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Molecular-beam epitaxial growth of insulating AIN on surface-controlled

6H-SiC substrate by HCI gas etching

Norio Onojima,® Jun Suda, and Hiroyuki Matsunami
Department of Electronic Science and Engineering, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan

(Received 21 May 2001; accepted for publication 16 October 2001)

Insulating AIN layers were grown on surface-controlled 6H—SiC subtrates by molecular-beam
epitaxy (MBE) using elemental Al and rf plasma-excited nitrogen (N*). HCI gas etching was
introduced as an effective pretreatment method of substrate for MBE growth of AIN. 6H-SiC
substrates pretreated by HCI gas etching had no surface polishing scratches and an atomically flat
surface. In addition, evident (V3Xv3)R30° surface reconstruction was observed even before
thermal cleaning. AIN layers grown on this substrate had no defects related to surface polishing

scratches and excellent insulating characteristics.
[DOI: 10.1063/1.1428620]

Silicon carbide (SiC) is one of the most promising ma-
terials for ultra low-loss high-voltage power devices. Al-
though silicon dioxide (SiO,) is widely used as a gate insu-
lator in SiC field-effect transistors (FETSs), electric field in the
oxide becomes too high for a reliable operation. Aluminum
nitride (AIN) is expected as an insulator of SiC power metal-
insulator-semiconductor FETs (MISFETs) due to its high
relative dielectric constant (€= 8.5€,)' compared to SiO,
(€sio,=3.9€¢). Although there are a few reports on AIN/SiC

MIS devices,> insufficient quality of AIN layer is an ob-
struction to realize high-performance devices.

In order to obtain a high-quality AIN layer, a pretreat-
ment of substrate surface is very crucial as well as the
growth condition. In this study, HCI gas etching is suggested
as an effective pretreatment method of substrate for
molecular-beam epitaxial growth of AIN. It has been exam-
ined by atomic force microscopy (AFM) that HCI gas etch-
ing could remove surface polishing scratches and realize an
atomically flat surface.* In this letter, surface features of HCI
gas etched substrate and AIN layers were examined by using
reflection high-energy electron diffraction (RHEED) and
AFM. The electrical property of AIN layers was investigated
by a current—voltage (/—V) measurement.

Substrates used in this study are commercially available
n-type on-axis 6H-SiC (0001)g; face wafers (off angle
<0.2°). The doping level of substrates is around 1
X 10" cm™.

The substrates were prepared with a conventional chemi-
cal cleaning, and then loaded into a SiC chemical vapor
deposition system for HCI gas etching. The HCI gas etching
was carried out at 1300 °C for 10 min under a gas flow of
HCI (3 sccm) diluted with H, carrier gas (1 slm). The details
of HCI gas etching have been reported elsewhere.* After the
etching, the substrates were transferred through the air into a
molecular-beam epitaxy (MBE) system for AIN growth.

The MBE system is equipped with an effusion cell of
elemental Al and a rf plasma cell for producing active nitro-
gen (N*). Substrate temperature was measured by a thermo-
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couple located just behind the substrate. Although the actual
substrate temperature may be lower than the thermocouple
temperature, the measured temperature without any correc-
tions is used as the substrate temperature in this letter. The
substrate was thermally cleaned at 950 °C for 30 min in an
ultrahigh vacuum, and then an AIN layer was grown at
900 °C under an optimized condition. The optimized condi-
tion was an Al flux of 3.3X 10”7 Torr, f power of 150 W,
and nitrogen (N,) flow rate of 0.5 sccm. Smaller and larger
Al flux resulted in a rough surface and Al droplet formation,
respectively. The growth rate under this condition was 0.3
pum/h.

Figure 1(a) shows an AFM image of HCI gas etched
6H-SiC substrate. Polishing scratches, which are usually ob-
served on the surface of as-received wafer, were removed
and an atomically flat terrace structure with a 6 monolayer
(ML)-height atomic step was formed, as previously reported
by Nakamura er al.* Removing surface polishing scratches
will reduce defects of AIN layer and improve electrical prop-
erties of an AIN/SiC heterostructure.

The crystal structure of AIN is wurtzite (2H), which dif-
fers from that of a 6H-SiC substrate. To eliminate stacking
mismatch boundary (SMB)® between AIN nuclei on different
terraces of 6H-SiC, the step height of SiC should be 6 ML.
A step height was well controlled to be 6 ML by HCI gas
etching,* which is very important to grow high-quality AIN.

6ML(1.5 nm) step| 2.5nm
- -

Zrange : 10 nm
(1 um % 1 pum)

—

Lo 3} “‘"hm '-
thickness 4.4 nm 13.1 nm 24.9 nm
(a) (b) (c) (d)

FIG. 1. AFM images of HCI gas etched 6H-SiC and AIN layers. (a) HCI
gas etched 6H-SiC, (b) AIN 4.4 nm, (c) 13.1 nm, and (d) 24.9 nm.

SiC sub.

© 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



A Self-archived copy in

—Ea paY RBAFEHEE) LD Y
Kyoto University Research Information Repository
ﬁ.ﬁﬁlﬁﬁ https://repository.kulib.kyoto-u.ac.jp tg,uL"Je.ﬁeszcNﬁo!R!p?%“ow
Appl. Phys. Lett., Vol. 80, No. 1, 7 January 2002 Onojima, Suda, and Matsunami 77

[1120] azimuth
11111 11111 I

- ee

[1100] azimuth

(v3 x3)R30° faint pattern (1x1) (43 xJ3)R30°
(@) (b) (c) (d)

FIG. 2. RHEED patterns during AIN growth (a) HCI gas etched 6H-SiC
surface, (b) AIN surface during 1 min from start of growth, (c) AIN surface
during growth, and (d) AIN surface after growth.

