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Remarkable lattice recovery and low sheet resistance of phosphorus-
implanted 4H–SiC „112̄0…

Y. Negoro,a) N. Miyamoto, T. Kimoto, and H. Matsunami
Department of Electronic Science and Engineering, Kyoto University, Yoshidahonmachi, Sakyo,
Kyoto 606-8501, Japan

~Received 28 August 2001; accepted for publication 31 October 2001!

High-dose ion implantation of phosphorus into 4H–SiC has been investigated. Phosphorus ion
implantation with a 131016 cm22 dose at 800 °C into 4H–SiC~0001! has resulted in a sheet
resistance of 80V/h after annealing at 1700 °C. A similar sheet resistance of 110V/h was achieved
even by room-temperature implantation when 4H–SiC (1120̄) was employed, owing to excellent
recrystallization of this face revealed by Rutherford backscattering channeling spectroscopy. The
sheet resistance could be further reduced down to 27V/h by 800 °C implantation into 4H–SiC
(112̄0) followed by annealing at 1700 °C. 4H–SiC (1120̄) showed a very flat surface after
annealing. ©2002 American Institute of Physics.@DOI: 10.1063/1.1432745#
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Silicon carbide~SiC! is an attractive material for high
power, high-temperature, and high-frequency devices ow
to its superior properties such as wide band-gap, high bre
down field, high thermal conductivity, and high saturati
electron drift velocity.1 In SiC, successful selective dopin
can be made only by ion implantation, because the low
fusion coefficients of impurities in SiC make a diffusion pr
cess with proper masks very difficult.2 To form selectiven1

regions in SiC, phosphorus ion (P1) and nitrogen ion (N1)
implantations are commonly employed. Recently P1 implan-
tation has attracted increasing attention to obtain lower s
resistances.3–5 Minimum sheet resistances of P1- and
N1-implanted regions ever reported were 51V/h ~600 °C
implanted and 1700 °C annealed!5 and 290V/h ~700 °C im-
planted and 1600 °C annealed!,6 respectively. P1 implanta-
tion at an elevated temperature followed by annealing a
high temperature above 1600 °C is effective to reduce s
resistances.5 However, a recent report has shown that wh
activation annealing is performed at a high temperature
Ar, considerable roughening and macrostep formation
observed, which may adversely affect the mobility of inv
sion region in double implanted field-effect metal-oxid
transistors ~DIMOSFETs! and specific on-resistances
many SiC devices.7 To establish an implantation proce
similar to Si technology, the major challenges include s
cessful implantation at room temperature~RT!, reduction of
annealing temperature, and keeping surface flatness du
annealing processes. In this letter, the authors demons
that the use of 4H–SiC (1120̄) may be a solution to mee
these requirements.

The starting substrates weren-type 8° off-axis 4H– SiC
~0001! from Cree, Inc. and on-axis 4H–SiC (1120̄) from
Nippon Steel, Co. Boron-doped~p-type! 4H–SiC epilayers
grown by chemical vapor deposition (CVD)1 in the authors’
group were used in the present study. The net acceptor
centrations of~0001! and (112̄0) were 6 – 1031016 and
0.8– 231016 cm23, respectively. Multiple implantation o
P1 was carried out at either RT or 800 °C to obtain a 0.4
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mm-deep box profile of P~energy: 10–360 keV, total dose
131016 cm22!. The implant energies and dose ratios we
360, 260, 180, 120, 80, 40, 20, 10 keV and 0.28, 0.20, 0
0.12, 0.10, 0.06, 0.02, 0.02, respectively. Postimplanta
annealing was performed in a CVD reactor at 800–1700
for 30 min in pure Ar ambience. The electrical properties
implanted regions were characterized by Hall effect m
surements at RT using the van der Pauw configuration.
ohmic contacts, Al/Ti or Ni was evaporated on the surfa
through a metal mask followed by annealing at 900 °C in
To avoid leakage current along the sample edges, mesa s
tures were fabricated by reactive ion etching. Implantatio
induced damages were analyzed by Rutherford backsca
ing channeling spectroscopy~RBS! with a 2.0 MeV He21

primary beam and a scattering angle of 170°.
Figure 1 shows the measured sheet resistance

