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Abstract:
Color centers in silicon carbide (SiC) are promising candidates for quantum technologies. However, the richness of the
polytype and defect configuration of SiC makes the accurate control of the types and position of defects in SiC still be
challenging. In this study, helium ion implanted 4H-SiC was characterized by atomic force microscopy (AFM), confocal photo-
luminescence (PL) and Raman spectroscopy at room temperature. PL signals of silicon vacancy were found using 638 nm and
785 nm laser excitation by means of depth profiling and SWIFT mapping. Lattice defect (C-C bond) were detected by
continuous laser excitation at 532 nm and 638 nm, respectively. The PL / Raman depth profiling is helpful to reveal the three-
dimensional distribution of produced defects. Differences between the depth profiling results and SRIM simulation results
were explained by considering the depth resolution of the confocal measurement setup, helium bubbles and swelling.
Keywords :  Helium ion implantation; Silicon carbide (SiC); Color center; Point defect; Silicon vacancy; Confocal photo-luminescence spectroscopy; Raman spectroscopy; Atomic
force microscopy (AFM)

1. Introduction

Increasing demands in data storage, processing efficiency and transmission security promote the development of quantum technologies. Solid
state spin is one promising candidate for quantum technologies thanks to its robustness and compatibility with the preparation process of
semiconductor devices. Color centers in diamond, especially the negatively charged nitrogen vacancy center (NV") in diamond have initiated
abundant fundamental research and quantum applications in the last years [1-3]. Silicon carbide (SiC) is an important wide-bandgap semiconductor
material for high-power electronics and high-temperature applications [4,5]. Recently, similar to the properties of NV~ in diamond, point defects
with spin characteristic in SiC such as silicon vacancy (Vsi) also received extensive attentions for their superior characteristics, and can be widely
used in ultra-sensitive quantum sensing such as temperature [6], magnetic field [7] sensing and etc. Compared with color centers in diamond, spin
defects in SiC have many outstanding properties. For instance, the microfabrication technique of SiC is much more mature than that of diamond
because of its use for commercially available electron devices. Defects in silicon carbide have been explored as promising spin systems in quantum
technologies. SiC can host single-point defects with long spin coherence times, making it promising for long-lived qubits [8]. The emission of the
point defects due to the formation of deep levels in the bandgap make them candidates of single photon source which can be used in quantum
communication [9] and in vivo bio-imaging [10].
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The generation and detection of color centers is very important in quantum key distribution and photonic quantum information processing [1].
Point defect structures in SiC have been fabricated by energetic particles beam methods, including electron irradiation [8], proton beam writing
[11,12], direct femtosecond laser writing [13], and ion beam implantation [14]. The characterization of the emission properties is also important
for both, understanding the electrical structures of the energy band and the application. Castelletto reported a silicon carbide room-temperature
single-photon source which is composed of an intrinsic defect, CsiVc, known as the carbon anti-site vacancy pair, and which has an emission at
around 700 nm at room temperature [15]. Koehl showed that several neutrally charged carbon-silicon divacancies in 4H-SiC can be optically
addressed at temperatures ranging from 20 to 300 K, which are optically active near telecommunication wavelengths [16]. Zargaleh demonstrated
that the negatively charged NV center can be fabricated in 2 x 10'® ¢cm™ nitrogen doped n-type 3C-SiC by using high energy proton (6 MeV)
irradiation, where the zero-phonon lines (ZPL) of NV~ center in 3C-SiC are shifted from the visible to the near infrared at around 1400 nm [12].
And single silicon vacancies Vs; were proved to have emission in the range of 850-950 nm at room temperature [17,18]. Due to the small diffusion
coefficient of impurities in silicon carbide, ion implantation has become the main method of deliberate doping for silicon carbide and has developed
into a popular color center preparation method in recent years. Al Atem et al. produced color centers in 3C-SiC using ion implantation with
annealing of Ar ions, He ions and H ions, respectively. It was found that H ions are more likely to produce double vacancy defects [19]. Cottom et
al. prepared the NcVsi color center by N ion and Al ion implantation into 4H-SiC [20]. Recently, the group of Xu presented a method to precisely
control the depths of the ion implantation induced shallow silicon vacancy defects in silicon carbide by using reactive ion etching with little surface
damage [21].

