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High-dose ion implantation of phosphorus into 4H-SiC (0001) has been investigated with three different ion fluxes

ranging from 1.0 to 4.0x10'2 Ptcm—2-

s~ ! and keeping the implantation dose constant at 2.0x10'® Ptcm™2. The

implantations are performed at room temperature and subsequently annealed at 1500°C. Photoluminescence and Raman

scattering are employed to investigate the implantation-induced damages and the residual defects after annealing. The

electrical properties of the implanted layer are evaluated by Hall effect measurements on the sample with a van der

Pauw configuration. Based on these results, it is revealed that the damages and defects in implanted layers can be

greatly reduced by decreasing the ion flux. Considering room temperature implantation and a relatively low annealing
temperature of 1500°C, a reasonably low sheet resistance of 106§2/0 is obtained at ion flux of 1.0x10'?2 P*cm~—2.s71

with a donor concentration of 4.4x101%cm—3.
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1. Introduction

Silicon carbide (SiC) is a promising material for
high-power, high-temperature, and high-frequency de-
vices owing to its superior properties such as wide
band-gap, high breakdown field, high thermal con-
ductivity, and high saturation electron drift velocity.[!]
The selective-area doping technique is one of the indis-
pensable technologies for fabricating planar devices on
semiconductors. It is difficult to use the conventional
diffusion techniques to produce the heavily doped lay-
ers such as the source and drain regions in field effect
transistors because the diffusivity of impurities in SiC
is negligibly small at temperature below 1800°C.[2!
However, ion implantation offers an attractive alter-
native to the diffusion technique. With ion implanta-
tion, one can precisely control the average depth and
dose of the dopants by adjusting acceleration voltage
and ion current during the implantation, respectively.
In order to reduce the resistivity of ohmic contact as

well as the source/drain area in field-effect transistors
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(FETSs) such as junction FETs, metal-semiconductor
FETs, and metal-oxide-semiconductor FETs,[®! ion
implantation with high donor dose into SiC wafers is

required.

Nitrogen (N) and phosphorous (P) act as shal-
low donors in SiC when residing at carbon[* and
siliconl®! lattice sites, respectively. However, im-
planted N atoms tend to be electrically inactive at
an N concentration of more than 2x10'"%cm™3 due to
the precipitation and/or the clustering of the dopants
formed during postimplantation annealing.l®! Thus P-
implantation is superior to N-implantation at higher

dose to obtain lower sheet resistance.

At present, SiC-based devices are mainly fabri-
cated in epilayers of 4H- or 6H-SiC with (0001) faces.
To activate the doped impurities and to eliminate
the implantation damage in the implanted layer, the
hot-implantation process is generally employed in the
high-dose implantation with subsequent annealing of

the implanted layer at high temperatures (HT) around
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1700°C. However, such extremely high annealing tem-
perature causes some serious problems such as evapo-
ration of the implanted layer, redistribution of the im-
planted dopants and formation of a macro step struc-
ture on the surface. To establish an implantation pro-
cess similar to Si technology, there exist some major
obstacles to be overcome, including successful implan-
tation at room temperature (RT), reduction of anneal-
ing temperature, and keeping surface flatness during
annealing.

Much work has been devoted to optimize ion
implantation parameters, but little work has been
done to investigate the ion flux effect in SiC. Only
recently, some measurements of implantation dam-
age evolution in ion implanted SiC were reported by
Zhang et al[7l and Kuznetsov®! as a function of ion
flux. However, in their work no results were reported
about the effects of ion flux on the lattice recovery of
implantation-induced damages after high temperature
annealing and the resultant electrical properties. This
paper presents preliminary results on the effects of ion
flux on the recrystallization of P-implantation-induced
damages in (0001)-oriented 4H-SiC after annealing at
1500°C for 15min and the ensuing electrical proper-

ties.
2.Experiment

Samples used are 10-pum-thick, Al-doped (p-
type) epitaxial layer, with a doping concentration
of 5x10'"%cm™3,
SiC (0001) from Cree, Inc. and cut into 5x5 mm?
pieces for the P ion implantation. Multiple-flux im-
plantations of PT (energy: 50-450keV, total dose:

2.0x10*®cm~2) were carried out at RT to obtain a

grown on n-type 8° off-axis 4H-

0.5-um-deep box profile of P. The targets are all tilted
7° from the normal direction during implantation to
minimize channelling effects. The mean concentra-
tion of P atoms at the plateau of the box profile is
4.4x10cm~3.The implanting energies and dose ra-
tios were 450, 280, 140, 50keV and 0.38, 0.26, 0.2,
0.16, respectively, based on the results of calculations
using the Transport of Ions in Matter (TRIM) simula-
tion program.!®) The ion fluxes for three samples P1,
P2 and P3 are 1.0, 2.0 and 4.0x10'2 P*em ™25, re-
spectively. Postimplantation annealing was performed
in a CVD reactor at 1500° for 15min in pure Ar
atmosphere. The implanted layers have been inves-
tigated before and after annealing using RT micro-
scopic Raman Scattering and low temperature Pho-

toluminescence (LT PL), which have been verified to

be nondestructive and effective methods to investigate
the effects of ion implantation and annealing on SiC
materials.['”) Raman-scattering experiments were car-
ried out at RT using the 488nm line of Ar ion laser
for excitation. The LT PL spectra were measured us-
ing a 325-nm He—Cd UV laser and a photon counting
system. To measure the electrical properties at RT,
Ni electrodes with a van der Pauw configuration were
formed on the SiC surface by electron beam evapora-
tion and were then annealed at 1000 ° C for 5 min in
Ar atmosphere, which results in ohmic contacts. The
depth profiles and net doping concentration of the P
donors implanted into SiC are measured by secondary-
ion mass spectroscopy (SIMS) using a 14.5 keV Cs*
primary beam. The non-implanted Al-doped epilayer

is also measured for comparison.
3. Results and discussion

As an example, Figure 1 shows the phosphorous
implantation profiles of the sample P2 annealed at
1500° for 15min. The solid curve is determined with
SIMS and the dotted curve is calculated with TRIM
simulation program.[®! The overall distribution of P
atoms determined by SIMS agrees well with the cal-
culated P profile.
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Fig.1. Phosphorus box profile of sample P1 formed
by fourfold implantation. The solid curve was deter-
mined with SIMS. The dotted curve was calculated
with TRIM_C after Ziegler (see Ref.[9]).

Figure 2 shows the LT PL spectra at 10K of the
non-implanted sample and the P-implanted ones at
different ion fluxes before annealing. It can be clearly
seen that the intensities of LT PL spectra in the
implanted samples decrease with the increasing ion
fluxes. The spectrum features of P1 remain similar
to that of the non-implanted one, but the intensity

is reduced greatly, while the P3 loses all the 4H-SiC
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related features and shows gradual variations of pho-
toluminescence, which is typical of amorphous materi-
als without a clear sharp band edge. The penetration
depth in 4H-SiC for 325nm light is about between
7.5um and 8.4um.[""'2] For amorphous SiC (a-SiC),
light penetration depth is markedly decreased due to
the strong optical absorptivities of the amorphous lay-
ers. For example, the light penetration depth of a-SiC
at 496 nm can be varied between 0.25 and 0.03um,
while the penetration depth for 325nm line should be
far less than 0.25pum in a-SiC.[*3] No PL emission in
P3 was detected, indicating the 325nm exciting light
is totally absorbed in the amorphous layer induced by
the implantation of higher ion flux. Therefore, the PL
spectrum of P1 can come from the single crystalline
4H-SiC beneath the ion-implanted layer and from the
partially disordered implanted layer. It can be con-
cluded that lower ion flux can be beneficial to elimi-
nate implantation damages, which is also identical to
the observations in Refs.[7,8].
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Fig.2. Photoluminescence spectra for 4H-SiC taken
at 10K of (a) non-implanted sample, (b) samples P1,
(c) P2, and (d) P3 before annealing.

