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Abstract: The anode injection efficiency reduction of 3.3-kV-class non-punch-through insulated-gate bipolar tran-
sistors (NPT-IGBTs) due to backside processes is experimentally studied through comparing the forward blocking
capabilities of the experiments and the theoretical breakdown model in this paper. Wafer lifetimes are measured
by a u-PCD method, and well designed NPT-IGBTs with a final wafer thickness of 500 pm are fabricated. The
test results show higher breakdown voltages than the theoretical breakdown model in which anode injection effi-
ciency reduction is not considered. This indicates that anode injection efficiency reduction must be considered in
the breakdown model. Furthermore, the parameters related to anode injection efficiency reduction are estimated
according to the experimental data.
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1. Introduction

Insulated-gate bipolar transistors (IGBTs) have become
the major power switching device in power electronic appli-
cations as they combine both the advantages of field-effect
transistors and those of bipolar junction transistors!l. The
rapid development of high-voltage IGBTs within the 3.3[?]
to 6.5 kV>4l range in recent years has improved the sys-
tem efficiency and led to much simpler drive circuits. To-
day high-voltage IGBT models have been the basic electronic
components of power-conversion systems in railway applica-
tions!>- ¢,

The breakdown model of non-punch-through IGBTs
(NPT-IGBTs), which consists of a wide-open-base p—n—p tran-
sistor driven by an integrated MOSFET, is based on the open-
base p—n—p transistor’~°]. The breakdown voltage of the IGBT
and the common-base current gain are related by a widely used
empirical formulal'®]

Vs = Vio(l —a)/", (1)

where Vpo and o are the breakdown voltage of J1 (shown in
Fig. 1) and the common-base current gain respectively, n = 6
for n-type IGBTSs. We can conclude from Eq. (1) that a decrease
of the common-base current gain results in an increase of the
breakdown voltage. In this paper, the forward blocking capa-
bilities of 3.3-kV-class NPT-IGBTs are studied in detail con-
sidering the anode injection efficiency reduction. The anode
injection efficiency reduction due to backside processes is es-
timated according to experimental results.

2. Theoretical analysis

Considering that the anode injection efficiency of the NPT-
IGBT in the forward blocking mode is decreased by the recom-
bination current in the depletion region of J2, one has!!!]

sech(xn//DpTp)
o= : 2
l+n+34
where 1 = Jgn/Jap, 8 = Ji/J4p, Dp and 7, are the diffusion co-
efficient for holes and the minority carrier lifetime of the base
respectively, p and Ry are the resistivity of the N-drift region
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Fig. 1. Schematic cross-sectional view and electric field distribution
of the NPT-IGBT during forward blocking mode.
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Fig. 2. Graphic illustration of the relation of the breakdown voltage
(VB) and common-base current gain («). Three kinds of situations,
i.e., the punch-through breakdown voltage (Vpr) is equal to, larger
and smaller than the avalanche breakdown voltage of J1 (Vpy), are
shown in (a). Vpr is supposed to be smaller than V¢ for simplicity in

(b).

and the sheet resistivity of the P-collector respectively; and x,
is the width of the neutral base satisfying W = x; +Wp+x,+
X4 + x with the symbols wherein being illustrated in Fig. 1.
The width of the depletion region of J1 (Wp) is a function of
Vg and satisfies g Np Wp?2/(28s) = Vg, where Np is the doping
concentration of the N-drift.

It is worth noting that the backside junction (J2) is a one-
sided abrupt junction. The majority of the depletion region is
inside the lightly doped N-drift side. When J2 is slightly for-
ward biased during the forward blocking mode, the width of
the depletion region is in the 3—6 um range .

As shown in Refs. [12, 13], the lifetimes near the backside
collector are locally reduced by the backside processes, and
therefore the anode injection efficiency can be reduced. The
direct consequence of the anode injection efficiency reduction
is the increase in the breakdown voltage.

It is worth noticing that both ot and y vary with the width
of the neutral N-drift region, x,, which is a function of 5. So
V3 is implicitly determined by Egs. (1) and (2), both of which
are graphically illustrated by clusters of curves in Fig. 2. The
breakdown points are represented by the cross points of the
two clusters of curves. The three curves in Fig. 2(a) denoted
by A, B, and C correspond to the three different relations of
avalanche breakdown voltage (V) and punch-through break-
down voltage (Vpr). As illustrated in Fig. 2(b), x,, approaches 0
and o approaches 1/(14-§) which is usually smaller than unity
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Fig. 3. Lifetime distribution of the 6-inch 700-um-thick wafer.

while Vg approaches the punch-through breakdown voltage
(Vpr). And one can conclude that the increase of § leads to the
increase of the breakdown voltage.

