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Abstract: This paper proposes and simulates research on the reverse recovery characteristics of two
novel superjunction (S]) MOSFETs by adjusting the doping profile. In the manufacturing process of
the S| MOSFET using multilayer epitaxial deposition (MED), the position and concentration of each
Boron bubble can be adjusted by designing different doping profiles to adjust the resistance of the
upper half P-pillar. A higher P-pillar resistance can slow down the sweep out speed of hole carriers
when the body diode is turned off, thus resulting in a smoother reverse recovery current and reducing
the current recovery rate (d;,/d;) from a peak to zero. The simulation results show that the reverse
recovery peak current (I;;;;) of the two proposed devices decreased by 5% and 3%, respectively,
compared to the conventional SJ. Additionally, the softness factor (S) increased by 64% and 55%,
respectively. Furthermore, this study also demonstrates a trade-off relationship between static and
reverse recovery characteristics with the adjustable doping profile, thus providing a guideline for
actual application scenarios.

Keywords: superjunction; MOSFET; doping profile; reverse recovery; body diode

1. Introduction

The superjunction (S]) MOSFET finds extensive use in white goods within the range of
500-900 V due to it breaking the silicon limit, thus resulting in a lower special on-resistance
(Ron,sp) compared to conventional MOSFETs with the same breakdown voltage (BV) re-
quirements [1,2]. However, due to its unique drift region structure, the S MOSFET not only
has a complicated manufacturing process, but also exhibits a poor reverse recovery charac-
teristic when its body diode acts as a freewheeling diode in the soft switching circuit [3].
The large amount of the nonequilibrium carriers’ stored charge (Q;,) and the extremely
fast reverse recovery current change rate (d;/d) limit the application of the S| MOSFET
in high-frequency inductive circuits [4]. Moreover, the trench etch backfilling (TEB) and
multilayer epitaxial deposition (MED) are two commonly used processes for fabricating
the pillar region of the S MOSFET [5,6]. The TEB process can build a more uniform N/P-
pillar morphology, which realizes a better trade-off between the BV and Ryy,sp of the SJ
MOSEFET [7]. By contrast, the MED process allows for greater flexibility in constructing
the vertical doping profile during device fabrication [8]. In the details of the MED process,
the doping profile can be precisely controlled by adjusting the energy, concentration, and
ion implantation position in multiple steps [9]. Therefore, derived vertical variable doping
(VVD) technology enables the fabrication of S| MOSFETs with different doping profiles in
the pillar region. Compared to conventional S] devices with a uniform doping profile, VVD
technology not only enhances the BV window of superjunction devices, but also further
reduces the Ry, sp during the conduction period [10].
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Previous research has demonstrated that the P-pillar formed with a high-k insulator
material reduces Q,, storage while optimizing the charge balance in the S MOSFET [11].
Moreover, in the S| MOSFET fabricated with the MED process, increasing the resistance
of the P-pillar can effectively suppress the current oscillation during reverse recovery [12].
Furthermore, our previous research work has also indicated that adjusting the P-pillar
resistance of the S| MOSFET can help improve the softness factor (S) of the body diode
during reverse recovery [13]. In this paper, we proposed two new methods to increase
the local resistance of the P-pillar by adjusting the vertical doping profile in the pillar
region. The first method focuses on a horizontal adjustment of the Boron ion implantation
windows, thereby allowing a precise control over implantation positions, and the second
method involves a vertical adjustment of the Boron ion concentration within the P/N-
pillar. Importantly, these adjustments are made without modifying the total implantation
concentration of the P/N-pillar to ensure the form of the desired doping profile. Notably,
both approaches are rooted in the MED process, thus leveraging its capabilities for precise
control and optimization.

The paper is structured as follows. In Section 2, two vertical doping profile design
schemes in the pillar region are proposed. Section 3 presents the simulation experiment
schemes, including the experimental results and mechanisms analysis. Finally, the conclu-
sions are summarized in Section 4. The TCAD tool was utilized for model construction
and simulation analysis, which incorporates carrier mobility models (Doping Dependence
and High Field Saturation), recombination models (Shockley Read Hall and Auger), and
effective intrinsic density model (OldSlotboom).