Figure 3 shows the PL spectra at 10K of the im-
planted samples after annealing at 1500°C for 15 min.
After HT annealing, the fundamental 4H-SiC band
structure and intensity recovered close to those of the
non-implanted sample. It can be observed that the in-
tensity of P1 is higher than those of P2 and P3, while
the latter are very close to each other. The lower in-
tensities of P2 and P3 are probably due to a small
amount of residual lattice defects, which are not an-
nealed out at HT. The main peaks come from the re-
combination of the donor-acceptor pair (DAP) and the
recombination of a free electron with a hole trapped

at an aluminium acceptor. The peak at 3.09eV, desig-

nated as Ag, is the zero phonon line of the recombina-
tion between free electron and aluminium acceptor.*4
The DAP peaks in the non-implanted sample come
from the recombination between the nitrogen donors
and aluminium acceptors, while the DAP peaks in the
implanted samples are mainly from the recombination
between phosphorous donors and aluminium accep-
tors. This results in a slight difference of DAP peak
positions, for the ionization energies of N donors resid-
ing at hexagonal and cubic lattice sites are 6-12meV
lower than those of P donors.['5] However the A, peak
positions are the same in both the non-implanted and
the implanted ones, and only the peak intensities are
different. The Ay peak intensity of P1 is far higher
than those of P2 and P3, indicating that the implanted
sample at lower ion flux has more perfect lattice af-
ter HT annealing and thus get better recovered. The
weaker Ag peak of the non-implanted sample is due to
the lack of free electrons in p-type material, which re-
sults in less probability of the recombination between

free electron and aluminium acceptor.
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Fig.3. Photoluminescence spectra for 4H-SiC taken

at 10K of a non-implanted sample and the ion-

implanted samples at various ion fluxes after annealing

at 1500° for 15min.

Figure 4 shows Raman scattering spectra of the
implanted samples before annealing and the non-
implanted one. The Raman spectrum of P3 exhibits
totally different spectrum features from that of the
non-implanted. No Raman lines of SiC crystallinity
are observed and two broad bands appear in the Ra-
man spectrum of the sample P3. The two broad bands
correspond to the amorphous atomic vibrations of Si—
Si at ~500cm~!, Si-C at ~900cm~",'6! which are typ-
ical for amorphous SiC, indicating the damage of 4H—
SiC crystallinity and the formation of an amorphous

phase. The two broad bands are also observed in the



602 Gao Xin et al

Vol. 14

Raman spectrum of sample P1, but the sharp spec-
trum lines of 4H-SiC crystallinity are strongly super-
posed on the top of the Si—-C amorphous band. This
indicates that the sample P1 implanted at lower ion
flux was only partially disordered. The Raman spec-
trum of P2 is similar to that of P3 and only a quite
weak transverse optical (TO) mode at ~777cm ™! can
be discerned from the broad amorphous bands. Af-
ter HT annealing, Raman spectra (not shown here)
appear close to that of crystalline 4H-SiC with sharp
Raman lines of TO modes at ~777 and ~796cm™1,
longitudinal optical (LO) mode at ~964cm ! and lon-

gitudinal acoustic (LA) mode at ~204cm™!.
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Fig.4.

the implanted samples before annealing and the non-

Comparative Raman scattering spectra of

implanted one.

Figure 5 shows the comparative folded TOs
(FTOs) from the non-implanted and the implanted
samples annealed at 1500°. For SiC crystals the TO
and FTO modes are sensitive to the defects as com-
pared with the LO phonon modes.*7=1% The unfolded
TO mode at 796cm~!, which is designated as FTO
(0), can be used as a monitor band for stacking faults
in 6H- and 4H-SiC, which is Raman forbidden at the
back scattering geometry using the (0001) face. As
can be seen in Fig.5, the FTO (0) intensity of the im-
planted samples is greatly enhanced relative to that of
the non-implanted one and obviously varies with the
ion flux. The intensity of P1 is lowest and that of P3
is highest. It can be concluded that after HT anneal-
ing the sample implanted at higher ion flux will con-
tain more stacking faults than that implanted at lower
ion flux, for a large amount of implantation damage
can lead to a recrystallization inducing various poly-
type crystals/?! during the postimplantation anneal-

ing. Furthermore, it can be noted that broadening of

the FTO (0) bands is also observed in the annealed
samples with the increase of ion fluxes, indicating the
increase of stacking disorder with ion flux in the im-

planted regions after HT annealing.!'8!
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Fig.5. The comparative Raman spectra of FTO (0)
bands from the virgin (0001)-oriented 4H-SiC and the

ion-implanted samples annealed at 1500°C.

