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Hysteresis current—voltage (/-V') characteristics are often observed in a highly non-ideal (n > 2) as-deposited nickel
(Ni)/4H-SiC Schottky contact. However, we find that this kind of hysteresis effect also exists in an as-deposited Ni/n-type
4H-SiC Schottky structure even if the ideality factor (n) is less than 1.2. The hysteresis -V characteristics is studied in
detail in this paper by using the various measurements including the hysteresis /-V, sequential /-V sweeping, cycle -V,
constant reverse voltage stress (CRVS). The results show that the hysteresis /-V characteristics are strongly dependent on
the sweeping voltage and post-deposition annealing (PDA). The high temperature PDA (800 °C) can completely eliminate
this hysteresis. Meanwhile, the magnitude of the hysteresis effect is shown to decrease in the sequential /-V sweeping
measurement, which is attributed to the fact that the electrons tunnel from the 4H-SiC to the localized states at the Ni/n-
type 4H-SiC interface. It is found that the application of the reverse bias stress has little effect on the emission of those
trapped electrons. And a fraction of the trapped electrons will be gradually released with the time under the condition
of air and with no bias. The possible physical charging mechanism of the interface traps is discussed on the basis of the

experimental findings.

Keywords: 4H-SiC, Schottky, hysteresis -V, Schottky barrier height
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1. Introduction

Silicon carbide (SiC) promises to be a candidate for
the next-generation high-power devices due to its supe-
rior qualities such as the high critical breakdown electric
field, high electron saturation velocity, and high thermal
conductivity.!!'=3! The metal/SiC Schottky contact, as one of
the most important basic structures, has aroused great inter-
est for its high switching speed, low forward voltage drop,
high performance power devices, which are prompted due to
the high demand for the electric power conversion areas such
as the power supplies, motor control, electric hybrid vehicles,
traction, and electric power transmission. ]

Nowadays, Ti, Ni, Mo, and W contacts are typically em-
ployed as the Schottky contacts in the 4H-SiC rectifiers such as
the high-voltage JBS diodes.!**! The investigation of this con-
tact under the various conditions is essential for a clearer un-
derstanding and, eventually, effectively control of these prop-
Although the 4H-SiC power Schottky diodes have
been commercialized and available for a few years, the current
transport and non-ideal /-V characteristics introduced by the
spatial inhomogeneity of the barrier height across the Schottky

erties.

contact area or interface traps, in particular, remain a topic of

interest currently.[19-12]

During the last few decades, several investigations con-
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cerning the 4H-SiC Schottky contacts have been carried
out. For instance, the surface-sensitive 4H-SiC Schottky bar-
rier characteristics and the improvement in ideality factor
(n) with silicide formation by different annealing processes
are investigated.['>15] Omar er al. reported the experimen-
tal observation of the hysteresis in the /-V characteristics of
the as-deposited Ni/4H-SiC Schottky diodes.!'®! Their results
showed that the hysteresis in the /-V curves occurs in a highly
nonideal (n >2) as-deposited Ni/4H-SiC Schottky diodes, and
they considered that there are a certain number of evenly dis-
tributed slow, donor-like interface states existing around the
Ni/4H-SiC interface which can induce the hysteresis effect. In
contrast, in this paper we find that this kind of the hystere-
sis effect is also existent in an as-deposited Ni/n-type 4H-SiC
Schottky structure even if the value of n is less than 1.2. It is
indicated that there are also a number of interface states, which
can trap the electrons and exist at the Ni/4H-SiC interface even
if the value of n is close to 1 (ideal Schottky contact), which
cannot be neglected. Moreover, the possible physical charging
mechanism of the interface traps, which can induce the hys-
teresis -V characteristics, is not clear either. In our paper,
the hysteresis /-V characteristics of the as-deposited Ni/4H-
SiC Schottky contact are investigated by the sequential /-V
sweeping measurement. The effects of the rapid thermal an-
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nealing condition on the hysteresis /-V characteristics are an-
alyzed. Based on previous results and experimental findings
by the various electrical measurements, such as the cycle /-
V, constant reverse voltage stress (CRVS) and recovery char-
acteristic, the corresponding physical charging mechanism of
the interface trap is discussed in depth.

