Chin. Phys. B 32, 048505 (2023)

Optimal impurity distribution model and experimental verification
of variation of lateral doping termination

Min Ren(fE8)"2 T, Chang-Yu Ye("H485%)!, Jian-Yu Zhou(J& 2 5)", Xin Zhang(7K#)?, Fang Zheng(¥$75)3,
Rong-Yao Ma( %), Ze-Hong Li(Z=%%%)!2, and Bo Zhang(7Ki%)!?

1 State key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and Technology of China, Chengdu 610054, China

2Guangdong Institute of Electronic Information Engineering, University of Electronic Science and Technology of China, Dongguan 523808, China
3 Wauxi China Resources Huajing Microelectronics Co. LTD, Wuxi 214061, China

(Received 16 January 2023; revised manuscript received 12 February 2023; accepted manuscript online 20 February 2023)

Based on the charge balance principle, an optimal impurity distribution variation of lateral doping termination (OID-
VLD) and its ion-injection mask design method are proposed and verified. The comparative simulations and experiments
show that OID-VLD can achieve better blocking ability and reliability than the traditional VLD (T-VLD). Vertical double
diffusion MOSFET (VDMOS) with OID-VLD achieved breakdown voltage (BV) of 1684 V and passed the 168 hours
100 °C-110 °C-120 °C-125 °C high-temperature reverse bias (HTRB) test, while VDMOS with T-VLD obtained BV of

1636 V and failed in the 20 hours 120 °C HTRB test.
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1. Introduction

Power devices play an important role in the electric
systems.!!® The junction termination region, enclosing the
active region and helping achieve higher avalanche breakdown
voltage and reliability, should be carefully considered when
designing a power device. The size and fabricating complex-
ity of the junction termination are two main factors to be
considered. Commonly used termination structures include
field limiting ring (FLR),!”! junction termination extension
(JTE),® and variation of lateral doping (VLD).®! Compared
with the FLR termination, the VLD termination has the ad-
vantage of smaller size. Compared with the JTE termination,
it achieves higher BV and is less sensitive to the fabricating
process fluctuations. Therefore, VLD termination is widely
used in the high-voltage power devices, and its optimization
methods have been widely concerned by the industry. [10-191

In recent years, to improve the blocking ability and reli-
ability of VLD termination, a feasible idea is to use a hybrid
VLD termination. Balestra et al. proposed a VLD termination
structure using diamond-like carbon (DLC) passivation, !#!
which reduces the charge effect of the passivation layer in the
VLD termination region and enhances the reliability of the ter-
mination. Lin er al. proposed a VLD termination structure
combined with a spiral poly resistive field plate (PRFP),!8]
which has an 11% increase in BV and better temperature relia-
bility than standard VLD terminations of the same size. These
methods undoubtedly increase the complexity of the fabricat-
ing process. In fact, the blocking ability and reliability of the

VLD termination are strongly dependent on its impurity dis-
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tribution. However, there are only a few studies on it.[!1:13]

In this paper, an optimal impurity distribution of VLD
termination is deduced based on the charge balance principle.
Technology computer-aided design (TCAD) simulations and
experiments have confirmed its excellent reverse blocking per-
formance and reliability in the power MOSFET.

2. Model and design

The structure of a VLD termination is shown in Fig. 1,
whose impurity concentration gradually decreases from the
boundary of main junction (point A) and VLD to the bound-
ary of VLD and N-drift (point E). The ideal smooth variation
of impurity concentration is difficult to obtain, so the actual
VLD is formed by one-mask impurity ion implantation and
high-temperature driving in. The impurity profile of T-VLD
termination from point A to point E is linear, which is easy to
design but cannot achieve optimal electrical performance.

