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A new short-anoded IGBT with high emission efficiency�
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Abstract: A novel short-anoded insulated-gate bipolar transistor (SA-IGBT) with double emitters is proposed. At
the on-state, the new structure shows extraordinarily high emission efficiency. Moreover, with a short-contacted
anode, it further enhances the hole emission efficiency because of the crowding of the electrons. The forward
voltage drop VF of this structure is 1.74 V at a current density 100 of A/cm2. Compared to the conventional NPT
IGBT (1.94 V), segment-anode IGBT (SA-NPN 2.1 V), and conventional SA-IGBT (2.33 V), VF decreased by
10%, 17% and 30%, respectively. Furthermore, no NDR has been detected comparing to the SA-IGBT. At the off-
state, there is a channel for extracting excessive carriers in the drift region. The turn-off loss Eoff of this proposed
structure is 8.64 mJ/cm2. Compared to the conventional NPT IGBT (15.3 mJ/cm2/, SA-NPN IGBT (12.8 mJ/cm2/,
and SA-IGBT (12.1 mJ/cm2/, Eoff decreased by 43.7%, 32% and 28%, respectively.
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1. Introduction

The insulated-gate bipolar transistor (IGBT) is a promising
power semiconductor device due to its unique combination of
voltage control in MOS devices and conductivity modulation
in bipolar devices, which makes it very favorable for medium
voltage power applicationsŒ1�4�. At the on-state, as compared
to the unipolar transistor, many holes are injected in the drift
region; this significantly reduces the forward voltage drop VF
of the IGBT. However, at the off-state, there is no channel for
extracting the excessive carriers, so it significantly increases
the turn-off loss Eoff. Consequently, many methods such as the
transparent anodeŒ5�, striped anodeŒ6�, DG-IGBTŒ7� and short-
anoded IGBT (SA-IGBT)Œ8� have been adopted to solve this
problem by optimizing the anode; so-called anode engineer-
ingŒ9�. Obviously, SA-IGBT is the most effective way to ex-
tract the excessive carriers. However, several drawbacks are
observed in the on-state properties. The first is that the VF of
the SA-IGBT is very large because of its lower emission effi-
ciency. Secondly, the device is prone to undesirable snapback
(i.e., the negative differential resistance (NDR) region in the
forward conduction state). When the devices are paralleled,
this deleterious effect can prevent their full turn-on, especially
at low temperature. Subsequently the segment anode structure
(SA-NPN) with a p-base was proposedŒ10�13� for suppressing
the NDR. Even though it has higher emission efficiency than
the SA-IGBT, it is still inferior to the conventional IGBT, and
leads to a higher Eoff.

In this letter, a new SA-IGBT with double emitters and
short-contacted anode is presented to enhance the emission ef-
ficiency at the on-state, and extract the excessive carriers as
the SA-IGBT at the turn-off process, and eventually offer bet-
ter trade-off properties.

2. Structure and mechanism

2.1. Proposed structure

A schematic cross section of the proposed device is illus-
trated in Fig. 1. Compared to the conventional SA-IGBT, a
second anode P2 is introduced above the metal. On one hand
this anode offers a potential barrier to the electrons flowing di-
rectly to the metal and consequently increases the anode resis-
tance and voltage in the unipolar mode. On the other hand, as
illustrated in the equivalent circuit, another transistor P2NP en-
hances hole emission efficiency at the on-state. Moreover, the
double SiO2 layers cause crowding of the electrons near the
anode, and further reduce VF. The narrow channel sandwiched
between the double anodes allows extraction of electrons dur-
ing the turn-off process.

2.2. Theoretical analysis

Equations (1)–(7) show the relationship of the key para-
meters of the proposed devices for initiating hole injection. At
this point, device conduction changes from unipolar to bipolar
mode:
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Fig. 1. (a) Schematic cross section of the proposed IGBT. (b) Its equiv-
alent circuit; the dashed circle is the second anode P2.

