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ABSTRACT

The implantation of aluminum into 4H-SiC is studied using secondary ion mass spectrometry. In particular, two-dimensional concentration
profiles are obtained, which allow the investigation of lateral straggling and its dependence on the crystallographic orientation. A high dose,
medium energy aluminum implantation is studied in great detail. It shows an asymmetric distribution due to the 4�-off axis growth of
the epitaxial layer. The lateral straggling is found to be in the range of several micrometers for a concentration of 1� 1015 cm�3, which is
contrary to the expectation given by most simulation studies. Implantations performed at different orientations support the idea that lateral
straggling highly depends on the particular channeling opening.

Published by AIP Publishing. https://doi.org/10.1063/1.5132616

Silicon carbide (SiC) offers a large bandgap, a high critical electric
field, and a high thermal conductivity, which make it an ideal candi-
date for high power electronic applications.1,2 To create semiconductor
devices based on SiC, ion implantation is used to introduce dopants
into the crystal, since diffusion-based processes are not feasible.3 In the
case of a metal-oxide-semiconductor field-effect transistor (MOSFET),
ion implantation is used to form the p-body and the nþ-source, which
form the channel region of the MOSFET. The channel is controlled by
the gate to turn on and off the device. In order to obtain a specific
threshold voltage and a predictable channel behavior, doping regions
need to be precise in terms of geometry and concentration. During ion
implantation, donors or acceptors are accelerated toward the semicon-
ductor, and by choosing the dose and energy of the ions, a specific
depth profile of the dopant is obtained. However, the implantation
profile may be altered if the ions enter one of the crystallographic
directions, known as channeling. Vertical channeling in SiC is known
to highly affect the resulting implantation profile depending on the
particular channel direction.4 Lateral straggling is equally important,
especially for lateral geometries such as the channel region of the
MOSFET,5 but has not been experimentally studied that extensively.
There exist several simulation studies based on Monte Carlo codes
that estimate lateral straggling of aluminum in SiC. The results range
from around 500 nm up to several micrometers.6–9 Experimentally
determining lateral straggling in SiC, however, could not be achieved
yet.10 Hence, the aim of this paper is to use two-dimensional

secondary ion mass spectrometry (SIMS) to evaluate lateral straggling
of aluminum in 4H-SiC and its dependence on the crystallographic
structure.

In order to resolve a three-dimensional implantation, a high spa-
tial resolution in all directions is required. One approach is spreading
resistance profiling, which has been used to detect lateral straggling in
silicon and SiC.10,11 It has a high lateral resolution of some 10nm.
However, it can only determine the concentration on a surface, i.e., the
sample requires intense modification prior to measuring. In the case of
SiC, additional problems occur regarding the contact formation
between the probe and the semiconductor. SIMS, on the other hand,
uses a focused ion beam to sputter a target and analyze the hereby gen-
erated secondary ions. As a result, SIMS has a high degree of freedom
and is thus the most common technique to measure vertical implanta-
tion profiles. These depth profiles mainly require a high vertical
resolution. For three-dimensional measurements, also the lateral reso-
lution, which depends on the diameter of the primary beam, is of great
importance. In this work, a lateral resolution of 2 lm, a vertical resolu-
tion of 5� 10 nm, and a sensitivity of five decades for aluminum were
established, exhibiting a good compromise for the various flexible
parameters in SIMS. The spatial resolution is confirmed by measuring
a reference sample, where silicon stripes separated by 2 lm can be
clearly distinguished with the given beam. Additionally, the beam
diameter of around 2 lm is verified by investigating the slope of the
sputtered crater.
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A 4H-SiC wafer with a 17lm thick, 4�-off axis grown, n-type
epitaxial layer (ND ¼ 3:5� 1015 cm�3) is used for the experimental
study. Before implantation, the wafer is covered with an oxide mask.
The 1lm silicon-dioxide (SiO2) layer is patterned with a stripe design,
see Fig. 1(a). Stripes with a width of 2:2lm and separated from each
other by 38 lm are etched into the oxide layer. Four regions with dif-
ferent stripe orientations (labeled with 0�; 30�; 60�; 90�) are used to
screen the implantation such that lateral straggling perpendicular to
the stripe opening can be investigated, see Fig. 1(b). The zero-tilt alu-
minum implantations are performed for different doses and energies
at room temperature using a tandem accelerator (NEC, model 5SDH-
4). The doses are D ¼ 5� 1013 cm�2 and D ¼ 5� 1014 cm�2, while
the energies are E ¼ 180 keV and E ¼ 280 keV. According to SRIM
simulations,12 the projected ranges of aluminum in SiC are 200nm
and 306nm for these two energies. After the implantation, the oxide
mask is removed, and the samples are measured by SIMS using a
CAMECA IMS 7f. An area of 80� 80lm2 is sputtered by 10 keV Oþ2
ions. The data detected in image mode are summed up along the
particular stripe, i.e., they are projected on the particular plane, in
order to increase the counting statistics. Two-dimensional concentra-
tion profiles are finally obtained by respective data analysis, where a
deconvolution algorithm (Lucy-Richardson) is used to account for the
Gaussian distribution of the beam density.13

