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A novel TFS-IGBT with a super junction floating layer*
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Abstract: A novel trench field stop (TFS) IGBT with a super junction (SJ) floating layer (SJ TFS-IGBT) is proposed.
This IGBT presents a high blocking voltage (> 1200 V), low on-state voltage drop and fast turn-off capability. A SJ
floating layer with a high doping concentration introduces a new electric field peak at the anode side and optimizes
carrier distribution, which will improve the breakdown voltage in the off-state and decrease the energy loss in the on-
state/switching state for the SJ TFS-IGBT. A low on-state voltage (V) and a high breakdown voltage (BV) can be
achieved by increasing the thickness of the SJ floating layer under the condition of exact charge balance. A low turn-off
loss can be achieved by decreasing the concentration of the P-anode. Simulation results show that the BV is enhanced by
100V, V; is decreased by 0.33 V (at 100 A/cm?) and the turn-off time is shortened by 60%, compared with conventional

TFS-IGBTs.
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1. Introduction

In the field of power semiconductor devices, the most im-
portant factors are reducing the switching/on-state loss, in-
creasing the power density and improving the maximum op-
erating temperature. Insulated gate bipolar transistors (IGBTs)
combine the high input impedance of an MOSFET with the
current carrying capability of an bipolar transistor. In recent
years, the IGBT has established itself as the device of choice
for low-medium power electronic applications, such as AC mo-
tors, frequency converters, switching mode power suppliers
(SMPSs), LED drivers and traction engines due to its switching
loss/on-state voltage drop trade off, high current carrying capa-
bility, wide safe operating area, ease of gate control, rugged-
ness and ease of manufacturel' . The IGBT has developed
from punch through (PT) to non-punch through (NPT), field
stop (FS), and to lightly punch through (LPT) with respect to
fabrication technology, and from planar to trench with respect
to gate structurel*7]. PT and NPT technology has limitations
to some extent, thus giving birth to FS technology, which is a
compromise between PT and NPT. Planar gate structure is dif-
ficult for high-density integration because of the intrinsic JFET
effect, and thus it promotes the development of the trench gate.

In order to improve the trade-off between turn-off loss and
on-state voltage drop so as to improve the performance of
the IGBT, researchers have undertaken much work and pro-
posed many structures: a low-doped P-buffer and transparent
P-emitter structure was proposed by Matsudai ez al.18! to elim-
inate the oscillation of turn-off waveforms so as to reduce turn-
off loss; a 3D n-region-controlled anode structure was pro-
posed by Chen et al.!®] to cut the turn-off time; the IEGT was
proposed by Kitagawa et al.['% to boost the plasma density
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in the vicinity of the cathode cell; a moderately doped n region
under the p base structure was proposed by Mori ez al.['!] to en-
hance the carrier density in the vicinity of the cathode; and an
accumulation channel trench gate insulated gate bipolar tran-
sistor (ACT-IGBT) was proposed by Qiang et al.l'?! to lower
the on-state voltage drop.

In this paper, an SJ TFS-IGBT is proposed. This main-
tains a high static/dynamic avalanche breakdown and further
improves the trade-off between turn-off loss and on-state volt-
age drop. The main aim of the paper is to identify the opti-
mal SJ TFS-IGBT structure from a static characteristic, on-
state/switching loss point of view.

2. Device structure and operation mechanism

The FS offers the thinnest drift region and employs the
most powerful concept to design the optimal plasma in the drift
region. The trench brings with it a more natural 1D current
distribution, eliminates the parasitic JFET effect, enhances the
PIN diode effect (electron injection into the top side of the drift
region), minimizes the MOS channel resistance and increases
the immunity against latch-up. Figure 1(b) shows a schematic
cross-section of the proposed SJ TFS-IGBT. The SJ floating
layer with a narrow p-pillar (with correspondingly more dop-
ing) and a wide n-pillar (with relatively less doping) is inserted
between the N-buffer and the N-drift region in this new struc-
ture. It brings the following two advantages. First, the p-pillar
of the SJ floating layer forms a new p-pillar/n junction. As a
result, a new electric field peak comes into being which will
modulate the original electric field distribution and improve the
breakdown voltage. Second, for the conventional TFS-IGBT,
the hole density near the cathode and the electron density near
the anode are small. In contrast, the new structure optimizes
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Fig. 1. Schematic cross-section of (a) conventional TFS-IGBT and (b)
proposed SJ TFS-IGBT.
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Fig. 2. Breakdown characteristics of conventional TFS-IGBT and pro-
posed SJ TFS-IGBT.

carrier distribution. It enhances the hole density near the cath-
ode region and electron density in the vicinity of the anode.
High plasma density in the device results in a lower on-state
voltage, plenty of electrons close to the anode and holes close
to the cathode, which can be quickly extracted in the off-state,
which leads to lower turn-off loss.

