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ARTICLE INFO ABSTRACT

Keywords: Ion implantation of 4H-SiC is one of the crucial steps in the fabrication of power devices. This process results in
Al-implantation the generation of electrically active defects both in the implanted region and beyond. In this work, we explore
Defects the defects created during Al-ion implantation and post implantation annealing using low-energy muon spin
]l;]i”l‘fSSR rotation (LE-uSR) spectroscopy and deep level transient spectroscopy (DLTS). Two sets of samples, exposed to

low fluence (LF) and high fluence (HF) of Al, are examined with and without annealing. The results reveal that
defects induced by Al implantation extend deep into the semiconductor, far beyond the implanted region, thus
influencing the electrical properties of SiC material. The LF samples exhibit a LE-uSR signature that points to
a carbon vacancy (V) concentration in the range of 1 x 10'° to 1 X 10! em™3. Further, DLTS measurements
reveal defect levels associated with silicon vacancies (Vg;) and carbon vacancies (V) several pm away from
the intended implantation region, indicating that Al implantation and subsequent high-temperature annealing
impacts the SiC lattice in a substantial volume. The present study provides valuable insights into the near-
surface and bulk effects of Al implantation in 4H-SiC, which is essential for optimizing semiconductor device

Silicon carbide

performance in power electronics applications.

1. Introduction

Silicon carbide (4H-SiC) is one of the most important semicon-
ducting materials in the field of power electronics. Devices fabricated
using 4H-SiC have higher power handling capability, better thermal
conductivity and higher switching frequency than its silicon (Si) coun-
terpart [1,2]. However, compared to Si, doping of SiC can be chal-
lenging due to low diffusion coefficient of dopants necessitating ion-
implantation [3]. Phosphorus and nitrogen have both been employed
for n-type doping in 4H-SiC, while implantation of aluminum (Al) or
boron (B) can be used for creating p-doped regions. However, the
relatively high ionization energy of around 0.28 eV for B, in comparison
to 0.22 eV for Al, makes Al a more suitable candidate for p-type doping
of 4H-SiC [4-6]. Additionally, boron impurities have been associated
with lower minority carrier lifetimes in 4H-SiC epitaxial layers [7].

After implantation of dopant impurities, the samples need to be an-
nealed at high temperatures in the range of 1600-1700 °C for electrical
activation of the dopants and also to ensure good junction charac-
teristics of the resulting device [8]. To prevent the out-diffusion of
Si during high temperature annealing, the samples are usually coated
with a carbon (C) cap. While ion-implantation can create vacancies and
extended defects in the semiconductor, the presence of C-cap during
annealing leads to injection of C into the semiconductor, resulting in a
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reduction of the V. density [9] and formation of new electrically active
and carbon related defects [10,11].

In SiC, implantation for p-type doping is usually required for,
e.g., the creation of a termination region in Schottky barrier
diodes (SBD) [12], the p* region in a p-n diode, or the p-body re-
gion in a metal oxide semiconductor field effect transistor (MOSFET).
While the typical doping density in the p-body of a MOSFET is in
the range of 1x10'7cm™3 to 1x10'®cm=3, the p* region in a p-n
junction device can have a doping density in the range of 1 x 10! cm™3
to 1x10®°cm™3 [13]. Such high density of dopants created by ion
implantation has the potential to create a high concentration of defects
in the semiconductor which can have severe impact on the device per-
formance. Deep level transient spectroscopy (DLTS) [14] is a powerful
technique that is often used to study the bulk defects that are induced
by ion implantation. However, the near surface information (top few
hundred nanometers) is very difficult to probe using this technique.
Therefore, in this study, we have carried out near surface low energy
ion-implantation of Al and studied the defects created in and around
the implantation region before and after high temperature annealing
using low energy muon spin rotation spectroscopy (LE-uSR) [15]. To
also probe the defect species created in the bulk, beyond the implanted
region, DLTS measurements were performed. By conflating the results
obtained from the two measurement techniques, we have built an
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Table 1

Sample parameters including sample name, Al fluence and whether the
sample was exposed to post-implantation annealing (PIA). If yes, the
sample experienced 1700 °C for 30 min.