The profile of a high dose (D ¼ 5� 1014 cm�2), low energy
(E ¼ 180 keV) aluminum implantation is shown in Fig. 2. The stripe
pattern used in the investigated region is oriented along [1�100]. The
implantation is measured from the surface down to a depth of 360nm.
Five distinct regions are marked, which are discussed in the following:

1. Starting from the surface, most of the penetrating ions follow the
surface normal indicated by the dashed line, i.e., they are still
following a random trajectory as they have not reached the critical
angle for channeling yet. Between the surface and d � 100 nm, the
profile is widened in the lateral direction, which is probably caused
by a small number of ions scattered at the edges of the oxide mask.

2. When moving further into the epitaxial layer, at d � 110 nm, the
profile exhibits a kink on the right side. According to Monte
Carlo simulations (Sentaurus Process by Synopsys) using a crys-
tal structure for the target semiconductor, this depth is close to
the peak damage (d � 140 nm) generated by the implantation. It
appears that the path of the aluminum ions changes here from a
random distribution, caused by the strongly damaged environ-
ment close to the surface, to a directional propagation defined by
the crystalline structure.

3. After the kink, a distinct 4� tilt of the implantation toward the
surface normal can be observed. The tilted path coincides with
the [0001] channel of the 4H-SiC crystal. A certain amount of
aluminum ions is channeled into [0001] instead of following the
surface normal. In order to get into this channel, these ions need
a reduced energy, probably some 10 keV, such that the critical
angle becomes larger.14 As the penetrating ions lose energy
unevenly, they will enter the [0001] channel at different depths,
which results in the broadening of a high concentration region
to the left of the surface normal.

4. At the projected range, intense lateral spreading of the aluminum
ions can be observed. Looking at the minimum detectable
doping concentration of 1� 1015 cm�3, the lateral spread, i.e.,
the undermask penetration, in [11�20] is �10lm (see red arrow).

FIG. 1. Implantation mask with its stripes used to guide ions in a particular crystal-
lographic plane (a). Orientation of crystallographic directions of a wafer with major
flat (1�100) (b). Crystal structure of major channeling directions (c)–(e). Silicon
atoms are blue, while carbon atoms are yellow.

FIG. 2. High resolution profile of an Al implantation with D ¼ 5� 1014 cm�2; E
¼ 180 keV, and Timplant ¼ 25 �C from the surface to a depth of 360 nm. The oxide
mask is indicated on top of the profile, where the stripe is oriented along [1�100].
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Considering the lateral resolution of 2lm of the SIMS beam, the
resulting spread is probably less, but still on the order of several
micrometers. This lateral spread is substantial and exceeds typi-
cal simulation results. Sentaurus Monte Carlo simulations, for
example, predict in this case a lateral spread of some 100 nm.
However, there is also the literature supporting the extensive lat-
eral spread. Lulli9 has found a similar value (>3lm) through
Monte Carlo (BCA) simulations. It further corresponds well to
the vertical channeling experiments published by Wong-Leung
et al.:4 for a 60 keV implantation into [11�20], the authors found
the implantation tail at a depth of 3:5 lm. Employing these find-
ings toward a 180 keV implantation, the extrapolated depth is in
the range of the detected lateral straggling. However, in order to
get channeled into [11�20], the ions need to reach a certain
energy to increase the critical angle.14 Even though the channel
opening is large, see Fig. 1(c), the remaining energy would not be
enough to reach large distances. Consequently, we assume that a
different mechanism is responsible for the large lateral spread. A
similar straggling behavior was previously observed for intrinsic
defects in proton-irradiated 4H-SiC samples.15 These defects are
associated with carbon interstitials and are able to move several
100lm in the lateral direction due to recombination processes.
In aluminum implanted SiC, defects such as AliðCiÞ2 and
AlSiþðCiÞ2 can form,16 which might obey a similar migration
mechanism. These defect complexes appear to be highly stable,
also making a long-distance diffusion likely. Further research
would be required to estimate the exact equilibrium state and the
temperature stability. Furthermore, from the given SIMS results,
the distribution of the laterally spread ions appears to be asym-
metric. However, it is believed that the straggling is symmetric
and that due to the 4� tilt, the right part of the lateral extension
is covered by the nontilted part of the implantation.