Improving the yield and position accuracy of the color center is an attractive topic. Wang et al. show that the helium ion implantation has a
higher production efficiency of silicon vacancies than carbon or hydrogen implantation [22]. However, for He ion implantation using helium ion
microscope (HIM), ion beam channeling effects should be carefully considered when the HIM beam energy is larger than around 15 keV [23].
While improving the color center yield, it is also necessary to control the purity of surrounding lattice to ensure the quality of the color center (such
as coherence time). Thus, high-quality homo-epitaxial SiC wafers are usually used as the host material for color centers [19] and post-annealing
processes are considered to reduce the lattice damage and improve the lifetime of the color centers [24]. Raman spectroscopy is a fast and non-
destructive method to characterize lattice defects. Ali et al. found sp*sp* C-C vibration Raman bond between 1400-1600 cm™! (D band range of
carbon material) in 30 keV He ion implanted 4H and 6H-SiC [25]. Blue shift of D band with increasing excitation wavelength was found in graphite
and other carbon materials [26].

Although many studies showed the photoluminescence of point defects in silicon carbide, little attention has been paid to the three-dimensional
distribution of the defects. In this study, by means of 2D mapping and depth profiling, defects of helium ion implanted 4H-SiC were characterized
by confocal photo-luminescence (PL) and Raman spectroscopy. Vsi defect PL peaks in the range of 850-950 nm were observed for the excitation
with 638 nm laser and 785 nm laser. At high implantation doses, C-C Raman bands in the range of 1200-1600 cm™ were detected for the excitation
of 532 nm and 638 nm continuous lasers.

2. Experimental setups

Nitrogen doped (0001) 4H-SiC substrate with 4° + 0.5° off-axis from Xiamen Powerway Advanced Material Co., Ltd. (PAM-XIAMEN) was
processed by helium ion implantation using a helium ion microscope, ORION NanoFab, with an energy of 30 keV, a current of 3.8 pA, a dwell
time of 0.1 ps and a beam overlap of 50% at around 300 K. Helium ion’s implantation angle was chosen with 0 degree (along the normal direction
of substrate, 4° with respect to (0001)). Each implanted region had an area of 6 umx6 um. The distance between the implanted regions was about
100 pm. Implanted regions with different doses were labeled R1-R9, as shown in Table 1 and Fig. 1. In order to accurately locate the positions of
low ion dose of R1 and R2 during the spectra measurements, two marks were fabricated around the implanted areas in advance by FIB milling
using Gallium ion beam with an energy of 30 keV and a current of 0.44 nA, as shown in Fig. 1. The distance between marks and the He implanted
regions was sufficiently large to avoid any influence of Ga patterning on the characteristics of R1 and R2 [27].

Microscopic morphology of the ion-implanted areas with different doses was characterized by Dimension Icon atomic force microscopy (AFM)
from Bruker. The pristine and implanted regions were scanned over an area of around 100 pm? using a non-contact tapping mode. Photo-
luminescence spectra and Raman spectra were measured using Horiba XploRA Plus confocal microscope in backscattering geometric configuration
at room temperature. The PL/Raman spectra were excited by continuous laser excitation at 532 nm (6.69 mW), 638 nm (9.53 mW) and 785 nm
(93.10 mW), respectively. 100x objective lens with numerical aperture (NA) of 0.9, 100 um confocal pinhole diameter and 600 lines/mm grating
were used. At the excitation of each wavelength, a single spectrum focusing on the sample surface, depth profiles focusing on different depths of
the sample (from deep inside the sample to the air above the sample), and 2D mapping were all measured. 2D mapping in SWIFT™ working mode
(ultra-fast Raman imaging) and depth profiling were achieved by automatically adjusting the sample stage with a displacement accuracy of 0.1 pm,
in which the XY plane is closely parallel to the surface of the 4H-SiC substrate. Acquisition time in standard working mode (including single
spectrum and depth profiling measurement) for each spectrum was 10 s for 2 accumulations. And acquisition time in SWIFT™ working mode for
spectrum of each point was 1 s for 1 accumulation. For all 2D maps of Vs;, the maximum value of the spectrum in the range of 875-950 nm is
defined as the peak intensity of the silicon vacancy.

