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This paper proposes a novel super junction (SJ) SiGe switching power diode which has a columnar structure of

alternating p~ and n~ doped pillar substituting conventional n~ base region and has far thinner strained SiGe p*

layer to overcome the drawbacks of existing Si switching power diode. The SJ SiGe diode can achieve low specific

on-resistance, high breakdown voltages and fast switching speed. The results indicate that the forward voltage drop

of SJ SiGe diode is much lower than that of conventional Si power diode when the operating current densities do not

exceed 1000 A/cm?, which is very good for getting lower operating loss. The forward voltage drop of the Si diode is
0.66V whereas that of the SJ SiGe diode is only 0.52V at operating current density of 10 A/cm?. The breakdown
voltages are 203V for the former and 235V for the latter. Compared with the conventional Si power diode, the reverse

recovery time of SJ SiGe diode with 20 per cent Ge content is shortened by above a half and the peak reverse current

is reduced by over 15%. The SJ SiGe diode can remarkably improve the characteristics of power diode by combining

the merits of both SJ structure and SiGe material.
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1. Introduction

The power semiconductor industry has grown
steadily in the past decade from $2.7 billion in 1992 to
over $11 billion in 2001 due to the rapid proliferation
of power electronics in many fields like telecommunica-
tions, computers, consumer, transportation, utilities,
industrial and other energy conversion applications.!"!
The increasing application requires power devices to
have higher performance. Therefore, improving the
trade-off between the breakdown voltage, forward
voltage drop and switching time should be impor-
tantly taken into consideration in the power device
design.

For the widely used power diode at present, the
performance of state-of-the-art Si p-i-n diode is now
approaching the theoretical limits.[? Currently avail-
able alternatives to Si p-i-n diodes all have their dis-
advantages. Although the performance of silicon car-
bon (SiC) power diodes is demonstrated to be supe-
rior to Si diodes,3~9 the use of wide-band gap ma-
terials is cost-prohibitive and they cannot be inte-
grated with the silicon process. With the widespread

use of silicon germanium (SiGe) material, the shallow
SiGe/Si hetero-junction becomes an important con-
stituent. The SiGe power devices have been gradually

[7-11] and we have done

assuming great importance
much work on the reach of SiGe fast switching power
diodes.[12-14] Recently, a new device concept called
the super junction (SJ) device is gaining more and
more attention.[!>=20 This concept pushes the power
MOSFETs utility in higher breakdown voltage (BV)
and high wattage (lower on state resistance Ry ) appli-
cations by breaking the so-called silicon limit (R, =
BV?22).[21 By combining the merits of both SJ struc-
ture and SiGe material, a novel SJ SiGe power diode
which has a columnar structure of alternating p~ and
n~ doped pillar in the base region and has far thin-
ner strained SiGe p* layer is proposed. The SJ SiGe
diode shares many similarities with the SJ MOSFET.

2. Device structure

The schematic cross-section of the conventional
SiGe diode is shown in Fig.1(b), which is analogous
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with that of conventional Si p*n~n™ diode (Fig.1(a))
except that the former diode has far thinner strained
SiGe p' region whose thickness is about 20-50nm.
Compared with the conventional SiGe diode, the n™
base region of SJ SiGe diode is substituted by a colum-
nar structure of alternating p~ and n~ doped pillars
(as shown in Fig.1(c)). These pillars extend across the
n~ base region from anode to cathode. The height of
these pillars coincides with the thickness of the n~
base region. In a SJ power device, widths and dop-
ing concentrations of both pillars are usually designed
to have exactly the same values and can be changed
with the requirement of sustaining the reverse block-
ing voltage.
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Fig.1. The schematic cross-section of Si ptn—n™ diode
(a), conventional SiGe diode (b) and SJ SiGe diode (c).

