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Remarkable lattice recovery and low sheet resistance of phosphorus-
implanted 4H-SIC (1120)
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High-dose ion implantation of phosphorus into 4H-SiC has been investigated. Phosphorus ion
implantation with a X 10'® cm 2 dose at 800 °C into 4H-Si@001) has resulted in a sheet
resistance of 80)/[] after annealing at 1700 °C. A similar sheet resistance of1L0was achieved

even by room-temperature implantation when 4H-SIiC ()1&as employed, owing to excellent
recrystallization of this face revealed by Rutherford backscattering channeling spectroscopy. The
sheet resistance could be further reduced down t6)27 by 800 °C implantation into 4H-SiC
(1120) followed by annealing at 1700 °C. 4H-SiC (12 showed a very flat surface after
annealing. ©2002 American Institute of Physic§DOI: 10.1063/1.1432745

Silicon carbide(SiC) is an attractive material for high- um-deep box profile of Renergy: 10-360 keV, total dose:
power, high-temperature, and high-frequency devices owing x 10'® cm~2). The implant energies and dose ratios were
to its superior properties such as wide band-gap, high breal360, 260, 180, 120, 80, 40, 20, 10 keV and 0.28, 0.20, 0.20,
down field, high thermal conductivity, and high saturation0.12, 0.10, 0.06, 0.02, 0.02, respectively. Postimplantation
electron drift velocity: In SiC, successful selective doping annealing was performed in a CVD reactor at 800—1700 °C
can be made only by ion implantation, because the low diffor 30 min in pure Ar ambience. The electrical properties of
fusion coefficients of impurities in SiC make a diffusion pro- implanted regions were characterized by Hall effect mea-
cess with proper masks very difficdlTo form selectiven™  surements at RT using the van der Pauw configuration. For
regions in SiC, phosphorus ion {lPand nitrogen ion (N)  ohmic contacts, Al/Ti or Ni was evaporated on the surface
implantations are commonly employed. Recentlyifplan-  through a metal mask followed by annealing at 900 °C in Ar.
tation has attracted increasing attention to obtain lower sheqlo avoid leakage current along the sample edges, mesa struc-
resistance$”® Minimum sheet resistances of *P and  tures were fabricated by reactive ion etching. Implantation-
N"-implanted regions ever reported were 811 (600°C  induced damages were analyzed by Rutherford backscatter-
implanted and 1700 °C anneajé@nd 290(/(1 (700°C im-  ing channeling spectroscofRBS) with a 2.0 MeV Hé*
planted and 1600 °C anneajédrespectively. P implanta- primary beam and a scattering angle of 170°.
tion at an elevated temperature followed by annealing at 2 Figure 1 shows the measured sheet resistance of
high temperature above 1600 °C is effective to reduce shegt*.jmplanted regions as a function of annealing temperature.
resistances.However, a recent report has shown that whenThe implantation was done with a dose 0k 10'® cm 2 at
activation annealing is performed at a high temperature irRT or 800 °C. In the case of 800 °C implantation into 4H—
Ar, considerable roughening and macrostep formation ar&;jc (0001, the sheet resistance takes a minimum value of 80
observed, which may adversely affect the mobility of inver- /7 after 1700 °C annealing, although the sheet resistance is

sion region in double implanted field-effect metal-oxide- 180 (/] for the RT-implanted sample. These results suggest
transistors (DIMOSFET9 and specific on-resistances of

many SiC deviced.To establish an implantation process
similar to Si technology, the major challenges include suc- 10° — T r I T I T

cessful implantation at room temperatyRT), reduction of . —4—RT-impla. into (0001)
annealing temperature, and keeping surface flatness during O o5k xﬁ%{i?n;?;ﬂ;;f?{q%’&f”_
annealing processes. In this letter, the authors demonstrate S —8—800°C-impla. into (1120)
that the use of 4H-SIC (119 may be a solution to meet 85
these requirements. <Z: 107 N

The starting substrates wemnetype 8° off-axis 4H— SiC &
(0001 from Cree, Inc. and on-axis 4H-SiC (1ap from g 10° .
Nippon Steel, Co. Boron-dope-type) 4H-SiC epilayers p
grown by chemical vapor deposition (CVDjn the authors’ E 102 |
group were used in the present study. The net acceptor con- =
centrations of(0001) and (11D) were 6—1(x10' and 1
0.8-2x10' cm™3, respectively. Multiple implantation of 10 =200 1600
P" was carried out at either RT or 800 °C to obtain a 0.45- ANNEALING TEMPERATURE (C)

FIG. 1. Dependence of sheet resistance on annealing temperaturé for P

¥Electronic mail: negoro@matsunami.kuee.kyoto-u.ac.jp implanted 4H-SiQ000)) and (11D).
0003-6951/2002/80(2)/240/3/$19.00 240 © 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. 80, No. 2, 14 January 2002 Negoro et al. 241

Za000H . — . o 10— T T 3
= E E
2 (2) (0001) g fe P E
= 53 C o (1120)1
A Nad, o S 2000 Eo t .
3 Persarl, << | ]
= O J
> * Q N 1
0 PO S P cqloE E
Z 1000 sa » 100 200 3007 == f 3
[ o ® Random = - (¢] ]
E A %A 4 as RT-implanted a i ®
= 4 RT-implanted and N r . 1
5 r"“t s 1700 “C-annealed 1 3 /(0001) epilayer i
2] A 4 o Hot-implanted and < — 1
N4 ° 1700 “C-annealed = 10° | _a— (1120 epilayer, o _______ -
(<-C) ‘e X (0001) epilayer % E 1 1 I L
o sy i\ e as- 1300°C-  1700°C- 1700°C-
260 280 300 320 impla. annealed annealed annealed
CHANNELING NUMBER (ch) - e

