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Abstract: A novel structure of ideal ohmic contact p* (SiGeC)-n~ -n" diodes with three-step graded doping con-

centration in the base region is presented,and the changing doping concentration gradient is also optimized. Using

MEDICI, the physical parameter models applicable for SiGeC/Si heterojunction power diodes are given. The simu-

lation results indicate that the diodes with graded doping concentration in the base region not only have the merit

of fast and soft reverse recovery but also double reverse blocking voltage.,and their forward conducting voltage has

dropped to some extent,compared to the diodes with constant doping concentration in the base region. The new

structure achieves a good trade-off in Qs-V;-I,,and its combination of properties is superior to ideal ohmic con-

tact diodes and conventional diodes.
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1 Introduction

Conventional Si p-i-n diodes cannot realize a
good trade-off in stored charge (Q,), forward
voltage (V;).and reverse leakage (I,)"" because
of the limitation of silicon material. In order to
meet the demands of high frequency power elec-
tronic circuits for power diodes with low forward
voltage, high breakdown voltage, low reverse
leakage current,and soft recovery characteristics,
new semiconductor materials have been applied to
the improvement of performance of power di-
odes,and several novel p* (SiGe)-n -n" and p’
(SiGeC)-n -n" heterojunction power diodes have
been given by our research group™ . New device
structures have also been introduced. For exam-
ple. our research group has proposed an ideal
ohmic contact power diode to improve the reverse
recovery characteristics of the device®' ,but at the
cost of reverse breakdown voltage and forward
characteristics. For improving the characteristics
of ideal ohmic contact diodes,a novel ideal ohmic
contact p " (SiGeC)-n" -n" power diode with three-
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step graded doping concentration in the base re-
gion is presented in this paper.

The new structure is achieved by introducing
a three-step graded doping concentration in the
base region of ideal ohmic contact diodes, which
reduces the negative effect of the p* region in the
vicinity of the cathode on the forward character-
istic and reverse breakdown characteristic. Com-
pared to ideal ohmic contact diodes, the new
structure not only has the merit of fast and soft
reverse recovery, but also doubles the reverse
blocking voltage. And its forward conducting volt-
age has dropped to some extent. Thus the new ide-
al ohmic contact p* (SiGeC)-n -n" heterojunc-
tion power diodes achieve a good trade-off in Q,-
Vi-1,.

2 Device structure and process

The new structure, shown in Fig.1(a),is a-
chieved by introducing a three-step graded doping
concentration in the base region of the ideal ohm-
ic contact diode whose structure is shown in Fig.1
(b). The doping concentration in the base of the
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%, and

ideal ohmic contact diodes is 1.0 X 10" ¢cm”~
the three-step graded doping concentration (N, -
N:-N3) increases in the base region from the p”
boundary to the n* boundary. The structure of
conventional p* (SiGeC)-n -n”
power diodes is also given in Fig.1(c).

heterojunction
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Fig.1 Comparison of three kinds of p* (SiGeC)-n" -
n~ heterojunction power diodes (a) Ideal ohmic con-
tact diode with three-step graded doping concentration
in n~ region;(b) Ideal ohmic contact diode; (¢) Con-
ventional diode

The structure of conventional p* (SiGeC)-
n -n" diodes is similar to that of p* (SiGe)-n" -
n" diodes except that the p* (SiGeC) layer thick-
ness in the former diodes has more flexibility,
which can be changed from tens of nanometers to
hundreds of nanometers, while the p* (SiGe) lay-
er thickness in the latter diodes must be less than
50nm. The reason is that the 4.2% lattice mis-

match between Si and Ge imposes several restric-
tions on the device’s structure, limiting the appli-
cation only to low Ge fractions,thin active layers,
and relatively lower process temperature win-
dows. By incorporating smaller-sized carbon atoms
substitutionally into a SiGe system, it becomes
possible to reduce the strain within the SiGeC sys-
tem and to increase the critical thickness.