Sample name Fluence (cm~2) PIA
LF-NotAnnealed 5 x 10 No
LF-Annealed 5 x 10 Yes
HF-NotAnnealed 5 x 10° No
HF-Annealed 5 x 107 Yes

understanding of the defect creation, migration and annihilation during
Al-implantation and high temperature annealing of 4H-SiC.

2. Methodology
2.1. Sample description

For this study, n-type 4H-SiC samples with a background doping of
3%x10!5 cm=3 and 10 pm epi-thickness are used. Aluminum implantation
was performed at 150 keV to two different fluences in order to obtain
a peak Al concentration of 108 cm™3 or 1020 cm~3 for the two sample
sets. In order to have the peak Al concentration at the surface of
SiC, 275 nm of SiO, was deposited using plasma enhanced chemical
vapor deposition (PECVD) process. After ion-implantation, the oxide
was etched using hydrofluoric acid.

Each of the sample sets comprises of two samples, one of which was
annealed at 1700 °C for 30 minutes after Al ion implantation, while
the other was left as-implanted. The high temperature annealing was
performed with a carbon cap to prevent the out-diffusion of Si during
annealing. The carbon cap was later removed using an oxygen plasma.
The details of the samples are summarized in Table 1.

These samples were studied using low-energy muon spin rota-
tion (LE-uSR) spectroscopy. In a second measurement round, the top
80-90 nm of the samples was etched using an Ar-ion milling process.
This allowed us to probe deeper into the sample using LE-uSR. For
electrical measurements, circular Al contacts of 1.5 mm diameter and
100 nm thickness were prepared using an e-beam evaporator. The
Ohmic contact on the C-face was achieved by using silver paste.

2.2. Low-energy muon spin rotation spectroscopy

The LE-uSR experiments were performed at the low-energy muon
facility (LEM) located at the uE4 beamline [16] of the Swiss Muon
Source at the Paul Scherrer Institute. Muons with energy ranging from
2-25 keV were implanted into the 4H-SiC epi-layers which enabled
probing the first ~150 nm of the sample. For each muon implantation
energy, an implantation profile is generated and the mean implanted
depth of the muons can be calculated. The muon implantation profile
and the calculated mean implantation depth is shown in Fig. 1. In the
rest of the paper, the mean depths of the muons are used instead of
the implantation energy. The measurements were carried out at 10 K
and 260 K with transverse magnetic field of either 0.5 mT or 10 mT.
Further details of the experiments and the analysis method can be found
in Ref. [17].

The implanted muons can capture an electron from their surround-
ings and form the neutral paramagnetic muonium (Mu®) state. In an
n-type sample, the Mu® can capture another electron to form Mu-,
or in a p-type sample, capture a hole to form Mu*, both of which
are diamagnetic. In the experiments, the diamagnetic (Fp) and the
paramagnetic (Fyy,) fraction of the muons can be measured and clearly
distinguished. The muonium formation depends on the availability of
free carriers, i.e., on the doping type and density. Previous experiments
have also shown that the Fj, (and Fy,) is also sensitive to the defects
present in the semiconductor and can act as a sensitive probe to local
variations in the material such as defects or magnetic fields, especially
for Vg; [18] and V¢ [19] in 4H-SiC.
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Fig. 1. (a) Muon implantation profile for energies between 2 and 25 keV, simulated
with TRIM.SP [20,21]. (b) The calculated mean depth for each implantation energy
is indicated with circles and the associated spread of the muon-implantation profile is
indicated by the bars.

2.3. DLTS measurements

The Schottky samples were characterized using DLTS in the temper-
ature range of 20-600 K. For DLTS, a reverse bias of =5V is applied,
and the sample is pulsed to 0 V with a pulse width of 100 ms and a
period width of 500 ms. A Fourier transform of the recorded transients
is performed using up to 28 correlation functions. The DLTS signal
shown in the rest of the paper refers to the coefficient of the sine
term (bl) in the Fourier series of the deep level transient Fourier
spectroscopy (DLTES) [22].

