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Abstract. A novel high energy implantation system has been successfully developed to fabricate 4H-
SiC superjunction devices for medium and high voltage via implantation of dopant atoms with multi-
energy ranging from 13 to 66 MeV. Level of energy used is significantly higher than that of
conventional implantation, so lattice damage caused by such implantation must be characterized in
detail to enhance the understanding of the nature of the damage. In regard to this, by employing the
novel high energy system, 4H-SiC wafer with 12 um epilayer was blanket implanted by 13.8 to
65.7 MeV Al atoms and energy range up to 42.99 MeV N atoms. The lattice damages induced by the
implantation were primarily characterized by Synchrotron X-ray Topography. Multiple asymmetric
diffraction peaks with an angular separation of only 2 (arcseconds) were shown in the topographs,
indicating inhomogeneous strain distribution across the implanted layer. The strain profile of the
implanted layer was obtained by Rocking-curve Analysis by Dynamical Simulation (RADS).

Introduction

Silicon Carbide (SiC) is a promising wide bandgap semiconductor for power devices. Due to the
excellent properties of SiC, such as wide band gap, high break down voltage and thermal stability,
SiC devices are able to be operated under harsh environment, such as high temperature, high voltage
and high frequency environment [1]. 4H-SiC high voltage devices, which can withstand 1.7 to
6.5 kV, are highly sought for applications, such as hybrid aircraft, shipboard and power grid systems,
and high-speed trains. Usually, such medium or high voltage devices are fabricated on 4H-SiC wafers
with thick epilayers that can increase the breakdown of the device [2]. However, doping such thick
epilayers is quite challenging. An optimized solution of selective area doping is utilizing multi-steps
high energy ion implantation system. Such a system has been developed at the Tandem Van de Graaff
accelerator facility at Brookhaven National Laboratory with the capability of multi-steps high energy
implantation at energies up to 150 MeV [3]. By employing such a system, medium voltage charge
balance devices and 2 kV superjunction structure PIN diode have been demonstrated [6,7].
Implantation employing high energy ions can create lattice strain in the epilayer by displacing the
host atoms. Such lattice strain is usually recovered during activation annealing but any residual
damage can still impact the performance of the SiC devices. Therefore, characterization of strain in
as-implanted epilayer is critical to understand the nature of damage introduced by the high energy
implantation.

Synchrotron X-ray plane wave topography (SXPWT) [8], (previously referred as synchrotron X-
ray rocking curve topography (SXRCT) [9,10,11]), is capable of measuring strain and tilt of 4H-SiC
with a strain sensitivity of the order of 10, Wieteska, Wierzchowski and coworkers have observed
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various peaks and fringes in implanted Si and AlxGaixAs/GaAs epilayer by SXPWT, which show
same angular positions as synchrotron rocking curve with double crystal monochromator [12,13]. In
this study, we employ SXPWT and Rocking-curve Analysis by Dynamical Simulation (RADS) to
conduct a detailed study and explore the extent and nature of the strain in 4H-SiC introduced by high
energy ion implantation by Al ions. Here, we reported fringes showing in SXPWT to emphasize the
importance of the curve width of the probe and the information gained from the fringes of SXPWT.

Experiment

For the present experiment, 4H-SiC with 12 um of epilayer was blanket multi-step high energy
implanted with both Al and N atoms without annealing process and a box concentration profile was
created. The implantation was carried out at the Tandem Van de Graaff facility at Brookhaven
National Laboratory (BNL) [3]. Due to the difference in atomic mass bettween the two dopant atoms,
energy ranges used were different to achieve implant depth of 12 um. Energy range of 13.8 to
65.7 MeV were used for Al implantation, while N atoms were implanted at energies ranging up to
42.99 MeV. The fluence of implantation with each dopant atoms is 5.56 x 10'* cm™. The implanted
wafer was charaterized by SXPWT with double crystal setup, as shown in Fig. 1, where Si(331) beam
conditioner, following the Si(111) double crystal monochromator, acts as the first crystal and 4H-SiC
in (0008) reflection is the second one. To image the whole sample, the wafer was rotate about [1100]
direction in steps of 4 microradians (0.825 arcseconds). A strain map processed by MATLAB
program[4,5], was obtained by recording two series of images in 0° and 180° positions about the
normal of the (0008) plane. The topographs were recorded by a CCD camera with pixel size of

2.5 pm.
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CCD camera

Figure 1. Schematic of experimental setup of SXPWT, where Si(331) beam conditioner was used in
between the Si(111) monochromator and 4H-SiC sample. CCD camera was used to collect the
topograph images.

Discussion

Fringe pattern and satellite peak analysis have been widely used for characterizing the strain
gradient in the ion implanted materials [11,14]. If the separation of the fringes is approximated wider
than 10”, the conventional high-resolution X-ray diffractometry with monochromator can reveal such
patterns. Here, we recorded fringes with separation about 2” that can only be revealed from SWPXT
since the 0.5” width of the incident beam (determined from DuMond diagrams) can be provided by
the asymmetric Si (331) beam conditioner, which acts as an extremely fine probe [8]. With such a
fine probe, SWPXT is highly sensitive to lattice distortion. Fig.2 shows optical picture and individual
image of topographs illustrating the contour recorded from the CCD camera, where the intensity
profile of the contour on topograph can be treated as a rocking curve. Normally, the topograph will
show contour consisting of one peak. However, in the case of the topograph of the implanted wafer,
contour can be observed in Fig. 2, including two peaks with higher intensities and fringes with
relatively weak intensities. Unimplanted region is highlighted by the red dash line to compare with
the two peaks, where only the top peak is continuous with the diffracted peak in the unimplanted
region, indicating that the top peak is diffracted from the substrate having the same undisturbed
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structure as the unimplanted region since the whole epilayer was implanted. Therefore, such peak is
denoted as the main peak and the peak with relatively high intensity at the bottom is denoted as the
satellite peak. According to dynamical theory of X-ray diffraction [15], a constant strain will result
in a rocking curve with symmetric fringes and satellite peak, while fringes and satellite peak are lying
on one side of the main peak, illustrating that the strain gradient exist in the implanted layer.
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Figure 2. (a) Optical image showing implanted and unimplanted (enclosed in red dash lines) (b)
Individual contour image of topograph at a single angular position where the main peak
(substrate/unimplanted epilayer) and satellite peak (implanted epilayer) are indicated by the dark
arrows, and the intermediary fringes are indicated by the right brace. Note that the unimplanted region
highlighted by the red dash line shows a single peak continuous with main peak in the implanted
section.