RT-impla. 800°C-impla.

g0 - = |
% (b) (] ]2()) wnls C FIG. 3. Dependence of normalized backscattering yigildof 4H—SiC be-
S fore and after annealing."Pimplantation was done at RT or 800 °C.
w
a ;,o...%o..v.a. 2000 . .
75 1000 still remain as reported by many groups. In contrast, the
; ¢ damage is considerably decreased for the 800 °C implanted
Z 10001 o and 1700 °C annealed sample. Figufb)Zhows the aligned
5 ¢ Random spectra of RT-implanted 4H-SiC (1@ samples followed
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2 . 1300 “C-annealed by annealing at 1300 and 1700 °C. Implantation-induced
) b planted and 1 damages are considerably decreased even by RT implanta-
% ® X (1120) epilayer tion followed by annealing at 1300 °C in the case of 4H-SiC
= 3 (1120). The damages are reduced down to the vifgipil-

260 280 300 320 ayen level by RT implantation and 1700 °C annealing. The
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figure demonstrates that implantation-induced damages are

FIG. 2. RBS spectra of 4H-SiC before and after annealifigniplantation rEduce_d down to the virgi(epil_ayeb level even by RT im-
was done at RT or 800 °Qa) 4H-SiC (000); (b) 4H-SiC (11D). The  plantation followed by annealing at 1700 °C in the case of
spectrum of a virgin sample is also shown as reference. 4H-SiC (11D).

For the quantitative analysis of implantation-induced

. . damages, the normalized backscattering yjeldas defined
that P~ implantation at elevated temperatures followed byas thegratio of the aligned yields in the ggﬁaged region and

high-temperature annealing is effective to form a heavin,[he random yield. Figure 3 shows the normalized yjgldor

4 X i . . .
dopedn™ region with a low sheet resistance as in prev'ousas-implanted, 1300, and 1700 °C-annealed samples. In the

reports®~> However, the sheet resistances increase considef <o of RT-implantation into 4H—Si(00Y, the y value

ably with decreasing annealing temperature regardless of inb'efore annealing is higher than 70%, suggesting the forma-

plantation temperatures. On the other hand, when 4H-SiG ., ¢ nearly amorphous region, and severe damages re-

(1120) epilayers were gmployed, a low sh.eet resiSFance O ained even after annealing at 1700 °g<18%). Implan-
110 (/O has been achieved even by RT implantation fol-i4ti0n at 800 °C resulted in much smallgrvalues of 4%

lowed by annealing at 1700 °C. A reasonable sheet resistancgier annealing at 1700 °C. These results are consistent with
of 460 ()/C1] has been obtained by RT implantation followed previous reports in which N implantation into 6H-SiC at

by low-temperature annealing at 1300 °C. 800°C implantagggec is effective to reduce implantation-induced
tion into 4H-SIC (11®) has resulted in a minimum sheet damage&? In the case of 4H-SiC (1_12, a very lowy
resistance of 27)/[] after annealing at 1700°C. To our yajye of 1.2%, which is close to the value obtained from the
knowledge, this is the lowest sheet resistance of implantegirgin sample (1.09%9), has been obtained for the RT-
SiC ever reported. Hot implantation at 800 °C into 4H-SiCimplanted sample after 1700 °C annealing. A lowevalue
(1120) is effective to reduce annealing temperature. A loWof 4.7% has been achieved even by 1300 °C annealing. This
sheet resistance of 110/] has been obtained even by indicates that remarkable lattice recovery is realized in 4H—
1300 °C annealing. SiC (1120) than (000, partly owing to a much faster re-

It is important to understand, from the view point of crystallization rate along th¢1120) direction® In addition,
lattice damages, the reasons why RT implantationofffo  an implanted amorphous layer is recrystallized to the original
4H-SIC (11D) brings a low sheet resistance while hot im- polytype without the inclusion of foreign polytypes such as
plantation is generally required in the case of 4H-SiC3C-SiC in the case of 4H-SiC (1a2.!! The remarkable
(000). Figure Za) shows the aligned spectra of as- lattice recovery and noninclusion of foreign polytypes give
implanted and 1700 °C-annealed 4H-S(@01) samples. the lower sheet resistance for 4H-SiC (D)2In the case of
The aligned yields of the damaged regi@mannel number: 800 °C implantation and 1700 °C annealing, the lattice dam-
230-280 are close to the random yields in the case of RTages were reduced to the detection limit of the RBS measure-
implantation without annealing. Although the yields decreasenents for both 4H-SiG0001) and (11D). However, the

by annealing at 1700 °C, severe damages near the surfasbeet resistances are superior for 4H-SiC @)1as previ-
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FIG. 4. AFM images of P implanted
4H-SIiC: (a) 800°C implanted and
1700 °C annealed 4H-Si®00Y); (b)
800°C implanted _and 1300 °C-
annealed 4H-SiG1120); (c) 800 °C
implanted and 1700 °C-annealed 4H—
SiC (11).
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{a) 1700 °C-armealed (0001)  (b) 1300 *C-anmealed (1120) {c) 1700 “C-anne aled {1120

ously mentioned. These lower sheet resistances for@)L12 plantation temperature, employing 4H-SiC (0}ds an ef-

are probably attributed to the following cause: 4H-SiCfective method to reduce sheet resistances, to keep surface
(0001 may contain more defects than (X112 which de- flatness, and to reduce annealing temperature.

crease the electron mobility i©001). Thus, 4H-SiC (11)
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