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Abstract: The high temperature (300~ 480K) characteristics of the n-3C-8iC/p-Si heterojunction diodes ( HID)

fabricated by low -pressure chemical vapor deposition on Si (100) substrates are investigated. The obtained diode

with best rectifying properties has 1.8 X 10" of ratio at room temperature, and slightly rectifying characteristics

with 3. 1 of rectiflication ratio is measured at 480K of an ambient temperature . 220V of reverse breakdown voltage

is acquired at 300K. Capacitance—~voltage characteristics show that the abrupt junction model is applicable to the

SiC/Si HID structure and the built-in voltage is 0. 75V. A n ingenious equation is employed to perfectly simulate and

explain the forward current density—voltage data measured at various temperatures. The 3C-58iC/Si HJD represents

a promising approach for the fabrication of high quality heterojunction devices such as SiC-emitter heterojunction

bipolar transistors.
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1 Introduction

Silicon carbide (SiC) has been largely investi-
gated in last vears because of its outstanding physi—
cal properties (wide band gap, high thermal con-
ductivity, and high saturated electron drift
velocity) that make it a superior material for high
power and high-temperature electronics'". Al-
though over 250 one-dimensional SiC polytypes ex—
ist'"”!, there is only one repetitive ABC stacking se—

quence yielding a zinchlende structure, referred to

Article ID: 0253-4177(2004) 09-1091-06

as 3C8iC or pBSIiC. Since cubic 3CSiC is
metastable and therefore difficult to grow in large
bulk form, it has been heteroepitaxially grown typ-
ically on silicon substrates at 1000~ 1400°C using
conventional chemical vapor deposition
(CVD)" . The 3C-SiC-Si system has certain at—
tractive applications. The first is in the field of ro-
bust sensors operating at high temperatures and
harsh environments. The second is in the field of
low—cost large area substrates for the nitride epi-
taxy. The third is the development of semiconduc—
tor devices for the post CMOS era in silicon ultra

large scale technology. In particular. the SiC/Si
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heterostructures are of considerable interest in re-
alizing wide-band-gap emitters or window regions
in bipolar transistors'®, photodetectors'”, and elec—
troluminescent devices'" . Since the bandgap of SiC
is wider than that of Si, a valence-band discontinu-
ity (AE\) at the interface of n-p SiC/Si heterojunc—
tion diminishes the injection of holes from Si into
SiC. As a result, the emitter efficiency in an n—-p—n
SiC/Si/Si HBT is high, even if the doping level of
the base layer is fairly high'”'"".

However, beneath the fundamental problem of
heteroepitaxial growth in the material system with
large lattice mismatch (20%) and thermal misfit
(8% ) between Si and cubic BSiC, voids in the
shape of inverted pyramids are often formed in Si
substrate surfaces during the growth of SiC by Si
out—diffusion at high temperature, which signifi-
cantly affects the electrical properties of SiC/Si
heterojunctions'"""'”. Although several groups have
opened up SiC/Si heterojunction devices such as
HJD and HBT'"™"™. the breakdown voltage of

15~ 20
, the

which is not very high. In previous works'
author’s group made efforts to improve the epitaxy
of 3C-SiC on Si substrates and reported on the
LPCVD growth of voidsHree n-3C-8iC/p-Si and
the preliminary heterojunction characteristics. In
this paper, n-3CSiC/p-Si HJD with good electrical
properties is obtained and the characteristics of the
HJD at various temperatures ranged from 300 to
480K are investigated. An ingenious equation is
presented to simulate and explain the forward cur-
rent density-voltage (J-V) data measured at differ—
ent temperatures and thus the electrical transport
properties are discussed. T he 3CSiC/Si HJD repre-
sents a promising approach for the fabrication of

high quality HJ devices such as SiC-emitter HBT .

