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The current transport parameters of 4H-SiC merged PiN Schottky (MPS) diode are investigated in a tempera-

ture range of 300-520 K. Evaluation of the experimental current—voltage (I-V') data reveals the decrease in Schottky

barrier height @1, but an increase in ideality factor n, with temperature decreasing, which suggests the presence of an

inhomogeneous Schottky barrier. The current transport behaviours are analysed in detail using the Tung’s model and

the effective area of the low barrier patches is extracted. It is found that small low barrier patches, making only 4.3% of

the total contact, may significantly influence the device electrical characteristics due to the fact that a barrier height of

0.968 eV is much lower than the average barrier height 1.39 eV. This shows that ion implantation in the Schottky contact

region of MPS structure may result in a poor Ti/4H-SiC interface quality. In addition, the temperature dependence of

the specific on-resistance (Ron—sp), 7214 is determined between 300 K and 520 K, which is similar to that predicted

by a reduction in electron mobility.
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1. Introduction

Silicon carbide (SiC) is an attractive material for
power device applications due to its excellent mate-
rial properties, including high critical electric field and
high thermal conductivity.l' 3! These allow devices to
possess high power capacity, lower series resistance
and lower power dissipation.[¥ 4H-SiC merged PiN
Schottky (MPS) rectifiers as a key device in power

conversion applications have also been widely inves-
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tigated in recent years.®~71 The MPS diode has a
Schottky rectifier structure with p—n junction grids
integrated into the drift region. The schematic of the
MPS cross section is shown in Fig. 1. The main ad-
vantages of the MPS are the Schottky-like on-state
and fast switching characteristics together with the
off-state characteristics having a lower leakage current
similar to that of the PiN rectifier. In SiC, the con-
duction loss of an MPS is much lower than that of the
PiN diode.!®l
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Fig. 1. Schematic cross section of 4H-SiC MPS rectifier.
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In the last decade, several studies concerning both
ohmic and rectifying contacts on SiC have been per-
formed to investigate the physical mechanism of cur-
rent transport and, ultimately, to find the optimal
conditions for specific applications.!*1% In particu-
lar, the issues of the inhomogeneous Schottky bar-
rier height (SBH) behaviour in metal/SiC Schottky
contact have become the focus that many researchers
Indeed, the electri-
cal behaviour of a Schottky contact has been ob-

are paying close attention to.

served to be strongly dependent on the quality of the
metal /semiconductor interface.''/' The mainstream
explanation for deviations from the ideal behaviour in
the electrical characteristics of such a Schottky con-
tact on SiC is the inhomogeneities and/or residual
processing-induced contamination in the interfacial re-
gion. An accurate model used to describe the non-
ideal electrical characteristics of metal/semiconductor
Schottky barrier was proposed by Tung,!*? in which
taken into account is the possible presence of a dis-
tribution of nanometer-size ‘patch’ with a lower bar-
rier height embedded in a uniform high barrier back-
ground. This approach has been used to explain
a large series of abnormal experimental results on
metal/semiconductor contact and it is also accepted
by most people.

The SiC MPS structure is comprised of alternat-
ing Schottky contact and ohmic contact. Although
there have been many papers available concerning
both ohmic and Schottky contacts on SiC, few of them
have systematically researched the current transport
property of this kind of composite structure.

In this paper, the electrical I-V characteristics
of 4H-SiC MPS rectifying contacts are reported in
a temperature range of 300 K-520 K. The tempera-
ture dependent current transport characteristics of the
diodes are explained on the basis of the presence of
inhomogeneous contact using the Tung’s theory. Ad-
ditionally, the temperature dependence of the specific
on-resistance (Ron—sp) OL T2 is also determined be-
tween 300 K and 520 K, which is similar to that pre-

dicted by reduction in electron mobility.

