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Abstract. 4H-SiC wafers with 12 um epilayers were blanket implanted to a depth of 12 um with 5 x
10' cm™ Al ions via Tandem Van de Graaff accelerator located at Brookhaven National Laboratory
with energy range of 13.8 to 65.7 MeV at room temperature, 300 °C and 600 °C. High resolution X-
ray diffraction measurements reveal the implanted layers are characterized by tensile strains.
However, the dynamic annealing process reduces the level of tensile strains as the temperature of
implantation is increased. Analysis indicates that the implant temperature of 600 °C is not sufficient
to minimize lattice damage due to implantation and a higher implantation temperature will be
required. This preliminary experiment will guide the optimization of implantation conditions for
fabricating superjunction devices.

Introduction

Silicon Carbide (SiC) is a wide bandgap semiconductor with great potential for power devices. Its
properties, such as a wide bandgap, high breakdown voltage, and thermal stability, allow SiC devices
to operate in harsh environments like high temperature, voltage, and frequency [1]. 4H-SiC high
voltage devices that can withstand 1.7 to 6.5 kV are in demand for applications like hybrid systems,
shipboard and power grid systems, and high-speed trains. These devices are usually fabricated on 4H-
SiC wafers with thick epilayers to increase breakdown voltages [2] but uniformly doping such thick
epilayers is difficult. A solution is to use multi-step high energy ion implantation via the system
developed at Brookhaven National Laboratory (BNL)’s Tandem Van de Graaff accelerator facility
[3], which is capable of implanting ions at energies up to 150 MeV. Using this system, medium
voltage charge balance devices, 2 kV and 3.8 kV superjunction structure PIN diodes have been
demonstrated [4-6]. However, high energy ion implantation introduces significant lattice strain by
displacing host atoms in the epilayer so characterizing this strain is important to understand the
damage caused by high energy implantation.

Previously, synchrotron X-ray plane wave topography (SXPWT) and reciprocal space mapping
techniques have been used to characterize strain distribution within the 12 pm epilayer of a 4H-SiC
epiwafer high energy implanted with 5.56 x 10'* cm™ Al ions at room temperature. The results show
that the strain level of implanted region is around 2.5 x 10™* higher than that of the region without
implantation [7]. The intensity profile extracted from the topograph is fitted by Rocking-curve
Analysis by Dynamical Simulation (RADS) and the corresponding strain profile within the epilayer
indicates a maximum strain of around 2.4 x 10™. Thus, for a 12 pum 4H-SiC epiwafer, high energy
implantation with Al ions at room temperature results in significant tensile strain. An annealing
temperature as high as 2000 °C is found to be required to completely recover this strain [8]. Such
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high temperatures, however, cause the wafers to end up with rough surfaces, undesirable for device
fabrication.

One approach to lower annealing temperature is carrying out high energy implantation at high
temperatures since the dynamic annealing effect will reduce the lattice strain to some extent in the as-
implanted wafer. Dynamic annealing effect has been studied for many years. Kuznetsov and
coworkers [9] proposed that reduction of lattice damage due to dynamic annealing effect is due to
annihilation of the point defects (vacancies and interstitials) generated during implantation. The
extent of lattice damage after heated implantation depends on the rate of generation and annihilation
of the point defects.

Conventional implantations at temperatures as high as 600 °C have been shown to suppress the
generation of basal plane dislocations (BPDs) due to the strain induced by implantation [10]. In this
study, a high temperature stage designed for high energy implantation at the Tandem facility at BNL
has been employed to carry out preliminary high energy implantation experiments on 4H-SiC wafers
at different temperatures and the wafers analyzed by high resolution X-ray diffraction.

Experiment

4H-SiC wafers with 12 pm epilayers were blanket implanted with Al ions by multi-step high energy
implantation at room temperature (RT), 300 °C and 600 °C at BNL via the Tandem Van de Graaff
accelerator with energy range of 13.8 to 65.7 MeV. The concentration of the implanted Al ions is 5 x
10'® cm. The wafers were characterized by high resolution X-ray diffraction (HRXRD) to analyze
the effect of temperature on the lattice strain generated by the implantation. Rocking curves and
reciprocal space mapping (RSM) in (0008) reflections were carried out on a Bede D1 diffractometer
with Cu Ka (A=1.54056 A). The beam was conditioned by a MaxFlux multilayer mirror and channel-
cut Ge (004) monochromator at 40 kV and 30 mA. For triple axis scan and RSM, a channel-cut Si
(111) analyzer was placed in front of the detector (see Fig. 1 for schematic of the experimental setup).
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Fig. 1 Schematic of experimental setup of HRXRD.
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Results & Discussion