3. Experiments and discussions

IGBT chips with a final wafer thickness of 500 um
are designed and fabricated. The resistivity of the (100)-
oriented starting material doped by neutron transmutation is
195-199 Q-cm. The lifetimes, shown in Fig. 3, are tested by
the «-PCD method. The tested values are between 28.8 and
1373 us, and the average and median are 324.08 and 181.15 us
respectively.

The laser mark is followed by edge termination implanta-
tion with a dosage of 3—3.8 x 10'2 cm™2. After active etching,
a low dosage of phosphorus implantation of the order of 1 x
10'2 cm~2 was selectively carried out by the splitting plan be-
fore 100 nm gate oxides were grown. A high dosage of boron
implantation followed the Ohm contact etching, for better Ohm
contact of the P-base and aluminum. Front side processing is
completed with cathode metallization and passivation. After
the topside processes, wafers were ground to a thickness of
500 um. P*-collectors with a sheet resistivity of 4.7 k2 are
then formed by Boron implantation followed by 30-min low
temperature annealing!'4.

The breakdown voltages of the fabricated IGBTs with PT-
collector sheet resistivity of 4.7 k2 are in the 3.7 to 3.8 kV
range with typical breakdown curves shown in Fig. 4. The
blocking capabilities of the analytical model and the simula-
tions are shown in Fig. 5. The P™-collector sheet resistivity of
the IGBTs used in the analytical calculation and the simula-
tions is set to be 4.7 k2. The anode injection efficiency reduc-
tion due to the recombination current of the depletion region of
the backside junction (J2) at low current density is not consid-
ered (i.e. § = 0). The results of the analytical model show good
agreement with those of the simulations, according to which
the experimental breakdown voltages should be in the 3.5 to
3.65 kV range. However, as is shown, the test breakdown volt-
ages are much higher. This, combined with the relation of the
breakdown voltages and the parameter § (shown in Fig. 6), in-
dicates that anode injection efficiency reduction must be con-
sidered in the breakdown model. It is worth pointing out that
the small deviation of experimental breakdown voltages is the
result of anode injection efficiency reduction.

The values of § are estimated in detail by analytical for-
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Fig. 4. Typical breakdown curves of (a) 3.7 kV and (b) 3.8 kV NTT-
IGBTs with a PT-collector sheet resistivity of 4.7 k<.
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Fig. 5. Comparison of the blocking capabilities of experiments, ana-
Iytical model, and simulations. The P -collector sheet resistivity of
the IGBTs used in the simulation and analytical calculation is set to
be 4.7 k2. The anode injection efficiency reduction is not considered
(i.e. 6§ = 0).

mulas according to the experimental results and are shown in
Fig. 7. The curves rise with the increase of lifetime and show
plateaus in the 30 to 1000 us range. The details of the para-
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Fig. 6. Relation of breakdown voltage and parameter 8.
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Fig. 7. Dependencies of § on 7, with a P+ -collector sheet resistivity
of 4.7 k2.

Table 1. Details of the estimation of §.

Parameter Value

Np 22 x 1013 ¢m™3
o 195 Q-cm

w 500 um

Ryq 4.7k/0
VBo 5.3kV
VB(Avg.) 3.76 kV

Xn 27.2 pm

) 28.8-1373 us
oT > 0.976

8 0.09-0.1

meters used in the estimation are shown in Table 1. It is im-
portant to notice that the breakdown voltage with PT-collector
sheet resistivity 4.7 k2 in Table 1 is the average of more than
40 test values.

4. Conclusions

The anode injection efficiency reduction of 3.3-kV-class
NPT-IGBTs which is a result of backside processes is exper-
imentally studied in detail. The wafer lifetimes measured by
the ©-PCD method are in the 28.8 to 1373 us range. IGBTs
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with a final wafer thickness of 500 wm and P+ -collector sheet
resistivity of 4.7 k2 are fabricated and tested. The values of
§ estimated according to the experimental data are in the 0.09
to 0.1 range. The test results show higher breakdown voltages
than the theoretical breakdown model in which the backside
processes induced anode injection efficiency reduction are not
considered. We conclude that anode injection efficiency reduc-
tion must be considered in the breakdown model of 3.3-kV-
class NPT-IGBTs.
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