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Abstract. 4H-SiC wafers with 12 pm epilayer were implanted at the Tandem Van de Graaff facility
at Brookhaven National Laboratory with tunable energy from 13 MeV up to 66 MeV. Lattice strains
introduced by the implantation process were characterized in detail by synchrotron rocking curve X-
ray topography (SXRCT) and reciprocal space maps (RSMs). It is observed that the strain levels
correlate with the atomic mass and energy of acceleration of the dopant atoms.

Introduction

Silicon Carbide (SiC) is a promising semiconductor for future power devices due to its wide
bandgap, high breakdown voltage and good thermal stability [1]. High voltage 4H-SiC devices are
demanded for realization of hybrid aircraft and intelligent power systems. Tao Liu and coworkers
have provided a theoretical model describing that deeper junction could enhance the breakdown
voltage of the device [2]. Such superjunction 4H-SiC devices with thick epilayers up to 48 pm and
deep junctions are therefore, being developed for high voltage (1.7 to 6.5 kV) applications. Due to
the limitation of diffusion in 4H-SiC [3], multi-step ion implantation is an optimized solution for
selective doping. Depth of the junction is limited to around 1 pm by conventional ion implantation
since energy range to few hundred keVs is utilized [4,5]. Therefore, higher energy needs to be
employed to form deep junctions. A novel multi-step high energy implantation system, allowing
adjustable energy to 66 MeV, has been developed at Brookhaven National Laboratory’s Tandem Van
de Graaff accelerator facility [6]. Ghandi and coworkers have successfully fabricated medium voltage
device with deep junction via this implantation system [7]. lon implantation usually induces lattice
strains in the SiC wafers by displacing the Si and C atoms. To comprehensively study the effect of
implantation, lattice strain should be characterized in detail. C Jiang and coworkers have indicated
observation of tensile strain from Xe implanted 4H-SiC by high resolution X-ray diffraction
(HRXRD) [8]. Amigou and coworkers show that tensile strain also exist in N implanted 4H-SiC [9].
In this paper, extent of lattice strain of high energy Al or N implanted 4H-SiC are characterized by
reciprocal space map (RSM) and synchrotron X-ray rocking curve topography (SXRCT). SXRCT
has previously been successfully applied to highly sensitive strain measurement of 4H-SiC wafers
[10,11,12].

Experiment

For the present experiments, two 4H-SiC wafers with 12 um epilayer were separately implanted
with Al and N atoms on two different wafers at Brookhaven National Laboratory’s newly developed
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multi-step high energy implantation system without annealing process. Energy ranging up to
42.99 MeV were used for N implantation, while ions with energy range of 13.8 to 65.7 MeV were
employed for Al implantation. Total fluence of both implantation is 5.56 x 10'* cm™. Sample 1 was
implanted in square patterns using masks with regions between the squares unimplanted, while
sample 2 was implanted with a mask covering one of the corners. The implanted samples were
characterized by SXRCT at Beamline 1-BM at the Advanced Photon Source (APS), Argonne
National Laboratory. A double crystal setup was used, 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. The samples were rocked about the [1100] direction in steps of 4 microradian
(0.825”) to image the whole sample. Strain and tilt in the samples could be extracted individually by
recording two series of images in 0° and 180° positions about the (0008) plane normal. Topographs
were assembled by stacking the highest intensities of individual images captured by a high resolution
CCD camera system with a field of view of 6.4 mm x 5.4 mm and a pixel size of 2.5 um. As described
in previous works [10,13], strain and tilt information can be deconvoluted. 0008 RSMs were
generated on a Bede D1 diffractometer with Cu Ko (A=1.54056 A). A channel-cut Si (111) analyzer
was placed in front of the detector.

Result and Discussion

Fig 1. shows 0008 reflection topographs of N implanted sample 1 and Al implanted sample 2.
White contrast areas are from lead pieces used for reference purposes. The square outlines of
implanted regions of sample 1 are distorted to rectangles in topograph since the diffracted beam is
not exactly perpendicular to the CCD detector. Topograph from Sample 2 includes a section at the
bottom right that was not implanted and therefore shows a broader contour pattern than the implanted
region due to lower lattice distortion. Contours in topograph of sample 1 are broader than sample 2,
indicating the extent of lattice distortion in sample 1 is lower. Within the contours, threading
dislocations (TDs) are visible as white contrast dots some of which are highlighted by yellow boxes.

(a) 500 pum (b) 500 um

Figure 1. Topographs of (a) N implanted sample 1 (b) Al implanted sample 2 (nonuniformity of
contours in white box is from the scratches)

To quantify the lattice strain, strain maps were derived from SXRCT via MATLAB using
unimplanted region as reference point. Fig. 2 reveals the strain maps, RSMs of sample 1 and 2, and
SRIM simulations. The strain map of sample 1 illustrates a strain level of 10°. Moreover, strain in
the implanted regions is slightly tensile compared to the adjacent unimplanted regions. On the other
hand, strain level of implanted region of sample 2 is 1.5 to 2.5 x 10, which is almost 20 times larger
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than that of sample 1. In addition, RSM of sample 1 reveals a single peak while RSM of sample 2
shows one main peak with a satellite peak lying on the bottom right. Therefore, a significant tensile
strain exists in the implanted region of sample 2. The results from the strain map thus strongly
correlate with the results from RSMs and reflect higher damage in sample 2 compared to sample 1.

During ion implantation, heavier dopant atoms require higher stopping energy, which is associated
with displacement of Si and C atoms that results in lattice strain. Since aluminum is a heavier element
than nitrogen, the damage or strain introduced by aluminum implantation is therefore larger. Damage
simulations of whole energy spectrum of nitrogen and aluminum implantation via SRIM 2008 [14]
has been performed. Fig. 2 (e) shows displacement per atom (dpa) versus depth profile for each
implantation process. The damage is nearly uniform from surface to the planned depth of 12 pm.
Overall, Al ions introduce dpa of order of 10 to the sample, which is almost 3 times higher than
damage created by N ions. This difference could be attributed to difference in thickness of the Al foil
that is used to increase the energy spread of the beam, energy of acceleration and atomic mass. The
maximum energy of acceleration and atomic mass of Al ions are much larger than those of N ions.
Besides, since the Al foil used in Al implantation is much thinner, the kinetic energy of Al ions could
be larger after ions penetrated the Al foil. As a consequence, dpa created by Al implantation is more
significant, which leads to a higher extent of strain in the Al implanted sample, as measured from the
strain maps and RSMs.
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Figure 2. (a) Strain map of sample 1 (b) Strain map of sample 2 (¢c) RSM of implanted region of
sample 1 (d) RSM of implanted region of sample 2 (¢) SRIM damage simulation of sample 1 and 2
(Note: SRIM simulations account for transmission of beam through 5.75 um Al foil (Al implantation)
and 16.9 um Al foil (N implantation) [6])

Summary

4H-SiC wafers with 12 pm epilayer, subject to high energy ion implantation by N or Al atoms at
the Brookhaven National Laboratory’s Tandem Van de Graaff accelerator facility, have been
characterized by SXRCT and RSMs to comprehensively study the nature of lattice damage caused by
implantation. Strain maps derived from SXRCT and RSMs indicate higher levels of strain in
aluminum implanted wafers compared to nitrogen implanted ones. The higher atomic mass of Al and
the higher maximum energy for implantation that caused higher dpa as shown by the SRIM
simulations results in higher levels of strain.
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