Ideal ohmic contact p* (SiGeC)-n" -n" diodes
arc achieved by using a “universal contact”,which
has an alternate p*-n" mosaic layer on a cathode
interface and acts as an ideal ohmic contact for e-
lectrons and holes simultaneously, while the n -
n' interface of the conventional ohmic contact di-
odes forms an ohmic contact just for majority car-
riers (electrons in this case). This contact allows
the transport of electrons across the interface,and
an electric field is created due to the carrier con-
centration gradient. Owing to the influence of the
electric field, the minority carriers (holes in this
case) approaching the interface turn back from
the interface. Therefore, the conventional ohmic
contact cannot achieve fast turn-off because the
carriers would be trapped in the n~ region, while
the ideal ohmic contact can remarkably decrease
the reverse recovery time and the leakage cur-
rent. Unfortunately, the ideal ohmic contact di-
odes can improve the reverse recovery character-
istic, but only at the sacrifice of reverse break-
down voltage and forward conduction characteris-
tics. For forward bias, the n™ -p” junction at the
cathode is on the reverse bias, which reduces the
conduction modulation effect and induces the de-
terioration of the forward conduction characteris-
tic. For reverse bias,the existence of the p” region
at the cathode is equivalent to introducing a para-
sitic pnp transistor, which reduces the reverse
blocking voltage of the devices remarkably.

The new structure improves the reverse bloc-
king and forward conduction characteristics using
the built-in field resulting from the graded con-
centration in the n~ region. Furthermore, the im-
provement of the novel type of diodes is achieved
by adding carbon atoms to the SiGe system, which
was presented in Ref. [4]. In theory, the strain
within the SiGeC alloys system can be compensa-
ted completely by altering the Ge/C ratio. Actual-
ly,it is impossible to make all the carbon atoms go
into the substitution sites for a SiGeC system with
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carbon content greater than 1% ,under all kinds
of processing conditions compatible with Si®*®'.
That is,the SiGeC epitaxial layer would be deteri-
orated quickly due to misfit dislocations, defects,
and Si-C precipitates when the carbon content is
more than 1% . Thus, the carbon content is
strictly limited to 1% in the novel p* (SiGeC)-n " -
n" diodes presented in this paper.

The bonding technique is applied to form the
diode. The substrate is n-type Si(100) with a do-
ping concentration of 1.0 X 10 cm ™. An n~ sili-
con epitaxial layer of 3pym (0.5 X 10" cm™?) is
grown,followed by the thin (~30nm) SiGeC lay-
ers,in which a heavily doped p* region is grown.
The SiGeC layers are deposited with an ultrahigh
vacuum chemical vapor deposition (UHV/CVD)
system to achieve precise control of the Ge,C and
B profiles® . Subsequently an n~ silicon epitaxial
layer of 5pm (1.5X10%cm™*) is grown on anoth-
er substrate of the same kind. The alternating p”* -
n’ mosaic layer on the cathode interface is
formed by selective diffusion. Then the two sub-
strates are bonded to support the required reverse
breakdown voltage. The Ti/Au-contacts are iden-
tified to be ohmic and to have a linear current-
voltage characteristic.

3 Model

In order to achieve realistic results, based on
MEDICI,several important physical models appli-
cable for SiGeC/ Si power diodes are given.

3.1 Band gap

The band offsets for SiGeC alloys strained on
Si have been calculated by considering hydrostatic
strain (AE,) and uniaxial strain (AE,) as well as
the intrinsic chemical effect of Ge and C (AE,),
which agree well with the available experiment
results. The total change in a band is expressed
ast
AE = AE, + AE, + AE, @b
Considering all the contributions, the band
offsets for ternary SiGeC alloys with Ge and C
contents limited to 50% and 3% ,respectively,are
finally given by

AE, — AEy,, < x/8.2

AE, = ad hh y<x/ (2)
AEAE_AElh’ y>x/8.2

AE. = min(AE ,AE ) (3)

AE, = max(AE, ,AE) 4
where
AE,(x,y) = 0.67x — (6.5 +0.6x)y
AE(x,y) =—(0.89 +0.94x)y
AE,(x,y) = 0.74x — (3.37 + 0.56x)y —
(20.9 + 0.18x) y*
AE(x,y) = Py(x) + P (x)y +
P,(x)y* + Py (x)y?
P,(x) = 0.46x + 0. 4x" — 0. 4x*
P, (x) =—1(0.212 4+ 17. 1x + 202. 2x* +
245.6x%) X (1 —4.6x + 117.5x*)"

P,(x) = (26.8 + 2228x — 7349x* — 8594x°) X
(1 +22.1x —220.3x% + 1241x*)7*
P,(x)=(—668.7 —4.04 X 10'x + 3.2 X 10° x* —

3.75 X 107 x*) (1 + 19. 8x — 200x” + 929x*)"!

3.2 Mobility

The carrier mobility can be expressed as a
function of the effective mass m ~ and the scatter-
ing time r:

©w=qr/m” (5

The scattering time ¢ is a parameter that

presents all scattering mechanisms at carrier expe-
riences.

