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The electrical characteristics of W/4H-SiC Schottky contacts formed at different annealing temperatures have been
measured by using current—voltage—temperatures (/-V-T') and capacitance—voltage—temperatures (C—V-T') techniques in
the temperature range of 25 °C-175 °C. The testing temperature dependence of the barrier height (BH) and ideality factor
(n) indicates the presence of inhomogeneous barrier. Tung’s model has been applied to evaluate the degree of inhomo-
geneity, and it is found that the 400 °C annealed sample has the lowest Ty of 44.6 K among all the Schottky contacts. The
barrier height obtained from C-V-T measurement is independent of the testing temperature, which suggests a uniform BH.
The x-ray diffraction (XRD) analysis shows that there are two kinds of space groups of W when it is deposited or annealed
at lower temperature (< 500 °C). The phase of W,C appears in the sample annealed at 600 °C, which results in the low
BH and the high 7Ty. The 500 °C annealed sample has the highest BH at all testing temperatures, indicating an optimal
annealing temperature for the W/4H-SiC Schottky rectifier for high-temperature application.

Keywords: SiC, Schottky contact, inhomogeneity barrier, x-ray diffraction (XRD)

PACS: 73.40.Ns

1. Introduction

Silicon carbide (SiC) has received remarkable attention
as the representative of the third generation of semiconduc-
tor material for fabrication of high-power, high-frequency, and
high-temperature devices, due to its physical and electronic
properties, such as high breakdown electric field strength, high
saturation electron velocity, and high thermal conductivity. [1-?]
SiC Schottky contact is the basic structure in SiC devices. The
thermal annealing treatments after the deposition of metal into
SiC are introduced to obtain highly reproducible SiC Schot-
tky contacts®! and terminate the dangling bonds of SiC at
the interface of metal/SiC to reduce the surface states of the
structure.*! The reaction between the metal and SiC may oc-
cur at the interface during the annealing treatments, and the
interface material, particularly the new phases formed in the
interface, plays a key role in the electrical properties of the
contact. The performance of SiC Schottky diode largely de-
pends on the quality of the metal/SiC contact, and a reliable
Schottky contact is necessary for high-power applications. !

Barrier height (BH) and ideality factor (n) are the fun-
damental parameters of Schottky barrier diodes (SBDs). The
reliable Schottky contacts of rectifiers require BH to be typ-

ically above ~ 0.6 eV as well as low density of interface
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defects.[®”] The BH is likely to be a function of the in-
terface atomic structure, and the atomic inhomogeneities at
the metal-semiconductor (MS) interface which are caused by
grain boundaries, multiple phases, facets, defects, a mixture
of different phases, etc.!®!! In addition, Song et al.!'!l sug-
gested that the barrier inhomogeneities could occur as a result
of imperfect MS interface and lead to an abnormal variation of
Schottky barrier height and ideality factor with varied testing
temperature. Tung’s model!® assumed that nanometer-size
patches with lower barrier height were embedded in a uniform
high barrier background. The background with high barrier
would pinch off the low-BH patch and the height of the saddle
point would determine the current through Schottky contacts.
For the Schottky contact metal for high-temperature ap-
plication, Maset et al. reported!'?! that the Ti and Ni metal
layers typically used for commercial SiC Schottky diodes
were not suitable for high-temperature operation, while tung-
sten showed superior chemical stability and reliability over
a wide range of temperature, making it a perfect candidate
for high-temperature and high-voltage applications.!!3-16] Fer-
hat et al. reported!!”! that the 500 °C annealed W/4H-SiC
Schottky contact exhibited barrier inhomogeneities. Some re-
searchers have studied the reaction between W and SiC at high

5, 18,19

temperature I but the effects of annealing temperature on
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the properties of W/SiC Schottky contact, especially the de-
gree of inhomogeneity of the BH, to the best of our knowl-
edge, have not been investigated yet.