In fact, the VLD region needs to be fully depleted to ob-
tain the close-to-ideal avalanche breakdown. Therefore, the
optimal doping concentration at any position within the VLD
region can be found by the charge balance principle. A carte-
sian coordinate system is set as shown in Fig. 2(a), whose ori-
gin lies on point A. The boundary of the depletion region is
identified as a circular arc (CD) of radius R, whose center is
located at point O on the y axis. In the direction of the y axis, &
is the distance from O to A, d is the junction depth decided by
the fabrication process, and r is the vertical depletion width of
the main junction decided by the epitaxial layer concentration
and thickness. In the direction of the x axis, L is the length of
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the VLD region, and w is the lateral depletion width. % can be
obtained from the geometric relationship
h= M _d+r
2(d+r) 2
The ideal surface electric field distribution of the VLD re-
gion is rectangular since it is completely depleted, as shown

ey

in Fig. 2(b). Therefore, the minimum value of L is
BV,

E 2

Liin =

where BVy,; is the breakdown voltage of the main junction that
can be regarded as a parallel plane junction, which mainly de-
pends on the resistivity and thickness of N-drift region. E. is
the critical breakdown electric field of silicon. Due to the dif-
ference between the actual electric field distribution and the
ideal one, L needs to have enough margin. According to the
simulation experiences, w is far less than r and usually less
than half of L;,.

According to the charge balance principle, the quantity of
acceptor charges on the line MN has to be equal to that of the
donor charges on the line LH. Assuming that the impurity con-
centration of the VLD region in the y axis direction is constant
and in the x axis direction is N (x), we can get

XN .x[%/l + hz
|0 Y dx= (R [OM] ~ [MN) Nan, - 3)
X

M
where xj; and xy are the horizontal coordinate of point M and
point N, and Ngif is the doping concentration of N-drift re-
gion. Since the spacing between [xy,xy] is small, the impu-
rity concentration variation from x,s to xy is negligible. Using
the midpoint concentration to represent the impurity concen-
tration on line MN, equation (3) can be written as

XN — X,
W () N = (R~ OM] -~ N Mo

According to the geometric relationship between variables,
equation (4) can be rewritten as

d x,zw + h?
N(w+xM>dv

2h h

\/ X3, + h?
= [R—\/x}, +h—d+—

h Nepi~ (5)

Therefore, the optimal lateral concentration can be expressed
as

 Nepi R(2h+d)
4x% + (2h+d)*

—h—d|. ©6)

It is shown that the optimal impurity concentration in the VLD
region is approximately inversely proportional to its distance
from the main junction.
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Fig. 1. The structure (a) and mask (b) of the VLD termination.

| e
T P A
e
- Depletioni boundary
- - /H
el N-drift layer
F N+ substrate T
vy (a)
A E(x)
EC
» T
(b)

Fig. 2. Schematic diagram (a) and ideal surface electric field distribution
(b) of the VLD termination.

The mask design method of the above impurity distri-
bution is as follows: the mask is evenly divided into N seg-
ments, each with a width of Ly p/N, as shown in Fig. 1(b).
In the n-th segment, the width of clear region (a,) and the
width of dark region (b,) always satisfy a, + b, = LyLp/N,
(n=1,2,3,...,N). Impurity ions are implanted into the clear
regions and diffuse to their adjacent dark regions at high tem-
peratures. The larger N, the smoother the impurity doping pro-
file. Assuming the impurity implantation dose i Djmp, the ef-
fective implantation dose of the n-th segment Deg (n) can be
calculated by

N
——Dimp, (n=1,2,3,...,N). (7
VLD

Degt (n) =day
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The continuous effective dose can be deduced by Eq. (6)

R(2h+d)
432+ (2h+d)?

Der ()C) = Nepi —h—d|. ®)

The multi-segment mask should be set to realize the doping
profile in Eq. (6). Suppose Def; (0) = Djp, and then transform
the continuous effective dose Degr (x) to the implantation dose
of the n-th segment Deg (). Substituting Deg (x) into Eq. (7),
ay can be obtained by

_ Lvip R(2h+d) h+d
"N 2 o
r\/4 (Bon— 142 )+ (2n+d)
(n=1,2,3,...,N). )

3. Simulation results and discussion

The reverse blocking and reliability performances of VD-
MOS with OID-VLD and T-VLD terminations are compared
by TCAD simulation. The breakdown voltage of VDMOS cell
(BVeen) is 1730 V, whose width is 18 pum, N-drift is with re-
sistivity of 62 Q -cm and thickness of 140 um. According to
the estimation of ideal rectangular surface electric field, L of
90 um can meet the requirement of BV. However, due to the
fluctuation of impurity distribution, the surface electric field
is not completely rectangular, so sufficient margin should be
considered in the design. The length of VLD region L is set
to 247 pm and it is divided into 19 segments (N = 19). For
OID-VLD, w is set to 40 um, and a, is obtained according to
Egs. (1) and (9). For T-VLD, the first segment is totally clear,
and the last segment is completely dark. The widths of clear

regions are linear descent, as shown in Fig. 3.
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Fig. 3. (a) The clear area widths of OID-VLD (g, omp) and T-VLD
(ay_trad), (b) the difference of a,_omp and @, trad (@n_0ID — An_trad)-