Table 1. Helium ion implanted n-type 4H-SiC regions with different doses

Label Dose (ions/cm?)
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R1 1.0x10
R2 5.0x10™
R3 3.0x1015
R4 1.1x10!6
RS 1.5x10!6
R6 1.0x10"7
R7 1.5x10"7
R8 5.0x1017
R9 1.0x10'®

(a)
Helium ion implantation

[

(b)

()

Fig. 1. Helium ion implanted regions (R1-R9) in nitrogen-doped 4H-SiC. (a) Schematic diagram of helium ion implantation positions for
different ion doses of R1-R9. (b), (c), (d) and (e) show SEM images of helium ion implanted regions R1 & R2 (together with the Ga FIB-

prepared marks), R7, R8, and R9, respectively.

3. Results and discussions
3.1 Surface morphology by AFM

Surface morphology of ion-implanted areas was characterized by atomic force microscope (AFM). Fig. 2(a)-(g) shows the three-dimensional
topography maps and the cross-sectional profiles for regions irradiated with doses in the range of 3.0x10'% ions/cm? — 1.0x10'8 ions/cm? (R3-R9).
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After ion-implantation, it can be observed from the AFM results that the topography of the irradiated regions with respect to the virgin sample
surface will change. For doses lower than 1.5%10'¢ ions/cm?, an uplift of ~6-15 nm in the implanted region is observed compared to the virgin area.
At this dose, the material has not been amorphized and point defects are the main form of damage. Implanted helium atoms, the formation of point
defects (interstitials and vacancies) and clusters will induce a normal strain which is attributed to the volume change of the implanted area [28].
When the implantation dose is increased further, more damage will be introduced, and amorphous transition and helium bubbles will appear in the
damaged regions. For a dose of 1x10'7 ions/cm?, Leclerc has observed helium bubbles with size of 1-2 nm in the amorphous region by cross-
sectional transmission electron microscopy (XTEM) [29]. Helium bubble clusters were found after room temperature He implantation (with an
energy of 40 keV) and annealing at 1173 K with a dose to of 5x10'5 ions/cm? [30]. Amorphous transition of SiC after helium ion implantation
occurs between 1x10'¢ jons/cm? and 2x10'6 jons/cm? at room temperature, which will lead to a swelling of around 15% because of the decrease in
the density after the material becomes amorphous [29,31]. Thus, when the dose equals or exceeds 1.5%10'¢ ions/cm?, swelling effect is more
obvious and reaches its maximum at 5.0x10'7 ions/cm? (R8). Besides, significantly different from Ga ion implantation [32], for R5-R9, the edge
of the ion-implanted area is higher than the center of the implanted area which may be due to the relatively large strain difference between the
uplift of the helium bubble area and the virgin area. And the non-linear growth of He bubbles has been observed earlier and is a result of coalescence
of nanobubbles into microbubbles, so the height of the bulge also increases with increasing implantation dose, as shown in Fig. 2(h). High
concentration of helium bubbles will seriously reduce the strength of the material and promote the embrittlement of the material. As the dose further
increases to 1.0x10'® ions/cm?, helium bubbles burst in the center part of the implanted area and removal of the surface material can be observed.
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Fig. 2. Surface morphology of He ion implanted areas with different doses.
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Figures (a)-(g) show the surface morphology of R3-R9, and the
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insert graphs are the height profiles along the dashed lines indicated in the three-dimensional morphology. (h) is the height at the center point of
each area (R3-R9) in which the height of 0 um is the surface of the virgin area.

3.2 Silicon vacancy (Vsi)

Silicon vacancy is a kind of primary defect in SiC material. As an intrinsic defect, numerous studies have shown that silicon vacancy Vs; in
4H-SiC fluoresces in the range of 850-950 nm at room temperature [17,18]. In this study, only the Raman modes of 4H-SiC appeared in the
spectrum of the un-irradiated region, while an emission located in the range of 850-950 nm is observed and identified as Vsi under the excitation
for both 638 nm and 785 nm laser at room temperature, as shown in Fig. 3(c). In backscattering geometric configuration, E2 mode of the silicon
carbide material is the active Raman mode [33], which has the same Raman shift at 776 cm™! for excitation at different wavelengths, as shown in
Fig. 3(a). And for Vs, the wavelength range of its emission (850-950 nm) is unchanged at different excitation wavelengths (for example, at 633
nm [34] excitation, 730 nm excitation [17] or 740 nm excitation [18]). Hain found the excitation efficiency of Vs; changes for different excitation
wavelengths and an optimal excitation wavelength was found at around 770 nm by photoluminescence excitation measurements (PLE)[34]. The
signal excited by the 785 nm laser is stronger, which may be related to the higher laser power of the 785 nm laser and the different excitation
efficiency for different wavelengths[34].

