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In this paper, we investigate the influence of deep level defects on the electrical properties of Ni/4H-SiC Schottky
diodes by analyzing device current—voltage (/-V') characteristics and deep-level transient spectra (DLTS). Two Schottky
barrier heights (SBHs) with different temperature dependences are found in Ni/4H-SiC Schottky diode above room tem-
perature. DLTS measurements further reveal that two kinds of defects Z; /, and Ti(c)? are located near the interface between
Ni and SiC with the energy levels of Ec—0.67 eV and Ec—0.16 eV respectively. The latter one as the ionized titanium ac-
ceptor residing at cubic Si lattice site is thought to be responsible for the low SBH in the localized region of the diode, and
therefore inducing the high reverse leakage current of the diode. The experimental results indicate that the Ti(c)? defect has
a strong influence on the electrical and thermal properties of the 4H-SiC Schottky diode.
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1. Introduction

The SiC Schottky barrier diode (SBD) has attracted
widespread attention in high-power and high-frequency elec-
tronic applications due to its ideal physical and chemical prop-
erties of SiC, such as high reverse breakdown voltage, short re-
verse recovery transient, high operating temperature and low
switching loss.['! However, SiC SBD currently suffers the
inhomogeneity of Schottky barrier heights (SBHs), which may
increase leakage current and reduce breakdown voltage. !

The inhomogeneity of SBHs has been widely investigated
by measuring the current-voltage (/-V) properties of SiC
SBD. A large number of studies have shown that the inhomo-
geneity of SBHs is related to the presence of defects. The var-
ious origins of the defects from the materials and devices have
been reported, including crystallographic defects (micropipes,
dislocations, grain boundaries, stacking faults, etc.)~") and
surface defects (comets, carrots, growth pits, scratches, and
so on).[%%1 The micropipes are regarded as “killer defects”
originating from growth processes, resulting in serious perfor-
mance degradation of SiC SBD. Fortunately, the present inno-
vative epitaxial growth technologies have reduced the number
of micropipes to a negligible value (< 1 cm™2).['% In addi-
tion, the “latent defects” such as defect clusters and deep de-
fects have a strong influence on the electrical performance and
reliability of SiC SBD. They may cause device performance
to degrade at high temperature and high bias voltage, finally
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leading to the device failure in the practical operation. Ewing
et al. have also revealed that the defect clusters situated near
the metal/SiC interfaces create partial low-barrier patches, re-

11 Furthermore, Mandal

sulting in the SBHs’ inhomogeneity.
et al. have reported that the differences in performance and
leakage current among the different SiC SBDs are attributed to

U2 Rao et al.

the existence of varying degrees of deep defects.
have shown that the leakage current is due to the effect of elec-
trical field and temperature on the emission of electrons from
a trap state in Schottky diodes.[!3] Although these deep level
defects have been studied, the physics mechanism of defects
or trap influence on the barrier height and the leakage current
of SiC SBD are still unclear. In order to further explore the
physics behind the correlation between the properties of the
SiC SBDs and deep defects, the present work focuses on the
diode performance study with consideration of junction prop-
erties, leakage current and defect behaviors near the interfaces.

In this work, the current—voltage (I-V) characteristics of
SiC Schottky diode at various temperatures are measured to
study the barrier height inhomogeneity and the reverse cur-
rent transport mechanism. The deep-level transient spectrum
(DLTS) measurements are performed in a temperature range of
80 K-450 K to investigate the deep level defects. The experi-
mental results reveal that the deep level defects can be respon-
sible for the observed barrier height inhomogeneity. The pres-
ence of deep level defects lowers the Schottky barrier height,
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thus significantly affects the electrical characteristics of SiC
Schottky diode.

2. Experiment

The 4H-SiC SBDs were fabricated on Si-face 4-inch
(1 inch=2.54 cm) 4H-SiC n-type substrates. The substrates
had been highly doped with nitrogen and cut off at 8° towards
the [1120] direction. The schematic structure of the fabricated
Schottky diodes is shown in Fig. 1. A 13-um-thick n-type epi-

layer with a doping concentration of 6 x 101> cm 3

was grown
by the chemical vapor deposition (CVD) technique. Here,
SiH4, C3Hg, and HCI were used as source gases while H»
was selected for dilution and carrier gas. The typical epitaxial
growth rate was fixed at 12 pm/h, and the epitaxial temper-
ature and growth pressure were controlled within 1550 °C-
1600°C and 50 mbar—150 mbar (1 bar= 103 Pa), respectively.
Finally, a 75-nm Ni Schottky contact layer and a 100-nm Ni
Ohmic contact layer were sputtered in the front and back sides
of the device respectively. The Ni Ohmic contact was formed
by annealing in nitrogen at 1000 °C for 5 min, and the ob-
tained ohmic contact resistivity was 5.25x 107% Q.cm? by the
transmission line mode (TLM) and four-probe measurement.

