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The interface properties of SAH-SIC(0338B) were characterized using-type metal-
oxide-semiconductor structures fabricated by wet oxidation. The interface states near the conduction
band edge are discussed based on the capacitance and conductance measurements at a low
temperature and room temperature. 4H-SiIC@gB®as found to have different energy distribution

of the interface state density from tk@001) face. The shallow interface state density on (88%

lower than on(0001) by a factor of 4 to 8. ©2002 American Institute of Physics.
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Interface properties are the most important issues to deabove two faces in 4H-SiC that can improve MOS transistor
termine the performance of metal-oxide-semiconductoperformance and MOS interface properties further. Although
(MOS) devices. As is the case with silicdSi), silicon car- the origin of interface states is different, we have selected a
bide (SiC) can be thermally oxidized to form silicon dioxide new surface orientation, 4IiSiC(08§§,8 according to the Si
(SiG,). In addition to that, SiC has excellent physical prop-analogy. The 4H-SiC(03) is semi-equivalent to
erties, such as wide band gap and high breakdown field suiBC(cubig-SiC(100), tilted by 54.7° toward(0110) from
able for high-power and high-temperature devices. Com¢0001), as illustrated in Fig. 1. In this letter, the interface
bined with the above features, SiC MOS transistors argroperties of MOS structures on 4H-SiC(@33were char-
expected to have high switching speed and low energy loss acterized, based on capacitance and conductance measure-
room temperature and even under high-temperature opersaents, focusing on the interface states near the conduction
tion. However, poor interface properties of SiC MOS struc-band edge.
tures, especially in 4H-SiC, processed by standard thermal The starting materials wera-type 4H-SiC substrates
oxidation hinder the realization of high-performance SiCwith surface orientations of (0& and (000J).

MOS transistors. 4H-SiC(0338) substrates were prepared by slicing ingots

It is well known that the interface properties of MOS grown on (000} by a modified Lely method at SiXON Ltd.
structures in Si strongly depend on the surface orientationgyith an angle of 54.7° toward thg110) direction.N-type
that is, S{100) has the smallest interface state density ancepitaxial layers were grown by standard atmospheric-
Si(111) has the largest one, and the situation afL80) sits ~ pressure cold-wall chemical vapor depositi¢6VD) at
between the above two fackghis is originated from the 1520°C using Silj and GHg as source gases ang lds a
interface states oP,-type dangling bonds. As for SiC, we carrier gas. The net donor concentrations of epilayers were
have experimentally demonstrated that the interface propeR.2< 10" and 8.7 10" cm™? for the (03®8) and (000)
ties of MOS structures also strongly depend on the surfactces, respectively. The specular surface was successfully ob-
orientations as follows: higher performance of MOS transisiained by CVD growth on (033) as well as or{0001. The
tors and lower density of shallow interface states were ob-
tained on 4H-SiC(11@) compared to those 0(0003).%° [0001]

The (0001 and (11D) faces of hexagonal crystal structure [ (111

correspond to thé111) and (110) faces of cubic structure, I

respectively. The origin of interface states in SiC MOS struc-
tures has not been clarified yet. For example, carbon clusters
and near-interface oxide traps are suggested as origins for
interface state®The formation of these defects may be dif-
ferent on different surfaces, because Si and C atom arrange-
ments on the surface affect the oxidation kinetics as the oxi-
dation rate depends on the surface orientations.

There may exist surface orientations other than the

3C-SiC(100)

dpresent address: Graduate School of Materials Science, Nara Institute of -
Science and Technology, 8916-5 Takayama, lkoma, Nara 630-0101, JapaRtG. 1. Schematic illustrations of surface orientations for 4H-SiC@)33
electronic mail: h-yano@ms.aist-nara.ac.jp and 3C-Si€100.

0003-6951/2002/81(25)/4772/3/$19.00 4772 © 2002 American Institute of Physics
Downloaded 24 Dec 2006 to 130.54.130.229. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 81, No. 25, 16 December 2002 Yano et al. 4773

of the net donor concentration and the oxide thickness for the
two samples. At 300 Ksolid curves in Fig. 2 a small hys-
teresis (£0.1V) was observed for both samples. The flat-
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0.8 - band voltage shift is 3.1 V for the (083 face and 2.0 V for
the (0001 face. Although the flatband voltage shift on

Oé 0.6 ~ (0338) looks larger than on0001), the effective oxide
) charge density calculated from the multiplication of the flat-
04l | band voltage shift and the oxide capacitance (51.2 nf/cm

: for (0338) and 76.2 nF/cifor (0001) results in the same

o jooK ] number of charges (1:010'2 cm™2, negative chargesor
0.2 -~ - -theory ] both faces. These negative charges originated from both
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fixed charges and electrons trapped at interface states.