P1-implanted regions as a function of annealing temperatu
The implantation was done with a dose of 131016 cm22 at
RT or 800 °C. In the case of 800 °C implantation into 4H
SiC ~0001!, the sheet resistance takes a minimum value of
V/h after 1700 °C annealing, although the sheet resistanc
180V/h for the RT-implanted sample. These results sugg

FIG. 1. Dependence of sheet resistance on annealing temperature fo1

implanted 4H–SiC~0001! and (112̄0).
© 2002 American Institute of Physics
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that P1 implantation at elevated temperatures followed
high-temperature annealing is effective to form a heav
dopedn1 region with a low sheet resistance as in previo
reports.3–5 However, the sheet resistances increase cons
ably with decreasing annealing temperature regardless of
plantation temperatures. On the other hand, when 4H–
(112̄0) epilayers were employed, a low sheet resistance
110 V/h has been achieved even by RT implantation f
lowed by annealing at 1700 °C. A reasonable sheet resist
of 460 V/h has been obtained by RT implantation followe
by low-temperature annealing at 1300 °C. 800 °C implan
tion into 4H–SiC (112̄0) has resulted in a minimum she
resistance of 27V/h after annealing at 1700 °C. To ou
knowledge, this is the lowest sheet resistance of implan
SiC ever reported. Hot implantation at 800 °C into 4H–S
(112̄0) is effective to reduce annealing temperature. A l
sheet resistance of 110V/h has been obtained even b
1300 °C annealing.

It is important to understand, from the view point
lattice damages, the reasons why RT implantation of P1 into
4H–SiC (112̄0) brings a low sheet resistance while hot im
plantation is generally required in the case of 4H–S
~0001!. Figure 2~a! shows the aligned spectra of a
implanted and 1700 °C-annealed 4H–SiC~0001! samples.
The aligned yields of the damaged region~channel number:
230–280! are close to the random yields in the case of
implantation without annealing. Although the yields decrea
by annealing at 1700 °C, severe damages near the su

FIG. 2. RBS spectra of 4H–SiC before and after annealing. P1 implantation
was done at RT or 800 °C:~a! 4H–SiC ~0001!; ~b! 4H–SiC (112̄0). The
spectrum of a virgin sample is also shown as reference.
Downloaded 24 Dec 2006 to 130.54.130.229. Redistribution subject to AI
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still remain as reported by many groups. In contrast,
damage is considerably decreased for the 800 °C impla
and 1700 °C annealed sample. Figure 2~b! shows the aligned
spectra of RT-implanted 4H–SiC (1120̄) samples followed
by annealing at 1300 and 1700 °C. Implantation-induc
damages are considerably decreased even by RT impla
tion followed by annealing at 1300 °C in the case of 4H–S
(112̄0). The damages are reduced down to the virgin~epil-
ayer! level by RT implantation and 1700 °C annealing. T
figure demonstrates that implantation-induced damages
reduced down to the virgin~epilayer! level even by RT im-
plantation followed by annealing at 1700 °C in the case
4H–SiC (112̄0).

