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Abstract

Solid-state microwave annealing was performed at temperatures up to 2120 �C for 30 s on ion-implanted 4H–SiC in N2 ambient. The
surface roughness in the samples annealed without a surface cap at 1950 �C is 2.65 nm for 10 lm · 10 lm atomic force microscopy scans.
The sheet resistances measured on Al+- and P+-implanted 4H–SiC, annealed by microwaves, are lower than the best conventional fur-
nace annealing results reported in literature. X-ray diffraction spectra indicate alleviation of the lattice damage induced by the ion-
implantation and also incorporation of most of the implanted species into substitutional lattice sites.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Silicon carbide (SiC) is the most suitable semiconductor
material for fabricating devices that are used in high-
power, high-frequency and chemically corrosive environ-
ments [1]. Ion-implantation is the only practical selective
area doping technique available for making these devices
[2,3], since diffusion coefficients of the technologically rele-
vant dopants in SiC are very low even at temperatures as
high as 1800 �C. Ion-implantation results in lattice damage
and the implanted atoms predominantly reside in chemi-
cally inactive interstitial sites. Therefore, ion-implantation
needs to be followed by annealing both for repairing the
lattice damage and for moving the implanted dopants into
chemically active substitutional lattice sites. Traditionally,

post-implantation annealing for SiC has been performed
in furnaces at temperatures >1500 �C [4,5]. Often these fur-
naces have modest temperature ramping rates (few �C/s).
This results in subjecting the SiC to high-temperatures
for a prolonged period of time, hence, leading to a high
degree of sublimation during annealing [6]. Due to the sub-
limation problem, the maximum annealing temperatures
employed during conventional furnace annealing are lim-
ited to 61650 �C [1,2]. Consequently, sheet resistivities of
p-type dopants in SiC have remained in the 104 X/h range
[5–7]. Clearly, these values are too high for fabricating effi-
cient SiC power devices [8]. Recently, we started investigat-
ing the use of a novel solid-state microwave technique for
annealing ion-implanted SiC [9]. The microwave processing
system is capable of providing a temperature rise rate of
600 �C/s and a fall rate of 400 �C/s, enabling short dura-
tion high-temperature (>1800 �C) annealing. In this paper,
we present the surface morphology and electrical properties
of Al+- and P+-implanted SiC material, annealed by the
solid-state microwave technique.
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2. Experimental

Multiple-energy Al+ (10–400 keV) and P+ (10–200 keV)
implantations were performed into semi-insulating (SI)
4H–SiC. The P+- and Al+-implantations were performed
at 500 �C. The P+- and Al+-implantations were designed
to obtain a uniform implant concentration of 2 · 1020

cm�3 to a depth of �0.3 lm and 0.5 lm, respectively. The
total implant doses for the Al+- and P+-implantations were
1.37 · 1016 cm�2 and 1.3 · 1016 cm�2, respectively.

A detailed description of the solid-state microwave
annealing system used in this study is provided elsewhere
[9]. The annealing temperatures in this study ranged from
1750 �C to 2120 �C for the aluminum implanted samples
and 1700–1950 �C for the phosphorus implanted samples.
The typical anneal duration used in this work is 30 s. In this
work, all the annealings were performed in a controlled
atmosphere of 100% nitrogen to prevent oxidation of the
SiC surface. Auger sputter profiling performed on the sam-
ples, microwave annealed in N2 in the temperature range of
1800–2100 �C, revealed an unintentionally grown surface
layer <80 Å thick. This surface layer consisted of silicon,
carbon, oxygen and nitrogen. Apart from nitrogen, micro-
wave annealing was also attempted in atmospheres of inert
gases such as helium, argon and xenon. However, these lat-
ter gases were found to ionize (generating arcing) due to
the intense microwave field in the vicinity of the SiC sam-
ple. The samples annealed in open air resulted in thick
oxide layers [9].