1.2x10* T T T T T T T T T T T r T — T T
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Fig. 3. PL/Raman spectra of un-irradiated area and He ion implanted area with a dose of 5 x 107 ions/cm? (R8) under the excitation of 638 nm
and 785 nm. (a) 638 nm and 785 nm excited spectra of un-irradiated area in Raman shift (cm™). (b) 638 nm and 785 nm excited spectra of R8 in

Raman shift (cm™). (c) 638 nm and 785 nm excited spectra of R8 in wavelength (nm).

In order to investigate the color center distribution of the ion implanted area with different implantation doses in more detail, 2D mapping and
depth profiling were measured.
3.2.1 2D mapping of Vsi

Firstly, 2D SWIFT mapping in XY plane focusing on the surface of the implanted areas with different doses (R3-R8) were obtained by
collecting spectra at each point of a 2020 points array. Spectra were collected at each point and the Vs; intensity of different points was presented
according to the actual spatial distribution of the points array, as shown in Fig.4. The intensity of silicon vacancies is defined as the maximum value
of the spectrum in the range of 875-950 nm. Comparing the 2D mapping of Vsi intensity with different implantation doses of R3-R8, the distribution
of the silicon vacancy changes as increasing dose when focusing on the surface of the sample. At low dose of 3.0x10'? ions/cm? (R3), point defects
including silicon vacancies, carbon vacancies and other interstitial defects are produced and no obvious amorphous transition was found when
performing the He" implantation at room temperature [28]. In this case, damage will be concentrated in the implanted area, thus the center of the
implanted area has a stronger Vs; PL intensity than surrounding part, which indicates that the center part has a higher Vsi concentration at such a
dose of 3.0x10" ions/cm?. When the dose exceeds 5.0x10'5 ions/cm?, for R4-R8, helium bubbles may have formed in the central area of the
implanted region and the existence of He-vacancy complexes might have weakened the intensity of the silicon vacancy signal in the central part.
At the same time, the concentration of helium bubbles in the surrounding part of the implanted area is not as high as the central area, and much
more free silicon vacancy will be able to exist steadily instead of forming the He-vacancy complex. Therefore, more Vs signals can be detected in
the surrounding part and the 2D mapping results shows a distribution of weak signal in the middle and a strong signal around.
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Fig. 4. 2D mapping of silicon vacancy Vs; PL intensity in He ion implanted 4H-SiC with different doses (R3-R8) by HIM under the excitation of

785 nm (the scale bar is 2 um).

3.2.2 2D maps of Vsi PL signal at different depths

Then, 2D SWIFT maps of Vs; intensity were measured at different depths in R3 (3.0x10'° jons/cm?) and R8 region (5.0%10!7 ions/cm?) under
the excitation of 785 nm, as shown in Fig. 5 and Fig. 6. At dose of 3.0x10" ions/cm?, as shown in Fig. 5, the intensity of Vs; at different depths is
always high in the center of the implanted area and weak in the surrounding area. This is because the damage at this dose is mainly point defects,
and the point defects are concentrated in the center of the implanted area. As the depth of focus moves inside the sample, the intensity of the Vsi
becomes weaker and the distribution range also decreases. This indicates that the lateral projection range of Vsi gradually decreases from the surface
to deep inside of the sample. At the dose of 5 x 10!7 ions/cm?, as shown in Fig. 6, amorphized material and helium bubbles already exist in the
central part of the implanted region. Thus, the Vsi PL intensity is weak in the central implanted area at all depths. The maximum intensity of Vsi
appears when focusing on the surface of the area around implanted zone (Z = 0 pm). When focusing at 3 um below the surface (Z = -3 um), the
PL intensity of Vsi decreases significantly and the weak signal area in the center indicated by the white dotted arrow also decreases compared to
that on the surface. This change in distribution of Vsi PL signal is assumed to be related to the projected range of helium bubbles (or He-vacancy
complex) in XY direction at different depths. As the focal plane moves deeper, the damage become less serious, and the form of damage changes
from amorphous to point defects.