2. Device Structure and Mechanism

This section focuses on the utilization of TCAD tools to construct simulation models of
the superjunction MOSFET through the MED process. Two variations of the superjunction
MOSFET with novel doping profiles were designed and simulated. Additionally, design of
experiment (DOE) experiments were conducted to explore the impact of doping profile
variations on the device electrical performance. These experiments aim to investigate
the relationship between different doping profile parameters and the resulting electrical
characteristics of the device.

Figure 1a shows the cell cross-sectional diagrams of the conventional S| MOSFET
(Conv-SJ) based on the MED process. The pillar region is constructed through multiple
alternating processes of N-type epitaxy and Boron ion implantation. In the Conv-SJ,
the doping profile of the P-pillar features straight-line ion implantation windows with
a consistent implantation concentration at each implantation step. Then, in Figure 1b, a
bubble shift S MOSFET (BS-SJ) with a novel doping profile is proposed. The N-type epitaxy
and Boron bubble implantation strategy in the bottom half of the pillar region is the same
as that in the Conv-S]J, but the last several Boron implantation windows in the top half of
the P-pillar are shifted alternately from left to right along the center of the cell. Additionally,
Figure 1c proposes another concentration shift S| MOSFET (CS-SJ) with a novel doping
profile in which the Boron ion implantation concentration of the P-pillar is divided into
three sections. The concentration in the middle part of the pillar region is consistent with
the Conv-SJ, while the implantation concentration in the upper and lower parts is designed
to be shifted. Compared with the middle part, the upper part of the P-pillar has a lower
implantation concentration, and the lower part has a higher implantation concentration,
but the sum of the P-pillar concentrations is equal to that of the Conv-SJ. Table 1 displays
the key parameters of the S| MOSFET cell simulation model.
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Figure 1. The cell cross-sectional of (a) conventional S| MOSFET, (b) bubble shift S| MOSFET, and
(c) concentration shift S| MOSFET.

Table 1. Key cell structure simulation parameters.

Symbol Definition Value
We Cell Pitch 5.5 pm
Wy P-pillar Width 2.5 pm
Ly SJ Layer Length 42 pm
L. Cell Length 53 pm
Tox Gate Oxide Thickness 0.1 pm
Np Donor Concentration 1x 10 cm—3
Ny Acceptor Concentration 1x 10 cm—3

Figure 2 shows the net charge distribution of the Conv-SJ, BS-S], and CS-SJ in the
P-pillar after annealing. It is evident that the tunable doping profile primarily changes the
P-pillar morphology and Boron concentration distributions. In the P-pillar of the BS-S], the
net charge concentration in the top half is lower than that of the Conv-5]J, and the net charge
concentration in the bottom half is almost the same as that of the Conv-SJ. This is because,
after annealing, the peak value of the concentration Gaussian distribution of the Boron
bubbles in the top half of the P-pillar is not aligned on the same straight line. Meanwhile,
the formed bent section relatively extends the length of the P-pillar, which prolongs the
hole carrier sweep out path and reduces the net charge concentration in the bent areas. In
contrast, the CS-S] modifies the net charge concentration distribution in the P-pillar directly.
For this condition, the doping profile of the middle part of the P-pillar is identical to that of
the Conv-SJ, while the upper and lower parts exhibit a concentration difference. Since the
charge balance in the SJ layer is highly sensitive, the same concentration shift is necessary
in the N-pillar of the CS-S].

From the above observations, it can be inferred that the two methods of adjusting the
doping profile will directly result in an increase in the local resistance of the P-pillar. This,
in turn, has an impact on the process of the sweep out for stored non-equilibrium minority
carriers in the P/N-pillar region during the reverse recovery. To further investigate the
influence of the doping profile shift degree on the electrical performance of the S| MOSFETs,
the shift degree was divided into 8 levels in Table 2. Among them, the shift level 1 represents
the doping profile of the Conv-SJ. Furthermore, to explore the interaction between the
two methods of adjusting the doping profile, the superposition effect of the bubble and
concentration shift S| MOSFET (BCS-S]) was also simulated and discussed.
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Figure 2. The net charge distribution of the three devices along the center (x = 2.75 yum) of the P—pillar.