The surface feature of HCI gas etched substrate was in-
vestigated by using RHEED. Just after starting RHEED ob-
servation (~150°C), a sharp and intense streak pattern with
(V3XV3)R30° surface reconstruction of 6H-SiC was al-
ready evident. The RHEED pattern at 900 °C is shown in
Fig. 2(a). The observation of streak pattern with clear Kiku-
chi lines indicates that an atomically flat and clean surface
was obtained by HCI gas etching. This fact corresponds to
the AFM image as shown in Fig. 1(a). In situ x-ray photo-
electron spectroscopy (XPS) measurements revealed that the
Si/C intensity ratio of the surface is about 20% larger than
that of SiC substrate without HCI gas etching. The (v3
XV3)R30° surface reconstruction has been reported as a 1/3
ML excess Si adsorbed surface.®” Our XPS results agree
with those reports.

The RHEED patterns during the growth of AIN are also
shown in Fig. 2. Just after the start of AIN growth, the
RHEED pattern became faint. Then, a (1 X 1) streak pattern
of AIN gradually appeared and became evident after 1 min
growth. After the AIN growth, the (1 X 1) pattern changed to
a (V3XV3)R30° pattern under N* irradiation as shown in
Fig. 2(d). The observation of streak pattern during the
growth and surface reconstruction after the growth suggests
that a flat and uniform AIN layer was grown on a 6H-SiC
substrate.

Figure 1(b)-(d) show the surface morphology of AIN
layers with various growth times. During 1 min from the
start of AIN growth, island-like growth occurred, resulting in
a rough surface. As AIN growth proceeded, islands coalesced
each other and the surface became flat. The root-mean-
square roughness decreased with increasing layer thickness
and approached about 0.3 nm which is small enough for
device applications.

Structural properties of AIN layers on HCI gas etched
6H-SiC substrates have been studied by using high-
resolution x-ray diffraction.® The evolution of a c-axis lattice
constant with increasing AIN layer thickness clearly indi-
cated that lattice relaxation occurred at the critical thickness
(~5 nm) owing to 1% lattice mismatch between AIN and
6H-SiC. It is thought that AIN layers beyond the critical
thickness contain misfit dislocations. The detailed investiga-
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FIG. 3. Results of /—V measurement. Sample (a) was a 6H-SiC substrate
with HCI gas etching and sample (b) was a 6H-SiC substrate without HCI
gas etching.

tions on the crystalline quality of AIN layers are discussed
elsewhere.®

The electrical property of AIN layers was investigated by
using AI/AIN/n™-SiC MIS diode structures. Al electrodes
(thickness 100 nm and diameter 300 um) were formed on
the AIN surface by vacuum evaporation. The back side con-
tact for the SiC substrate was obtained by using silver paste.
Two samples were fabricated. Samples (a) and (b) were
grown on 6H-SiC substrates with and without pretreatment
of HCI gas etching, respectively. The AIN layer thicknesses
were about 30 nm. Figure 3 shows the result of /—V mea-
surement. The bias direction is an accumulation mode, i.e.,
the Al electrode is biased to positive. The electric field (E)
applied to the AIN layer was calculated by dividing the ap-
plied voltage with the AIN layer thickness. Leakage current
in the opposite bias direction (not shown here) was smaller
than that in the accumulation mode.

The sample (a) exhibited an excellent insulating prop-
erty. The resistivity of this AIN layer was 6.8X 10'3 Q) cm.
Leakage current was as small as 10~ % A/cm? below 2.5 MV/
cm. Although misfit dislocations are thought to exist in this
AIN layer, the insulating property was not deteriorated re-
markably. Gate leakage was one of serious problems for
AIN/SiC MISFETs.? Therefore, this is a considerably hope-
ful result to apply an MBE-grown AIN for an insulator of
SiC MISFET. The breakdown field was around 3 MV/cm,
which is relatively small. Further study of breakdown
mechanisms is under investigation.

The sample (b) showed poor insulating characteristics
with large leakage current even under low electric field. This
is partly attributed to defects related to surface polishing
scratches in the AIN layer as well as electric field crowding
at the scratches or other defects related to SMB.

From these results, we can conclude that the HCI gas
etching of 6H-SiC substrate is very significant to achieve a
high-quality AIN layer in terms of structural properties and
insulating characteristics.

In this letter, we introduced HCI gas etching as an effec-
tive pretreatment method of substrate for MBE-growth of
AIN. 6H-SiC substrates pretreated by HCI gas etching had
no surface polishing scratches and an atomically flat surface.
In addition, evident (vV3Xv3)R30° surface reconstruction
corresponding to 1/3 ML/Si adsorption was observed even

Downloaded 24 Dec 2006 to 130.54.130.229. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



poy PN

KYOTO UNIVERSITY

78 Appl. Phys. Lett., Vol. 80, No. 1, 7 January 2002

before thermal cleaning. The RHEED observation and AFM
images revealed that very flat and high-quality AIN layers
were grown on HCI gas etched 6H-SiC substrates. These
AIN layers had no defects related to surface polishing
scratches and excellent insulating characteristics (p~6.8
X102 Q cm).
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