 301 Line: model
\E/ Dot: simulation
= Og Sratio BV=800 V
a2 20F
Qﬁé I
BV=400 V
10 8=—0—0—@F—o0—0—o]
0 L L 1 I 1 1 1
0.1 02 03 04 05 06 0.7
«
(b)
70
60
)
5 50
G
g 40
g
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Fig. 7. Curves of Ronsp versus o of C2HKMOS at BV = 400 V, 800 V, and
1200 V: (a) Ron,sp.n—0t curve with Ny = —1.0 x 10'2 ecm~2, and (b) Ron,sp p—
o curve with N = 1.0 x 10'> cm 2.

Figure 7 shows Ron sp.n/Ron,sp,p Of C2ZHKMOS versus o
at BV =400 V=1200 V in steps of 400 V. As indicated in
Eq. (24), a chosen Nnc needs Ncc to be optimized in CC re-
gion to compensate for Rop sp n into a small value as shown in
Fig. 7(a). Eventually, in the case of Fig. 7(b), the increasing
o results in enlarging Ronspp, Which is mainly attributed to

the reduction of conduction path with limited modification in
Eq. (25).

Figure 8 shows the curves of Ronsp versus Nnc in vari-
ous cases, demonstrating that at small variation of BV, «, and
Nnc can be quickly optimized to achieve Ry sp n(opt) for the
same value. This method means that for a given CZHKMOS,
optimized Ry sp.n(opt) 1S easily obtained by CC.

(a) Line: model N, = —1.0x10'2 cm—2
35 Dot: simulation k,=10 BV=1200 V]|
o~ 30F ) E
=
Q
G 25t i
g
2 2002008392
% 20 _m ]
Q
m “Te Ve e .
15 e E
8@“0 @a=0.>5
10 ° 1 BV_L}OO V 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0
Nye (101 cm™3)
(b) T Ny=1.0X10"2 cm~2 Line: model
35 k=10 Dot: simulation]
BV=1200 V
o 30 7
£
Q
e 25 b
g
g: 20 1
5
& 15F 1
10k BV=400 V |
@a=01 @a=03 @ a=05
1 1 1 1 1 1

2 3 4 5 6 7
Nxec (10'5 cm—3)

Fig. 8. Curves of Ron sp versus Nyc at optimization in CZHKMOS, showing
(@) Ron,spn—Nnc curve with Ny = —1.0 x 10'2 em =2 and (b) Ron,sp p—NNC
curve with Nj; = 1.0 x 10'2 cm~2. The color bands represent the same val-
ues of BV for a certain value of Lp. Nnc and Ncc as the parameters are
optimized for minimizing Rop sp-

5. Optimization method

The optimization process of Ronsp—BV trade-off is esti-
mated as follows.

(i) At a given targeted BV, the range of Lp is achieved
from Eq. (20). This BV approaches to the limit of PIN diode
to achieve minimum Lp by charge compensation in internal re-
lation of doping concentration, whereas the relation between
Ncc and Ngc, which is associated with «, is realized via
Eq. (9) profiting from D, = 0 in the HK region.

(ii) In order to minimize Ronsp, the evaluation of Ncc and
Ngc should be further determined in a small range. Hence,
the optimization of Ncc, Ngc, and & is an eventual target for
Ronsp—BV trade-off. Simplifying Eqgs. (24) and (25), Ron sp—
BV trade-off is uniformly rewritten as

Ron,sp = 2.12636 x 108 By 1167 =1 (26)
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According to forward steps, in a range of 400 V < BV <1200 V and 2 pm < wy < 6 um, the design parameters Ncc and o with

f—l

NN (1= o) + poNee — 787wy ' NE23%, Ny < 0,
WhNNe(1—a) — 1428‘LL1W;11N8.5211’

negative Qj are fitted into power function as

Ni > 0.

(Xn,opt —=9.9339 x ]Ol]W§1'064(—Mt)7]‘5864BV1'0354,
NCC,n,opt — 1.6423 x 10—10W%2801 (*Nit)2'4863BV_1'1662.

Table 1. Key data in optimization (wn = 4 um).

BV (V) Nit (1012 Cmiz) a Nce (1015 Cm73) Ron‘sp.mod (mQ'sz) Ron,sp,sim (mQ~Cm2)
-1.2 0.1 21.9 10.59 10.63
-1 0.12 14.23 11.79 12.03
400 -0.8 0.18 7.01 13.03 13.07
0.8 0.6 -6.7 11.38 11.57
1 0.65 -7.32 10.35 10.4
1.2 0.65 -8.41 9.48 9.52
-1.2 0.31 7.67 17.76 18.16
-1 0.4 4.9 20.38 20.75
800 -0.8 0.55 2.82 24.39 24.61
0.8 0.6 -7.4 20.95 21.27
1 0.6 -8.57 19.41 19.7
1.2 0.55 -10.53 18.15 18.45
-1.2 0.44 5.67 26.96 27.25
-1 0.56 3.68 31.21 31.78
1200 -0.8 0.95 2.01 37.43 37.92
0.8 0.5 -9.3 30.11 30.11
1 0.5 -10.65 28.31 28.29
1.2 0.5 -12 26.7 26.67
(a) I I : (b) * Line: model
40F *N * Dot: simulation
* 5 104 40t Ny =1.0x1012 cm~2 0.7
= * & * k=10 O
g * 3] * e}
s 30f 2 G * o
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o * 103 % oaof %
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Fig. 9. Curves of Ry p—BV trade-off (a) at Ny = —1.0 X 102 cm™2 and wy = 5 pum, (b) at Ny = 1.0 x 10'2 cm~2 and wy = 5 pm, (c) at