Triple axis w — 26 scans have been conducted for reference unimplanted epi-wafer and implanted
epi-wafers. Fig. 2 shows the curves plotted with offset on y axis (intensity) to indicate the differences.
For the reference wafer, as expected only one peak with full width half max (FWHM) of 117 is
observed indicating that the wafers have high crystal quality and no significant strain between
epilayer and substrate. In the case of the implanted wafers, the w — 26 curves show two peaks, where
the lower intensity main peaks are diffracted from the substrate and the high intensity satellite peaks
are diffracted from the implanted epilayer. The lower intensity of the substrate peak is due to
relatively thick epilayers that attenuate diffracted intensity from the substrate. The shape of the curves
suggest that the implanted layers retain crystalline structure but suffer from the damage due to the
implantation. It is noted that satellite peaks for the implanted wafers are located on the left side of the
main peak, indicating that the tensile strain along [0001] direction exists in the wafers. The
separations between the main peak and the satellite peak are 58”, 40” and 32” for wafer implanted at
RT, 300 °C and 600 °C, respectively. As the implant temperature increases, the separation between
the main and satellite peaks decreases, which means that the extent of the tensile strain decreases as
implant temperature increases. Such result also illustrates that dynamic annealing effect has been
successfully activated. Since the flux, fluence and concentration are the same for the implanted
wafers, the rate of point defect generation can be expected to similar. Moreover, lower tensile strains
in heated implanted wafers indicates that the annihilation rate of point defects is higher at high
temperatures.
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Fig. 2. Triple axis w — 26 scans of reference unimplanted 4H-SiC epiwafer and 4H-SiC epiwafers
implanted at RT, 300°C and 600°C. The curves are plotted with offset along y axis (intensity) to show
the differences.

0008 RSMs were recorded to understand the nature of the strain in the sample, as shown in Fig. 3.
The RSMs correlate with the triple axis scans showing two peaks and satellite peaks have higher
intensity than the main peak. The two peaks line up vertically indicating no tilt and the satellite peaks
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are located on the negative side of the main peak along the y axis, indicating the epilayers have tensile
strain after the implantation which correlates with the results of the triple axis scan. Lattice strain can
be estimated by the following equation:

Ad

7 = _Ade (D
where d is the lattice spacing of 4H-SiC (0008) and AQ,, is the change in peak position along the
vertical axis in the RSM. The changes of peak positions are measured to be -3.3/um, -2.6/um and -
1.6/um for epiwafers implanted at RT, 300°C and 600°C, respectively. By applying Eq. 1, strain in
the implanted layer with respect to substrate are calculated as 4.1 x 104, 3.3 x 10* and 2.0 x 10 for
wafer implanted at RT, 300°C and 600°C, respectively. Such results have been summarized in Table.1.
Higher implantation temperatures thus triggers dynamic annealing, leading to mitigation of tensile
strain due to implantation.

f/um
1 fum
0 0 8) 1/um

Q00 8)
LIGRR ]

T T : : T T - T T T T T T
-10 -05 00 05 10 15 -1.0 -05 0.0 05 10 15 -10 -05 0.0 05 10 15
Q1 1 0) 1/um Q11 0) i/um Q11 0) 1/um

Fig. 3. (0008) RSMs of implanted wafers at (a) RT (b) 300°C and (c) 600°C. Two peaks are shown
in the RSMs, where the main and satellite peaks are highlighted.

Table 1. HRXRD results of 4H-SiC epiwafers subject to high temperature, high energy implantation.

Sample ID Implanted Al ion Implantation Strain (from RSM)
concentration (cm™) Temperature (°C)
Reference - - -
1 5x10° RT 4.1x10*
2 5x10'° 300 3.3x10*
3 5x10° 600 2.0x10*

Compared with conventional implantation at energies below 1 MeV, where dynamic annealing
temperature of 600°C is usually sufficient [10,11,12], wafers implanted at high energy in thick
epilayers clearly require higher implantation temperatures to achieve lowest tensile strain after
implantation in order to lower the temperatures for the activation annealing process and prevent
surface roughness due to higher temperature annealing [8]. Implantation at temperatures higher than
600°C are therefore planned for the next round of implantation runs at the Tandem facility at BNL.
Wafers implanted at higher temperatures will be characterized by triple axis HRXRD and RSMs and
compared with current results.



Defect and Diffusion Forum Vol. 434 91

Summary

High resolution X-ray diffraction measurements have been applied to characterize 4H-SiC wafers
with 12 um epilayer which has been blanket implanted with 5 x 10'® cm™ Al ions at room temperature,
300 °C and 600 °C. Triple axis w — 26 scans and reciprocal space maps show two peaks where the
high intensity satellite peaks corresponding to the implanted layers is located at the negative side of
the main peaks (substrate), indicating tensile strains exist in the epilayers after implantation. Strain
values of 4.1 x 10, 3.3 x 10", and 2.0 x 10" are calculated based on the peak separation from the
reciprocal space map for wafers implanted at RT, 300°C and 600°C, respectively. Strain values
decreased as temperature of implantation is increased indicating that dynamic annealing process has
been successfully activated. However, implant temperature at 600°C is not sufficient to achieve
lowest lattice strain due to implantation in the wafers. Future implantation experiments at
temperatures higher than 600°C will be conducted and compared to optimize the dynamic annealing
process.
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