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Aluminum and Boron Ion Implantations into 6H-SiC Epilayers 
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TOSHITAKE NAKATA,* and MASANORI WATANABE* 
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Aluminum and boron ion implantations into n-type 6H-SiC epilayers have been 
systematically investigated. Redistribution of implanted atoms during high- 
temperature annealing at 1500~ is negligibly small. The critical implant dose 
for amorphization is estimated to be 1 x 10 '5 cm -2 for A1 + implantation and 5 x 1015 
cm -2 for B § implantation. By Al§ implantation followed with 1500~ 
p-type layers with a sheet resistance of 22 kD./~ can be obtained. B + implantation 
results in the formation of highly resistive layers, which may be attributed to the 
deep B acceptor level. 
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INTRODUCTION 

Recent progress in crystal growth techniques of 
silicon carbide (SIC) has made the material a realistic 
candidate for high-power, high-temperature, and high- 
frequency devices.1 In order to achieve the full poten- 
tial of SiC, device processing technology such as 
oxidation, ion implantation, and metallization plays 
an important role. In particular, ion implantation is a 
key technique for selective doping in SiC, because a 
diffusion process is difficult due to the extremely low 
diffusion coefficients of impurities in SiC. 

Through recent efforts in nitrogen ion (N § implan- 
tation into SIC,2 ~ reasonable sheet resistances (-800 

) and electrical activation (>50%) could be achieved. 
However, ion implantation ofacceptor-impurities into 
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SiC is still immature. Regarding A1 + implantation 
into SiC, there have been contradictions among the 
previous reports. Some groups succeeded in the forma- 
tion of p-layer, ~,7 whereas the formation of highly 
resistive layers by the implantation was reported by 
other groups2. 9 Besides, studies on B § implantation 
into SiC have been very limited. 7,8,1~ 

In this paper, the authors investigate A1 and B ion 
implantations using device-quality n-type 6H-SiC 
epilayers. The implantation-induced damage and elec- 
trical properties of implanted layers are systemati- 
cally characterized, together with the effects of im- 
plant dose and annealing temperature. 

EXPERIMENTS 

N-type 5 pm-thick 6H-SiC epilayers were grown by 
atmospheric-pressure chemical vapor deposition 
(CVD) on off-oriented 6H-SiC{0001} faces (step-con- 
trolled epitaxy). Substrates were m-type 6H-SiC with 
a net donor concentration of 2 • 10 's cm -3 (from Cree 
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Fig. 1. (a) AI depth profiles before and after annealing at 1500~ for 30 
min, and (b) B depth profiles before and after annealing at 1500~ for 
30 min. Total implant dose is 5.0 • 10 '~ cm -2. 

Research Inc.). Epitaxial growth was carried out in a 
SiH4-C3Hs-H2 system at 1500~ with a growth rate of 
2.5 ~m/h. The net donor concentration of epilayers 
was determined to be in the range of 7 • 1012 ~2 x 101~ 
cm -3 from capacitance voltage (C-V) measurements  

I 

Table  I. A1 § a n d  B § I m p l a n t a t i o n  C o n d i t i o n s  

Implanted Dose Total 
Ion Energy Ratio D o s e  ( c m  -2) 

180 k e V  0 .54  
A1 § 100 k e V  0.28 1 • 1014 - 1  • 1016 

50 k e V  0.18 

100 k e V  0.56 
B § 60 k e V  0.28 1 • 1014 N2 • 1016 

30 k e V  0 .16  

using Au/6H-SiC Schottky structures. 
A1 or B ions were implanted into the bare surface of 

samples at room temperature.  The tilt angle between 
the ion beam direction and the (0001} axis was set 7 ~ 
to avoid channeling effects. 5 In order to obtain box 
profiles, the triple implantat ion was performed, of 
which conditions are shown in Table I. The total 
implant dose was varied in the wide range of 1.0 • 1014 
- 1.0 x 1016 cm -2 in A1 + implantat ion and 1.0 x 10 TM 
~ 2.0 x 1016 cm -2 in B § implantation. The typical ion 
current density during implantat ion was 0.8 ~ 7 pA/ 
cm 2. Post-implantation annealing was performed in a 
furnace heated by radio-frequency (rf) induction with 
a gas flow of Ar (1 arm). The annealing temperature  
and period were 1200 ~ 1500~ and 30 min, respec- 
tively. During the annealing, samples were set on a 
SiC-coated graphite susceptor. 