Ny = —1.0x 102 cm™2 and wy = 6 um, and (d) at Nj; = 1.0 x 10'> cm~2 and wy = 6 pm.
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For the optimized Eq. (28), the corresponding optimized
Ron,sp,n 18 also given as

Ronspnopt = 1.9938 x 101117858 (— ;) 07841 gy 09571 (29

In the same steps for CCHKMOS with positive interface in a
range of 400 V < BV <1200 V and 2 pm < wy < 6 pum,, the
optimized Ncc, @, and Ron sp o are achieved as

{ Op.opt = 0.8946 x W%35621\/i(:-138713‘/7().22627 0

NCC,p,opt — 02572 % WI?I1.5299Ni(g.51553‘/0.40177
Ronspp.opt = 2-8117 x 100wy N 03338 gy 09147 - (31

The key data are given in Table 1 in calibration. Ac-
cording to optimization method, the Ronsp—BV trade-off by
Egs. (29) and (31) is illustrated in Fig. 9. Figures 9(a) and
9(c) representR,, sp—BV curves in the case of Fig. 6(a). The
negative Qj compensated by CC region can enhance the total
doping concentration in the drift region for lowering Rop sp.
However, as shown in Figs. 9(b) and 9(d), the CZHKMOS
with positive Qj; demonstrates that the CC region is introduced
mainly into the smooth electric displacement to avoid degen-
erating the BV. With the increase of wy with respect to the

ratio of AQgc/Onc, N-type CC region, and P-type CC region
|

Appendix A: Expressions of A in Eq. (2)

show the enhancement of Ronsp-BV trade-off in comparison
with the CHKMOS.

6. Conclusions

For the quick designing of HKMOS with Qj, an analyt-
ical model is developed by the CC theory for the first time.
This model reveals the CC mechanism from the angle of su-
perposition byh modifying the electric displacement, and also
predicts the BV limit. In addition, the C’ HKMOS with nega-
tive and the CZCHKMOS with positive Q;; are both thoroughly
established to calculate Ry, sp With JFET effect taken into ac-
count. A simple and effective method is proposed to mitigate
Ronsp—BV trade-off by adding the N-type or P-type CC region
into HKMOS. The model results and simulation results are

shown to be in agreement between each other.
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8sin’(nm/2
A= #(NNCAI,N‘FNCCAI,CC)- (AD)
nn
Arn = — k; cosh K,,wcc sinh K,,wg + cosh K,,wg sinh K,wcc (A2)
LN cosh K,,wk sinh K, wn + k; cosh K,,wn sinh K,wg
A k(1 —coshK,wcc) sinh K, wg — cosh K, wk sinh K,wec (A3)
Lee= cosh K,,wk sinh K,,wn + k; cosh K,,wy sinh K,,wg
8sin’(nr/2
Ay = %(NNCAZ,N‘FNCCAZ,CC)- (A4)
nr
hK, inh K, —
Aox = cos. Wi sinh K, (wn wcc). . (A5)
cosh K,,wi sinh K, wn + k; cosh K,,wy sinh K, wg
A _ krcosh K,,(wN — wee) cosh K wee sinh K, wi B (coshK,wg + k; sinh K,wcc sinh K, wi ) sinh K, (wn — wee) (A6)
2.cC cosh K,,wi sinh K, wn + k; cosh K,,wy sinh K, wg cosh K,,wg sinh K,,wn + k; cosh K,,wy sinh K,,wg '
|
8sin®(nm/2) sec hK,wx (sinh K,wx — sinh K, (wn —wee))
Az = ——=—=—(NncA3N+NccAs ), (A7) Ascc = ~ ~ i
n3m3 (Nncds N cc) 4.cc sinh K,,wn -+ k. cosh K,wy tanh K, wg
Aan = — ky sinh K, wg sinh K, (wN — wee) (A12)
’ cosh K,,wk sinh K, wn + k; cosh K,,wn sinh K, wg - gLp
(A8) Cit,mn = g it,mn - (A13)
S1
A = — k; sinh K, wk (sinh K,wn — sinh K, (wN — wec)) S sin K Wiem . X
30 T T osh K,yw sinh K,wy + & cosh K, wy sinh K,wi By = SIBn s st Badm
(A9) B 272 (1 4k, tanh K, wi coth K,wy ) sinh K wy -
Ay = %(NNCAALN-FNCCM,CC), (A10)
B sec K, wi sinh K, (wn — wee) AlD) The distribution of Qj is usually uneven. The Q; window
4N

~ Sinh K,wN + k; cosh K,wy tanh K, wg

is divided into M parts. The midpoint of the N-th window is
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Ym. corresponding to the density Nj,, of each part, the width

Wi of each part described as!

10]

Wit,lz"': itm — " = it,M:Wit/M- (A15)
Arbitrarily distributed Qi average density Ny is
1 M
Nit =7 it,mvvit.m- (A16)
LD m=1 ’
The carrier mobility in the N-type drift region is
1364
=52.2+ . Al7
H 142.82 x 10~ 12N0&8 (A7
The carrier mobility in the N-type CC region is
1364
U =522+ (A18)

14+2.82 x 10~ 12N
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