Intensity profile was collected by ImagelJ [16] software, which includes information of intensity
in gray scale and angular position, as shown in Fig.3. The main peak is located at 33" with intensity
around 200 and the satellite peak is located at 0” with the intensity of 250. The intensity of the satellite
peak is higher than the main peak because the damaged epilayer is thick. The intensity profile can be
treated as double axis  scan. Usually, the curve of double axis ® scan is almost identical with that
of double axis ®-20 scan, so the intensity profile can be assumed to be a ®-20 rocking curve. The
fringes in between the main peak and the satellite peak lie on the lower angular position of the main
peak, indicating the crystal is tensile strained. By assuming incident beam as a plane-wave, such
intensity profile was fitted manually by RADS simulation software [17]. This program can simulate
the rocking curve of multilayers based on composition, thickness, and strain.
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Figure 3. Intensity profile (red) and corresponding RADS plane-wave simulation (black), where the
satellite peak (implanted epilayer) is located at 0 and the main peak (substrate/unimplanted epilayer)
is located at around 33”. Fringes are revealed between the two peaks indicating the presence of a
strain gradient in the implanted epilayer.
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A strain profile was obtained from RADS simulation shown in Fig. 4(a). It is found that the strain
level around 2.3 x 10 is at the maximum near the surface, then the strain level gently decreases as
the depth increases. An abrupt drop of strain level happens at 11.8 um, and finally the lowest strain
around 0.3 x 10 is indicated at depth of 13 um. Overall, the strain profile has a box-like shape that
is similar to the concentration profile, which indicate that the lattice strain is dominated by the
incorporation of the dopant atoms. During the implantation process, the energized ions will penetrate
the surface of the wafer. The whole implantation process consists of more than 10 steps, where the
acclerated ions in each implant steps will penetrate the surface of the wafer. Therefore, there will be
more disordered atoms in the near surface region of the wafer, which will lead to higher tensile strain.
On the other hand, only the ions with a higher energy can reach deep into the wafer, the lattice away
from the surface suffers less bombardment, resulting in lower tensile strain. Strain map was generated
by MATLAB program employed to process the plane-wave topograph data recorded in 0° and 180°
positions about the normal of the (0008) plane, where unimplanted region was used as a reference
point [4][5]. The strain map shows that overall strain of the wafer is around 1.8 to 2.3 x 10, which
agrees well with the maximum strain modeled by RADS.
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Figure 4. (a) Strain profile for the 12um thick implanted epilayer obtained from RADS plane wave
simulation of recorded X-ray diffracted intensity profile (b) Strain map processed from the SWPXT
data recorded in 0° and 180° positions about the normal of the (0008) plane by MATLAB program
via using unimplanted region as a reference point. Lead piece at the bottom left corner was used as
fiducial mark.

To emphasize the advantages, SXPWT and lab-based diffractometer are compared. Rocking curve
obtained using a channel-cut monochromator crystal, Ge (004) (used in Bede D1 diffractometer tool)
was simulated by RADS, by assuming the same strain profile as the one obtained from SWPXT. The
rocking curve is shown in Fig. 5, where the main peak and satellite peak are located at almost the
same position as the RADS plane-wave simulation. Compared to the plane-wave simulation that
serves as the rocking curve obtained with both Si(111) monochromator and Si(331) beam conditioner,
only the broadened main and satellite peaks are shown in the RADS with Ge (004) and the fine fringes
features are not resolved. The Ge (004) monochromator is estimated to provide a probe of 8” width.
With such a wide probe, the rocking curve will not have sufficient angular resolution to resolve the
individual fringes with separation around 2”. urthermore, compared with synchrotron light source,
the intensity of X-ray from a metal target source is relatively low. If the synchrotron experimental
setup was equipped in lab-based diffractometer, a low intensity incident beam will be obtained.
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Figure 5. Comparison of RADS simulations of intensity profile from the implanted wafer with same
strain profile for plane wave incident beam (black) and incident beam from a metal target source
conditioned by a Ge (004) double crystal monochromator (red).

Summary

4H-SiC wafer with 12 pm of epilayer was blanketly multi-step high energy implanted both Al and N
atoms at the Tandem Van de Graaff facility at Brookhave National Laboratory. SXPWT and RADS
are applied to charaterize the lattice strain in the as-implanted wafer. SXPWT can provide extremely
high angular reolusion to reveal fine fringes bettwen the main and satellite peaks. Such patterns are
fitted with RADS by assuming incident wave as plane-wave. Strain profile has been obtained,
showing maxium strain level of 2.3 x 10 that correlates with the strain value obtained from strain
maps processed by MATLAB program. Moreover, with the same strain profile rocking curve
simulated via RADS with Ge (004) can only reveal two broadened main and satellite peaks since the
width of the probe is around 8.
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