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Shallow states at SiO ,/4H-SIC interface on (1120) and (0001) faces
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Shallow interface states at Si@H-SiC were examined on (102 and(0001) faces using metal—
oxide—semiconductdiMOS) capacitors. The MOS capacitors were fabricated by wet oxidation on
both faces to investigate the difference in the energy distribution of interface state density. The
parallel conductance as a function of frequency was measured at room temperature, and
high-frequency capacitanc€)—voltage {) curves were measured both at room temperature and
100 K. By the conductance method, the interface state density orDj s revealed smaller than

on (0001 at shallow energies, while at deeper energies the relation changes to opposite situation.
High-frequencyC—-V curves at 100 K show a large positive flatband voltage shift and a large
injection-type hysteresis of®001) samples, while those were small on (D)2 indicating another
evidence of smaller interface state density near the conduction band edge d).(122002
American Institute of Physics[DOI: 10.1063/1.149231]3

Silicon carbide(SiC) has received much attention due to ing growth conditions during CVD. Prior to thermal oxida-
its superior physical properties for high-power and high-tion, the samples were cleaned by a standard RCA method
temperature devices. In addition, insulating oxide Sg@n  with a HF dip at the final step. Then, wet oxidation was
be grown by thermal oxidation like for Si. Therefore, many performed at 1100 °C for 50 min, resulting in oxide thick-
researchers have been trying to realize SiC metal—oxidefnesses of approximately 40-50 nm and 14 nm for ()12
semiconductor field-effect transistoflOSFETS with high ~ and (0001 samples, respectively. Fg0001) samples, 40-
performance, especially in 4H-SiC due to higher electromm-thick oxides were also grown by wet oxidation at
mobility in the bulk. However, the Sig¥H-SiC interface 1150°C for 120 min. After the thermal oxidation, all
processed by standard thermal oxidation has a high densi§@mples were subjected to post-oxidation annealing at the
of interface state};® resulting in poor MOSFET oxidation temperatures for 30 min in Ar. Al was used for the
performanc® due to a low channel mobilitytypically — 9ate electrode with a diameter of 3@@n. For the backside

<10 cnf/V's).5~1% Aimost all MOS-related researches have contact, blanket deposition of Al was done.

been done usingd00)) face materials. We have reported that 10 obtain the interface state densitp(), the parallel

a higher channel mobility£ 100 cnf/V's) can be obtained conductance®y) as a function of frequency was measured
for 4H-SiC MOSFETs by using the (103 facé'®instead 2t r00m temperature. High-frequency kHz, 1 MH2 ca-

of the conventiona(0001) face. Recently another group has Pacitance €)-voltage V) characteristics were also mea-

improved the channel mobility further(110 cnt/V's) by sured at both room temperature and a low temperd0@
K) with a bias sweep rate of 0.1 V/s. Both the conductance

applying post-oxidation annealing in hydrogen or pyrogenic . )
steam on the (112) face!®!5We also found that the inter- 20 capacitance measurements were done by using a
face state density was very different for the (_!D;lZand computer-controlled HP4284A precision LCR meter in an

(000)) faces, from the temperature dependence of threshol8|ec_tl_rr'](;ail%:r?;ﬂgi?a?:g(eggﬁ' was extracted from a conduc-
voltage of the MOSFETY In this letter, we evaluate the y

interface state density based on the conductance and ca tance method, which is considered to be the most sensitive
! 'y u P ay to determine the interface state density. The equivalent

—r E)%rallel conductance was measured at a given gate bias volt-
and. a low temperqture for the (10 and(0007) faces, fo- age, which caused a certain band bending, over a wide fre-
cusing on shalloyv interface stateg. ) quency range from 1 kHz to 1 MHz. The conductance rep-

MOS _capacitors  were fab_rlcated on mtrggen—dopeq,esents the loss due to capture and emission of carriers by
n-type epilayers grown by chemical vapor deposii®VD)  interface states, and the peak value of equivalent parallel
on 4H-SiC substrates with the surface orientations of 012 ,ndquctance divided by angular frequengy) is directly

and(000). The (11D) substrates were prepared by cutting .onnected to the interface state density as follbvs:
modified-Lely-grown bulk crystals parallel to the (1ap

face without an intentional off-angle. THO001) substrates 1
have an off-angle of 8°. The net donor concentrations of T gAfp
epilayers were X 10°-2x 10" cm™ 3 achieved by chang-

Gp

w

1)

peak

Here, A is the area of gate electrode afigl is a parameter

dpresent address: Graduate School of Materials Science, Nara Institute dfependlng on the standard deviation of the surface potentlal
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FIG. 1. G,/ w as a function of frequency far-type 4H-SiC MOS capacitors ~ FIG. 3. High-frequency(l MHz) C-V characteristics oh-type 4H-SiC
with wet oxides on(a) (1120) and (b) (0001 faces. Insets show high- MOS capacitors oia) (1120) and(b) (000]) faces measured at 300 K and
frequencyC-V curves for the corresponding MOS capacitors. 100 K. Injection-type hysteresis is observed.