/= >1/z (6)
Therefore, the mobility is dominated by the
scattering mechanism with the smallest time con-
stant.
On the basis of the analysis mentioned above
and the experimental data™' of Osten et al.,we
present the expression of carrier mobility as

P — HMp.max — fp.min
’ l+(]\ltolal/]\/t/))}3

+#p_min (7)

where N is the doping content, . min = 49. 7 X (1
+30x* =17y = 900y*)em®/(V « $),8=0. 7+ 1y max
=480cm?/(V *s), N, =1.61X10"cm *,and

— Mn.max — Mn.min (1 + a,x +
T T (N /N 1

a>x* + a;x*) + o min (8)
where N, is also the doping content,a=0. 625,
Ny =1.1 X (1 + 14.15x) X 10" em™*, propin =
175c¢cm®/(V « s),a, = —3.02,a, = —7.08, a; =
53. 08,and s max = 1350cm®/(V « s).
Furthermore,in order to achieve realistic re-
sults,some other physical effects,such as bandgap
narrowing and high-field saturation,are also con-
sidered in the simulation.
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4 Simulation results and analysis

As shown in Fig.2,the reverse blocking volt-
age of the ideal ohmic contact p* (SiGeC)-n" -n”
diodes with three-step graded doping concentra-
tion in the base region almost doubles, and their
hard breakdown characteristics become more no-
table,compared to that of the ideal ohmic contact
diodes. We know that there is a parasitic pnp
transistor in the ideal ohmic contact diodes resul-
ting from the introduction of the ideal ohmic con-
tact structure. Thus the reverse blocking voltage
of the ideal ohmic contact diodes is restricted by
the original p-i-n diodes and the parasitic pnp
transistor,and determined by the latter,whose re-
verse blocking voltage is lower. The n~ region do-
ping concentration near the cathode p'-n~ junc-
tion in the new structure increases from 1. 0 X 10"
to 1. 5X10%cm™?, which raises the electron poten-
tial of this region. For this, the common-base en-
largement factor (ar) of the pnp transistor de-
creases. According to Eq. (9), the breakdown vol
tage of the transistor increases. Thus, the reverse
blocking voltage of the ideal ohmic contact diodes
with three-step graded doping concentration in
the base region almost doubles compared to that
of the ideal ohmic contact diodes.

— 1/k
V(BR)CEO - (1 - aF) V(BR)CB() (9)
—&— Gradual changing doped-ohmic-diode
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Fig.2 Comparison of the reverse I-V characteristics
for three kinds of p* (SiGeC)-n™ -n" heterojunction
power diodes

It also can be seen from Fig. 2 that the re-
verse leakage current of the new structure is nota-
bly lower than that of the conventional diodes.
This is achieved by introducing an alternating p” -

n’ mosaic layer on the cathode interface. For re-
verse bias, some holes are injected into the base
region from the p* region in the cathode,and the
generation rate of electron-holes in the space-
charge region is reduced by those injected holes.
Because of this, the source of the reverse leakage
of the new structure is depressed. Therefore, the
reverse leakage current of the conventional diodes
is higher than that of the new diodes and the ideal
ohmic contact diodes.

Figure 3 shows a comparison of the forward
I-V characteristics of three kinds of diodes. It can
be seen that the forward current density of the
new structure increases to some extent,compared
to that of the ideal ohmic contact diodes. The rea-
son is that the n~ region doping concentration
near the anode p*-n~ junction of the new struc-
ture decreases and the electron potential also
falls, which weakens the inhibition of the conduc-
tion modulation effect resulting from the intro-
duction of the ideal ohmic contact structure and
increases the electronic density of forward con-
duction. Therefore,the forward current density of
the new structure increases to some extent with
the introduction of three-step graded doping con-
centration in the base region.

5+
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=) —a— Constant doped-ohmic-diode
- F —+— Conventional-diode
3F
_5 1 1 1 1 1 1 |
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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Fig.3 Comparison of the forward I-V characteristics
for three kinds of p* (SiGeC)-n™ -n" heterojunction
power diodes

The reverse recovery time of the new struc-
ture decreases, the soft factor increases, and the
reverse recovery peak current also decreases to
some extent,as shown in Fig.4,compared to that
of the ideal ohmic contact diodes.