2. Device fabrication

Figure 1 shows the schematic cross section of
a 4H-SiC MPS diode.
grown on 3-in 4H-SiC substrates with a resistivity of
0.018 © - cm, which were cut 8° off the [0001] axis. The
n-type epitaxial layer was 10 pm thick, with a doping

The epitaxial layers were

concentration of 1.65 x 10'® cm™3. The pT wells in
the field limiting ring (FLR) and MPS region were
formed simultaneously by multiple aluminum implan-
tations and annealed at 1600 °C. Ti/Ni/Al was used
to form the backside and the front ohmic contact and
subsequently annealed 1200 °C in argon for 2 min. Ti-
tanium was used to form the front Schottky metal con-
tact. The MPS has an active area of 0.07 mm?. The
current—voltage (I-V') characteristics were measured
between —20 V and 5 V using an HP-4156B semicon-
ductor parameter analyser in a temperature range of
300 K-520 K.

3. Results and discussion

Figure 2 shows the measured -V characteristic
of 4H-SiC MPS rectifiers at different temperatures,
which can be used to determine the significant pa-
rameters governing the current transport across the
MPS rectifying contact, namely, the ideality factor (n)
and the Schottky barrier height (&), according to the
thermoionic theory (TE)

o W+S w2 q@b
I—< 5 )AATexp( kT>

o (22 1], 8

where W and S are the width of inner PT ring and the
spacing between the inner P rings (shown in Fig. 1),

VF is the applied voltage, I is the forward current, T
is the absolute temperature, k is the Boltzmann con-
stant, n is the ideality factor, ¢ is the electron charge,
&y, is the Schottky barrier height (SBH), A is the con-
tact area and A* is the Richardson constant.
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Fig. 2. [-V characteristics of 4H-SiC MPS measured from
300 K to 520 K.

The values of n and @, obtained at different tem-

peratures are shown in Fig. 3. As can be clearly
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seen, the value of @y, increases, while n decreases with
the increase of temperature. The typical values are
@, = 0.69 eV and n = 2.1 at 300 K and @, = 0.99 eV
and n = 1.64 at 520 K. Such temperature dependences
of n and @y, are indicative of deviation from the typical
TE theory. One reason for this occurrence may be due
to the decrease in forbidden band gap of SiC and con-
ductivity of SiC as temperature increases. The other
primary reason is the inhomogeneous Schottky barrier
height (SBH) at the MPS rectifying contact. Indeed,
similar temperature dependences of n and @), have
been reported for Si and GaAs and 4H-SiC Schottky

rectifiers.[13—15]

The presence of an inhomogeneous
Schottky barrier at the metal/semiconductor contact
has been widely conceived as the major cause for this
abnormal electrical characteristic. In such a contact,
the current transport is dominated mainly by the aver-
age barrier height (@p_ave) in high temperature con-
dition, while the low barrier height or the effective
SBH (P1,_cff) becomes dominated with temperature

decreasing due to the barrier in-homogeneities.
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Fig. 3. Temperature dependences of ideality factor and
SBH from a 4H-SiC MPS diode.

Figure 4 illustrates the relationship between bar-
rier height and ideality factor, displaying their linear
correlation. Extrapolating a linear fit of the data
to ideality factor n = 1 reveals the average SBH
(Ph—ave). In Ref. [16], this relationship was first re-
ported and this behaviour was ascribed to the devia-
tion of SBH from the characteristic value of a uniform
interface. By the extrapolation of @, at n = 1 of
the experimental data presented in Fig. 4, a value of
D, _ave = 1.39 eV was determined. According to the
Tung’s theory, the current transport is dominated by
this average SBH in high temperature operation con-

dition.
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Fig. 4. Barrier height against ideality factor, showing that
the extrapolation to n = 1 via a linear fit yields the aver-
age SBH &y,_ .0 = 1.39 eV.

Figure 5 shows the Richardson plot for Ti/4H-
SiC MPS diode, with In(Js/T?) plotted against the
inverse temperature, where J; = I;/A and I is de-
termined from the extrapolation at V = 0 of experi-
mental I-V data. The effective barrier height is found
to be 0.968 eV from the slope of the linear fit of the
Richardson plot. The average behaviours of the MPS
contact at different temperatures have been taken into
account during the process of extracting the barrier
height. Therefore, the Schottky barrier height ob-
tained from the slope of the In(Js/T?) vs. 1000/T
(Richardson plot) may be regarded as the effective
SBH of the 4H-SiC MPS.
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Fig. 5. Richardson plot, In(Js/T?) vs. 1000/7. A SBH
Py, _ o of 0.968 eV is extracted from the slope of the linear
fit.