5. Further in the SiC epitaxial layer, the profile tilts back under an
angle of 16� 18� with respect to [0001]. The banana-like shape
can be explained by ions de-channeling from [0001] due to the
high damage around the peak concentration17 and subsequently
channeling into [11�23], which is another major channeling
direction.4 At this depth, the penetrating ions already lost a sig-
nificant amount of energy, making it more likely to reach the
requirements for the critical angle. Compared to the [0001]
channel, [11�23] has a larger channeling opening, which increases
the penetration range of the implantation tail.

In order to investigate the behavior of other lateral channeling
directions, further measurements with differently oriented stripe pat-
terns are performed. For this purpose, the two-dimensional implanta-
tion profile is only acquired close to the location of the peak
concentration of the implantation, since here, the lateral straggling
is most pronounced. First, the region of interest is sputtered down to
the peak (d ¼ 315 nm) with a high current beam. Subsequently, a
high resolution beam is used to only collect the data for the two-
dimensional profile. An exemplary implantation with a dose of 5
�1013 cm�2, an energy of 280 keV, and an implantation temperature
of 25 �C is chosen. Four implantation directions are measured by
SIMS: [1�100], [1�210], [0�110], and [11�20]. Implanting along [1�100]
and [0�110] leads to lateral channel geometries as depicted in Fig. 1(c).
The two other implantation directions, [1�210] and [11�20], exhibit a
smaller lateral channel opening, see Fig. 1(d). The resulting, 6 nm

deep, two-dimensional profiles taken at the depth of the peak concen-
tration of the implantation are shown in Fig. 3. A lateral spread, i.e.,
undermask penetration, of around 3� 4lm for a concentration of
1� 1016 cm�3 can be detected for the implantation into [1�100]
(marked with 0�). The same applies for the 60� implantation, where
the ions are implanted along [0�110]. Due to the smaller lateral chan-
nel, the implantations along [1�210] (30�) and [11�20] (90�) result in a
smaller lateral spread of 2� 3lm. Figure 4 shows a quantitative
overview of the lateral extent of the four profiles, which are summed
up over the depth. Comparing the profiles of 0� and 30� at C ¼ 1
�1017 cm�3 reveals a difference of �1lm of the lateral spread. The
profiles of 60� and 90� show a similar result. The asymmetry of the
investigated profiles is most likely caused by the 4� off-axis growth of
the epitaxial layer, resulting in a tilt between the surface normal and
the c-axis. Compared to the previous findings (Fig. 2), the amount of
lateral straggling is slightly reduced, which can be explained by the one
magnitude lower implantation dose and the minimum detectable
aluminum concentration of 1� 1015 cm�3 of the SIMS. Nevertheless,
Figs. 3 and 4 reveal significant lateral extensions of the aluminum

FIG. 3. Al profiles (D ¼ 5� 1013 cm�2; E ¼ 280 keV; T ¼ 25 �C) of different
crystallographic directions. The labeled stripe pattern (e.g., 0�) corresponds to Fig.
1(b). On top of each profile, the oxide mask is indicated.
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profile that strongly depend on the particular channeling opening,
supporting the previously described two-dimensional profile in
Fig. 2.

In summary, aluminum implantations into 4H-SiC have been
performed at room temperature, and the lateral straggling of different
doses and energies has been studied. Using a striped oxide mask, the
implantation was screened and different crystallographic directions
could be investigated. By using a special approach for SIMS, two-
dimensional concentration profiles could be acquired. A 360nm deep
analysis of an aluminum implantation along [1�100] has shown a 4�

tilted distribution due to the off axis growth of the epitaxial layer. The
significant lateral spread of several micrometers is explained by the
large channel opening and supporting migration mechanisms.
Comparing aluminum concentration profiles of different directions
has shown that lateral straggling highly depends on the corresponding
channel opening. These results support the idea that an implantation
into 4H-SiC can be highly asymmetric and that a significant lateral
spread can occur, leading to an unprecise and unreliable doping pro-
file, impacting device behavior.
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