At a low temperature of 100 Kbroken curves in Fig.)2
both the flatband voltage shift and hysteresis increased due to
the existence of shallow interface statés!? Relatively
shallow interface states affect the flatband voltage shift, be-
cause electrons trapped at the interface states stay, and be-
have like fixed negative charges. As for quite shallow states,
they become the origin of the injection-type hysteresis due to
slow emission of electrons from the interface states during
the voltage sweep. Neither shallow state has much effect on
the C-V curves at room temperature. The flatband voltage
shift at 100 K is 4.4 V for (038) and 7.0 V for(000J),
leading to the effective negative charge densiQ.d) of
1.4x10% and 3.3<10% cm™?, respectively. The increased
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ratio of the effective negative charge density from 300 to 100
K [Qer(100 K)/Qe(300 K)] is 1.4 for (0338) and 3.3 for

(0001). This indicates that the interface state density on
(0338) at relatively shallow energies is smaller than on

(0002).
FIG. 2. High-frequencC—V characteristics ofi-type 4H-SiC MOS capaci- Compared with the change of the flatband voltage shift,
tors on(@) (0338) and(b) (0001 faces. Solid and broken curves were taken the |arger difference in the increase of hysteresis is observed
at 300 and 100 K, respectively. Dotted curves indicate theoretical calculag . . . .
tions. Injection-type hysteresis is observed. for different surface orientations. Although the hysteresis un-
der flatband condition at 300 K is very small for both faces,
it increases to 0.9 V for (038 and 2.9 V for(0001). The

samples were cleaned by an RCA method, and then loadegfcrease of hysteresis corresponds to the emitted electron
immediately into the oxidation furnace. Wet oxidation wasdensity Qpyo of 3.1 10" cm 2 for (0338) and 1.4

performed at 1150 °C to grow a thermal oxide. The oxidationx 102 cm~2 for (000J). In comparison with the value at
time/thickness were 25 min/67 nm for (088 and 120 room temperaturd Qpy{ 300 K)~3x 10° cm~2], the in-
min/45 nm for(0001), which revealed that the oxidation rate creased ratid Qpy« 100 K)/Qp {300 K)] is 9.6 for (03B)
for (0338) was 67 times faster than f@001. After ther-  and 41 for(0001). This means that the interface state density
mal oxidation,in situ post-oxidation annealing was carried on (000J) increases toward the conduction band edge drasti-
out at 1150 °C for 30 min in Ar. Al was deposited on the cally, but that on (038) does not. From the increase of the
surface as a gate electrode with a diameter of gi0and  flatband voltage shift and hysteresis at the measurement tem-
also on the back side for an ohmic contact. Finally, postperatures from 300 to 100 K, Sj@H-SiC(033) is found
metallization annealing was done in a forming g88% H,  to have smaller interface state density tH@001) near the
in N,) at 400 °C for 30 min. conduction band edge.

To characterize the interface properties, high-frequency  The distribution of interface state densi®() as a func-
(1 MHz) C-V characteristics were measured at room tem+ion of energy from the conduction band edd&-) is shown
perature(300 K) and at a low temperatur€00 K) with a  in Fig. 3 for both (038) and(000J) faces. At deep energies
bias sweep rate of 0.1 V/s. The interface state density wasf Ec.—E>0.4 eV, D; on (033) tends to be larger than on
calculated from the peak value of the parallel conductanc€0001). However, the slope of the distribution &; on
measured in the frequency range of 1 kHz to 1 MHz at roon(0338) is not as steep as that g0001). Therefore, the
temperaturé:'° Both the capacitance and conductance mea¢0338) sample has loweD;, than the(0001) sample at shal-
surements were done using an HP4284A precision LCRow energies oE-—E<0.3 eV, which verifies the previous

meter in an electrically shielded dark box.
Figures 2a) and 2b) show high-frequencyC—-V char-
acteristics of 4H-SiC MOS capacitors on (@33and(0002),

argument based on the temperature dependence &-the
curves shown in Fig. 2. Between the energy rangeEgf
—E=0.1-0.2 eV,D; on (033) is smaller than orf0001)

respectively, measured at 300 K and 100 K. Note that théy a factor of 4 to 8. The data on (1023 are also indicated

different slopes of th€ -V curves are due to the difference in Fig. 3 for comparison. The (0_3{3 sample gives a half
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NN In summary, the interface properties oftype MOS

4H'S\:,Et2;!\éla(3§1 ] structures with wet oxides on 4H-SiC(08Bwere character-

(0001)  conductance method | ized. High-frequency¥C—V characteristics measured at a low
temperature indicated a large flatband voltage shift and hys-

teresis on(0001), while those on (038) were small. This

] implies that MOS structures on (083 have smaller inter-

(1120) face states at shallow energies than (6601, which was

(0338) ] verified by the measurement of interface state density using

the conductance method at room temperature. The interface

! ] state density on (03 at shallow energies was 4 to 8 times

10k ] smaller than on(0001), leading to higher channel mobility

E on 4H-SiC(033). Therefore, the (038) face of 4H-SiC is

0 0.2 0.4 0.6 a promising surface orientation for realizing high-

Ec-E (eV) performance MOS devices on 4H-SiC.

FIG. 3. Distribution of interface state densitip{) evaluated from conduc-
tance method.
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