Table 2. Design scheme of simulation experiment.

. . . . Bubble and
Shift Level Bubble Shift Concentration Shift Concentration Shift

1 - - -

2 0.1 pm 5% 0.1 pm and 5%
3 0.2 pm 10% 0.2 pm and 10%
4 0.3 pm 15% 0.3 pm and 15%
5 0.4 pm 20% 0.4 pm and 20%
6 0.5 pm 25% 0.5 pm and 25%
7 0.6 pm 30% 0.6 pm and 30%
8 0.7 pm 35% 0.7 pm and 35%

3. Simulation Results and Analysis

In this section, the focus of the research is to elucidate the adjustment trends of the
two novel doping profiles on the static characteristics of the S] MOSFET. Additionally,
a comprehensive analysis was conducted from the perspective of carriers behavior to
investigate the physical mechanisms underlying the improvement of the diode reverse
recovery characteristics in the S| MOSFET with the two novel doping profiles. Throughout
this analysis, particular attention was given to the correlation between the improvement
methods of the two novel doping profiles and the device electrical performance. Finally,
a comprehensive approach for evaluating the trade-off between the static and dynamic
characteristics of the S| MOSFET was obtained.

Figure 3a shows the blocking characteristics of the three devices. The drain-source
breakdown voltage (BV) of the BS-SJ with a 0.4 um bubble shift and CS-SJ with a 20%
concentration shift was slightly lower than that of the Conv-SJ. This is because of the
redistribution of the transverse charge field of the S| MOSFET caused by the bubble
shift and concentration shift. The redistribution phenomenon caused the charge field to
accumulate in a localized area at the junction interface between the N-pillar and P-pillar,
thus ultimately resulting in an increase in the peak value of the electric field and a reduction
in the withstand voltage capacity of the S MOSFET.
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Figure 3. (a) The blocking characteristics of the three devices at 300 K. (b) The electric field distribution
when the conventional S] MOSFET is blocked. (c) The electric field distribution when the bubble shift
SJ] MOSFET is blocked. (d) The electric field distribution when the concentration shift S| MOSFET
is blocked.

Figure 3b illustrates that the electric field of the Conv-S] was primarily composed
of the longitudinal potential field and the transverse charge field [14]. The electric field,
which was constructed by the doping profile without a shift, was uniform and straight
along the longitudinal distribution, and its peak value was 3.18 x 10° V/cm. As depicted
in Figure 3c, the electric field distribution in the P/N-pillar region of the BS-SJ, where
the doping profile was the same, was consistent with that of the Conv-SJ. However, the
electric field of the bubble shift parts also shifted along the longitudinal direction. This
phenomenon worsened the uniformity of the longitudinal potential field while causing the
transverse charge field to become more concentrated at the bending parts. This, in turn,
increased the peak electric field (3.37 x 10° V/cm) and decreased the withstand capability of
the BS-SJ. Meanwhile, in Figure 3d, the electric field distribution of the CS-SJ also exhibited
a three-segment distribution due to concentration shift. Since the peak value of the charge
field was positively correlated with the carrier concentration, a higher concentration doping
profile at the bottom of the CS-SJ also increased the peak electric field (3.49 x 10° V/cm),
which led to avalanche breakdown in advance.