The electrical measurements were conducted by using
a Keithley 4200 semiconductor characterization system in a
Cascade Summit 12000 probe station with a built-in tempera-
ture controller. The temperature of the sample holder can be
tuned from 210 K to 470 K continuously with an error less than
0.1 K. The C-V characteristic measurements were conducted
at a frequency of 1 MHz. The DLTS measurements were per-
formed to analyze the deep level defects by using DLS-83D
Deep Level Transient Spectroscopy test system based on stan-
dard techniques.
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Fig. 1. Schematic structure of Ni/4H-SiC Schottky barrier diode.

3. Results and discussion

Figure 2 shows the typical forward current—voltage (I-V)
characteristics of Ni/4H-SiC SBD in a temperature range of
300 K—423 K in steps of 15 K. It is found that the forward
current has different behaviors with varying temperature. In a

relatively low temperature range 7' < 348 K, the forward cur-
rent curves each show a single slope, suggesting that the SBD
has a unique barrier height, which can be associated with the

thermionic emission (TE) theory given by!!#13]
Vv
J:Jw{expnqkT—I} )
Here, the reverse-saturation current Jg,; is defined as
Jat = AT exp ( ‘I’(T ) : 2)

where n represents the ideality factor, V is the applied volt-
age, Pp is the zero bias Schottky barrier height, and A* is
the effective Richardson constant with 146 A/cm?-K? for 4H—
SiC.[1%1 The values of the barrier height ®g( and the ideality
factor n can be calculated from intercepts and slopes of the
semi-logarithmic forward /-V characteristics by using Egs. (1)
and (2). At room temperature, the extracted n from the /-
V curves is 1.03 for Ni/4H-SiC diode. The ideality factor n
close to one indicates that the TE mechanism is responsible
for the current transport through the Schottky junction. In ad-
dition, the extracted ®p( from I-V plots is 1.53 eV which is
consistent with the value extracted from C-V plots for Ni/4H—
SiC diode. On the other hand, as the temperature increases to
above 348 K, the semi-logarithmic /-V curves exhibit distinct
slopes corresponding to the low voltage region (V < 0.7 V)
and moderate voltage region (0.7 V<V < 1.1 V), respectively.
Such an unexpected behavior can be attributed to the spatially
inhomogeneous barrier heights and potential fluctuations at
the interface.!!”-'8] We use a simple model based on TE theory

with two independent Schottky barrier heights in parallel!!%->]
to express the forward current density as
qv qv
Jr :Jgtexp {nHkT} +Jg;nexp {nLkT} . 3)

Here, Jr represents the forward current density, the super-
scripts L and H denote the low and high barrier regions, re-
spectively. The extracted values of n and P at each tem-
perature in the L-SBHs and H-SBHs regions are summarized
in Table 1. As seen in Fig. 3, the value of ®y_ggy ranges
from 1.53 (300 K) to 1.60 (423 K), and the value of @ _sgy
changes from 1.29 (363 K) to 1.37 (423 K). Figure 3 and Ta-
ble 1 show that &; _sgy and Py_spy increase and the np, and
ny decrease with temperature increasing. Aydin ef al.>! and

[22] attributed such behavior to the existence of

Kumar et al.
Gaussian distribution (GD) of the SBHs around a mean value
due to SBH inhomogeneity at the M/S interface. Ozavci et
al. further confirmed that the temperature dependence of dou-
ble SBH and the ideal factor can be successfully explained in
terms of the TE mechanism with a double GD of SBHs for the
low bias region and the moderate bias region, respectively.>]
Since our experimental results in this paper are consistent with
the results in the above literature, it can be considered that the

variation of ®p( and n with temperature are mainly due to the
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double GD at the interface. Therefore, current flows primarily
through the patches of lower barrier height at the low temper-
ature. As the temperature rises, more and more electrons have
sufficient energy to overcome the higher barriers, and there-
fore increasing the barrier height.[?*! Additionally, the value of
n greater than 1 is due to other mechanisms besides thermionic
emission. Many researchers have reported that such behav-
ior can be due to thermionic field emission (TFE) tunneling,
surface states, and interface traps, or inhomogeneous barrier

[25.26] ¢ can also be seen

height distribution at the interface, etc.
that the excess current appears at the temperature above 348 K.
This means that the excess current flows through the increas-
ing L-SBH area induced by the thermally activated defects at
the low voltage. The increasing low barrier patches lead to a
higher degree of inhomogeneity of SBHs, and the local low
barrier heights can be attributed to the existence of the possi-
ble defect energy level below the conductive energy level Ec

of SiC.
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Fig. 2. Semi-logarithmic forward /-V characteristics on Ni/4H-SiC Schot-
tky barrier diode in temperature range of 300 K-423 K in steps of 15 K.