3. Results and discussion

2D simulation was carried out utilizing Medici to deter-
mine the device electrical characteristics. The key parameters
are as follows. The width of the half cell pitch is 6 um, the
channel length is 3.5 um, the gate oxide thickness is 100 nm,
the 6-pum-thick N-buffer layer has a concentration of 1 x 107
cm 3, the 41-pum-thick N-drift layer has a concentration of 5 x
10'3 cm ™3, and the 45-um-thick SJ layer has a concentration
of 5 x 10'> cm™3 for the p-pillar and 2.5 x 10'> cm™> for the
n-pillar.

3.1. Forward blocking characteristics

The breakdown characteristics of the conventional TFS-
IGBT and proposed SJ TFS-IGBT are shown in Fig. 2. The SJ
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Fig. 3. Vertical electric field distribution of conventional TFS-IGBT
and proposed SJ TFS-IGBT.

TFS-IGBT demonstrates a breakdown voltage (BV) of 1372
V, compared with the conventional TFS-IGBT, where the BV
is increased by 100 V. This is due to the introduction of the
SJ floating layer, which forms a new PN junction and yields
a new electric field peak at the anode side. Figure 3 shows
a comparison of the vertical electric field distribution of the
conventional TFS-IGBT and the proposed SJ TFS-IGBT. As
can be seen, the conventional TFS-IGBT has only one electric
field peak at the cathode side and decreases linearly from the
cathode to the anode side. By contrast, the proposed SJ TFS-
IGBT has an electric field peak both at the cathode and at the
anode side. A higher electric field peak appears at the anode
side because of the high doping concentration of the SJ float-
ing layer. The electric field peak of the anode is strongly depen-
dent on the concentration of the SJ floating layer, according to
Egs. (1)—=(3). In other words, the concentration of the SJ float-
ing layer can adjust and control the electric field of the anode.

Yy = 2L 1 Nalo, (1)
q n;
No= — 1+ @
1 1
N N
1
Emax = (2q8N0 Vbl) ’ s (3)
S

where kq—T is the thermal voltage, N, is the acceptor doping
concentration, Np is the donor doping concentration, n; is the
intrinsic carrier concentration, V4; is the built-in potential and
& 1s the permittivity of the semiconductor.

3.2. Forward conduction characteristics

The on-state voltage drop versus the anode current of the
two structures, and /—V characteristics of the proposed SJ
TFS-IGBT at temperatures of 300 and 400 K, are shown in
Fig. 4. As can be seen, the on-state voltage drop at 100 A/cm?
is decreased by 0.33 V, from 2.53 V for the conventional TFS-
IGBT to 2.2 V for the proposed SJ TFS-IGBT, which means
a lower on-state loss. For the proposed structure, as the tem-
perature rises, the energy barrier of the junction P-anode/N-
buffer decreases, which will lead to a lower on-state voltage
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Fig. 4. On-state voltage drop versus anode current of the two struc-
tures, and /—V characteristics of the proposed SJ TFS-IGBT at tem-
peratures of 300 and 400 K.

drop. However, channel resistance as well as the N-drift resis-
tance increase with rising temperature. Due to these character-
istics, changes in the voltage of the junction P-anode/N-buffer
are larger than those in the channel resistance and the N-drift
region resistance at low collector current level, so the on-state
voltage drop has a small negative temperature coefficient, as
illustrated in Fig. 4. A large positive temperature coefficient
of the on-state voltage drop will degrade the current handling
capability of the IGBT significantly, but a small positive tem-
perature coefficient at a higher current level is beneficial to ho-
mogeneous current distribution within chips and good current
sharing when paralleling devices. A large negative temperature
coefficient of the on-state voltage drop will be prone to thermal
runaway, so care should be taken when it used. Conversely, a
small negative temperature coefficient is helpful for carrying
current capability. In conclusion, a small temperature coeffi-
cient closing to zero is a good choice for an IGBT.

3.3. Turn-off characteristics

The turn-off waveforms in the inductive condition of
the conventional TFS-IGBT and proposed SJ TFS-IGBT are
shown in Fig. 5. It can be seen that the proposed SJ TFS-
IGBT with a capability of turning off 20 A or so anode current,
compared with 15 A for conventional TFS-IGBT, has a 25%
stronger turning-off capability.