Figure 4 shows the impact of the shift level on the BV and Ron,sp of the BS-S] and CS-5J,
respectively. Before adjusting the doping profile, the BV and Ry, sp of the Conv-S] were
705 V and 9.8 mQ - cm 3, respectively. After modifying the doping profile of the pillar
region by using two different methods, both the BS-S] and CS-SJ exhibited a continuous
decrease in the BV and a continuous increase in the Ry;,sp with the shift level increases.
Compared to the Conv-5J, in the BS-SJ, the BV at shift level 8 was 692 V, which only
decreased by 2%. However, in the CS-SJ, the BV was more significantly affected by the
shift level, and the BV dropped sharply after a 20% concentration shift to reach a withstand
voltage value of 534 V at shift level 8 ultimately, thus resulting in a 24% decrease in the BV.
This is because the peak value of the charge field increased with the shift level increase
in the S| MOSFET withstand voltage field, and the charge field was more sensitive with
the changes in doping concentration. Similarly, compared to the Conv-5], in the BS -§J, the
Ron,sp at shift level 8 was 12.4 m(Q) - cm—3, which increased by 26%. In the CS-SJ, the Roy,sp
at shift level 8 was 12.7 mQ) - cm 2, which represents a 29% increase. This is because the
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curved part of the P-pillar narrowed the conduction path for electronics in the BS-SJ, thus
increasing the conduction resistance when the BS-S] was in the on state. Meanwhile, the
charge balance needed to be maintained in the upper part of the P/N-pillar in the CS-SJ.
The doping concentration in the N-pillar also needed to decrease in accordance with the
doping profile of the P-pillar, thus resulting in an increase in the Ry sp as well.
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Figure 4. The influence of the shift level on the breakdown voltage BV and special on-resistance

Ron,sp-

Owing to the hole mobility being smaller than the electron mobility in silicon, the
reverse recovery performance of the body diode was mainly determined by hole carriers.
Figure 5 depicts the hole current density of the Conv-5], 0.7 um of the BS-SJ, and 35% of the
CS-S] during the reverse recovery phase under forward-bias conditions of the body diode.
In the BS-5], the hole current density in the upper half of the P-pillar was significantly
lower than that in the Conv-SJ, while the hole current in the lower half was almost the
same. This difference arose from the increased length of the P-pillar bending region, which
led to a lower Boron concentration in this area after annealing compared with the Conv-SJ,
while the overall Boron doping concentration remained unchanged, thus resulting in a
reduced induced hole current density in this region. In the CS-5J, the hole current density
in the upper part of the P-pillar was lower than that in the Conv-S]. In the middle section, it
remained consistent, while, in the lower part, it was higher. This phenomenon is caused by
the varying local resistance values of the P-pillar, which is attributed to the three-segment
doping profile of the Boron concentration. By these two ways, the resistance of the upper
part of the P-pillar in the BS-S] and CS-SJ was higher than that in the Conv-S], which can
increase the resistance of the hole extraction path during the reverse recovery [15].

Figure 6 depicts the hole density of the Conv-S], BS-S], and CS-S] at the different time
nodes during the carrier extraction stage of reverse recovery. At 8 ns, the PN junction,
which is formed by the P-pillar and N-pillar, began to withstand bias voltage. Under the
influence of the electric field, the depletion region constructed from the upper portion of
the P-base/N-pillar and extended towards the bottom along the P/N-pillar. Meanwhile,
the stored hole carriers and electron carriers in the drift region began to sweep out. At 12 ns,
the hole carriers in the top half of the N-pillar region had been nearly removed in all three
devices. Following this, the hole carriers in the lower half of the N-pillar region continued
to be swept out through the conduction path of the P-pillar, at which time the distribution of
the remaining hole carriers in the three devices began to differ. At 16 ns, the remaining hole
carriers in the drift region of the Conv-S] device were rapidly and completely extracted due
to the uniform and straight doping profile of the P-pillar. By contrast, the BS-S] exhibited a
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longer hole sweep path due to the bubble shift and an increased resistance in the P-pillar
due to the bending, thus resulting in a slower carrier sweep out speed. Similarly, the CS-S]
exhibited higher resistance due to a lower Boron doping concentration in the upper part of
the P-pillar, thus leading to a decrease in hole carrier sweep out speed. On the other hand,
the higher doping concentration in the lower part of the P-pillar enabled more residual hole
carriers to smooth the reverse recovery current. At 20 ns, it was evident that a significant
number of residual hole carriers were waiting to be swept out through the P-pillar path at
the bottom in both the BS-S] and CS-S] when compared to the Conv-5]J.
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Figure 5. The hole current density along the center (x = 2.75 pm) of the P—pillar when body diode is
forward conducting.
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Figure 6. The evolution of the hole density at different time nodes during the reverse recovery carrier
sweep out stage of the three devices.