In the present work, we measure the electrical characteri-
zation of W/4H-SiC Schottky contacts formed at different an-
nealing temperatures. The temperature dependence of ideality
factor and BH indicates the formation of an inhomogeneous
barrier, which can be conveniently interpreted by consider-
ing lateral non-homogeneous distributions of BH according to
Tung’s model. The degree of inhomogeneity of the BH an-
alyzed by the “Tp anomaly” of Tung’s model is correlated to
the temperature of thermal annealing treatment. Furthermore,
the solid state reaction of W with 4H-SiC, the phase compo-
sition at different annealing temperatures, and its linkage with
the performance and degradation mechanism of the W/4H-SiC
SBDs are also investigated.

2. Experiment

The 4H n-type epitaxial wafers used to fabricate Schot-
tky contacts were supplied by EpiWorld International Co.,
Ltd. with a carrier concentration Np = 7.08 x 10> ¢cm™3
and a thickness of 11.18 pum, and were grown on a highly
doped (~ 1 x 10" cm™3) substrate layer with a resistivity of
0.018 Q-cm and a thickness of 350 um. The SiC wafers were
first treated with standard RCA cleaning steps, and sacrifi-
cial oxidation was used to improve the SiC interface condi-
tion. The oxide layer was etched by dilute HF solution, and
the back side Ohmic contact was produced by deposition of a
200-nm-thick Ni film, followed by the rapid thermal annealing
(RTA) at 950 °C for 120 s in nitrogen ambiance. Thereafter,
a 200-nm-thick W layer was deposited by e-beam evaporation
on the surface of SiC epitaxial layer. The Schottky contacts
which had circular geometry with a diameter of 500 pm were
formed by a standard photolithography process. Six kinds of
samples were prepared: one without thermal treatment and the
others were further treated by RTA at different temperatures
(400 °C, 500 °C, 600 °C, 700 °C, and 1000 °C) for 5 min in
vacuum. The contacts were characterized by current—voltage
(I-V) and capacitance—voltage (C-V') with the measuring tem-
perature range of 25 °C-175 °C by using an Agilent 1500B
source meter unit. X-ray diffraction (XRD) analyses were car-
ried out in order to identify the formed phases and their crys-
tallographic orientations.

3. Results and discussion

Considering the effect of the series resistance Rg, the
forward current—voltage characteristics of a Schottky contact
obeying the thermionic emission (TE) model are given by (for
(V —IRy) > 3kT /q) 12"

I = Lexplq(V —IRs) /nkT], (1)

with the saturation current /5 expressed by

w2 9%
Iy =SA T exp <_kT> , 2)
where S is the area of the contact, A* is the effective Richard-
son constant (146 A-cm?-K~2 for n-type 4H-SiC[?!)), n is the
ideality factor, g is the BH, ¢ is the electronic charge, k is
the Boltzmann constant, and T is the absolute temperature.

The values of n, ®@g, and Ry are calculated using a method
developed by Cheung and Cheung/??/

av kT
a(nT) :Rs1+n?, 3)
kT 1
H(l):V—n(q)ln (SA*T2>, “
H(I) = IRs+ ndg. )

Taking the sample annealed at 500 °C as an example, as
shown in Fig. 1(b), equation (3) gives a straight line for the
data of the downward-curvature region of the I-V-T char-
acteristics shown in Fig. 1(a). Therefore, the slope and y-
intercept of a plot of dV/d(Inl) versus I will give Rs and
nkT /q, respectively. Using the n value determined from
Eq. (3) and the data of downward-curvature region in Eq. (4), a
plot of H (I) versus I according to Eq. (5) also gives a straight
line with y-intercept equal to n®g. Thus, the values of n, ®g,

and Ry of the contacts are obtained, respectively.
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Fig. 1. (color online) (a) The I-V-T plots of W/4H-SiC Schottky con-
tact. (b) The experimental dV /d(Inf) versus I and H (I) versus I plots
for the W/4H-SiC Schottky contact at different testing temperatures.
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The n, ®p, and Ry at different testing temperatures ob-
tained from Fig. 1(b) are shown in Fig. 2. It can be clearly
seen that Pp increases and n decreases as the testing temper-
ature increases. The temperature dependence of n and Pg has