2. Structure fabrication

In this work, the Schottky structure was fabricated on
an N-type, 4° off (0001) oriented 4H-SiC wafer, of which
the thickness and doping concentration of the n-type epitax-
ial layer were approximately 5 um and 1x10'® cm™3, respec-
tively. The thickness and resistivity of the n™ type 4H-SiC
substrate were 380 um and 0.023 Q-cm, which was purchased
from the Epi World International Co. Ltd. The wafer was first
cleaned by the standard Radio Corporation of America (RCA)
cleaning, and then dipped into a diluted hydrofluoric acid so-
lution to remove the native oxide from the 4H-SiC surface. Ni
was sputtered on the back of the wafer for the cathode. The
Ohmic contact was annealed at 1000 °C for 5 min in Ar by
using a rapid thermal processing (RTP) system. After forming
the back Ohmic contact, an Ni (200 nm in thickness) film was
deposited and patterned to form a front Schottky contact. The
Schottky contact had a circular geometry with a diameter of
150 um. Then, the wafer was cut into four samples. A rapid
thermal annealing was carried out at 350, 500, and 800 °C,
separately, in Ar environment to study the effect of the anneal-
ing on hysteresis effect. A set of samples without annealing is
denoted as DO, and other three sets of the samples annealed in
Ar ambient at 350, 500, and 800 °C, respectively, are denoted
as D350, D500, and D800, respectively.

The hysteresis -V, sequential -V sweeping, cycle I-V,
and CRVS were investigated by using the Agilent B1505 A
power device analyzer. And all the /-V electrical measure-
ments are performed in voltage sweep steps of 100 mV at room
temperature.

3. Results and discussion
3.1. Hysteresis /-V in as-deposited Schottky contact

Figure 1 shows the initial typical hysteresis /-V charac-
teristic curve of the as-deposited Ni/4H-SiC Schottky contact,
which is obtained by forward sweeping the the bias from 0 V
to 1.6 V and then backward sweeping. It can be seen that there
is an obvious hysteresis voltage. The n and Schottky barrier
height (SBH) are obtained by fitting the linear part of the for-
ward I-V characteristics, based on the following equations

J:A*T2e—q¢3/kTqu/nkT’ (1)
q dv
1 2
T kT d(Ind) &
kT = [(A*T?
w=n(5) v

where A* is the Richardson constant, k is the Boltzmann con-
stant, V is the forward-bias voltage, and T is the absolute tem-
perature.

The values of n and SBH from the forward and backward
sweeping measurements are both shown in Fig. 1. As can be
seen in the figure, sweeping direction (forward or backward)
has no significant influence on the value of n (1.16), whereas it
dramatically enhances the SBH. The SBH extracted from the
forward sweeping curve is 1.46 eV, while that extracted from
the reverse sweeping curve increases to 1.54 eV. As is well
known, the interface traps can modulate the SBH. The incre-
ment in SBH might be attributed to the fact that the carriers
are trapped at the Schottky interface in the forward voltage
sweeping process.

101
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=
g s SBH =1.46 eV
%« 107 n=1.16
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'% 107 n=1.16
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o _ experimental data
F 1079 ----linear fit
AAm measured at 300 K
—11 : 4
1075 0.4

08 12 16
Forward voltage/V

Fig. 1. Typical hysteresis /-V characteristic curve obtained by forward
sweeping bias from 0 V to 1.6 V and then backward sweeping.

To further study the property of the hysteresis effect in the
as-deposited Ni/4H-SiC Schottky contact sample, the sequen-
tial hysteresis I-V curves of the DO sample by being swept
three times are obtained. The voltage is swept from 0 Vto2 V
first (1st sweeping), then from 2 V to 0 V (2nd sweeping), fi-
nally from O V to 2 V (3rd sweeping). There is no time staying
at 2-V point.

Figure 2 shows the typical three-time sweeping /-V char-
acteristic curves of the DO sample, exhibiting a larger hys-
teresis voltage between the Ist (forward) sweeping and 2nd
(backward) sweeping curves. However, in the following 3rd
(forward) sweeping, the hysteresis voltage between the 3rd
forward sweeping and 2nd backward sweeping curve is very
small. It is believed that the larger hysteresis (between 1st and
2nd sweepings) is mainly attributed to the fact that the elec-
trons are trapped by the interface traps at the Ni/4H-SiC inter-
face. After the initial measurement, a number of electrons are
trapped in those traps, and most of the trapped electrons can-
not be released in the following 2nd backward sweeping, only
a fraction of the trapped charges with smaller time constant
can be de-trapped during the backward sweeping. Therefore,
the initial /-V curve cannot be obtained again during the later
measurements. Although there is no time staying at 2 V in
the /-V sweeping process, sweeping process can be regarded
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as a short-time forward-bias stressing process. Therefore, it
is concluded that the trapped electrons fill the interface traps
at the Ni/4H-SiC interface by the first forward voltage sweep-
ing, and most of the trapped electrons cannot be de-trapped
instantly. Moreover, it can be seen that although the value of n
is closer to the ideal value, there are also a number of interface
states, which can induce the hysteresis /-V characteristics and
exist at the Ni/4H-SiC interface for the as-deposited Ni/n-type
4H-SiC Schottky structure.

