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The defects and electrical properties in Al-implanted 4H-SiC after activation annealing (1600 °C-1800 °C) are in-
vestigated. High temperature annealing can reduce the ion implantation-induced damage effectively, but it may induce
extended defects as well, which are investigated by using Rutherford backscattering spectroscopy (RBS/C), secondary ion
mass spectroscopy (SIMS), and transmission electron microscopy (TEM) analyses. According to the ratio of the channeled
intensity to the random intensity in the region just below the surface scattering peak (Xp,i,) and RBS/C analysis results, the
ion implantation-induced surface damages can be effectively reduced by annealing at temperatures higher than 1700 °C,
while the defects near the bottom of the ion-implanted layer cannot be completely annealed out by high temperature and
long time annealing process, which is also demonstrated by SIMS and TEM analyses. Referring to the defect model and
TEM analyses, an optimized annealing condition can be achieved through balancing the generation and elimination of car-
bon vacancies in the ion implanted layers. Furthermore, the electrical and surface properties are also analyzed, and the hole
concentration, mobility, and resistivity are obtained through the Hall effect. The optimized activation annealing conditions
of 1800 °C/5 min are achieved, under which the lower defects and acceptable electrical properties are obtained.

Keywords: Al-implanted 4H-SiC, activation annealing, extended defects, carbon vacancies

PACS: 61.72.U-, 61.80.Jh, 68.55.Ln

1. Introduction

Semiconductor material, SiC, is attractive for the appli-
cations in high power, high temperature, high frequency, and
high reliability device due to its exceptional properties.!! 8! P-
type doping of 4H-SiC using ion implantation and high tem-
perature activation annealing is the key process in the fab-
rication of SiC devices.!>3! Compared with boron (B), alu-
minum (Al) has a shallow acceptor level and a strong tendency
to occupy atomic sites in the silicon (Si) sublattice, which
makes Al ion implantation more suitable for the production
of heavily doped layers.[®~*] However, a great challenge ex-
ists in the effective doping of Al, because high energy of Al
ion implantation inevitably produces defects and lattice dis-
order. Although redistribution of the implanted dopants and
partial ion-induced damages can be reduced by high temper-
ature implantation followed by high temperature annealing,
not all the damages could be annealed out by higher tempera-
ture annealing, such as residual damages (distortion of lattice,
vacancies and interstitials) and extended defects, because of
dynamic defect recovery and generation in the activation an-

nealing process.!!3-261 And it was reported that the formation
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of extended defects in the implanted layers and the interfacial
dislocations of the ion-implanted layer can occur in the anneal-

(15:20.23] Such high residual damages and extended

ing process.
defects of the implanted layers will greatly affect the electrical
performance and reliability of SiC device, such as the mobility
in MOSFETs and leakage current in PIN diodes. How to sup-
press the generation and distribution of these defects is still an
open issue in the study of this subject. Therefore, a clearer un-
derstanding of the recovery, formation and distribution of the
defects in the Al-implanted layers during the implantation and
annealing processing is beneficial to obtaining the better elec-
trical properties in Al-implanted 4H-SiC through optimization
of activation annealing conditions.

In this paper, the defects and electrical properties in Al-
implanted 4H-SiC after high-temperature activation annealing
(1600 °C-1800 °C) are investigated. The ion implantation-
induced damages and the extended defects after the anneal-
ing process are investigated by using Rutherford backscatter-
ing spectroscopy (RBS/C), secondary ion mass spectroscopy
(SIMS), transmission electron microscopy (TEM) analyses.

The optimized activation annealing conditions are achieved,
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under which the lower defects and acceptable electrical prop-
erties are achieved and demonstrated by the Hall effect mea-
surement.

2. Experiment

Multiple-energy Al implantations were performed on n-
type, 4° off the (0001) oriented 4H-SiC epilayer at a doping
concentration of 1 x 10'® cm™3. Hot implantation (500 °C)
was used to hinder amorphization and improve the quality of
crystalline in Al-implanted 4H-SiC. As seen from Fig. 1(a),
the implantation at energy ranging from 30 keV to 300 keV
with a total dose of 8.41 x 10'* cm~2 formed a box-like dop-
ing profile with a 6-nm-thick sacrificial oxidation silicon diox-
ide (Si0,) layer. And the obtained doping concentration of
C; =2 x 10" cm~3 with a depth of about 320 nm after remov-
ing a 60-nm-thick sacrificial oxidation SiO, layer was charac-

terized by SIMS measurement as shown in Fig. 1(b).
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Fig. 1. (a) Simulated concentration versus depth profiles of Al atoms af-
ter multiple energy implantations into SiC with the purpose of forming a
box-like profile by using the Silvaco TCAD, and (b) doping concentration
profiles measured by SIMS after removing 60-nm-thick sacrificial oxidation
SiO, layer.