17.23.24] and it has been

been reported in different literatures, !
explained as the presence of an inhomogeneous Schottky bar-
rier. The series resistance increases with increasing temper-
ature, and similar results were reported by Toumi ez al.,[>]
which could be explained by the fact that the main compo-
nent of series resistivity, epitaxial, and substrate layer increase
with increasing temperature.!®! The resistance at room temper-
ature is somewhat higher than that at high temperature, which

is possibly due to the measuring equipment.
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Fig. 2. (color online) (a) n and Pp as a function of the testing tem-
perature for the W/4H-SiC Schottky contacts. (b) R of the W/4H-SiC
Schottky contacts at different testing temperatures.

Applying Tung’s model to our case, we present the plot
of nkT versus kT in Fig. 3(a), where the straight line describes
the ideal behavior (n = 1). As can be seen, the n’s obtained
at different temperatures are fitted by a straight line parallel to
that of the ideal case. Such behavior is typical of a real Schot-
tky contact with a distribution of barrier inhomogeneity, and
is commonly referred to as the so-called “7 anomaly”, while
the value of Tj can be determined by

n(T) =142 ©)

Figure 3(a) shows that the experimental results of n (T') fit very

well with the theoretical equation (6), and figure 3(b) shows
the different Tp values extracted from Fig. 3(a).
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Fig. 3. (color online) (a) Plot of nkT /q versus kT /q showing the Ty
effect. (b) 7o anomaly versus annealing temperature.

According to Tung’s model, there are patches of low bar-
rier (qPpo — A) embedded in a uniform high-barrier height
(gPpo), and the deviation is expressed as A. By assum-
ing the circular patches with radius Ry, the parameter y =
3(AR3/4) '/3 can be used to describe the barrier inhomogene-
ity. Considering the pinch-off model, the patch parameter y is
not a constant, Tung and coworkers suggest the Gaussian dis-
tribution of y with a standard deviation ¢, and the constant 7y
is given by

To =™V, g /3kn", )
where V;, is the band bending, and 1 = &/gNy, while & is the
permittivity of the material. Assuming that the parameters Vi
and 1 are irrelevant to the annealing treatment, thus, the lower
value of Tj indicates smaller distribution of y. Figure 3(b)
shows that the sample annealed at 400 °C has the lowest Ty
of 44.6 K, which means that the 400 °C annealed contact has
the lowest degree of inhomogeneity and there are fewer small
regions with low barriers through the contact.

In order to identify the formed phases during the anneal-
ing process, XRD analyses are carried, and the C—V character-
istics at different testing temperatures are also evaluated. The
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x-ray diffraction spectra of different annealing temperatures
are shown in Fig. 4. The capacitance is measured at different
reverse bias values at 1 MHz by superimposing an ac voltage
on the dc voltage. Taking the sample annealed at 500 °C as
an example, the C~2—V plots are shown in Fig. 5(a), and the
capacitance is given by

1 2Mi—v—(kT/q)]

C2 quNDSS
where S is the area of the contact, V4 is the built in potential,
v is the depth of Fermi level below conduction band, Np is the

) ®)

doping concentration of epitaxial layer, and & is the permit-
tivity of semiconductor. The x-intercept in the plot of C~2-V
gives the value of V4, and then the barrier height is determined
using the following equation:

kT kT N
Dp(cv) :Vbi+;+?ln (Mi)’ ©)

where Nc is the effective density of state in the conduction
band.

The BH’s obtained by C-V method are illustrated in
Fig. 5(a), showing testing temperature independence, which
means a uniform high barrier.[*®! And the BH’s obtained from
Fig. 2(a) (I-V) are also shown in Fig. 5(b) as comparisons.