2 Experiment

The 3C-8iC/Si heterojunction diodes were fab—
ricated by growing unintentionally doped 3C-SiC
on 10~ 12 @ * em p-type Si (100) substrates using
a horizontal LPCVD system. SiH4, C2H4, and Pd-

cell purified H2 were used as precursor gases. T he
ultrasonically cleaned, chemically treated, finally
dried Si substrates were subjected to a pregrowth
etch in hydrogen at about 1200C for 10min to re-
move any trace of contamination and produce a sur-
face suitable for carbonization and subsequent epi-
taxy. The flow rates of SiH4, C2H4, and H2 were 1,
5, and 3000scem, respectively. The SiC layers were
grown at 1300°C under low pressures (2.6 X
10'Pa) . In order to prevent the formation of voids
and to obtain improved interface of 3C-SiC/Si,
much attention has been paid to the pretreatment
and carbonization process of the substrates. Fur-
ther details of the LPCVD growth and of the
diode’s fabrication process have been published

[ 15~ 20] . . .
. The thickness, carrier concentration,

earlier
and Hall mobility of 3C8iC layer is 1~ 2um, 1.4X
10"em™ %, 690 em”/(V *s). Al was sputter deposit—
ed on both sides with 200nm of thickness. The area
of the HJD’s is about Imm X1 mm, which was ob-
tained by cleaving along {10) direction. T hen the
capacitance~voltage ( C-¥) and current density-
voltage (/) characteristics of the HID were mea-
sured by HP4284A and HP4140B meters, respec—

tively.

3 Results and discussion

3.1 Room temperature J-V characteristics

The room temperature J-V characteristics of
the SiC/Si HJD are plotted in Fig. 1(a). The diode
rectification ratio of forward to reverse (commonly
defined at = 1V bias) is 3.8 X 10°. And the diode
with best rectifying properties we obtained has 1.8
X 10" of ratio. The deviation from linearity at high
forward current is due to a series resistance associ-
ated with ohmic contacts and body resistance. T he
reverse current increases gradually with increasing

reverse bias. Leakage current densities are mea-
sured at 1.0 and 3.0V reverse bias to be 1.81 X

100* A/em” and 3.57X 107 A/cmz, respectively.

Most of the diodes we obtained exhibit over 100V
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of reverse breakdown voltage ( here not shown),
and the best diode has approximately 220V of hard
breakdown voltage. Figure 1(b) shows a 1/C’¥
plot of a SiC/Si heterojunction diode. The C¥ data
are measured at 100kHz of frequency at room tem-
perature. The 1/C° versus V data of Fig. 1(b) re-
veals a linear relationship indicating that the SiC/
Si HID structure has abrupt junction. As can be

seen, the built-in voltage Vuiis 0. 75V.
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Fig. 1 J-V (a) and CV (b) characteristics of the SiC/Si

heterojunction diode at room temperature

3.2 High temperature J-V characteristics

Figire 2 shows the J-V characteristics of the
n—p heterojunction diode measured at four different
temperatures, 300, 340, 430, and 480K. As expect—
ed, the increase in temperature caused an increase
in leakage current and a decrease in the effective
breakdown voltage (here not shown).The temper—
ature effect of the HJD indicates that the junction
breakdown has a negative temperature coefficient,
w hich

is dominated by the tunneling mecha-

nism'”'. At 340K and 430K, the rectification ratio
decreases to 174 and 13 respectively. Slightly recti-
fying characteristics with 3.1 of rectification ratio

were measured at 480K of ambient temperature.

J(A-em?)

Fig. 2

J-V characteristics of the SiC/Si hetero—

junction diode at different temperatures

As can be seen from Fig. 2, at low current den—
sities J < 0.8A/cm’, the voltage drop across the
diode decreases with increasing temperature owing
to the reduction of the built-in potential. By con-
trast, at high current densities J> 0.8A/cm’, the
voltage drop at a given J increases with increasing
temperature. This behavior is called inversion. T he
voltage drop at the inversion point is about 1V,
which is very close to that in Ref. [ 22]. Such an

‘inversion ” is also observed in Si homojunction
diodes and SiC diodes'”. At higher temperature,
480K, it is found that the J-V curve does not obey
the ‘inversion ” behavior, the current density is
much higher than that at low temperature. These
phenomena relate to the temperature dependence of
the resistivity of Si and will be discussed below in
details.

M natssakanov et al.'™ used an equation to es—
timate the parameters of electron-hole scattering in
silicon carbide. We find that the eauation could be
used to simulate and analysis the J-V data of the
SiC/Si HJD’s measured at the four different tem-
peratures, but the ideality factor n should be in-
cluded. Then the total voltage drop V across the

structure at a given density J can be expressed as

nkeT . |

=y g, AT [y + B(TyJ (1)
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where ks and T are Boltzmann’s constant and the
absolute temperature, respectively. Jo is propor-
tional to Js, which is the saturation current density
of the HJD"s. The first term in equation (1) is the
voltage drop across the 3C-SiC/Si heterojunction.
The second is the ohmic voltage due to scattering
on phonons, impurities, and dislocations. T he third
consists of the ohmic voltage drop associated with
electron-hole scattering and the voltage due to to-

tal contact resistance and the series resistance.