The impurity-atom profiles were analyzed by sec- 
ondary ion mass spectroscopy (SIMS) using a 14.0 
keV O~ primary beam. 3~ 12C+, 26A1+, and 1~247 were 
monitored in the SIMS measurements.  The lattice 
damages of implanted layers were characterized by 
Rutherford backscattering spectroscopy (RBS) chan- 
neling measurements.  RBS spectra were obtained 
using a 2.0 MeV He 2+ beam with a scattering angle of 
170 ~ . The sheet resistance and resistivity were char- 
acterized by the van der Pauw method, and the 
average carrier concentration by Hall effect measure- 
ments. A1/Ti annealed at  950~ was used as ohmic 
contacts on implanted layers. 

R E S U L T S  A N D  D I S C U S S I O N  

Figure l a  shows Al-atom profiles before and after 
annealing at  1500~ for 30 min. The detailed implan- 
tation energies and doses are shown in the figure 
(total dose of AI*: 5.0 x 1015 cm-2). B-atom profiles, 
implanted with the same total dose, before and after 
annealing at  1500~ for 30 min are shown in Fig. lb. 
Both the distributions exhibit box profiles of a peak 
concentration of 2 x 10 ~~ cm -3. By adjusting the im- 
plant energies, quite similar profiles could be ob- 
tained for Al* and B § implantations. The implantation 
depth can be estimated to be 0.5 ~ 0.6 ~m. Redistribu- 
tion of A1 and B atoms is negligibly small after high- 
temperature annealing at 1500~ though slight out- 
diffusion was observed in the B§ sample. 
Addamiano et al. reported tha t  annealing at  1400~ 
causes serious out-diffusion of A1 and B in implanted 
Lely crystals.11 This disagreement may originate from 
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the difference in quality of used crystals. The Lely 
crystals, which are grown at very high temperature  of 
2400~ may contain high density of vacancies and/or 
interstitials, which enhance the diffusion of impuri- 
ties during heat  t reatment .  

Figure 2 shows the RBS spectra obtained from (a) 

Al*-implanted and (b) B § implanted samples with a 
total dose of 1.0 • 10 ~5 cm -2. In the figures, aligned 
spectra of as-implanted and 1500~ samples 
together with a random spectrum are shown. For 
comparison, the aligned spectrum from a virgin sample 
is also shown. Here, annealing at 1500~ was mainly 
employed, because the backscattering yield at the Si 

~ 8 :. , , ' edge in aligned geometry decreased with the increase 
" AI + - *  6 H - S i C  in annealing temperature.  In A] § implantation (Fig. 
%b _ total dose lxl0'Scm -2 2a), an almost randomized layer with a thickness of 

~ ~ ~ {):random 0.4 ~tm thickness is formed at the surface. In B § 
6 ~ &:as-implanted ( a l i g n )  implantation (Fig. 2b), however, the as-implanted 

~ A : 1500~C-annealed (align) layer has crystalline structure. After the samples 
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Fig. 2. RBS spectra obtained from (a) Al+-implanted and (b) B § 
implanted samples with a total dose of 1.0 • 1015 cm -2. In the figures, 
aligned spectra of as-implanted and 1500~ samples to- 
gether with a random spectrum are shown. For comparison, the 
aligned spectrum from a virgin sample is also shown. 
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b 
Fig. 3. (a) AI + implant dose dependence of normalized backscattering 
yield in RBS spectra for as-implanted and 1500~ samples, 
and (b) B § implant dose dependence of normalized backscattering 
yield in RBS spectra for as-implanted and 1500~ samples. 
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Fig. 4. Annealing temperature dependence of sheet resistance and 
electrical activation ratio for Al§ layers. Total implant dose is 
1.0 x 1015 cm -2. 
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were subjected to high-temperature annealing at 
1500~ the lattice damages are significantly reduced 
in both the cases, though the backscattering yields 
from annealed samples are slightly higher than that  
from a virgin sample. 