38

Fig. 5. 2D SWIFT mapping of Vsi PL intensity in R3 region at different depths. The intensity of each image is normalized with the strongest
intensity at Z=0 pm (sample surface). (The scale bar is 2 um)

a0

Fig. 6. 2D SWIFT mapping of Vsi PL intensity in R8 region at different depths. The intensity of each image is normalized with the strongest

226

Intensity of Vs; (counts)

intensity at Z=0 pm (sample surface). (The scale bar is 2 um and the white dotted arrows represent the range of the central weak Vsi signal area).

Intensity of Vs; (counts)
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3.2.3 SRIM simulation

SRIM 2013 software [35] is a Monte Carlo based simulation approach which provides the quantitative evaluation of how ions lose energy in
matter and what is the distribution of ions and intrinsic point defects in the target after implantation. SRIM simulation results were performed to
further explain the PL depth profiling results. The detailed parameters used in SRIM simulation are shown in Table 2 and Supplementary Material.
In Fig. 7(a), the Monte Carlo simulation for 500000 helium ions with ion energy of 30 keV shows that the damage distribution in depth direction
would be no deeper than 360 nm without accounting for the possible material swelling partially caused by the formation of helium bubble during
high dose helium ion implantation into the semiconductor substrate [36]. And Fig. 7(b) indicates that the vacancy concentration produced by the

helium ion implantation shows a peak at a depth of around 170 nm and no significant vacancy damage occurred below 300 nm from the sample

surface.
Table 2. Parameters used in SRIM calculation
Ion type He"
Ion energy (keV) 30
Ion angle (degree) 0
Number of ions 500000
Density of SiC target (g/cm?) 3.21
Displacement energy (eV) Si 35
[27,28] C 20
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Fig. 7. The distribution of 30 keV helium ion implantation induced defects simulated by Monte Carlo simulation using SRIM 2013 program. (a)

shows the trajectories of ions and recoiling SiC atoms, (b) shows the distribution of silicon vacancy and carbon vacancy in depth direction.

The Vsi PL signal distributions in Fig. 5-6 indicate that the depth range where the defects can be detected is much larger than the 300 nm which
would be somewhat expected from SRIM results in Fig. 7. Both the depth resolution of confocal spectroscopy and helium ion implantation induced
swelling effect might result in the difference of defects’ depth results by PL depth profiling and SRIM simulations.

The depth resolution of around 2 um for confocal Raman microscope [37] will mainly contribute to the detected widening of the defect
distribution in depth direction.

3.2.4 Defect formation model

The three-dimensional analysis of the PL and Raman signals is helpful to reveal the actual distribution of silicon vacancies produced by helium
ion implantation. From the presented results, we suggest the following model for the defect formation. Fig. 8(a) indicates that at doses lower than
5.0x10'" ions/cm?, damage exists in the form of point defects and concentrates in the central area. The swelling of the implanted region is no more
than 7 nm. When the dose exceeds 1.0x10'¢ ions/cm?, as shown in Fig. 8(b), lenticular shaped helium bubbles form in the implanted area and the
implanted area has been amorphized, as indicated by the gray region in Fig. 8(b). Larger helium bubbles are formed in the implanted center part
and some helium bubbles connect with each other to form helium bubble clusters. At the junction of the ion-implanted area and the non-implanted
area, the damage is not as large as the center part, and there are still point defects that can be detected by spectroscopy. Due to the formation of
helium bubbles which contain a large amount of vacancies, the swelling effect is much more obvious than that at lower doses.
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Fig. 8. Schematic diagram of defect distribution of helium ion implanted SiC with low dose (a) and high dose (b). (I stands for interstitial defects

and V stand for vacancy defects.)