In the following, we present numerical simulation
results obtained with the MEDICI software release
4.1.221 In order to achieve realistic results, several
important material parameters used in MEDICI such
as energy bandgap and mobility are adjusted to ob-
tain the closest agreement with the published material
data of SiGe. SJ power structures present a challenge
with respect to numerical grid generation: a large por-
tion of the n™ base of conventional power devices can
be represented by using comparatively coarse grids in
both z- and y-directions. The SJ of a SJ structure
requires narrow grids in the vertical (from cathode to
anode) as well as in the horizontal (perpendicular to
the SJ) directions. A numerically feasible grid for a
SJ SiGe diode may have ten times the number of grid
points as a comparable Si ptn~n™ diode grid. In this
paper, all diodes are assumed to have the same base re-
gion thickness of 10 pm so as to compare conveniently,
homogeneous doping concentration in both p~ and n™
doped pillars of SJ diodes is at 1x10'® cm ™3 and both
pillars have a width of 6 um. The thickness of strained
SiGe p* region is 50nm and the Ge content is 20%.

Conventional SiGe diodes are formed by epitaxial
growth on Si crystal substrate. First a thick (~10 pm)
n~ silicon layer is grown. It is sufficient to support
the required reverse breakdown voltage. Then, a thin
(~50nm) strained SiGe layers, as a heavily doped p™
region, is grown. The SJ structure can be imple-
mented with only one additional mask. Lateral diffu-
sion of p-pillar in the n™ base region can be controlled

precisely by boron implantation.

3. Results and analysis

Figure 2 shows the comparison of the forward con-
duction characteristics among Si p*n~n™ diode, SiGe
diode and SJ SiGe diode.
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Fig.2. Forward conduction characteristics comparison of
Si ptn~nt diode, SiGe diode and SJ SiGe diode.

It can be seen that the forward voltage drop of
SiGe diode and SJ SiGe diode is much lower than that
of Si ptn~n* diode when the operating current den-
sities do not exceed 1000 A/cm?, which is very good
for getting lower operating loss. The forward voltage
drop of the former two diodes is only 0.52V whereas
that of Si diode is 0.66 V at operating current density
of 10A/cm?. For pT(SiGe)/n~(Si) hetero-junction,
there are discontinuities in the conduction band (AE,)
and valance band (AE,), but the majority of discon-
tinuities occur in valence bands (Fig.3), it will pro-
duce an additional barrier for holes diffusing from p*
(SiGe) layer to n~ region.

Therefore the current density of SiGe power
diodes is determined by the diffusion current of elec-
trons in the p*(SiGe) layer and the hole current can
be ignored. The SJ SiGe diode doping profile and
the corresponding injected charge distribution with
the forward current density in the p~ doped pillar is
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provided in Fig.4. With the increase of current den-
sity, the injected carrier density also increases and ul-
timately exceeds the relatively low background doping
of p~ doped pillar.

The blocking capability is effectively improved for
SJ SiGe diode, as illustrated in Fig.5. Compared with
conventional SiGe diode and Si pT™n~n™ diode, the
SJ SiGe diode can obtain higher blocking voltage. As
shown in Fig.5, the blocking voltage of SJ diode is
235.5V whereas that of the other two diodes is only
203.5V. Due to introducing the columnar structure
of alternating p~ and n~ doped pillar in the n~ base
region, there is a lateral depleted SJ region and per-
fect compensation of the charges in the pillars which
That is, the SJ
diode thickness required for a given blocking voltage

results in higher blocking voltage.

is smaller than that of conventional Si and SiGe diodes
which is very good for getting lower forward voltage
drop and faster switching speed.
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Fig.3. The equilibrium band diagram of pT(SiGe)-n~
(Si) hetero-junction.
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Fig.4. SJ SiGe diode doping profile and the corresponding injected charge distribution with the forward current
density.
_8 The electric field profile is almost flat through-
out the SJ region. This is in contrast to the triangu-
c’lv_‘ 6 lar or trapezoidal shape of the electric field in block-
g ing punch and non-punch through conventional diode.
< 4 Figure 6 shows distributions of electric field lines in a
E —=— Si diode SJ SiGe diode and a conventional Si diode. The re-
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Fig.5. Reverse blocking characteristics comparison of Si
pTn—n?t diode, SiGe diode and SJ SiGe diode.