Figure 4 shows the XRD spectra of W/4H-SiC Schot-
tky contacts formed at different temperatures. For the as-

deposited, 400 °C, and 500 °C annealed samples, there are

W(Pm-3m)

as-deposited

Log(intensity)

20 30 40 50 60 70 80 90
Diffraction angle 260/(°)
Fig. 4. (color online) X-ray diffraction spectra of W/4H-SiC Schottky

contacts surface upon different annealing temperatures. The unlabeled
peaks at the diffraction angle about 35° are considered to be SiC.

two kinds of space groups of W. The diffraction peaks at
39.96°, 43.78°, 66.60°, 69.56°, and 75.10° can be attributed to
the (210), (211), (320), (321), (400), (420), and (421) reflec-
tion of W(Pm-3m), respectively, while the diffraction peaks
at 40.30°, 58.50°, 73.30°, and 87.06° can be attributed to the
(110), (200), (211), and (220) reflection of W(Im-3n), respec-
tively. The intensity of the W(Pm-3m) peak decreases with
the increasing annealing temperature, and only the peak of
W(Im-3n) exists at the annealing temperature of 600 °C. At
the annealing temperature of 600 °C, the appearance of the
peaks at 35.60° and 75.06° can be attributed to the (002) and
(240) reflections of the formed W,C phase during the an-
nealing treatment, and the increase of the peak intensity and
the emerging peaks of other crystallographic orientations of
W, C phase at the annealing temperature of 1000 °C might
be interpreted as further reaction between W and SiC. The
Schottky barrier height of W,C/4H-SiC is about 0.94 eV,[?”]
apparently lower than that of W/4H-SiC, thus the sample an-
nealed above 500 °C shows lower BH (obtained from I-V)
than that annealed at lower temperature as shown in Fig. 5(b).
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Fig. 5. (color online) (a) C-V measured BH of W/4H-SiC Schottky con-
tacts formed at different annealing temperatures versus different test-
ing temperatures. (b) C-V and /-V measured BH at different testing
temperatures of W/4H-SiC Schottky contacts versus different anneal-
ing temperatures.
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The appearance of W,C at high annealing temperature may
lead to more patches with lower barrier height than that at low
annealing temperature, which is the reason of higher T for the
samples annealed at 600 °C, 700 °C, and 1000 °C, as shown
in Fig. 3(b). Thus for the fabrication of W/4H-SiC Schottky
rectifier for high temperature application, an annealing tem-
perature of 500 °C may result in the highest BH and lower
reverse leakage current. (%]

The current of the Schottky contact is made up of two
components.8! One is the current over the entire contact,
which has a uniform BH, and the other is an additional current
due to the presence of the low-BH patches. At high temper-
atures, the current is dominated by thermionic emitted trans-
port over the uniform BH and displays a near unity ideality
factor. At low temperatures, the low-BH patches dominate at
small bias and the ideality factor is larger than 1. As shown in
Fig. 5(b), the relative value of BH at high testing temperature
tends to accord with the relative value of BH obtained from
C-V measurement.

4. Conclusion

The n, ®p, and R of several W/4H-SiC Schottky con-
tacts annealed at different temperatures are obtained by /-
V-T measurements, and the temperature dependence of the
ideality factor and BH indicates the formation of an inhomo-
geneous barrier. The experimental data are analyzed by the
Tung’s model to describe the contact with a homogeneous
high-barrier background in which low-barrier patches are em-
bedded. The values of Ty in Tung’s model are calculated to
evaluate the degree of the barrier inhomogeneous. It is found
that the degree of the inhomogeneous barrier depends on the
thermal annealing temperature, and the 400 °C treated samples
have the lowest degree of inhomogeneity of the barrier. The
BH of the Schottky contact is related to both the space group of
W and the phase composition of W—SiC reaction. The phase of
W, C appears at annealing temperature of 600 °C, resulting in
a low BH of the Schottky contact and a high Ty, which means
high degree of inhomogeneity of the barrier. The fact that the
500 °C annealed sample has the highest BH at all testing tem-
peratures indicates an optimal annealing temperature for the
W/4H-SiC Schottky rectifier for high temperature application.
The BH’s obtained from C-V-T are higher than those of I—

V-T and are independent of the testing temperature, and are
considered as the value of uniform barrier height. At high tem-
perature, the BH obtained by /-V—-T measurements tends to
be close to the BH obtained from C-V-T, which means the
current is dominated by thermionic emitted transport over the
uniform BH.
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