For the quantitative analysis of implantation-induc
damages, the normalized backscattering yieldx was defined
as the ratio of the aligned yields in the damaged region
the random yield. Figure 3 shows the normalized yieldx, for
as-implanted, 1300, and 1700 °C-annealed samples. In
case of RT-implantation into 4H–SiC~0001!, the x value
before annealing is higher than 70%, suggesting the for
tion of nearly amorphous region, and severe damages
mained even after annealing at 1700 °C (x518%). Implan-
tation at 800 °C resulted in much smallerx values of 4%
after annealing at 1700 °C. These results are consistent
previous reports in which N1 implantation into 6H–SiC at
800 °C is effective to reduce implantation-induce
damages.8,9 In the case of 4H–SiC (1120̄), a very lowx
value of 1.2%, which is close to the value obtained from
virgin sample ~1.0%!, has been obtained for the RT
implanted sample after 1700 °C annealing. A lowerx value
of 4.7% has been achieved even by 1300 °C annealing.
indicates that remarkable lattice recovery is realized in 4
SiC (112̄0) than ~0001!, partly owing to a much faster re
crystallization rate along thê112̄0& direction.10 In addition,
an implanted amorphous layer is recrystallized to the origi
polytype without the inclusion of foreign polytypes such
3C–SiC in the case of 4H–SiC (1120̄).11 The remarkable
lattice recovery and noninclusion of foreign polytypes gi
the lower sheet resistance for 4H–SiC (1120̄). In the case of
800 °C implantation and 1700 °C annealing, the lattice da
ages were reduced to the detection limit of the RBS meas
ments for both 4H–SiC~0001! and (112̄0). However, the
sheet resistances are superior for 4H–SiC (1120̄) as previ-

FIG. 3. Dependence of normalized backscattering yeild~x! of 4H–SiC be-
fore and after annealing. P1 implantation was done at RT or 800 °C.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. AFM images of P1 implanted
4H–SiC: ~a! 800 °C implanted and
1700 °C annealed 4H–SiC~0001!; ~b!
800 °C implanted and 1300 °C
annealed 4H–SiC~112̄0!; ~c! 800 °C
implanted and 1700 °C-annealed 4H
SiC (112̄0).
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ously mentioned. These lower sheet resistances for (110̄)
are probably attributed to the following cause: 4H–S
~0001! may contain more defects than (1120̄), which de-
crease the electron mobility in~0001!. Thus, 4H–SiC (112̄0)
may possess much potential to reduce implantation and
nealing temperature.

Figure 4~a! shows an atomic force microscopy~AFM!
image of 800 °C implanted and 1700 °C annealed 4
SiC~0001! sample. Considerable roughening and macros
formation are observed. The root-mean-square~rms! surface
roughness is 13.7 nm (10310mm2). An AFM image of
800 °C implanted and 1300 °C-annealed 4H–SiC (1120̄)
sample with a comparable sheet resistance~;100V/h! is
shown in Fig. 4~b!. The surface is mirror-like, and the valu
of rms surface roughness is as low as 0.99 nm
310mm2). For the 1700 °C-annealed 4H–SiC (1120̄)
sample shown in Fig. 4~c!, the rms roughness is as low as 1
nm, which is much smaller than that of 4H–SiC~0001! with
the same implantation and annealing temperatures. The
face flatness and remarkable lattice recovery of 4H–
(112̄0) may give the low sheet resistances. This brings c
siderable improvement in SiC device processing technol
as well as device performance.12

In summary, multiple P1 implantation into 4H–SiC
~0001! at 800 °C followed by high-temperature annealing
1700 °C is effective to form a heavily dopedn1 region with
a sheet resistance of as low as 80V/h. When 4H–SiC
(112̄0) epilayers were employed, a low sheet resistance
110 V/h was obtained even by RT implantation. A reaso
able sheet resistance of 460V/h was obtained by RT im-
plantation followed by 1300 °C annealing. In the case
800 °C implantation into 4H–SiC (1120̄), the sheet resis
tance took a minimum value of 27V/h at an annealing
temperature of 1700 °C. A low sheet resistance of 110V/h
was obtained even by 1300 °C annealing. Regardless of
Downloaded 24 Dec 2006 to 130.54.130.229. Redistribution subject to AI
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plantation temperature, employing 4H–SiC (1120̄) is an ef-
fective method to reduce sheet resistances, to keep su
flatness, and to reduce annealing temperature.
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