Figure 7 shows the doping profile (Cq) and elec-
tron, hole density distributions (C,, C}) in n pillar
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Fig.6. Distributions of electric field lines in a blocking SJ SiGe diode (a) and Si ptn~n™ diode (b).

of SJ SiGe diode during reverse block period at dif-
ferent reverse-bias voltage. It can be seen that the
carriers in n pillar are depleted primarily on the nt-
side and the depletion region quickly expands toward

lg (Cq,Ce, Cp)/cm™3

0 2 4 6 8 10 12

ki

g e
=

)

S

S

o0

o 2 4 6 8 10 12

Thickness/pum

pt-side. When the device is broken down, both car-
rier density increases abruptly and ultimately exceeds
the low background doping concentration (Fig.7(d)).
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Fig.7. Doping profile(Cq) and electron, hole density distributions (Ce, Cp) in n pillar of SJ SiGe diode during
reverse block period at 0 V(a), 10.8 V(b), 50.6 V(c) and 233.5 V(breakdown) (d).

The test circuit for a diode from forward to re-
versed bias is shown in Fig.8.

These carriers injected from the anode and cath-
ode regions during forward conduction must be re-
moved from the base region to sustain the reverse
blocking voltage. The removal of the carriers occurs
by both the flow of reverse current out of the anode

prior to the establishment of a junction depletion layer

and by the recombination of the free carriers. Using

charge control analysis
dQ(t)

T:J(t)—a» (1)

where Q(t) is the stored charge per unit area in the
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Fig.8. Circuit used to emulate diode switching.

power diode due to on-state current flow, 7qp, is the
high-level lifetime. The reverse recovery time t,. is
determined by relating the charge removed during the
reverse recovery process to the initial stored charge

with the middle region. It can be obtained as follows:

1
EJPRtrr = Qs = qn*2d = JpTaL, (2)
Ji
trr = 27'HLiFv (3)
JpR

where Jppg is the peak reverse recovery current density,
Qs the initial stored charge, n* is the average carrier
concentration in the base region, d is the half thick-
ness of base region, Jg is the operating current den-
sity. For pt (SiGe)/n™ (Si) hetero-junction, the ma-
jority of band discontinuities occur in valence bands
(AE. < AE,) (Fig.3), it will produce an additional
barrier for holes diffusing from p™ (SiGe) layer to n™
region. Therefore, there is less stored charge Qg for
the SiGe diodes than the Si diodes at the given for-
ward current density, which is very good for gaining
shorter reverse recovery time.

In addition, owing to the columnar structure of
alternating p~ and n~ doped pillar in the base region
of SJ SiGe diode, the recombination process of carriers
becomes acute which results in shorter reverse recov-
ery time (Figs.9 and 10). Also it can be seen that the
peak reverse current is decreased which is very useful
for the fast switch diode. Compared with conventional
Si diode, the reverse recovery time of SJ SiGe diode
with 20 per cent Ge content is shortened by above a
half and the peak reverse current are reduced by over
15%. However, the soft recovery characteristics are
degenerated for the SJ SiGe diode at the same time

of getting shorter recovery time. We can add bottom
assist layer in the base region of the SJ constituting
the so called semi-super junction(23=25! to improve the
soft recovery characteristics.
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Fig.9. Comparison of reverse recovery currents character-

istics among Si ptn~n™T diode, SiGe diode and SJ SiGe
diode.
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Fig.10. The current vectors in a SJ SiGe diode for the
transition from forward bias to reverse bias.

4. Conclusions

The novel SJ SiGe power diode can improve no-
tably characteristics of the power diode by combining
both merits of SJ structure and SiGe material. The
SJ structure is introduced by the columnar structure
of alternating p~ and n~ doped pillar in the base re-
gion. Compared with conventional Si p™n~n™ diode,
the forward voltage drop of SJ SiGe diode is much
lower when the operating current densities do not ex-
ceed 1000 A /cm?, the breakdown voltages is increased
by almost 20% and the reverse recovery time of SJ
SiGe diode with 20 per cent Ge content is shortened
by above a half and the peak reverse current is re-
duced by over 15%. Thus the SJ SiGe diode can be
operated at high-power fast switching and low losses
applications especially in power integrated circuits.
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