For forward bias,a large number of excessive
charges are stored in the n~ region because of the
conduction modulation effect. For reverse bias,
those stored charges will vanish by flowing away
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Fig.4 Comparison of the reverse recovery character-
istics for three kinds of p* (SiGeC)-n~ -n" heterojunc-
tion power diodes

or recombining in the n~ region. When introdu-
cing three-step graded doping concentration in the
base region, there will be a built-in field, which
speeds the process of carriers swept from the base
region. Furthermore, compared to the constant
doping diodes, the doping concentration near the
p’-n" junction at the anode for three-step graded
doping diodes is slightly lower, which contributes
to the acceleration of the process of the space-
charge region’s development at the p*-n~ junc-
tion to support a part of the reverse bias voltage.
Thus, the storing time t, is shortened to some ex-
tent. On the other hand,there are still relative ex-
cessive stored charges in the middle n~ region and
near the n™ -n* junction, which is not swept out
rapidly. Therefore, the falling time ¢y is almost
not affected by the introduction of three-step gra-
ded doping concentration,and the novel structure
can achieve a faster and softer reverse recovery
characteristic.

5 Optimization of concentration gra-
dient in the base region

The concentration gradient in the base region
is an important parameter for the novel structure.
and it can be optimized to obtain better device
characteristics. Take a three-step graded doping
concentration in the base region for example: The
three-step doping concentration ( N;-N,-N;) in-
creases from the p* boundary to the n” boundary.
The graded doping concentrations are (0.5~1.0
~1.5)X10%ecm °,(0.2~1.0~1.5) X 10%cm 2,
(0.5~1.2~1.5)X10%cm *,(0.5~1.0~4.0) X
10”cm ™ ? from the p' boundary to the n* bounda-
ry,respectively.

The reverse blocking voltage of the new
structure is sensitive to the concentration gradient
in the base region,as shown in Fig. 5. The lower
the N, region concentration or the higher the N,
region concentration, the better the reverse bloc-
king characteristics of the new structure is. That
is, the greater the concentration gradient in the
base region, the higher blocking voltage the new
structure has.

s
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Fig.5 Comparison of the reverse I-V characteristics
for p* (SiGeC)-n" -n”~ diodes with different concen-
tration gradients in the base region

It can be seen from Fig. 6 that the forward
current density of the new structure improves to
some extent, with the increasing of concentration
gradient in the base region. Thus the reverse bloc-
king characteristics and the forward I-V charac-
teristics of the new structure are improved when
the concentration gradient in the base region is
enhanced. However, the reverse recovery charac-
teristic of the new structure,as shown in Fig.7,is
better for a more uniform concentration gradient
in the base when the doping concentrations of the
N, region and N; region are confirmed,which in-
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Fig.6 Comparison of the forward I-V characteristics
for p* (SiGeC)-n" -n" diodes with different concen-
tration gradients in the base region
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dicates that a continuous transition of the concen-
tration in the base region from the p* boundary to
the n” boundary is helpful to improve the reverse
recovery time of the new structure. It thus can be
concluded that the characteristics of the structure
is best for a continuous doping gradient in the
base region,on the condition that the doping con-
centration gradient range in the base region from
the p* boundary to the n* boundary is the same.
However,in this paper we choose the three-step
graded doping concentration in the base region of
the new structure,for the purpose of not only im-
proving the characteristics of the structure, but al-
so reducing the processing demand.

0.4kE —2— (0.5~1.0~1.5)x10'5
: —6— (0.2~1.0~1.5)x10"
—— (0.5~1.2~1.5)x10"
—— (0.5~1.0~4.0)x10"*
0.2}
g
~
ok
-0.2 1 " 1 N 1 "
1.00 1.02 1.04 1.06
t/us

Fig.7 Comparison of the reverse recovery character-
istics for p* (SiGeC)-n~ -n" diodes with different con-
centration gradients in the base region

6 Conclusion

A novel structure of ideal ohmic contact p~
(SiGeC)-n -n" diodes with a three-step graded
doping concentration in the base region has been
presented,and the changing doping concentration
gradient has also been optimized. In addition, the
physical parameter models applicable for the
SiGeC/Si heterojunction power diodes have been
given. Based on the analysis of the structure mech-
anism, the characteristics of the new structure
have been explained reasonably. The simulation
results indicate that the diodes with graded doping
concentration in the base region not only have the
merit of fast and soft reverse recovery , but also

double the reverse blocking voltage. And their
forward conduction voltage have dropped to some
extent,compared to that of the ideal ohmic con-
tact diodes. Thus, the new structure achieves a
good trade-off in Q,-V,-I,,and its combination of
properties is superior to ideal ohmic contact di-
odes and conventional diodes.
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