As shown in Fig. 4, OID-VLD obtains the maximum
breakdown voltage (BVmax) of 1650 V at Dy, of 3.7 x
10" em~2, which is 95.38% of BVy. While T-VLD ob-
tained BV max of 1586 V at Dy, of 3.9 x 10" cm~2. The sur-
face electric field and electrostatic potential profile of the two
structures corresponding to their BV, are shown in Fig. 4(c).
OID-VLD has more uniform electric field distribution and its
peak surface electric field is 5 x 103 V/cm lower than that of T-
VLD. Lower peak surface electric field means less hot carriers
generation which may inject into the oxide layer and higher
reliability during breakdown.

When Djy,, varies from 3 x 102 em2t0 7 x 10'2 cm ™2,
the breakdown voltages of OID-VLD and T-VLD have the
same changing trend and the maximum values of BV reduction
for OID-VLD and T-VLD are 14% and 16%, respectively. The
process window of OID-VLD is slightly bigger than that of T-
VLD. As shown in Fig. 5, for both VLD terminations, with
the decrease of dose, their electric field near the main junction
side will rise, while that near the end will decrease. On the
contrary, with the increase of dose, their electric field near the
main junction will decrease, while that near the end will rise.
In either case, BV will be reduced since it is the integral of the
electric field. Therefore, a suitable Djn,, must be found in the
VLD design.
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Fig. 4. (a) BV versus Dinp, (b) reverse I-V curves, (c) surface electric field and electrostatic potential profile at the dose of BV yax for OID-VLD and T-VLD.
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Fig. 5. The surface electric field versus Dimp for T-VLD and OID-VLD.

The influence of oxide charges in the passivation layer of
termination, which may come from the fabrication process, or
may gradually accumulate in the use, is an important reason
for the reliability problems such as BV degradation. There-

fore, positive oxide charges (Qox) are added into the passiva-
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tion layer in the simulation to evaluate the reliability of the
VLD terminations.

As shown in Fig. 6(a), with the increase of Q.x, BV of
each termination almost decreases. The reason is that the elec-
tric field near the main junction side rises, while that near the
end decreases, in other words, the electric field distribution
deviates from the optimal condition, as shown in Figs. 6(c)
and 6(d). Obviously, the influence of increasing Qqx on the
surface electric field is similar to that of reducing Djpp. This
phenomenon also can be explained by the charge balance prin-
ciple whose schematic diagram is shown in Fig. 7.

Without Q,y, the amount of negative acceptor charges in
the VLD region (Qy) is exactly equal to that of the positive
donor charges in the N-drift region (Qp),

Oa = Op, (10)
when there are positive charges in the passivation layer,
Oa = 0Op+ Qox- (1)

Since Q4 remains unchanged, Op becomes smaller and the
depletion region in N-drift region is compressed and thus BV

decreases.
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Fig. 6. (a) BV versus positive charge concentration in the passivation layer (Qox), (b) the reduction rate of BV relative to BV max (ABV /BVmax)
versus Qox, (¢) the surface electric field versus Qox for OID-VLD, (d) the surface electric field versus Qox for T-VLD.
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Fig. 7. Schematic diagram of the effect of Q.x for higher VLD impurity
concentration (a) and lower VLD impurity concentration (b).

Both T-VLD and OID-VLD are less affected by Q. at
higher Djp, than at lower Djp;, because Qox is much smaller
than Op at high dose, which means that on the premise of
meeting BV, selecting a higher Dy, is advantageous to im-
prove the long-term reliability of the VLD termination.