3.3 Crystalline defects

3.3.1 Signals of C-C bond and Si-Si bond

ITon implantation induces damage in the crystal lattice, including point defects, lattice disorder and even amorphization at high doses, helium
bubbles in case of He ion implantation, etc. In order to effectively control the quality of color centers, a higher concentration of color centers and
low lattice disorder are required. Therefore, 532 nm and 638 nm lasers were used to excite the defects in He ion implanted 4H-SiC to study the
lattice quality. As shown in Fig. 9(a), in addition to the Raman modes of 4H-SiC (FTA, E2, LOPC, second order Raman mode) [38,39], a peak
located at 1390.8 cm™' was found under the excitation of 532 nm laser. And a peak located at 1383.2 cm™! was found under the excitation of 638
nm laser. These two signals were assigned to the sp*sp® C-C bond vibration after the destruction of Si-C bond in 4H-SiC lattice by He ion
implantation. After high-dose ion implantation, a signal of sp?/sp? hybrid C-C bond will appear near 1400 cm™' [25] and this hybrid peak is also
called D peak (disorder induced peak) in amorphous carbon materials. Wolfgang discovered several signals in Raman spectroscopy that did not
belong to SiC crystals, and attributed 480 cm™! to Si-Si bond, 800 ¢cm™ to Si-C bond, and 1450 cm™ signals to C-C bond [40]. Sorieul et al. found
a 1420 cm! C-C bond signal in 6H-SiC after Au ion irradiation [41]. Ali et al. discovered the C-C bond signal near the second-order Raman peak
of silicon carbide in 4H-SiC and 6H-SiC after He ion implantation [25]. Besides, D peak was found to have an excitation energy dependence, that
is, the D peak will shift blue as the excitation energy decreases (or as the excitation wavelength increases) [26]. This coincides with the frequency
shift of 7.6 cm™! of C-C bond we found here as the laser energy decreases from 2.33 eV (532 nm) to 1.94 eV (638 nm). The excitation energy
dependence of C-C bond originates from the double resonance Raman scattering which is related to the special electronic energy band structure of
graphite and other sp>-bonded carbon materials[42].

Fig. 9(b) and (c) shows the Raman spectra in regions with different implantation doses (R1-R9). The 4H-SiC signals of the Ez and the LOPC
mode drop gradually with increasing ion dose and nearly disappear when the ion dose exceeds 1.0x10!7 ions/cm? (R6). However, the signals of the
E2 mode and the LOPC mode recover again when the ion dose reaches 1.0x10'8 ions/cm? (R9), because the upmost implanted layer of the 4H-SiC
substrate was mostly removed by the helium bubbles accumulation and helium ion sputtering, as shown in Fig. 1(e) and Fig. 2(g).

In the implanted region with a dose of 1.0x10!7 ions/cm? (R6), no second order Raman peaks were observed due to the high dose implantation
induced lattice damages, whereas C-C bond defect peak located at 1390.8 cm! appears. As the implantation dose increases, the intensity of C-C
becomes stronger, which shows an accumulating lattice damage. Besides, as shown in Fig. 9(d), the signal around 480-520 cm™! at the excitation
of 532 nm increases with the helium ion implantation dose, which is considered as the Si-Si bond [25]. With increasing implantation dose, the Si-
Si bond Raman scattering signal shifts to lower wavelengths, which is consistent with the results from the literature [25].
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Fig. 9. Raman spectra of helium ion implanted 4H-SiC substrate excited by 532 nm and 638 nm laser. (a) Blue shift of C-C bond vibration when
excited by different lasers in the helium ion implanted region of R9. (b) Raman spectra in regions with different implantation doses (R1-R9)
excited by 638 nm laser. (c) Raman spectra in regions with different implantation doses (R1-R9) excited by 532 nm laser. (d) The Si-Si bond

excited by 532 nm laser at different implanted doses.