Fig. 2. (a) Snapback point. (b) Holding point.

The extent of the NDR regime as illustrated is determined
by the ratio of the drift resistance to the anode resistanceŒ14�.
Figure 2 shows the relationship between the resistance at dif-
ferent modes.
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where Vtotal is the supply voltage; Vp is the anode voltage across
the anode resistance Rp1 and Rp2; Vothers is the voltage across
the Rd and Rch; IMOS is the current flow of the MOS channel;
R� is the sheet resistance along x axis; Lp is the length of the

Table 1. Device specifications.
Parameter Proposed Short-anoded

IGBT
Half-MOS cell dimension,
LM (�m)

15 15

Wafer thickness, D (�m) 160 160
N-drift doping, NB (cm�3/ 7 � 1013 7 � 1013

Anode1 cell length, Lc C La
(�m)

15 60

Anode1 thickness, Da (�m) 1 1
Anode1 doping, NP (cm�3/ 1 � 1018 1 � 1018

Anode1 length, La (�m) 14 55
Contact length, Lc (�m) 1 5
Anode2 length, Lp (�m) 1–10 —
Anode2 depth Dp (�m) 1 —
Anode2 doping NP (cm�3/ 1 � 1018 —
Oxide depth, DOX (�m) 0.1 —
Short anode width Ds (�m) 1 —
Trade off variable Lp Lc/La

second anode; Nd and Ds are the doping density and width of
the narrow electron channel; q is the basic charge; VSB and VH
are the snapback point and holding point respectively; Rd is
the resistance of the drift region; Rp is the sum resistance of
the Rp1 and Rp2. It can be seen that the anode voltage drop Vp
is directly proportional to the second anode length Lp and in
the reverse ratio of Nd and Ds. For �VSB the situation is just
contrary to that for Vp.

For the conventional SA-IGBT, injecting holes depends on
the voltage drop across the N-region under anode P1, where
the N-region usually act as an N-buffer; it is difficult for the
voltage drop to reach 0.7 V to inject holes from P1, and it will
work as a VDMOS. To solve this problem the usual method is
to extend the length of the cell. But for the proposed devices,
we can simply lengthen Lp for increasing anode voltage.

3. Results and discussion

In numerical simulations, the proposed and the conven-
tional NPT, SA-NPN, and SA-IGBT have the same structure
except for the anode. Key parameter values are listed in Table 1.
The thickness and doping concentration of the N-drift region
are 160 �m and 7 � 1013 cm�3 respectively for a blocking ca-
pability of 1200 V. The carrier lifetimes are 1 �s, and the tem-
perature is 25 ıC. In the clamped inductive load (CIL) turn-off
simulations, the devices are turned off at forward conduction
current density 100 A/cm2 and line voltage 600 V.

3.1. On-state

Figure 3 shows the numerical simulated I–V character-
istics and hole density in the drift region of the conventional
NPT, SA-NPN, SA-IGBT, and the proposed IGBT. As seen
from Fig. 3(a), at the same current density 100 A/cm2, the
SA-NPN (2.1 V) and the SA-IGBT (2.33 V) have higher for-
ward voltage drop comparing to the conventional NPT IGBT
(1.94 V) because of their lower anode emission efficiency.
The proposed IGBT, owing to its double emitters and short-
contacted anode, has the lowest forward drop (1.74 V), which
can decrease by almost 10%, 17%, 30% compared to the other
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Fig. 3. (a) Forward conduction characteristics of the conventional NPT, SA-NPN, SA-IGBT and proposed IGBT. The p-base doping for the
SA-NPN is 1 � 1017 cm�3, the ratio of Lc/La for the SA-IGBT is 1 : 11, and the second anode length Lp for the proposed IGBT is 10 �m. (b)
Hole density in the drift region of these devices at cut-line x D 15 �m when the gate voltage Vg D 15 V, anode voltage Vanode D 15 V.