10—t
< 1073
~
+
g
I -5
= 10 1st sweep (forward)
= >~ .
3] V4 2nd sweep (backward)
2 107 "
§ 3rd sweep (forward)
5
= 1079
10-11

0 0.4 0.8 1.2 1.6 2.0
Forward voltage/V

Fig. 2. Typical three-time sweeping /-V characteristic curves of as-
deposited sample.

3.2. Effect of rapid thermal annealing on hysteresis

To study the effects of the annealing on the hystere-
The as-
deposited Ni/4H-SiC Schottky samples are investigated by 5-
min rapid thermal annealing (RTA) process at 350 °C, 500 °C,
and 800 °C, respectively.

sis I-V characteristics of the Ni Schottky contacts.

Figure 3 shows the typical hysteresis /-V characteristics
obtained under the forward and backward voltage sweeping
for the as-deposited, 350 °C-, 500 °C-, and 800 °C-annealed
Ni/4H-SiC Schottky samples, indicating that the RTA pro-
cess has hardly any influence on the slope of the I-V curve.
Whereas it significantly affects the hysteresis /-V characteris-
tics. The hysteresis voltage gradually decreases with the RTA
temperature increasing. Annealing at 800 °C can completely
eliminate the hysteresis effect.

10~} /i
as deposited /
\ i

{ 350 °C annealed "
10-6F 500 C annealed

Forward current/A

0 0.4 0.8 1.2 1.6
Forward voltage/V
Fig. 3. Typical hysteresis /-V characteristics obtained under forward

and backward voltage sweepings for as-deposited, 350 °C-, 500 °C-,
and 800 °C-annealed samples.

The typical n and SBH are obtained by fitting the linear
part of the forward I-V characteristic curve for each of DO,
D350, D500, and D800 samples. Figure 4 shows the rectangu-
lar plots of the SBH versus the RTA temperature. Each rect-
angle represents the distribution of the SBH values extracted
from the /-V characteristic curves of ten devices. First, it can
be seen that the SBH values at the different RTA tempera-
tures are not the same, which might result from the fact that
the phases and proportions of the nickel silicide compounds
formed under their RTA conditions are different. Moreover,
it is obvious that the difference in SBH between the forward
and backward sweeping gradually reduces as the RTA temper-
ature increasing. The elimination of the hysteresis effect with
high temperature RTA is mainly attributed to the improvement
of the interface quality and reduction of those slow interface
traps. Figure 5 shows the extracted n as a function of RTA tem-
perature. It is shown that the n can be further improved by the
RTA process. The higher RTA temperature makes the n much
close to 1. It is generally believed that the improvement of
the n with RTA annealing is mainly because of the formation
of the stable nickel silicide at the Ni/4H-SiC interface.[!7:!8]
Finally, based on the experimental results and analysis, it can
be inferred that the number of the interface traps is mainly de-
pendent on the interface quality, which is determined by the
quality of the surface of the epitaxial layer and the deposition
process of the metal for the as-deposited metal/n-type 4H-SiC
Schottky structure. Therefore, it is indicated that the hysteresis
effect is nearly unrelated to the metal species and might appear
in the various metals/4H-SiC Schottky contacts widely.

1.70

[1 forward sweeping
1.65F[_] reverse sweeping

1.45F

Schottky barrier height/eV
=
o
o

1.40

as deposited 350 °C 500 °C 800 °C

Fig. 4. Rectangular plots of Schottky barrier height versus RTA temperature.

—a— forward sweeping
—e— reverse sweeping

Ideality factor n

1.08F
1.06 |

1.04 1 1 1 1
as deposited 350 °C 500 °C 800 °C

Fig. 5. Plots of extracted ideality factor n versus RTA temperature.
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3.3. Analysis of charging mechanism

In order to find the charging mechanisms which is respon-
sible for the hysteresis /-V characteristic curve, the cycle I-V,
CRVS and recovery characteristics are investigated.

First, the sequential forward direction /-V sweeping mea-
surements are carried out. Figure 6(a) shows the sequential
forward direction /-V characteristics of the DO sample. It is
shown that the forward -V curves shift toward the high for-
ward voltage and are gradually saturated with scanning time
increasing, indicating that the negative charges generate at the
interface and the SBH increases. The SBH as a function of
the scanning times is presented in Fig. 6(b). It is worthwhile
to point that there is a rapid increase of the SBH after the first
scanning, implying that the charging process is very short. It
is indicated that most of those traps are easily filled under the
action of the first forward voltage. Next, it can be seen that the
SBH increases slowly and reaches a saturated value with the

scanning times increasing.