The average SBH &y,_,. and the effective SBH
Py, _o of the 4H-SiC MPS diode have been extracted
from the experimental results at different tempera-
tures using the aforementioned extraction method.
According to the Tung’s model, the relationship be-
tween D,_.ve and @, _og can be expressed as follows:

Vbb 1/3
@bfeff = ijfave - ( c qND> 5 (2)
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where 7 is a parameter that is introduced to describe
the in-homogeneity of the Schottky barrier height and
includes the dimensions of the patch with a lower bar-
rier and the deviation from the @y _,ye, €5 is the per-
mittivity of the material and Vy, is the band bend-
ing. Then from Eq. (2), the v can be found to be
8.85 x 1074 cm?/3 . V1/3,

Considering the presence of the lower SBH
patches embedded in a region of high barrier, the con-
ventional TE equation [Eq. (1)] should be rewritten
as

I = (W; S) NAgA*T? exp (— qd&beﬁ)

kT

« [exp <§ZT) _ 1} , (3)

where N is the number of patches in the contact area
and Aeg is the area of a single patch of the low SBH.
By comparison with Eq. (1), equation (3) shows that
the whole contact area A is replaced with the product
N - Asg, which represents the total area of a contact
made up of a low SBH. Here the effective area of the
low SBH patch can be expressed as!'7]

Ly (e 23 @
T 9kT \gNpViw )
Using the value of v determined from Eq. (2), a value

of Asg is found to be 1.34 x 10710 cm?.
shows the comparison between the experimental data

Figure 6

and theoretical I-V characteristics using the rewrit-
ten current transport equation (3) between 300 K and
520 K, in which the theoretical curves are computed
with @p_eg = 0.968 eV and N = 2.14 x 10°. The ef-
fective area N - Aeg = 2.88 x 107° c¢m? is determined
and makes up only 4.3% of total contact area. As can
be seen, the calculated data are in agreement with
measured results.
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Fig. 6. Experimental current voltage characteristics at
temperatures of 300 K, 420 K and 520 K and I-V curves
calculated using Eq. (3).

It is found that even though the low barrier area
is only a few percent fraction of the whole contact
area, the current transport is influenced mainly by
these regions. The proportion of the low barrier re-
gion (N - Aeg) in the whole Ti/4H-SiC MPS rectifying
contact area is slightly bigger than that in the pure
Ti/4H-SiC Schottky contact, in which the low barrier
region area accounts for only 1%—-2% of the total con-
tact area.l'” It indicates that ion implantation in the
Schottky contact region may result in the poor Ti/4H—
SiC interface quality and more serious inhomogeneous
Schottky barrier effect.

The forward current density—voltage (J-V') char-
acteristics in a high voltage range (V& > 1 V) are
shown in Fig. 7. In this voltage range, the current-
voltage relationship can be described by Ohm’s law,
which can be written as J = (1/Ron—sp) - Vi. From
these curves, the diode specific on-resistance can be
extracted and shown in Table 1. It can be seen that
the on-resistance increases with the temperature in-
creasing. An Ro,—sp value of 16.049 m€-cm? is found
at room temperature and increases to 49.135 Q-cm?
at 520 K. This temperature dependence of the specific
on-resistance can be explained as follows: when tem-
perature increases, more impurities are ionized and
the mobility limited by the phonon scattering becomes
dominant mechanism, which causes the conductivity
of 4H-SiC to decrease and consequently leads the se-

ries resistance to increase.
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Fig. 7. Forward J-V characteristics in a high voltage

range (Vg > 1 V) where the symbols represent measured

data and the solid lines denote the linear fit to the data.

Table 1. Extracted Ti/4H-SiC MPS specific on resistance
at different temperatures.