X-ray diffraction (XRD) measurements were performed
to determine the effectiveness of microwave annealing in
alleviating the implantation-induced lattice damage in the
SiC samples. Specular (00‘) scans were obtained from an
18 kW Rigaku rotating anode diffractometer using Cu
Ka radiation. Very fine divergence and soller slits were
used to increase the resolution of the XRD spectra. Surface
roughness of the microwave annealed samples was evalu-
ated using tapping mode atomic force microscopy (AFM)
on 10 lm · 10 lm areas. Hall measurements were per-
formed, using the van der Pauw technique, for electrical
characterization of the material, after depositing Ni
(100 nm) and Ti/Al (20 nm/100 nm) contacts for the P+-
and Al+-implanted samples, respectively. The contacts

were made ohmic by alloying at 1000 �C for 1 min in
1 atm UHP argon.

3. Results and discussion

3.1. Surface roughness of the microwave annealed samples

The RMS surface roughness extracted from
10 lm · 10 lm tapping mode AFM scans of microwave
annealed samples, as a function of annealing temperature,
for 30 s microwave annealings is provided in Table 1. AFM
images of an 1850 �C/35 s microwave annealed sample, and
a 1500 �C/15 min furnace-annealed sample are provided in
Fig. 1. The samples used for this study were Al+-implanted
4H–SiC. Furrows running along the face of the furnace-
annealed sample can be clearly seen in Fig. 1. The forma-
tion of these furrows is believed to be due to the desorption
and re-deposition of Si and C containing species from the
SiC surface [10], possibly due to the long 15 min annealing
duration. The surface of the microwave annealed sample
shown in Fig. 1 is relatively smooth. It can be seen from
the data presented in Table 1 that the RMS roughness val-
ues for the 1800–2000 �C microwave annealings are in the
range of 2–4 nm. This is 1.5–3 times the measured surface
roughness of the as-implanted sample (1.44 nm). Upon
comparing these roughness values with those obtained
after conventional uncapped and AlN/graphite capped
annealings (not shown), the following observations can
be made. Roughness increase in the microwave annealed
samples is much lower than in the uncapped conventional
furnace-annealed samples [11,12], which show an increase
in roughness of �15 times the value of the as-implanted
sample for 1700 �C/15 min annealing [7]. Roughness

Table 1
RMS roughness extracted from 10 lm · 10 lm tapping mode AFM scans
of Al+-implanted SiC

Sample details RMS roughness (nm)

As-implanted 1.44
1800 �C/30 s 2.18
1950 �C/30 s 2.65
2000 �C/30 s 4.29

Fig. 1. Contact mode AFM images of (a) 1850 �C/35 s microwave annealed sample and (b) 1500 �C/15 min furnace annealed sample.
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increase after uncapped microwave annealing of this work
is comparable with the surface roughness obtained after
furnace annealing using a graphite or AlN cap [13,14].
The results obtained indicate the attractiveness of high-
temperature short duration microwave annealing for
obtaining good surface morphology.

3.2. Electrical characteristics of aluminum and phosphorus

implanted SiC

For the 4H–SiC, the sheet resistance measured at room
temperature (RT), by the van der Pauw Hall technique, as
a function of the annealing temperature for 30 s annealings
is shown in Fig. 2 for the P+- and Al+-implantations. The
variation of the electron/hole mobility, for the P+/Al+-
implantation, respectively, with increasing annealing tem-
perature is shown in Fig. 3. It can be observed from Figs.
2 and 3 that for both the aluminum and phosphorus
implantations, increasing the microwave annealing temper-
ature, in general, steadily lowers the sheet resistance, while
increasing the carrier mobility. The microwave annealing
yields sheet resistances, which are about one order of mag-
nitude lower than those obtained after conventional fur-

nace annealing, which typically yields sheet resistances in
the range of 104 X/h for the Al+-implantations [3–5].
Microwave annealing the aluminum implanted material
at 2050 �C yields a sheet resistance of 2.81 kX/h and a hole
mobility of 6.2 cm2/V s. This is one of the best reported
sheet resistance values for ion-implanted p-type SiC. Also,
the increase of the hole mobility with increasing annealing
temperature is an indication that an increasing number of
implantation-induced defects is annealed.

For phosphorus implanted SiC, the microwave anneal-
ing performed at 1950 �C for 30 s yields a sheet resistance
of 14 X/h and an electron mobility of 100 cm2/V s. These
results once again are the best reported values for
implanted n-type (0001) oriented SiC. The conventional
furnace annealing for n-type SiC typically yields sheet resis-
tance values in excess of 100 X/h [6,15,16].