Table 1. Temperature dependent values of n and Pg for Ni/4H-SiC
Schottky barrier diodes obtained from forward bias /-V characteristics.

Moderate bias region Low bias region

T/K
Py_spu/eV ny P_spu/eV ny

300 1.530 1.025

318 1.537 1.023

333 1.552 1.019

348 1.560 1.017

363 1.565 1.015 1.289 1.287
378 1.574 1.013 1.308 1.269
393 1.584 1.01 1.321 1.245
408 1.589 1.008 1.347 1.199
423 1.599 1.006 1.374 1.153

To understand the individual contributions of the L-SBH
and H-SBH regions to the leakage current in the measured
temperature and voltage range, an analytical model is pre-
sented where two proportions of regions with different bar-
rier heights are equivalent to two Schottky barrier heights in
parallel.?”] The total leakage current density (J;.) is modeled
by two components, which is expressed as

Ju=ZJL-sgu+ (1 —Z)Ju_sBH, 4

where Z denotes the ratio of the area of the L-SBH region to
the total diode area, Ji _spy and Jy_spy are the current density
flowing through L-SBHs and H-SBHs regions, respectively
and they obey the TE theory described in Eq. (1). As the leak-
age currents are measured at the relatively high reverse bias,
the image-force related barrier-height lowering (Ad®g) due to
the electric field across the Ni/SiC interface should be also

considered with the following relation: (>8]
qEy
Adp = 5
B 4mesgy’ )

where the electric field E, across the M/S interface, is defined

26]NDVR
E, =/ ———. 6
S ©

Figure 4(a) shows the reverse /-V characteristics of Ni/4H—
SiC SBD in an applied bias region of 0 V=200 V at various
temperatures, and the calculated and experimental reverse I—
V characteristics of Ni/4H-SiC SBD at 363 K, 378 K, and
393 K are shown in Figs. 4(b)—4(d). Based on the model de-
scribed above, using the fitting parameters listed in Table 2,

as

the theoretical fits are shown to be in good agreement with
the experimental reverse /-V plots in the applied bias range of
0 V=200 V. It can be seen that the magnitude of leakage cur-
rent is dominated by the contribution from L-SBHs regions. At
363 K and 378 K, the extracted Z values are equal to 0.0113
and 0.0117, respectively. At 393 K, the extracted Z value of
the low barrier area is increased to 0.0312, i.e., Z = 0.0312,
and then breaks down. The increasing of low barrier patches
leads to a higher leakage current, and these results are well
consistent with the observation from forward /-V plot. In-
creasing the area Z seems to dramatically increase the leak-
age current. This result indicates that a small Schottky bar-
rier height inhomogeneity or localized lowering of the barrier
height can significantly affect the reverse /-V characteristics
of metal/4H-SiC Schottky contacts.
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Fig. 3. Variations of barrier height from the forward /-V for low bias
region and moderate bias region with temperature.
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Fig. 4. (a) Semi-logarithmic reverse /-V characteristics of Ni/4H-SiC Schottky barrier diode in the temperature range of 300 K-423 K
in steps of 15 K. Experimental and simulated reverse /-V characteristics of Ni/4H-SiC Schottky barrier diode at (b) 7' = 363 K, (c)
T =378 K, and (d) T = 393 K. Solid lines are for measured data, solid circles and dashed lines are for simulated results. Leakage
current components due to high-SBH and low-SBH region are also shown.

Table 2. Defect parameters obtained from the DLTS measurements.