Post-implantation annealing was processed at 1600 °C—
1800 °C with a protective carbon capping layer. Effects on
Al ion implantation on n-type 4H-SiC followed by annealing
at various temperatures was studied by using RBS/C, SIMS,
TEM, and atomic force microscope (AFM) analyses. Trans-
mission line model (TLM) and Hall effect measurements are
also conducted to analyze the electrical properties.

3. Results and discussion
3.1. Defects analysis

As one of the most common surface analytical tech-
niques, Rutherford backscattering spectrometry along a low
index crystallographic direction or channel (RBS/C) is sensi-
tive to very small atomic displacements from the crystalline
lattice sites. The RBS/C interaction yield is strongly influ-
enced by the crystal disorder and crystal orientation, which
makes the technique unique for the analysis of ion implanta-
tion damage in single-crystal films and wafers. As shown in
Fig. 2, A, B, and C represent three relationships between lo-
cation and the status of damages with the RBS/C from surface
to inner region. The energy of backscattering atoms of A have
little energy loss and most of ion-beams can be channeled, in-
dicating A is near the surface and has good order lattice. B has
an obvious peak, which indicates that many dislocation atoms
or disorder lattices exist under the surface; C is the inner part
of the crystal, which contains the damage status of C and the
effect of B. The high yield in C is mainly due to a mass of dis-
location atoms, containing the distortion lattice of C and the
little random atoms of B.

inner surface

Yield

A: good order
B: disorder
C: distortion

Channel

(= —A
good order

disorder
e O O O e O

C
°® v °® °dis‘cortion

atom

Fig. 2. Relationship between the location and the status of damages with
RBS/C.

The Xnin refers to the ratio of the channeled intensity to
the random intensity in the region just below the surface scat-
tering peak. It yields information about the crystallinity in the
near surface of the sample (the first 3 nm—15 nm in depth),
which is related to the surface damage, contamination and the
existence of oxides. Figure 3 shows the X, values of sam-
ples before and after thermal implantation annealing at various
temperatures (1600 °C—1800 °C) for 15 min. Each of all the
annealed samples has a smaller Xy, value than that of the as-
implanted (Xpin = 0.403) and the X, value decreases with
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annealing temperature rising up. With the annealing tempera-
ture higher than 1700 °C, the sample’s surface damage can be

effectively reduced.
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Fig. 3. Variation of Xy, (160° detector ) with temperature of implanted
samples before and after activation annealing for 15 min.

From Figs. 4(a)—4(c), all the samples of SiC samples can
be channeled, and the channeling yield increases with chan-
nel number decreasing without obvious damage peaks, which
do not reach the random level. The crystal has no obvious
amorphous layer and the experimentally obtained RBS spectra
after annealing are closely identical to the fresh virgin spec-
trum. It can be concluded that the use of hot temperature
(500 °C) implantation can avoid forming the high-density ex-
tended defects, dopant redistribution, and surface decomposi-
tion in the implanted layer. However, corresponding to the ran-
dom spectra, a defective layer containing a low level of lattice

displacement or distortion is formed on the implanted sample

in Fig. 4(a).

In the amplified regions on the right in Figs. 4(b) and 4(c),
the densities of defects near surface under all the annealing
conditions except for the sample of 1600 °C for 15 min, are
lower than that of the as-implanted one, which proves that the
defects near-surface region are greatly affected by annealing
temperature. However, for the annealing time of 15 min, the
defects near the bottom of the ion-implanted layer for each
of all annealing samples are more than those of as-implanted
sample at the different temperatures (from 1600 °C-1800 °C),
indicated by the through RBS/C analysis results as shown in
Fig. 4(b).