Figure 7 clearly illustrates the variation of the hole carrier concentration over time
at the bottom (y = 5 pm) of the three devices during the reverse recovery period. When
the reverse recovery reached 8 ns, the hole carrier concentration levels within the Conv-SJ,
BS-SJ, and CS-S] were almost equal, all around the level of 9 x 10° cm 3. However, due to
the different sweep out speeds when the reserve recovery reached 12 ns, the concentration
difference of residual hole carriers in the three devices became increasingly apparent. After
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the reverse recovery progressed to 16 ns, the residual hole carriers concentration of the
Conv-S] was about 2-3 magnitude orders lower than that of the BS-SJ] and CS-SJ. This
phenomenon indicates that the proposed two novel devices exhibited a longer duration in
the hole carrier sweep-out stage, thereby leading to a more gradual and smoother reverse

recovery characteristic [16].
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Figure 7. The hole concentration at the bottom (y = 5 pm) of the P-pillar during the reverse recovery
carrier sweep-out stage of the three devices.

Figure 8 shows how the reverse recovery waveform varied with the time of the
conventional and proposed devices, and the inset illustrates the reverse recovery simulated
circuit. This is a typical double-pulse test circuit, with a load inductance (L) set to 200 nH,
bus voltage (V) set to 100 V, and gate resistance (R¢) set to 10 Q). The drive switch (DRI)
controls the transition process from the forward conduction to the withstand voltage stage
of the body diode in the device under test (DUT), where the DUT had an active area of
1.85 mm?. The reverse recovery peak currents (I,,) of the 0.7 pm BS-S] and 35% CS-SJ
were 15.23 A and 15.59 A, respectively. These values were 4.9% and 2.8% lower than that
of the Conv-SJ (16.04 A). The voltage rising rate (d, /d;) of the body diode was markedly
reduced from the on state to off state. The d, /d; of the 0.7 pm BS-SJ and 35% CS-SJ were
7.1% and 9.3% lower than that of the Conv-SJ, respectively. This reduction in dy/d; helps

to reduce circuit oscillation. Furthermore, the reverse recovery characteristics of the BCS-SJ,
which were created by superposing two doping profile methods, were also studied. The
Livm (14.62 A) and dy,/d; of the 0.7 uym and 35% BCS-SJ were further reduced to be 8.8%
and 13% lower than that of the Conv-S]J, respectively. An important point to consider is
that the softness factor S represents the ratio between the carrier extraction time (ty) and
the carrier storage time (t;) [17]. This factor describes the hardness and softness of the
reverse recovery.
Figure 9a,b primarily show the influence of the shift level on I+ and S, as well as the
Q;+ and reverse current recovery rate (d;,/d;), respectively. Compared with the Conv-5]J,
the reverse recovery characteristics of the BS-S] and the CS-S] were further improved
with the increase in the shift level. The d;,/d; of the 0.7 um BS-S] and the 35% CS-SJ
were 2176 A/ps and 2228 A/us, respectively. This represents a 34% and 32% decrease,
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respectively, compared to the d;,/d; value of the Conv-S] (3299 A/us). At the same time, at
this shift level, the S values of the BS-5] and CS-S] were 1.10 and 1.04, respectively. This
represents a 64% and 55% increase, respectively, compared to that of the Conv-5J (0.67).
The reason for this is that the shift level was directly correlated with the resistance of the
upper half of the P-pillar. Furthermore, when compared to the effect of a single shift factor,
the BCS-S] with two shift factors exhibited superior reverse recovery characteristics at the
same shift level. The 0.7 pym and 35% BCS-SJ exhibited d;, /d; and S values of 1688 A /us
and 1.58, respectively. These values represent a 48% and 135% improvement, respectively,
compared to the Conv-SJ. This indicates that the effects of bubble shift and concentration
shift on the local resistance of the upper half of the P-pillar were combined.
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Figure 8. The reverse recovery waveforms of the Conv-S]J, BS-S] with 0.7 pm bubble shift, CS-S] with
35% concentration shift, and BCS-SJ with 0.7 ym bubble shift and 35% concentration shift.
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Figure 9. (a) The influence of the shift level on the peak reverse recovery current and softness factor.
(b) The influence of the shift level on the stored charge and reverse current recovery rate.