10-4F — 1st
f ----2nd
10-°F - 3rd
4th

10-9F

1010 "ﬁ‘zﬂ; &
o o i L 1
10—t e i “‘ \,"" g

Isweeping from 0 to 2 V|

Forward current/A
=
S
L
i

0 0.4 0.8 1.2 1.6
Forward voltage/V

1.54
(b)
1.52f
1.50f
1.48}

1.46F

Schottky barrier height/eV

1.44}

1Ist 2Ind 3Ird 4Ith 5Ith 6Ith 7Ith Slth
Sweeping times
Fig. 6. (a) Sequential forward direction /-V characteristics of the DO
sample, and (b) extracted SBH as a function of the scanning times.

To further elucidate the charging mechanism and study
the dependence of the charge trapped process on sweeping
voltage, the cycle /-V measurements are performed at room
temperature. Details on this measurement are presented as fol-
lows. Voltage is first swept from O V to 1 V, and then swept
from 0 V to 1.2 V, extended to 1.4 V, and 1.6 V. Figure 7(a)
shows the typical cycle I-V measurements of the DO sample

after different sweeping voltages. As observed in Fig. 7(a),

the sudden increase at the first scanning disappears and the
I-V curve shifts gradually toward high forward voltage with
the maximum sweeping voltage increasing from 1.0 to 1.6.
The SBH as a function of the sweeping voltage is presented in
Fig. 7(b), it is obvious that the SBH gradually increases with
sweeping voltage increasing. It is indicated that the electrons
trapped by the Ni/4H-SiC interface traps are strongly depen-
dent on maximum sweeping voltage. It is implied that the
main mechanism of the electrons-capturing process is prob-
ably due to the electrons directly tunneling, and those inter-
face traps evenly are distributed at the Ni/4H-SiC interface.
Figure 7(a) also shows that the n keeps nearly constant in the

scanning process.

101 N
sweeping from 0 to
4 Z 10V (a)
-3
S e
~ -
+ 3 .
§ Lo-5k — 16V
5 i positive shift
&)
— 1077
g s
; 10-9
= ‘%*w I
10-11} 7 ~'MH "
L . . . .
0 0.4 0.8 1.2 1.6
Forward voltage/V
% 1.56 (b)
> 154}
)
-g 1.52F
- 1.50F
2
= 148
3
C 1.46f
>
£ 144}
pe]
0
S 1.42f
0
1.40 L— . . .
1.0 1.2 1.4 1.6

Sweeping voltage/V

Fig. 7. (a) Typical cycle I-V results of DO sample after different sweep-

ing voltages, and (b) extracted SBH as a function of sweeping voltage.
To study the charge detrapped characteristics and track
the recovery regularity of the investigated sructures, the for-
ward /-V characteristic curve of the DO sample, whose SBH
and n of the fresh state are 1.44 eV and 1.17, respectively,
are measured after sequential forward direction /-V sweeping
measurements (0 V-2V, 4 times). Figure 8(a) shows the varia-
tions of forward /-V curve of DO sample at room temperature
after being recovered for 0 day, 3 days, and 7 days, subjected
to no bias appilied. The extracted SBH as a function of recov-
ery days is shown in Fig. 8(b). It can be seen that the SBH is
gradually recovered toward the initial state after a certain time.
At the beginning, the recovery rate of the SBH is relatively fast

and then becomes slow, which resembles the variation of SBH
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with scanning time as shown in Fig. 6(b). However, it is note-
worthy that the SBH is still difficult to achieve the initial value
even after 7 days. It may be caused by those trapped charges
having a longer time constant, such as “slow” interface traps.
In addition, it can be inferred that the releasing mechanism of
the part of the trapped electrons may be thermionic emission

according to the recovery results.

after 4 times
sequential scanning

10—4f

_I — 0 day
107} 3 days
10-6F --- 7 days
10—7 3
108
10-9F

—10 A o - o
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1.40—

=
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w
ok
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Fig. 8. (a) Typical I-V curves of DO sample after sequential forward di-
rection sweeping measurements for three recovery days: 0 day, 3 days,
and 7 days, and (b) extracted SBH as a function of recovery days.