3. Results

Implantation of Al in 4H-SiC is known to create damage in the
crystal leading to the formation of several deep level defects [23]. High-
temperature post implantation annealing (PIA) is commonly employed
to restore the implantation induced damage and for the electrical
activation of Al. However, to prevent out-diffusion of Si during the PIA,
a carbon cap is prepared on the surface of SiC. This may result in C-
injection, leading to the emergence of various defects related to carbon
interstitials (C;) in the sample.

3.1. LE-uSR study

LE-uSR measurements were performed on the Al-implanted samples
to study the defects created by implantation and high temperature
annealing. In this experiment, the muons are not expected to interact
with the implanted Al, but rather with the intrinsic point defects
present in the sample as a result of processing (ion implantation and
high-temperature PIA with C-cap). Fig. 2 shows the diamagnetic frac-
tion measured for the low fluence and the high fluence samples as a
function of depth at 10 K and 260 K. For the low-fluence sample before
annealing (Fig. 2(a), a high Fy, is recorded near the surface and it drops
as the muons penetrate deeper into the sample. The SR measurement
was performed up to a mean depth of ~140 nm, and it can be seen that
the Fp is reduced almost fourfold from the surface until 140 nm depth.
Further, the Fj, value measured at 10 K is higher than the measurement
at 260 K in the entire depth. This is opposite to what was observed
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Fig. 2. Diamagnetic fraction recorded at a magnetic field 10 mT as a function of mean depth for the (a) LF-NotAnnealed and LF-Annealed samples, and (b) HF-NotAnnealed and
HF-Annealed samples. The shaded regions in both the graphs indicate the Al-implantation region, and the expected Al-concentration is indicated on the right. For the HF-NotAnnealed
sample, another LE-4SR measurement was performed after etching the top 80 nm of the sample as indicated in (b).

in Ref. [24], where the Fj, increased with increasing temperature due
to the availability of more carriers. However, in Ref. [19], proton
irradiated samples were studied using LE-uSR and it was observed that
the Fp was higher at 5 K than at 200 K, similar to the current case.
Since the samples have a background n-type doping of 3 x 10'5 cm=3,
a compensation of carriers is expected due to high concentration of
implantation induced defects.

After annealing, the implantation induced damage is reduced and
a substantial drop in Fy, is observed for the LF-Annealed sample near
the surface (see (Fig. 2(a). At a depth of around 60 nm, the Fj, drops
to the bulk level. Almost no temperature dependence is observed in
the low fluence annealed sample. However, a higher F near the
surface compared to at ~80 nm depth indicates that either a part
of the implantation induced damage persists after high temperature
annealing, or the C-related defects formed due to C-injection during
PIA leads to an increase in the F,.

Fig. 2(b) shows the F measured for the HF-Annealed and HF-
NotAnnealed sample. Similar to the low fluence case, a high Fj is
observed near the surface for the not-annealed sample. However, for
the high fluence Al implantation without PIA, the diamagnetic fraction
does not drop substantially for the first ~150 nm of the sample. This
indicates a high concentration of defects extending from the surface
up to 150 nm in the sample. Since the probing depth is limited to
~150 nm at the LE-uSR setup, the muon response in the regions deeper
into the sample could not be directly extracted. To overcome this, we
etched the top 80 nm of the sample (see sample description) and re-
measured the sample with LE-4SR. Although a small increase in the
Fp was observed in the first 50 nm after the etch when compared to
the previous measurement (attributed to Ar milling induced damage),
the F gradually drops and reaches the bulk level at around 240 nm
depth. This measurement reveals that the defects created during the
implantation extend up to ~240 nm into the sample. This is deeper
than the Al implantation region (0nm to 100 nm) by over 140 nm.