In order to reduce the defects both near the surface and
bottom of the ion-implanted layer in high temperature anneal-
ing process, the annealing is carried under the conditions of
1800 °C for 5 min and 15 min. It is shown in the amplified
region on the right in Fig. 4(c) that the damages near the sur-
face and the bottom of the sample annealed for 1800 °C and
15 min are more pronounced than for 1800 °C and 5 min. Fur-
thermore, as seen in Fig. 4(c), the density of defects near the
bottom region under the annealing condition of 1800 °C for
15 min is higher than that of the as-implanted one, but not un-
der the condition of 1800 °C and 5 min. It may be because the
longer time thermal annealing induces new extended defects
near the bottom of the ion-implanted layers. Therefore, the
annealing time is another key factor affecting the generation

of extended defects.
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Fig. 4. Overlays of implanted samples (a) before and (b) after activation annealing at various temperatures for 15 min and (c) at 1800 °C and

different annealing times.
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In Fig. 5, all samples are tested after removing protec-
tive carbon capping layer and sacrificial oxidation. Profiles
of implanted atoms before and after annealing at 1800 °C,
15 min, and 5 min by SIMS do not coincide with each other
near the bottom of the ion-implanted layer. Possible reasons
are that the defect agglomeration and dopant redistribution oc-
cur near the bottom of the ion-implanted layer in the anneal-
ing process. This is consistent with the conclusion that the
defects near the bottom of the ion-implanted layer will be dy-
namically restored and generated in the activation annealing
process. Therefore, it is necessary to optimize the annealing
conditions to minimize the defects near the bottom of the ion-
implanted layer. As shown in the amplified area of Fig. 5, the
curve of the sample obtained under the activation annealing
condition (1800 °C/5 min) is highly coincident with that near

the bottom of the as-implanted sample.
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Fig. 5. Profiles of implanted atoms before and after annealing at 1800 °C,
15 min/5 min by SIMS after removing protective carbon capping layer and
60-nm-thick sacrificial oxidation SiO, layer,

From the above results of the RBS-C technique, we find
quite a low level of the residual disorders and extended defects
in the implanted and annealed SiC layers. As a complement to
RBS/C, cross section samples in the implanted region are pre-
pared. And the lattice structure of the implanted layer and the
annealed layerare also measured with TEM, which is equipped
with an FEI Talos F200 transmission electron microscope at
200 kV. The samples for TEM are cross-sectioned, prepared
by focused ion beam (FIB).

(a)

445 nm

Figures 6(a) and 6(b) show cross-sectional [1010] bright
field-electron (BF) micrographs of identically Al-implanted
samples with the annealing temperature at 1800 °C for 15 min
and 5 min, respectively. As seen from Figs. 6(a) and 6(b), the
visible depths of the damage areas are 445 nm and 467 nm re-
spectively. From the above SIMS test data, it can be inferred
that the damage areas include ion implantation region and part
of trailing region. In Fig. 6, all of the extended defects are vis-
ible in the Al-implanted region after 1800 °C/5 min annealing
and 1800 °C/15 min annealing, especially near the bottom of
Al-implanted region. These defects are lettered from A to C,
which are polygonal loops differing in size. These loops form
a network of almost orthogonal trace. Defect A is smallest,
next is defect B. In the case of defect C, it is possible to demon-
strate that it has a complex structure related to dislocations or
carbon vacancy agglomerates.[!°* The distribution of these
defects is not uniform and appears to peak in a buried region
close to the end of the Al-implanted region, which is between
the bottom of implanted Al region and the unimplanted sub-
strate. The defects of 1800 °C/15 min sample (Fig. 6(a)) are
obviously more than those of the sample with 1800 °C/5 min
(Fig. 6(b)). This indicates that the longer annealing time will
lead to more extended defects at the same temperature, which
is in good agreement with the RBS analysis results. As shown
in the amplified defects area in Figs. 7(b) and 7(c), there are
many polygonal dislocation loops with different sizes. The
micrograph indicates that most of the defects at the bottom of
implanted Al layers created during annealing are dislocations
as indicated by arrows in Fig. 7(c). The formation of these dis-
locations may be related to a cluster of C-related defects, such
as carbon vacancies. 926!

445 nm 467 nm

1800 °C/5 min 1800 °C /15 min

Fig. 6.  Cross-sectional micrograph in Al-implanted region by (a)
1800 °C/5 min annealing and (b) 1800 °C/15 min annealing.

(c)

445 nm

polygonal loops

dislocations

Fig. 7. Cross-sectional micrograph in Al-implanted region by 1800 °C/5 min annealing.
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Fig. 8. Defect model in Al-implanted 4H-SiC layer.

To obtain the mechanisms responsible for the formation
and elimination of extended defects, according to the previous
defect theory,!!321-23] the defect model in Al-implanted 4H-
SiC layer is also investigated. The high temperature activation
annealing is the process of replacing the implanted Al atoms
with Si. During the activation annealing, most of dopants are
activated, and the ion-induced damages are recovered because
of the recrystallization of the annealed samples. As seen from
Fig. 8, in the high temperature activation annealing process,
the persistent carbon vacancies in the drift layers after epitaxy
can be effectively recombined by the excess carbon intersti-
tials Cj created by implation. At the same time, new carbon
vacancies will be formed in the high temperature process. So,
the optimization of annealing conditions can be realized by
controlling the generation and elimination of carbon vacancy

(V) density in the ion implanted layers.