3.3.2 2D mapping of E2 mode and C-C bond with different doses

2D mapping of the Raman E» mode and C-C vibration mode was performed in the XY plane in SWIFT working mode to study the defect
distribution and evaluate the uniformity of ion implantation and repeatability of single point spectrum measurement in Fig.9. Overall, the processing
area is relatively uniform, which reflects the advantage of the ion implantation processing method, but there are some small intensity differences
in the local area, which may be related to the uniformity of the silicon carbide substrate itself. Fig. 10 and Fig. 11 show the intensity distribution of
the E2 mode and the C-C vibration mode excited by 532 nm laser and 638 nm, respectively. As shown in Fig. 9(b-c), no obvious defect signal can
be observed for R1 and R2. For the E2 mode, which is related to the lattice integrity, the implanted region shows a weaker intensity than non-
implanted area due to the ion implantation induced damage. On the contrary, for the C-C bond peak which is related to the lattice damage, the
intensity in the implanted region is stronger than the intensity of the non-implanted region.

The C-C bond signal in the R8 region is significantly enhanced compared to R7 region and 638 nm excitation as shown in the 2D mapping
image, which corresponds to the results in Fig. 9(b). For excitation of 532 nm, the significant enhancement of C-C bond can still be observed in
the 2D mapping images of R7 and R8. But from the single point spectra in Fig. 9(c), there is not much difference of C-C bond intensity between
R7 and RS. Therefore, in the case where the substrate is likely to be uneven, multi-point measurements or 2D mappings are recommended to
evaluate the signal difference in different areas with higher reliability.

What is more, from R3-R6, there is no obvious increase in the 2D mapping results of the C-C bond signal as the dose increases (as shown in
Fig. 10), but for the E2 mode, the signal decreases with increasing dose which can be observed relatively clearly. The main reason is that the 2D
mapping does not remove the baseline, but only presents the peak intensity distribution result of the local maximum intensity. And as the dose
increases, the baseline increases (Fig. 9(b-c)). Moreover, the C-C bond signal in regions R3-R7 is relatively weak and the signal-to-noise ratio is
smaller compared to the results of the E2 mode. Therefore, the combined influence of baseline and signal-to-noise ratio results in no gradual increase
in 2D imaging results of the C-C bond in R3-R7 regions.
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Fig. 11. Intensity distribution of E> mode and C-C vibration mode excited by 638 nm laser (scale bar is 2 pum).

Then spectra for the R9 (1.0x10'8 ions/cm?) region were acquired and compared separately, as shown in the Fig. 12. For the E2 mode, the
processed area gives smaller intensity than the unprocessed area, except for the three local parts where material removal has not occurred. In the
central area, the rupture of the helium bubble causes the removal of the material. The absorption of light caused by helium bubbles is weakened,
so more light can interact with the underlying material, and the E2 mode is stronger. As the upmost layer of the 4H-SiC substrate was mostly
removed under such high ion implantation dose (see Fig. 1 e), the C-C bond intensities for both 532 nm and 638 nm excitation in the central area
are both lower than those of the remaining area. Moreover, the C-C vibration signal shows nearly the same intensity distribution with three local

intensity peaks.
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Fig. 12. Spectra results for sample R9 (1.0x10" ions/cm?). (a) Intensity distribution of E2 mode; (b) C-C vibration signal excited by 638 nm laser;

(c) C-C vibration signal excited by 532 nm laser.

4. Conclusions

In this paper, defects of helium ion implanted n-type 4H-SiC were characterized by photo-luminescence (PL) and Raman spectroscopy at room
temperature. PL peaks of Vsi in the range of 850-950 nm were found for the excitation of both, 638 nm laser and 785 nm laser. According to the
surface morphology by SEM and AFM and PL spectral characterization results, a defect formation model was established. When the implantation
dose is below 3.0x10' ions/cm?, Vsi shows a higher intensity in the central part of the implanted area. And the swelling height is less than 7 nm
by AFM. When the doses exceed 1.0x10'¢ jons/cm?, Vsi shows an intensity pattern of weak center and strong edge of the ion-implanted area.
Helium bubbles (Helium-vacancy complexes) form at high implantation doses and weaken the intensity of the Vsi in the central part of the
implanted area and induce severe swelling effect of around 15-200 nm. Besides, lattice defects like C-C bond and Si-Si bond were found in high
dose ion-implanted area under the excitation of 532 nm and 638 nm. A blue shift of the C-C bond was observed when the laser wavelength increases
from 532 nm to 638 nm. The difference between the depth profiling measurement results and SRIM simulation results was also explained by
considering the confocal depth profile resolution and helium ion implant induced swelling effect.
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