In general, the carrier mobility at room temperature is
limited by scattering of carriers by ionized impurities and
also by defects in the crystal lattice. An increased
implanted dopant substitutional activation with increasing
annealing temperature results in an increased ionized impu-
rity scattering and hence decreasing the carrier mobility.
This initial trend (decrease of the carrier mobility with
increasing sheet carrier concentration) can be seen in
Fig. 3 for the phosphorus implanted samples for annealing
temperatures <1800 �C. However, for annealing tempera-
tures >1800 �C, the carrier mobility (for both Al+- and
P+-implanted samples) kept increasing with increasing
annealing temperature. This trend is believed to be due to
a more effective annealing of implantation-induced lattice
damage at these annealing temperatures The X-ray diffrac-
tion and Rutherford backscattering spectrometry-channel-
ing (RBS-C) measurements on the microwave annealed
samples also indicated a lattice quality similar to the virgin
sample.
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Fig. 2. Sheet resistance of aluminum and phosphorus implanted 4H–SiC,
as a function of annealing temperature, for 30 s microwave annealing.
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Fig. 3. Measured electron and hole mobility in the phosphorus and
aluminum implanted 4H–SiC, respectively, as a function of annealing
temperature, for 30 s microwave annealing.
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3.3. Lattice quality of the aluminum implanted 4H–SiC

Fig. 4 shows the (0,0,12) out-of-plane X-ray diffraction
scans for virgin, Al+ as-implanted, and implanted/micro-
wave annealed 4H–SiC samples. Highly resolved X-ray dif-
fraction peaks are obtained for the two wavelengths CuKa1

and CuKa2. For the as-implanted sample, in addition to the
main SiC (0,0,12) reflection, additional peaks can be
observed on the low angle side of the main peak. The exis-
tence of the additional lower angle peaks with CuKa1 and
CuKa2 components resolved indicates the presence of a
sub-lattice with a larger d-spacing, as compared to the vir-
gin sample, caused by the implanted Al occupying intersti-
tial lattice positions [17]. The c-parameter of the low angle
sub-lattice peak is found to be 10.2120 Å, which is
0.1314 Å larger than that of the 4H–SiC (0,0,12) peak. Fur-
thermore, since the sub-lattice peaks are highly resolved for
CuKa1 and CuKa2 wavelengths, it is an indication that a
uniform Al implantation has been accomplished. The
XRD profiles after microwave annealing show a disappear-
ance of the sub-lattice peak indicating the movement of the
implanted aluminum atoms from interstitial to substitu-
tional lattice sites. Thus, it can be concluded that the micro-
wave annealing was successful in activating the implanted
dopants into electrically active substitutional sites and in
relieving the implantation-induced lattice damage.

One of the problems with the solid-state microwave
annealing at this time is SiC surface sublimation. The sub-
limation uniformly occurs all over the sample yielding
smooth surfaces unlike furnace annealing, which yields
rough surfaces. The sublimation problem can be solved
by depositing a graphite cap on the implanted SiC surface
prior to annealing. Our preliminary results on the use of
the graphite cap indicate that the cap holds good for micro-
wave annealing temperatures as high as 2100 �C.

4. Conclusion

Solid-state microwave annealing is an attractive method
for performing high-temperature, short duration annealing
of implanted SiC. Using this technique, temperatures as
high as 2100 �C can be reached with a ramp-up rate of
>600 �C/s and a fall rate of 400 �C/s. For 2050 �C/30 s
microwave annealing in a nitrogen ambient, the RMS sur-
face roughness is comparable to the surface roughness in
capped samples subjected to conventional furnace anneal-
ing. Sublimation during microwave annealing can be pre-
vented, at temperatures as high as 2100 �C, using a
graphite cap on SiC. Electrical characterization of both

p-type (Al) and n-type (P) implanted material, subjected
to microwave annealing, yielded record breaking low sheet
resistance values, and high carrier mobilities. XRD mea-
surements indicated an almost complete movement of the
implanted species into substitutional lattice sites, and in
relieving the implantation-induced compressive strain in
the crystal lattice. This is an indication that the microwave
annealing is effective in both activating the implanted
dopants and healing the lattice damage.
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