Finally, electrical measurements have been per-
formed. Figure 6 shows the free electron concentration
n, sheet resistance R, and the Hall mobility u of the
P-implanted samples after HT annealing as a function
of ion flux. It can be seen that with the decrease of
ion flux the sheet resistivity decreases and both the
Hall mobility and the carrier concentration increase.
Based on the aforementioned PL and Raman analysis,
one can suppose that the difference in carrier concen-
tration and Hall mobility is caused by the residual de-
fects after the HT annealing, because defects can act
as trapping centres and can cause the carrier-defect
scattering. The sample P1 whose ion flux is lowest
has the smallest residual defects after HT annealing,
while P3 shows the largest residual defects, but is very
close to that of P2, as may be reflected in the small
difference of electrical properties between samples P2
and P3. Therefore the lower carrier concentration in
samples P2 and P3 can be brought about by the higher
compensation introduced by the residual defects.

Nakamura et al (21 reported that the phosphorus
impurities in the fully amorphized implant-layer sub-
stitute the lattice sites more efficiently than in the case
of the partially disordered implant-layer in (1-100)
or (11-20)-oriented 6H-SiC during annealing process.
However, in this case of (0001)-oriented 4H-SiC, the
situation is quite the contrary, as can be interpreted by
the lack of the atomic stacking sequence of the poly-
typic structure at the amorphous-crystalline substrate
(a/c) interface in the (0001)-oriented 4H-SiC. On the
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other hand, in the ion implantation of (1-100) or (11—
20)-oriented SiC, the atomic stacking sequence of the
polytype is preserved at the (a/c) interface. During
the annealing process, the fully amorphized implant-
layer in (1-100) or (11-20)-oriented SiC host lattice
can be regrown in accordance to the underlying poly-
type structure and the implanted phosphorus impuri-
ties easily occupy the lattice sites without migrating,
while in the implantation to (0001)-oriented SiC, the
annealing of the amorphous layer can lead to the re-
growth of other polytype crystals, which may impede

the integration of phosphorus impurities.
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Fig.6. Free electron concentration n, sheet resistivity

R, and Hall mobility p of the ion-implanted samples

annealed at 1500°C as a function of ion flux.

The resistivity at room temperature prr is equal
to 5.3x1073Q-cm obtained at the lowest ion flux of
1.0x10'?2 Ptem~2-s7! for the sample P1, which cor-
responds to sheet resistance (Rs=prr/d) of 1062/0,
where d=0.5pm is the mean depth of P-implanted

layer. Recent studies have shown that a R, below

100€2/0 is obtained in the case of 500-800°C implan-
tation into 4H-SiC (0001) and annealing tempera-
tures at 1700°C with donor concentration of about
2.4x102°cm—3.122-24 However, in the present work,
RT implantation and lower annealing temperature of
1500°C are used with donor concentration of about
4.4x10"%cm >,

implantation may permit the uses of RT implantation

The use of lower ion flux in ion-

and lower annealing temperatures to obtain a reason-
ably low sheet resistance, when a certain degree of

electrically active P donors is demanded.
4. Conclusions

Photoluminescence, Raman scattering and Hall
effect measurements have been employed to evaluate
the influence of P ion flux on implantation-induced
damages and residual defects after HT annealing and
the electrical properties. A strong influence of ion
implantation flux on the residual defects after HT
annealing is observed in 4H-SiC implanted at RT
with variation of ion flux from 1.0x10'? to 4.0x10'2
Ptem 2571,
the Ag peaks in PL and the appearance of Raman-
forbidden FTO (0) bands that lower P ion flux is

beneficial to decrease residual defects after HT an-

It is revealed from the intensities of

nealing and thus to reduce the sheet resisitivity with
the same implantation dose. A reasonably low Rj
of 10692/0 was obtained at the lowest ion flux of
1.0x10'2 P*ecm~2-s7! and annealing at 1500°C for 15
min with a total dose of 2.0x10%cm™2. The lower ion
flux used in ion-implantation can be an alternative for
the uses of RT implantation and lower annealing tem-
peratures for the formation of selective doping areas

with lower resistivity on SiC devices.
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