mation about surface potential fluctuations can be evaluategyetical curve compared to that of 4H—SiC(_I)1)2 the fre-

by the conductance met_hod. However, this paper focused %%uency dispersion between 1 kHz and 1 MHz for 8e01)

the interface state density. _ _ sample is larger than that for the (1aRsample. This indi-
The measure®,/w as a function of frequency for dif-  cates that th€0001) sample has a higher density of interface

ferent gate biases is shown in Figgajland 1b) for the  giates than (11®). This fact is observed directly from the

(1120) and(000Y) faces of 4H-SiC MOS capacitors, respec- peak height ofG,/w for these two samples. The peak

tively. The inset_ figures show hi_gh—frequerﬁyv curves of heights ofG,/w for the sample on the (ﬁB face are one

the corresponding MOS capacitors. Though @€V curve g der of magnitude lower than that for the sample on the

measured at 1 kHz of 4H-S{G00]) looks close to the the- (0p01) face, indicating that the interface state density on

4H-SIC(112) is lower than that on 4H-Si0001) by one

10™ ———————————3 order of magnitude. Using the manner given as a simple
E N ; n-MOS 1 calculation method?® values ofa (in thermal units ok T/q)
: YAH(0001) wet ox. ] and 1f were extracted to be 3.5 and 6.3 for (D)2 and
108 %3 il 3.7 and 6.8 for(0001), respectively.
‘; 3\\ O: _ _ '_rhe in_terfac_e state density for f[hese_ samples are shown
o2 wzm 1 in Fig. 2, in which the energy position is plotted from the
g 1072 oo 6H(11§0)-§ valence band edge. In Fig. 2, the results obtained from 6H-
~ . h..\ ] SiC MOS capacitors fabricated in the same manner as 4H-
o “ \g\ =~ SiC are also shown. The properties of 6H-SiC MOS capaci-
10 6H(0001)~BEE tors on (11®) and(000)) indicate the similar tendency to a
: : ] previous report? in which the samples were oxidized in wet
ool W 0, and their interface state densities were measured by the
34 32 3 28 26 24 conductance method at 310°C. 4H- and 6H-SiC have the
E-Ey (eV) same energy for the valence band edge, which is 6.0 eV

FIG. 2. Interface state densitp() of 4H-SIC MOS I , below the conduction band edge of $i@? The distribu-
. 2. Interface state densi of 4H-Si capacitors processed . : . " o
by wet oxidation calculated by conductance method. Energy positid; of tion of interface state density for 4H- and 6H-SIC can be

is plotted from the valence band edge. The data of 6H-SiC onqLzad  Plotted on the same curve, and this can be applied even in the

(0009 are also plotted. different surface orientations. Therefore, the larger band gap
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polytype of 4H-SiC has a higher interface state density near In summary, the interface states near the conduction
the conduction band edge. The increase of the interface staband edge at Sig4H-SiC on the (112) and(000J) faces
density is emphasized on ti@001) face, resulting in a quite  oxidized in wet Q ambient were characterized by a conduc-
high density of states at the Si@H-SiC(0001) interface tance method at 300 K and high-frequerCy-V measure-
near the conduction band edge, even if a low interface statments at 300 and 100 K. The (1ap MOS capacitors
density is obtained at deeper energies. On the Q)face, showed a smaller interface state density near the conduction
however, the increase of interface state density is slowhand edge than thé001) MOS capacitors determined by
which leads _a lower density of states at thethe conductance method. Tke-V measurements at 100 K
Si0,/4H-SIC(11D) interface near the conduction band revealed a small increase in the flatband voltage shift and
edge. For this reason, less electron trapping at the interfadeysteresis on (112) and a large increase ai®001), by
occurs in the inversion condition of MOSFETSs, and a highemwhich the analysis using the conductance method was con-
channel mobility can be obtained on the (D)Xace. firmed separately. The smaller interface state density at shal-
Another way to characterize the shallow interface statetow energies on (112) should give favorable influence to
is to measure high-frequencyC—-V curves at low 4H-SIC MOSFETs for obtaining a higher channel mobility.
temperature$>23 At low temperatures, the emission time of

electrons trapped at interface states becomes long, and then NS work was partly supported by a Grant-in-Aid for
the interface states at shallow energy aff€ctV curves. Specially Promoted Research, No. 09102009, from the Min-

Because of this, relatively shallow interface states bring ast'y of Education, Culture, Sports, Science and Technology
large positive shift inC—V curves due to the existence of of Japan, and The Kansai Electric Power Co. The authors

negative charges caused by electrons trapped at the interfa&XPress their gratitude to Kyoto University Venture Business
In addition, electrons trapped at quite shallow interface state@Poratory (KU-VBL) for the partial support of this work.
are emitted gradually during the voltage sweep @£V They gratefully acknowledge Nippon Steel Co. for the sup-
curves, leading a large injection-type hysteresis. At roonPy Of (1120) substrates.
temperature, such shallow states do not contribute to both the
flatband voltage shift and hysteresis, because the emission
time of electrons becomes short.
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