The difference in damages between A1 § and B § 
implanted layers is clearly manifested in Fig. 3, 
where the implant dose dependence of the normalized 
backscattering yield in RBS spectra for as-implanted 
and 1500~ samples are shown. Here, the 
normalized backscattering yield (Z) was defined as 
the average yield from implanted layers (0.05 ~ 0.40 
pm depth) in an aligned geometry normalized by the 
random yield. The normalized backscattering yield 
for as-implanted layers represents a steep increase at 

about 5 x 10 TM cm -2 dose in Al* implantation (Fig. 3a), 
and 1 • 101~ cm -2 dose in B § implantation (Fig. 3b). 
From Fig. 3, the critical implant dose for complete 
amorphization can be est imated to be 1 x 1015 cm -2 in 
A1 + implantation, and 5 x 101~ cm -2 in B § implantation. 
The lower critical implant dose in the former case 
indicates that  the implantation-induced damages are 
more severe in A1 § implantation. This result  reflects 
the difference in the mass  of implanted ions: A1 atoms 
are much heavier, which leads to dominant collisions 
of implanted ions with nuclei of a host material.  12 In 
the present study, we formed the almost same im- 
plantation profiles between A1 + and B § implantations. 
The heavier mass of A1 atoms requires higher-energy 
implantation to obtain a profile with the same junc- 
tion depth, owing to its smaller projected ranges. This 
high-energy implantation is another reason why the 
lattice damages are more severe in A1 + implantation. 
After annealing at 1500~ the damages are signifi- 
cantly removed when the as-implanted layers have 
crystalline structures as shown in Fig. 3. However, 
the severe damages remain even after annealing, 
once complete amorphous layers are formed through 
implantation, which is quite similar to the case o fN § 
implantation. 4 For further investigation on lattice 
damages, cross-sectional transmission electron mi- 
croscope (TEM) observation is required. 

From cross-sectional scanning electron microscope 
(SEM) observation of implanted samples, the junc- 
tion depth was est imated to be 0.60 ~m for A1 § and B § 
implanted samples after annealing, which is in good 
agreement  with SIMS measurements  (Fig. 1). 

Figure 4 shows the annealing temperature  de- 
pendence of sheet resistance and electrical activation 
ratio for Al+-implanted layers. The total implant dose 
is 1.0 x 1015 cm -2. Here, the electrical activation ratio 
was defined as the ratio of the sheet carrier concentra- 
tion Ps (Ps =pd, p: the average carrier concentration, d: 
the junction depth) to the A1 § dose ~. The carrier 
concentration should be considerably lower than the 
concentration of A1 acceptors substituting Si-sublattice 
sites because of the large ionization energy (-250 
meV) 13 ofAl acceptors in SiC. Although C-V measure-  
ments  using Hg-probe or Hall effect measurements  at 
high temperatures  are required to clarify the Al 
acceptor concentration in implanted layers, the defi- 
nition described above may be useful for device appli- 
cations. The annealing at 1200~ is not enough for the 
activation of implanted Ah The implanted layer had 
a very high sheet resistance of 360 k ~ ,  and Hall 
effect measurements  were technically difficult due to 
very high resistance between the contacts. With in- 
creasing annealing temperature,  the sheet resistance 
was reduced, and the electrical activation was im- 
proved. After annealing at tempera tures  higher than 
1400~ Al§ layers showed clear p-type 
conduction. The sheet resistance of a 1500~ - 
nealed sample (28 k ~ )  is a little higher than a 
theoretical value (16 kD_~) est imated from the im- 
plant dose (1.0 x 101~ cm-2), the junction depth (0.60 
pm), the ionization energy of A1 acceptors (250 meV), 
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and a hole mobility (20 cm2/Vs), with an assumption 
that  all the implanted A1 atoms substitute lattice 
sites. The corresponding electrical activation ratio is 
2.4%, due to the large ionization energy of A1 accep- 
tors. 