Fig. 2(b) also shows the F, measured for the HF-Annealed sample.
Compared to the not-annealed sample, a small increase in Fj is ob-
served near the surface at 260 K (attributed to the electrical activation
of Al and resulting presence of holes), but the values drop quickly for
higher muon energies that travel deeper into the sample. At around
150 nm, the F has dropped from > 0.9 near the surface to < 0.1.
This indicates a substantial reduction in defect concentration due to
post implantation anneal (PIA) along with the electrical activation
of dopants leading to an increase in Fj, with increasing temperature.
However, in the first ~80 nm for the HF-Annealed sample, the Fp
is slightly higher than the HF-NotAnnealed sample. As at 10 K, no
carriers are expected to be present in the sample, the relatively high
diamagnetic fraction measured for the HF-Annealed sample near the
surface can be attributed to incomplete restoration of crystal damage
during the PIA or due to the high density of injected C species from the
C-cap.

In order to understand the relation between the measured F, and
the defects generated during ion-implantation, we have carried out
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Fig. 3. The diamagnetic fraction of the HF-NotAnnealed sample is plotted. The V.
concentration extracted from the SRIM simulation is also plotted for the high fluence
samples. A good agreement between the trend of F,, and defect concentration is
observed.

SRIM simulations [25]. The simulation was performed for the layered
stack of bulk 4H-SiC and 275 nm of SiO,. 150 keV Al ions were
implanted in the simulation. The carbon vacancy (V¢) and silicon
vacancy (Vg;) concentration profiles were obtained assuming a 3 %
dynamic annealing survival rate [26]. Figs. 3 and 4 show the V.
concentration obtained for a high and low fluence of Al implantation
prior to PIA. The V. concentration shown in the two figures is therefore
3 % of the total defects obtained from SRIM simulation. The F, obtained
for the LF- and HF-NotAnnealed samples at 10 K, respectively, are
overlaid on the V. defect profile for comparison. The Fy, for both the
samples is close to 0.75 near the surface although the two samples
have two orders of magnitude difference in the defect concentration.
This shows an upper limit of around 1x 10'°cm™ for the sensitivity
of muons to the Vi concentration in the LE-4SR measurement. For
the LF-NotAnnealed sample, the Fj drops with the depth and has
almost the same trend as the defect concentration profile. Another
measurement was performed on the LF-NotAnnealed sample after the
first 80 nm was etched and the result is shown in Fig. 4. Apart from
an increase in Fp in the first ~ 30 nm of the measured region which is
attributed to Ar-ion milling induced damage, the trend between the V.
concentration and Fy, aligns very well. The Fj, reaches almost 0 for a C
vacancy concentration <1 x 10'3 cm™3. The strong correlation between
the measured Fj, and the defect concentration confirms the sensitivity
of muons to the carbon vacancies that are present in our samples and
helps us establish that the LE-uSR experiment is sensitive to a carbon
vacancy concentration in the range of 1 x 10" cm™ to 1x 10" cm™3.
The Fp signal measured at 10 K in this defect range is from ~0 to 0.6
with an increment of 0.15 per decade.

Along with the Vg, silicon vacancies are also generated during Al
ion-implantation and have a similar profile to the V but at around half
the concentration. Presence of Vg; is expected to reduce the measured
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Fig. 4. The diamagnetic fraction of the LF-NotAnnealed sample at 10 K and 10 mT
is shown. The top ~80 nm of the sample was then etched and a second measurement
was performed indicated as ‘After Etch’. The concentration of V, after Al-implantation
was simulated using SRIM and is plotted for comparison. good agreement between the
trend of F, and defect concentration is observed.

Fp [18]. As seen in Fig. 2(a) for the LF-NotAnnealed sample and in
Fig. 2(b) for the HF-NotAnnealed sample, the measured Fy, is reduced
at 260 K in comparison to at 10 K. This could be an ensemble effect of
the two defect species (V¢ and Vg;) where the impact of V. is dominant
on the uSR signal at low temperature, while the Vg; begins to reduce
the Fj, as the temperature increases.

3.2. Bulk damage

The uSR measurements demonstrate the presence of defective re-
gions in the SiC after Al-implantation and PIA in the top ~200 nm,
but not deeper in the SiC bulk. Due to the limitation of probing
depth and sensitivity, LE-uSR cannot be used for characterization until
micrometer depths and in regions with reduced densities of defects.
Therefore, we have used DLTS to study the defects created in the bulk
of the semiconductor by Al implantation and PIA. The DLTS spectra and
the depth profiles for the electrically active defects that are observed in
the four samples are shown in Figs. 5 and 6. The extracted parameters
of the defects for the four samples are summarized in Table 2.