At the same dose, OID-VLD is less affected by Qo than
T-VLD. As shown in Fig. 6(b), |ABV /BVmax| of OID-VLD is
smaller than that of T-VLD, especially at higher Diy. There
are two reasons: Firstly, even at the same dose, the introduced
impurity concentration in OID-VLD is higher than that in T-
VLD due to its larger clear region, as shown in Fig. 3(b). Sec-
ondly, the electric field peak of OID-VLD is closer to the end
of VLD region, and Q,x makes the electric field near the end
decrease and that near the main junction rise, which causes the
electric field distribution more uniform. Therefore, OID-VLD
with larger impurity concentration can achieve better reliabil-
ity performance than T-VLD.

4. Experimental results and discussion

VDMOS devices with OID-VLD and T-VLD were fab-
ricated in 6-inch (1 inch = 2.54 c¢cm) fab of Wuxi China Re-
sources Huajing Microelectronics Co. LTD, using the same
parameters as the TCAD simulation. The chip and layout of
the device with OID-VLD are shown in Fig. 8(a). Limited by
experimental conditions, only 4 boron implantation doses are
used. Based on experience, the practical dose is set higher than
the simulated one considering the absorption of boron by the
oxide layer.

The measured reverse blocking characteristics are shown
in Fig. 8(b). The device with OID-VLD has BV ,,x of 1684 V
at boron dose of 9 x 10'2 cm~2, which is 48 V higher than that
of T-VLD at the same boron dose. When the dose varies within
the range of 6 x 10'> cm~2 to 1.5 x 10'3 cm~2, the maximum
change rates of BV relative to BV yx are —6.5% and —7.3%
for the devices with OID-VLD and T-VLD, respectively. The
measured values of BV are slightly higher than the simulation
ones, which may be due to the deviation between the resistiv-
ity of the epitaxial layer and its nominal value.

High-temperature reverse bias (HTRB) tests under three
different conditions are performed to assess the reliability of

the two terminations, as shown in Table 1. The chips are pack-
aged with TO-200F. As the experimental conditions become
more and more severe, the performances of the devices with
different termination are different. The devices with OID-
VLD passed the three tests, while those with T-VLD only
passed the first one, whose leakage currents were not obtained
in the last two tests due to failure.

As shown in Fig. 9(a), although both devices with OID-
VLD and with T-VLD passed in test I, it is obvious that the de-
vices with OID-VLD have lower average leakage currents. As
shown in Figs. 9(b) and 9(c), with the increase of temperatures,
the leakage currents of devices with OID-VLD increased, but
still within the required range. Therefore, the OID-VLD ter-
mination can not only achieve higher BV, but also has better
reliability.

Table 1. HTRB conditions and results.

HTRB conditions HTRB process OID-VLD T-VLD

Vps = 1200V, 0-24 h:100 °C
Test 1 Vs =0V, 24-47 h:110 °C pass pass
5 devices 47-48 h:120 °C
Vps = 1200 V,
Test 11 Vgs =0V, 0-20 h:120 °C pass fail
5 devices
0-24 h:100 °C
Yos =1200%. ) sg 0 °c
Test 111 Vs =0V, ’ pass fail
. 48-72 h:120 °C
5 devices
72-168 h:125 °C
(a)
1700
(b)
1680
1660
1640
—~ 1620+
2 1600
>
A 1580 A
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1520 - O Average BV of OID-VLD
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T T T
0.6 0.9 1.2 1.5
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Fig. 8. (a) Chip layout of VDMOS device with OID-VLD termination
and (b) BV versus boron dose for T-VLD and OID-VLD.
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Fig. 9. HTRB tests under (a) test I, (b) test II, and (c) test I11.

Explanation of HTRB failure is as follows: The movable
positive charges in the passivation layer accumulate into the
area with high electric field, causing the formation of inver-
sion leakage channels on the surface of termination region and
generating additional leakage currents. And the high temper-
ature in the tests accelerates the process.!?’! Positive feedback
of current and temperature eventually causes thermal away.
OID-VLD has a lower surface electric field and a higher con-
centration of surface impurities, making it more difficult to
form inversion channels.

5. Conclusion

Based on the principle of charge balance, it is derived
that the optimal impurity concentration in the VLD region is
approximately inversely proportional to its distance from the

main junction. Simulation and experimental results show that
the OID-VLD has better blocking ability and reliability. A
higher doping concentration is a benefit for long-term reliabil-
ity of the VLD terminations, whether for OID-VLD or T-VLD.
These rules can provide meaningful references for the design
of VLD termination.
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