Fig. 4. (a) Dependence of forward conduction characteristics and the length of anode Lp. (b) Dependence of forward conduction characteristics
on temperature for the SA-IGBT and proposed IGBT. �VSB D VSB – VH, VSB is the turn-over voltage of snapback. VH is the holding point.

three devices respectively. Moreover no NDR regime is de-
tected in the I–V characteristics. Figure 3(b) shows the hole
density of these devices in the drift region, which further sup-
ports the highest emission efficiency of the proposed IGBT.

It is worth noting that for the conventional SA-IGBT, if
the ratio Lc/La is small enough, the NDR regime can also be
eliminated, but it needs either longer La or smaller Lc, Both
will slow the speed of electron extraction, leading to higher
turn-off loss.

Figure 4(a) shows the influences of Lp on the snapback, it
can be seen that when Lp D 1 �m, there is almost no NDR,
Moreover, the VF decreases rapidly with the longer Lp. Fig-
ure 4(b) shows the dependence of forward conduction charac-
teristics on temperature for the SA-IGBT and proposed IGBT.
The NDR regime of the SA-IGBT is affected more seriously at
lower temperature, but the proposed device shows no snapback
even at �40 ıC.

3.2. Switching state

At the same forward voltage drop VF D 2.1 V (the forward
current density is 100 A/cm2/, the turn-off current and voltage
waveforms are shown in Fig. 5(a). For the proposed structure,

the electron channel sandwiched between the double anodes
offers a route, as in the conventional SA-IGBT, for extracting
excessive carriers. The SA-NPN IGBT depends on the NPN
transistor to extract the electrons, which is slower than that
of the proposed structure. For the conventional SA-IGBT, al-
though there is a channel for electrons during the turn-off state,
it needs a much bigger cell size to attain the same forward volt-
age drop and suppress the NDR regime. Calculating the turn-
off time from 90% Ic to 10% Ic, the proposed IGBT needs
680 ns to turn off. Compared to those of the conventional NPT
IGBT (1.1 �s), SA-NPN IGBT (820 ns), SA-IGBT (800 ns),
the turn-off time can be decreased by 39%, 17% and 15% re-
spectively. This is attributed to the anode-shortened structure
and small anode cell length (four times smaller than that of the
conventional SA-IGBT). Figure 5(b) shows the carrier density
of the drift region for the three IGBTs at the turn-off process.
It can be seen that the proposed IGBT has the best properties
for extracting the excessive carriers due to the narrow channel
sandwiched between the double emitters.

The trade-off performances between the forward voltage
drop and the turn-off loss are comparatively illustrated in
Fig. 6. It is obvious that the trade-off curve of the proposed
IGBT lies below the others. Ultimately, it achieves the best
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Fig. 5. (a) Turn-off current waveforms and anode voltage waveforms of the conventional NPT IGBT, SA-NPN IGBT, SA-IGBT and the proposed
IGBT under a clamped inductive load. Rg D 10 �, L D 10 �H, line voltage Vc D 600 V; the carrier lifetimes are t D 1 �s, and the temperature
is T D 298 K. (b) The excessive carrier density of the drift region for the three IGBTs at the turn off process when toff D 600 ns, toff D 1 �s,
toff D 2.5 �s.

Fig. 6. The trade-off performances between VF and Eoff obtained by
varying the doping concentrations of the anode for the conventional
NPT IGBT, control of the anode p-base region for the SA-NPN IGBT,
control of the ration of Lc/La for the SA-IGBT, and control of the
length of anode2 Lp for the proposed device.

trade-off properties.

4. Conclusion

A short-anoded IGBT with double emitters and short-
contacted anode has been presented and investigated by nu-
merical simulations. The new structure shows extraordinarily
high emission efficiency and effectively suppresses the NDR
region in forward I–V characteristics. Additionally, the elec-
tron channel is useful for extracting electrons during the turn-
off process. The simulation results show that this structure ex-
hibits the best trade-off properties compared to those of the
conventional NPT IGBT, SA-NPN IGBT and SA-IGBT.
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