3.2. Electrical and surface property analysis

As seen from Table 1, the Hall hole density P, Hall mobil-
ity 4 and electrical activation ratio A (A = P/C; )are improved
by increasing annealing temperature through using Pensl er
al’s Hall scattering factor. Sheet resistance R and specific
contact resistance (SCR) decrease with annealing temperature
increasing. As the temperature increases, the rate of anneal-
ing activation increases. At the same annealing temperature,
the longer time annealing can improve the electrical activa-
tion properties effectively. However, the consideration of the
lower defects, the sample annealed at 1800 °C/5 min shows

relatively good electrical properties.

Table 1. Values obtained by Hall-effect and TLM measurements for p-type 4H-SiC samples at room temperature (RT).

Sample-post Measured (SIMS) Sheet RT Hall hole Hall mobility Electrical Specific contact
implantation implanted Al resistance  density w/(m?/V-s) activation resistance
annealing/(°C/min) density C/10" cm~3 RI(kQ/O0)  P/10'7 cm™3 ratio/A% (SCR)/(Q/cm?)

1600/15 2 47.80 1.38 23.7 0.69 4.06x10~*

1650/15 2 34.71 1.81 24.8 0.91 3.15x 1074

1700/15 2 25.62 2.29 26.6 1.15 8.50x 1073

1800/15 2 15.62 3.15 313 1.58 6.46x107°

1800/5 2 19.90 2.8 28.1 1.40 6.59x1073

Furthermore, the surface roughness values of Al-  to the Al implantation. After annealing at 1600 °C-1800 °C

implanted samples before and after activation annealing at var-
ious temperatures are measured by AFM. We use the 5-point
average of the large area implantation and activation annealing
sample. The results in Table 2 show that the average surface
roughness values increase slightly from 0.058 nm to 0.110 nm
after Al hot implantation, the surface deterioration may be due

for 15 min, the discontinuity of surface is not obviously raised,
which is below 0.304 nm. The surface step-bunching is effec-
tively suppressed and the surface roughness values of all the
samples are not obviously deteriorated, which is due to the

existence of an effective protective carbon capping layer.

Table 2. Average surface roughness values of Al-implanted 4H-SiC followed by annealing at various temperatures.

Condition Non-implanted

As-implanted

Annealing temperature/(°C)
1650 1700

1600 1800

RMS roughness/nm 0.058 0.110

0.177 0.270 0.227 0.304
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4. Conclusions

The defects and electrical properties in Al-implanted 4H-
SiC after activation annealing (1600 °C-1800 °C) are in-
vestigated. High temperature annealing can reduce the ion
implantation-induced damage effectively, but it may induce
extended defects at the same time. How to suppress the gen-
eration and distribution of the defects is very critical. Ac-
cording to X, and RBS/C analysis, the ion implantation-
induced surface damage could be effectively reduced by an-
nealing at temperatures higher than 1700 °C, demonstrating
that the damage near the surface region is greatly affected by
annealing temperature. However, the effect of annealing tem-
perature on the suppression of the defects near the bottom re-
gion is not obvious. The longer thermal annealing time (such
as 15 min) may induce new extended defects near the bottom
of the ion-implanted layers, which is mainly due to dynamic
defect recovery and generation in the activation annealing pro-
cess. Therefore, the annealing time is another key factor influ-
encing the generation of extended defects.

From the RBS/C, SIMS, TEM, and defect model anal-
ysis, two sources of the residual defects are existent in the
ion-implanted layer after annealing: one is the defects gener-
ated in ion implantation process, which cannot be completely
annealed out by high temperature annealing process, and the
other is the extended defects induced during activation anneal-
ing, especially for the longer activation annealing time. It
can be inferred that the generation and elimination density of
extended defects in the ion implanted devices are closely re-
lated to annealing conditions. The surface roughness values
of all the samples after annealing are not obviously deterio-
rated due to the existence of an effective protective carbon cap-
ping layer. The optimized activation annealing conditions of
1800 °C/5 min are achieved, and thus the lower defects (near
the surface and bottom region) and acceptable electrical prop-
erties are obtained, which are conducive to the application of

numerous SiC-based devices.
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