Figure 5 shows the dose dependence of the sheet 
resistance and electrical activation ratio of Al§ - 
planted layers. The annealing was performed at  
1500~ for 30 min. The sheet resistance gradually 
decreases with the increase of A1 § dose in the range of 
1.0 x 1014 cm -2 ~ 2.0 x 1015 cm -2, and a sheet resistance 
of 22 kOZ~ was obtained with an electrical activation 
ratio of 1.6%. For a sample implanted with a 1.0 x 1016 
cm -2 dose, the implanted layer was rather  resistive, 
which may be caused by the severe implantation 
damage as shown in Fig. 3a. The electrical activation 
ratio decreased when the total implant dose exceeds 
1.0 x 1015 cm -2, probably due to remaining damages. 
In N § implantation into SiC, relatively low sheet 
resistances of 770 ~ 840 kgZt i have been achieved. 3- 
5 The high sheet resistances of Al§ layers 
come from the low electrical activation ratio caused 
by the deep Al acceptor level and the low hole mobility 
(about 1/5 ~ 1/10 of electron mobility). To reduce the 
sheet resistance, the A1 § dose should be increased, 
keeping the implantation-induced damages as small 
as possible. In this sense, hot-implantation may be 
promising. 7 

Recently, Rao et al. reported a systematic study on 
A1 § and B § implantations into 6H-SiC. 7 According to 
the report, Al+ implantation at room temperature 
resulted in the formation of n-type or resistive layers 
and p-type layers could be obtained only by hot 
implantat ion at  850~ followed by annealing at 
1400~ Although the origins of discrepancy between 
their result and the present one are not clear, one 
possible reason may be the difference in annealing 
processes. In sample annealing, Rao et al. used a 
conventional electric furnace, whereas we employed 
a rf-induction heated furnace, which allows very fast 
temperature rising (>40~ This rapid heating might 
prevent unfavorable annealing stages of defect for- 
mation at low temperatures. 

On the other hand, B+-implanted layers were highly 
resistive which disturbed the clear identification of 
conduction type (p or n) as well as the accurate 
measurement  of electrical activation. Figure 6 shows 
the implant dose dependence of resistivity for B +- 
implanted layers annealed at  1500~ The dotted line 
denotes the dependence calculated from the B accep- 
tor ionization energy (350 meV) 14,15 and a mobility of 
20 cm2/Vs. The obtained resistivities (15 ~ 120 ~2cm) 
agree with predicted values. We confirmed tha t  the 
resistivities of implanted layers almost coincide with 
those of B-doped epilayers with the similar B con- 
centrations. 

Thus, we believe tha t  the high resistivities of B § 
implanted layers are not due to remaining damages 
but inherent to B-doped SiC because of its deep 
acceptor level. It has been suggested tha t  B atoms can 
occupy both Si- and C-lattice sites. '6,17 The former 
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Fig. 6. Implant dose dependence of resistivity for B+-implanted layers 
annealed at 1500~ The dotted line denotes the dependence calcu- 
lated from the B aeceptor ionization energy (350 meV) and a mobility 
of 20 cm2/Vs. 

forms an acceptor with an ionization energy of 0.3 ~ 
0.4 eV, and the latter forms a so-called D-center with 
an activation energy of 0.6 ~ 0.7 eV. 15-17 To clarify the 
occupation sites of implanted B atoms, deep level 
transient spectroscopy (DLTS) and photoluminescence 
are required. 

B § implantation may be effective to form highly 
resistive layers rather  than to make p+ well. For 
example, the edge termination of high-voltage Schottky 
rectifiers is a hopeful application ofB § implantation.iS 

CONCLUSION 

We systematically investigated A1 + and B § implan- 
tations into n-type 6H-SiC epilayers. Redistribution 
of implanted atoms during high-temperature anneal- 
ing at 1500~ was negligibly small. The implantation- 
induced damages were more severe in A1 + implanta- 
tion due to the larger mass of implanted ions. The 
critical implant dose for amorphization was estimated 
to be 1 x 1015 cm -2 for A1 § i m p l a n t a t i o n  and 
5 x 1015 cm -2 for B+ implantation. Even in low-dose 
implantation, annealing at  high temperatures led to 
higher electrical activation of implanted atoms. By Al* 
implantation followed by 1500~ p-type 
layers with a sheet resistance of 22 k ~ ]  could be 
obtained. B + implantation resulted in the formation of 
highly resistive layers, which may be mainly attrib- 
uted to the deep B acceptor level. 
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