As can be seen from Fig. 5, the turn-off time (7o) is short-
ened by 60%, from 250 ns for the conventional TFS-IGBT to
100 ns for the proposed SJ TFS-IGBT, so its turn-off loss is
much lower. A lower turn-off loss is attributed to an optimized
carrier distribution, as illustrated in Figs. 6 and 7. Holes dis-
tribute more near the cathode and less near the anode, while
electrons distribute more in the whole region compared with
the conventional TFS-IGBT, which is called anode and cath-
ode engineering in Refs. [13—15]. As reported in the literature,
this structure betterments turn-off characteristic sharply while
not degenerating the on-state voltage drop.

In order to understand the SJ TFS-IGBT’s turn-off behav-
ior in depth, different concentrations of the P-anode were sim-
ulated while keeping the other parameters unchanged. The re-
sults are plotted in Fig. 8. From this we draw the conclusion that

Fig. 5. Turn-off characteristics of the conventional TFS-IGBT and
proposed SJ TFS-IGBT (gate resistance Rg = 22 €2, load inductance
Lo =480 H, stray inductance Lg =200 nH, pulse gate voltage Vgs =
15 V, minority carrier lifetime 1,0 = 70 = 1 us and DC bus voltage
Ve = 1200 V).
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Fig. 6. Hole distribution of the conventional TFS-IGBT and the pro-
posed SJ TFS-IGBT.
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Fig. 7. Electron distribution of the conventional TFS-IGBT and the
proposed SJ TFS-IGBT.

the turn-off time is dependent on the P-anode’s concentration:
the higher the P-anode’s concentration, the longer the turn-off
time. The concentration of the P-anode should be strictly con-
trolled, otherwise an unintended result will appear.
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Fig. 8. Influences of the P-anode’s concentration on the turn-off time
of the proposed SJ TFS-IGBT (gate resistance Rg =22 2, load induc-
tance Lo =480 uH, stray inductance Lg =200 nH, pulse gate voltage
Vgs = 15V, minority carrier lifetime 10 = 7,0 = 1 us and DC bus
voltage Vg, = 1200 V).
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Fig. 9. Sensitivity of the BV and VF versus the charge imbalance for
the proposed SJ TFS-IGBT.

3.4. Charge imbalance and design windows

For the SJ, the charge imbalance is an unavoidable and se-
rious problem that has to be mentioned, although the process
technology has been greatly improved. Figure 9 shows the sen-
sitivity of the BV and Vg versus the charge imbalance of the
proposed SJ TFS-IGBT. Figure 10 shows the sensitivity of the
BV and R,y sp versus the charge imbalance of the proposed
SJ TFS-IGBT. Ideally, the highest BV can be obtained when
the charge is balanced. However, when the charge balance
was broken, the breakdown voltage began to decline parabol-
ically from the balanced peak value and the on-state voltage
drop decreased monotonically. A charge imbalance changing
from negative to positive means that the carrier density has in-
creased, so Ron,sp decreases, as Figure 10 shows. The design
windows meeting at least 1200 V BV are illustrated in Figs. 9
and 10. In these design windows, V¢ ranges from 2.15 to 2.3
V, Ron, sp ranges from 0.5 to 0.54 Q-mm? and —8% to 8% for
charge imbalance, which is in the control of the process tech-
nology.

Fig. 10. Sensitivity of the BV and R, sp versus the charge imbalance
for the proposed SJ TFS-IGBT.

4. Conclusion

A novel TFS-IGBT with a SJ floating layer between the
N-buffer and N-drift is demonstrated to improve the trade-
off between V¢ and E . An optimized carrier distribution is
achieved by the introduction of the SJ floating layer, so a lower
E s is obtained in the off-state while not deteriorating V¢ in
the on-state. The thickness and concentration of the SJ floating
layer have great influence over the overall performance of the
SJ TFS-IGBT; an optimal SJ TFS-IGBT is achieved by chang-
ing these parameters. Simulation results show that the SJ TFS-
IGBT exhibitsa BV of 1372V, Vg of 2.2 V and T,¢ of 100 ns,
compared with the conventional TFS-IGBT BV, which is en-
hanced by 100 V, and where Vf is decreased by 0.33 V and To¢r
is shortened by 60%. The excellent device performances make
the proposed SJ TFS-IGBT a promising candidate for power
electronic applications.
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