Polynomial fitting has been used to optimize the field limiting ring (FLR) of SiC
JBS devices, which can accurately predict the field limiting ring arrangement and save
simulation time [18]. To further explore the synergistic effect of the two doping profile
adjustment methods on both dynamic and static characteristics, a polynomial fitting was
used to express the trade-off relationship between the BV, R,;;, and S with respect to the
bubble shift and concentration shift. To begin with, the boron bubble shift percentage with
respect to the cell pitch (W,) was defined as AB, and the concentration shift percentage of
the upper and lower parts of the P-pillar was defined as AC. Therefore, the values of AB
and AC determined the shift level for the two doping profiles. Next, we defined the lost
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BV, Ry, and improved S of the proposed devices as ABV, ARy, and AS, respectively, in
comparison to the Conv-S]. After fitting the simulation results of multiple devices with
different doping profiles, the following relationship could be obtained.

Figure 10a describes the fitting relationship between the ABV, AB, and AC. The graph
shows that the loss of the BV was more sensitive with the concentration shift, and under
a high shift level, the BV was entirely determined by the concentration shift. Figure 10b
illustrates the fitting surface between the AR,;, AB, and AC. In contrast, it is clear that the
contributions of the two shift factors to the R, loss were equivalent, and the combined
effect of the two doping profiles was more prominent. Meanwhile, Figure 10c describes the
relationship between the AS, AB, and AC. In the fitting surface, it is evident that both the
bubble shift and concentration shift had a significant optimizing effect on S with increasing
shift levels, and their combined effect resulted in an even greater optimizing contribution.
Finally, in Figure 10d, the trade-off relationship among the ABV, AR,;, and AS based on the
proposed doping profile adjustment method is also revealed directly by polynomial fitting.

Figure 10. (a) The fitting surface of the quadratic function of ABV % with respect to AB% and AC%.
(b) The fitting surface of the quadratic function of AR,;% with respect to AB% and AC%. (c) The
fitting surface of the quadratic function of AS% with respect to AB% and AC%. (d) The fitting surface
of the quadratic function of AS% with respect to ABV % and AR, %.

The second-order polynomial fitting relation among the five variables is expressed as:

ABV =1.17 x AB? +2.57 x AC? — 0.39 x ABAC —0.02 x AB —0.21 x AC 1)

ARy = 24.13 x AB* 4243 x AC? +4.48 x ABAC — 1.18 x AB — 0.06AC + 0.02 2)
AS = 5453 x AB? +2.05 x AC? +6.77 x ABAC — 3.06 x AB +0.67 x AC + 0.05 (3)
AS = —0.62 X ABV? +1.15 X ARop? — 5.59 x ABVARyy, 4+ 1.28 X ABV +1.82 x ARyp. 4)

The fitting accuracy improves with an increasing correlation coefficient (R?). As the
R? value approaches one, the fitting accuracy further increases. To maintain a balance
between the polynomial complexity and the fitting accuracy and to enhance the accuracy of
multiple linear regression, a second-order polynomial was chosen for the fitting procedure.
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As a consequence, the determination coefficient R? for each of these four functions was
remarkably high, with values of 0.99, 0.99, 0.97, and 0.99, respectively. These highly
accurate formulas enabled the prediction of the BV, R,;, and S adjustment amplitudes
for various combinations of the two doping profile adjustment methods. This approach
provides designers with the flexibility to customize the shift levels according to the specific
requirements of diverse application scenarios. As a result, an optimal trade-off can be
achieved between the reverse recovery characteristics and the static characteristics of the
superjunction MOSFET. This ensures that the device performs satisfactorily and meets the
desired performance standards.

4. Conclusions

This paper made two main contributions. Firstly, the bubble-shift S] (BS-SJ) and
concentration shift S] (CS-SJ) with novel doping profiles were proposed to optimize the
reverse recovery characteristics of the parasitic body diodes while sacrificing certain static
characteristics. Compared to the conventional SJ (Conv-5J), the softness factors S of the
reverse recovery were improved by 64% and 55%, respectively. Secondly, a measurement
method was proposed to balance the dynamic and static characteristics of the superjunction
MOSFET under the new doping profiles. These findings provide valuable references for
designing high-performance superjunction devices.
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