Temperature/K Ron—sp/m - cm?
300 16.049
370 24.198
420 30.556
470 37.119
520 49.435
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Figure 8 shows the current flow pattern in the
SiC MPS diode during operation in the on-state.
According to the current flow pattern in the MPS
rectifier, the on-resistance includes three different
components:['8 channel resistance Rp,, spreading re-
gion resistance Rps and drift region resistance Rp.
Thus the series resistance can be expressed as

RS = Repi + Rsub + RC
~ (RD1 + Rps + RDS) + Reub, (5)

where R.p; is the epitaxial layer resistance and Rgyy, is
the substrate resistance. Here, the ohmic contact re-
sistance R, is neglected due to the fact that its value
is far smaller than those of epitaxial layer resistance
and substrate resistance. The specific on-resistance

Ron—sp is shown as follows:

R :xj(WJrS) (W+S)1H(W+S)
TP gNppunS  qNppm S
t—w/2—z;—2d teub (6)
qNppin qNsubpin’

where z; is the depth of the junction, Np and Ngyy, are
the doping concentrations of epi-layer and substrate,
respectively, ¢t and tg,p are the thicknesses of epi-layer
and substrate, d is the junction depletion width and
pim is the electron mobility that can be expressed as['?!

T [e3
4 R
947 x (300>

B
N+
1+ D
1.94 x 1017

where N]'D|r denotes the total concentration of ionized

o = (em? - V=t.s7hH, (7)

impurities, T is the absolute temperature, o = —2.4
and 8 = 0.61. Because the donor levels and the ac-
ceptor levels in 4H-SiC are deep compared with the
thermal energy at room temperature, the impurities
in 4H-SiC cannot be completely ionized even at high
temperature. So the effect of incomplete ionization of
the impurities cannot be neglected in the calculation
of the dependence of specific on-resistance on temper-
ature. The concentration of ionized impurities can be
given by

Je AEp
1+ 4N; -1
NG =

9e ox AFEp ’ (8)
No CPA\ kT

2

where Np is the doping concentration of donors, Ep
is the dopant activation energy, g. is the degeneracy
factor (g. = 2 for electrons) and N¢ is the density of
the states in the conduction band.
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Fig. 8. Forward conduction model of 4H-SiC MPS recti-
fier.

The calculated relationship between Ro,—sp and
T using the analytical solution of Ron_sp Eq. (6) is
presented in Fig. 9, which is similar to that experi-
mental data proportional to 724, In comparison, we
can see that the experimental results are slightly big-
ger than the calculated results in a 300-500 K tem-
perature range. We speculate that this discrepancy
arises from being neglectful of the contribution from
the back side ohmic contact resistance. A temperature
dependence of the Ron_sp, T2 is determined in the
temperature range 300 K-520 K, which can be used for
estimating Ron—gsp values at different operational tem-
peratures with ignoring ohmic contact resistances if
perfect process is done. It has been demonstrated that
the phonon scattering limited mobility is known to be
proportional to 7~ !® at high temperature. Here, the
presence of defects in the materials is responsible for
the increase of temperature coefficient of the Rgon_gp
in experiment.
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Fig. 9. Temperature dependences of specific on-resistance
for 4H-SiC MPS diode at difference temperatures.

4. Conclusions

The high temperature electrical behaviours of
Ti/4H-SiC MPS rectifier have been investigated by
I-V measurements at various temperatures. Evalua-
tion of the experimental I-V data reveals a decrease in
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Schottky barrier height @}, but an increase in ideality
factor n, with temperature decreasing, which suggests
the occurrence of an inhomogeneous Schottky barrier.
The average SBH &y,_,.. = 1.39 eV is obtained by
analysing the linear relationship between @), and n
and the effective barrier height @, g is found to be
0.968 eV from the slop of the linear fit of the Richard-
son plot. Applying the Tung model to experimen-
tal I-V-T data, the current transport behaviours of
the Ti/4H-SiC MPS contact are analysed, which indi-

cates that the P* region formed by ion implantation

in the process of fabrication Ti/4H-SiC MPS contact
may lead to the poor quality of the metal/4H-SiC in-
terface and the more serious inhomogeneous Schottky
barrier effect. Finally, the temperature dependence of
the Ron—sp, 7214 is determined in the temperature
range 300 K-520 K, which is similar to that predicted
by reduction in electron mobility and can be used for
estimating Ron—sp at different operational tempera-
tures while ignoring ohmic contact resistance if a per-

fect process is achieved.
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