JI(A+cm-2)

15 20 25 30 35

Viv

05 10

Fig. 3 Isothermal J-V characteristics of the SiC/Si
HID

at different temperatures. Lines show J-V character—

Points represent experimental data measured

istics calculated for the same temperature.

Equation (1) makes it possible to determine
the values of the parameters n, Jo, A, and B by
means of fitting to the experimental J-V character—
istics in a wide temperature region. Applying the
least-squares method to achieve the best fit to the
experimental data, we obtain the values for the pa-

rameters in Table 1.

T able 1

Best fit values of parameters to the experi-

mental data

T/K n Jo/(A *em™ ) A B/(Q* em®)
480 1 2.5 0.4 0.242
430 1 0. 028 0.8 0.42
340 1.5 0. 00038 0.6 0.28
300 1.8 0. 00003 0. 41 0.22

From the Arrhenius plot of Join Fig. 4, the ac-
tivation energy AE. is obtained to be 0.749 eV,
which is equal to ¢Vui. T herefore, the activation en—
ergy AE:u« is due to the built-in voltage of the HJ.

T his indicates that the forward current is dominat—

ed by the thermionic emission of carriers over a po—
tential barrier of height Vii. Diffusion mechanics
can also draw the same conclusion that AE. is the
same as the built-in voltage of the HJ'*". The ideal-
ity factor, n, is obtained to be 1. 8 at 300K, suggest—
ing that the generation-recombination processes
could not be neglected. The value of n decreases
because the diffusion current increases faster than
the recombination current with the increasing tem-
perature and at high temperature the diffusion cur—

. [25]
rent dominates ~.
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Fig. 4 Arrhenius plots of the value of the parame—
ter Jo

The temperature dependence of the values of
A and B in Table 1 is favorable in understanding
the fnversion” behavior when T'< 430K and the
rapid increase of the forward current when T >
430K. When 300K < T'< 430K, all the dopants in Si
have completely ionized, and therefore scattering
on phonons and impurities dominat. T hus the resis—
tivity increase with increasing temperature and the
‘inversion ” behavior becomes easily understood.
However, when T> 430K, the carrier concentration
due to intrinsic excitation exceeds 1 X 10" em™”,
which is about ten percent of the acceptor concen—
tration of the p-type Si substrate we employ.
Namely, the carrier concentration due to intrinsic
excitation becomes comparable to the acceptor con-
centration of the substrate. Therefore, the intrinsic
excitation rapidly dominates and the resistivity
sharply decreases with further increasing tempera—

ture. As a result, the forward current rapidly in-
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creases with increasing temperature when T >

430K.

3.3 Temperature dependence of forward and re-

verse current

Figure 5 shows the forward and reverse cur-
rent density at bias voltage of £ 1V. The reverse
current density due to generation in the space—
charge region increases rapidly with the increasing
temperature, while the forward current density in-
creases slowly with the increasing temperature up
to 430K. When the temperature is higher than
430K, the forward current density increases rapid-
ly. This result is consistent with that obtained in
high temperature IV data. And it is due to the in-
trinsic excitation of Si at higher temperature as dis—

cussed above.
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Fig.5 Temperature dependence of the current den-

sity at + 1V hias for the SiC/Si H]D

4 Conclusion

The n-3C-S8iC/p-Si HID fabricated by low
pressure chemical vapor deposition ( LPCVD)
showes good rectifying properties at room tempera—
ture. Capacitance—voltage characteristics show that
the abrupt junction model is applicable to the SiC/
Si HJ and the built-in voltage Vii is 0.75V. The
high temperature (300~ 480K) characteristics of
the HJD are investigated. And an equation is pre—
sented to simulate and explain the forward IV da-
ta measured at various temperatures. The conduc—
tion mechanisms are determined by analyzing the

current—~voltage characteristics. The 3C-8iC/Si HJD

represents a promising approach for the fabrication

of H] devices such as SiC-emitter HBT'.
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