Trap # o/cm? AE/eV  Njcm™>  Possible trap identity

El 589x10°1% Ec-0.66 4.2x10"12
E2

Z, ), intrinsic defect
2.60x 10715 Ec-0.16 7.6x 10712 Ti(c)* impurity defect

The average values of activation energy (E, = 0.16 eV)
are calculated from the thermal dependence of leakage cur-
rent at various bias voltages as shown in Fig. 5. It is indi-
cated that the localized defects exist in the epitaxial layer at
the metal/SiC interface, which can lower the barrier height of
the Schottky contact at the defect site. The schematic of ba-
sic reverse leakage current mechanisms of a Schottky diode
is shown in Fig. 6, which shows (a) thermionic emission, (b)
thermionic field emission, (c) field emission,?®! and also (d)
the defects related leakage current. The leakage current is
greatly dependent on the nature of the defects in the pres-
ence of electrically active defect centers. As shown in Fig. 6,
the existence of the possible defects with Et below the con-
ductive energy level Ec of SiC can induce the local defective
current paths. At the relatively high temperature, the defects
promote the ability of electrons to be injected into the conduc-
tion band, and thus increasing the reverse current and causing
the observed I-V-T characteristics in Fig. 4. Trap and defect-
assisted tunneling, and barrier-thinning caused by charge trap-
ping could be responsible for this excessive leakage current.
This mechanism has already been proved by the fact that the
ideality factors extracted from the forward /-V-T plots are
greater than 1.
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Fig. 5. Activation energy extracted from reverse /-V characteristics of
Ni/4H-SiC Schottky barrier diode at various voltages.
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Fig. 6. Schematic diagram of the current conduction mechanism
in Ni/4H-SiC Schottky diode, showing (a) thermionic emission, (b)
thermionic field emission, (c) field emission, and (d) the defects related
leakage current that may occur.

To further understand the defect properties near the
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Ni/SiC interface of diode, DLTS measurements are carried out
in a temperature range of 80 K—450 K. Figure 7 shows the typ-
ical DLTS results for Ni/4H-SiC SBD under the measurement
conditions of a reverse bias of —3 V and the pulse voltage of
0 V with a pulse width of 50 pus. Both peaks of E1 and E2 are
related to majority carrier traps (electron traps in this case) are
observed. The inset of Fig. 7 shows the Arrhenius plots for
all the peaks obtained from the DLTS spectra. The parameters
of defects, such as activation energy, capture cross-section and
defect density are calculated from the temperature-dependent
thermal emission rates of the traps and summarized in Table 2.
The defect level corresponding to E1 peak is located at Ec-
0.67 eV.1303 This trap is widely designated as Z, /2, an in-
trinsic growth defect in SiC and most likely related to carbon
vacancies.??) For E2 peak, the defect level is situated at Ec-
0.16 eV, which is attributed to the ionized titanium acceptor
residing at cubic Si lattice sites.[>33>1 Zhang et a1 and
Dalibor et al.3") have also identified the similar defect level
Ec—0.16 eV for a Ti electron trap level in as-grown SiC epi-
layers. The Ti may be a background impurity as a result of its
presence in the graphite susceptor used in the high temperature
region in the growth chamber. Combining the analysis of the
DLTS property and that of /-V property, the observed Ti im-
purities level is consistent with the mean activation energy E,
previously extracted from the leakage current, which causes
the barrier height to locally lower. These defects are electri-
cally active and can lead the diode leakage current to increase
by acting as trap or recombination and generation centers. The
character of Ti deep trap can be responsible for the observed
barrier height inhomogeneity at the temperature above 348 K.
Therefore, the presence of deep level defects can significantly
influence the nature of the Ni/4H-SiC interface and then the
electrical characteristics of the SiC Schottky diode.

—0.44

—0.8%

DLTS-signal/arb. units

_1.9 ,l - Bl —+—360 Hz
' E2 T 60 100 140 —-—540 Hz
(1/KT)/ev-1 —+—720 Hz
T T T T T T T
100 200 300 400
Temperature/K

Fig. 7. DLTS spectra measured for different lock-in frequencies and
fixed other parameters: Ur = —3 V, Up =0V, and #, = 50 ps, using
Ni/4H-SiC SBD in temperature range 80 K—450 K. Inset shows Arrhe-
nius plots obtained for E1 and E2 from DLTS spectra.

4. Conclusions

The influences of deep defects on electrical properties of
Ni/4H-SiC Schottky diodes are investigated in depth. The in-
homogeneities of SBHs (~ 1.53 eV high SBH and ~ 1.28 eV
low SBH) are discovered in the forward /-V characteristics at
temperatures above 348 K. Meanwhile, the inhomogeneity of
barrier heights is also found to increase with increasing tem-
perature. An analytical model is presented to explain the cur-
rent flowing through the high and low SBHs regions. The low
SBH region due to the existence of defects is thought to be
main cause for the unusually high reverse leakage current ob-
served in Ni/4H-SiC SBD. The DLTS measurement is carried
out to provide key information about the electrical characteris-
tics of SiC/metal interface at localized defect sites. The DLTS
results reveal the presence of two kinds of electron traps in
the SiC epilayer in the temperature range from 80 K to 450 K,
where the deep level defect at Ec—-0.67 eV (Z; /) is an intrinsic
point defect related to a carbon vacancy in SiC layer, while the
defect at Ec-0.16 eV is related to titanium impurity (Ti(c)?).
The later deep level trap may be the main origin of the low
barrier heights and significantly affect the performance of SiC
SBD.
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