Since the positive voltage sweeping can help the electrons
fill into the interface traps, the /-V characteristics of the DO
sample after the negative voltage stress are analyzed too. In
this situation, the CRVS measurements are carried out. The
stress voltage is fixed at —10 V, and the stress time is set to
be 0's, 60 s, 120 s, 180 s, and 240 s separately. As described
before, the DO sample, whose SBH and n of the fresh state
are 1.45 eV and 1.16, respectively, is experimented by the 4-
time sequential forward direction /-V sweeping measurements
from 0 V to 2 V before the CRVS measurements. The typical
I-V curves of the DO sample under the constant voltage stress
(—10 V) for different lengths of stressing time and correspond-
ing extracted SBH are presented in Figs. 9(a) and 9(b). It is
found that there is almost no difference among the /-V curves
under different lengths of stressing time, indicating that SBH
is always unchanged with stressing time increasing for the DO
sample. It is implied that the electrons captured by the inter-

face traps in the Schottky contact region are hardly emitted

by the reverse voltage stress, demostrating that the detraping

mechanism is not the tunneling.

104} stressat —10 V (a)
i 10-5f stress time:
= 6f —0s
S e 190
— _ B S
z 1077F __180s
o qo-sf — 240
7
2 1079
—
LT? 10-10 4
o1 v l \
—12 . . . . . . .
10 0 0.4 0.8 1.2 1.6

Forward voltage/V

1.60 T T T T T r . r r

1.5gf stress at —10 A% (b)
1.56
1.54F
1.52f #———mF——F————f——1i
1.50F
1.48}F
1.46}
1.44

Schottky barrier height/eV

0 50 100 150 200 250
Stress time/s

Fig. 9. (a) Typical I-V curves of the DO sample under constant voltage
stress (—10 V) with different lengths of stressing time, (b) extracted
SBH versus stressing time.

Based on the above analysis and experimental results, the
cause of the hysteresis effect can be identified as the increase
of the total negative interface charges. The electrons can be
easily trapped by those “slow” interface traps during forward
sweeping. However, the trapped electrons are hardly emitted
by the reverse voltage stress. The releasing mechanism of the
trapped electrons may be the thermionic emission. Schematic
representation of the model used to explain the hysteresis ef-
fect of Ni/4H-SiC Schottky structure in forward I-V is shown
in Fig. 10. There is one possible mechanism for the elec-
trons to access those slow interface traps. This mechanism
involves interface states near the conduction band as the inter-
mediate step. As illustrated in step (I) in Fig. 10, the electrons
in 4H-SiC fill those interface states near the conduction band
first by tunnelling, and then the trapped electrons leap into the
slow interface traps. These acceptor-like traps become nega-
tively charged, thus enhancing the space-charge width on the
4H-SiC side and Schottky barrier height. Meanwhile, those
acceptor-like traps have a longer time constant. Once the elec-
trons are captured by these traps, they are hardly emitted dur-
ing the backward scanning measurement. Therefore, the origi-

nal curve is no longer obtainable and hysteresis effect appears.
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N-type 4H—SiC

1=Vl 4(vip— Vi)

(In — V=

qVa2 Aot SN Efy1 (when bias V,1)
7 T Efno (when zero bias V1)
Qs increased Qg

0 q%o

Emnv

Fig. 10. Schematic representation of the model used to explain hystere-
sis effect in forward /-V of Ni/4H-SiC Schottky contact, showing (I)
electrons tunneling from 4H-SiC layer to interface trap, and (II) elec-
trons filling interface states.

4. Conclusions

We systematically investigate the hysteresis /-V charac-
teristics of the Ni/4H-SiC Schottky contact. Various measure-
ments including the hysteresis -V, sequential /-V sweeping,
cycle I-V, CRVS, and recovery characteristics are performed
to study the properties of the hysteresis effect. First, for the
DO sample, it is found that the SBH can increase from 1.46 eV
to 1.54 eV after sweeping the forward bias from 0 Vto 1.6 V
and then backtoward sweeping in steps of 100 mV, even if the
value of n is close to 1. And then there is little hysteresis
between 2nd backward sweeping and 3rd forward sweeping,
which results from the fact that the trapped electrons fill the
interface traps at the Ni/4H-SiC interface by the first forward
voltage sweeping. Second, it is shown that the high temper-
ature PDA (800 °C) can completely eliminate this hysteresis
effect, of which the SBH keeps unchanged (about 1.58 eV).
Finally, based on the cycle I-V, CRVS and recovery charac-

teristic measurements, it could be inferred that the main charg-
ing mechanism of the interface traps is probably the electrons
directly tunneling, and the mechanism of releasing the trapped

electrons may be the thermionic emission.
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