For the LF-NotAnnealed sample, shown in Fig. 5(a), five defect
levels are visible in the measured range of 80-600 K and named as IN1,
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IN3, IN4, IN5, and IN6. The nomenclature for the observed defects has
been adapted from Ref. [23]. The spectrum of the reference sample
without any processing is also plotted for comparison (black curve).
The IN1 defect is only barely visible and has an activation energy (E,)
of 0.4 eV and a capture cross section (CCS) of 2.1 x 10~15 ¢cm?2. This cor-
responds closely to the S1 level assigned to the (2-/3-) charge transition
level (CTL) of the silicon vacancy (Vg;) defect [26-29]. The IN4 level
has an E, of 0.71 eV and a CCS of 1.2 x 10! ¢cm? and likely corresponds
to the S2 level associated with Vg;(-/2-). The IN3 level aligns well with
the defect observed in the reference spectrum and has an E, of 0.67 eV
and a CCS of 7x 10715 cm?. This defect likely belongs to the carbon
vacancy (V¢) and is usually named Z; , [30,31]. The IN5 and IN6 defect
levels have E, of 0.8 eV and 1.01 eV, respectively. These values are very
close to what has been observed after C-ion implantation [32] and after
thermal oxidation [11,33,34] and are assumed to be associated with GC;
related defects consisting of one or more C atoms. The commonly used
names for IN5 and IN6 are ON1 and ON2a, respectively.

The depth profiles measured for the IN4, IN5 and IN6 defect levels
after low-fluence Al implantation but before PIA are shown in Fig. 5(b).
An exponential fit was created for each of the depth profiles and is
shown with dotted lines in the figure, which allows for extrapolation
of the defect concentration towards the surface. As can be seen, a high
defect concentration in the range of 1 x 10" cm™ to 1 x 10'°cm™3 for
all probed defects (IN4-IN) is expected at a depth of 0.5 um from the
surface.

Upon annealing the sample at 1700° for 30 minutes, the implanted
Al is expected to be activated and some of the crystal damage is
restored. However, since the annealing is performed with a C-cap to
prevent out-diffusion of Si atoms and reduced surface roughness [35],
C-injection is expected which can result in several new defect lev-
els [10]. The DLTS spectrum of the LF-Annealed sample is illustrated
in Fig. 5(c). The first thing to note is the presence of a minority carrier
trap (INo2) in the DLTS spectrum. This is usually due to injection of
minority carriers during the DLTS transient. Since Al was implanted
into the sample and the sample was annealed at elevated temperatures,
Al is electrically activated and acts as a source of minority carriers. The
E, calculated for this defect is 0.25 eV with a capture cross section
of 2.6 x 10717 cm2. This defect could likely be due to boron (B) on Si
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Fig. 5. The DLTS spectra and the depth profiles of the observed defects are plotted in (a)-(b) for LF-NotAnnealed sample and in (c)-(d) for LF-Annealed sample.
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Table 2

Summary of the defects observed in the Al implanted and annealed samples, including energy level above the valence band edge (top table)
or below the conduction band edge (bottom table), measured (¢) capture cross-section (cm?), and whether the defect species was observed in

the sample or not.

Name Energy (eV) o (cm?) LF-NotAnnealed LF-Annealed HF-NotAnnealed HF-Annealed
INol 0.18 2.1x 10713 - - - Observed
INo2 0.25 2.6 x 10717 - Observed - Observed
N, 0.4 2.1x 1071 Observed - - -

IN, 0.67 7x 1075 Observed - - -

IN, 0.71 12x 1071 Observed - - -

INg 0.8 48 %1077 Observed Observed - Observed
INg 1.05 25% 10716 Observed Observed - Observed
IN, 1.17 2.9 x1071° - Observed - Observed

site introduced in the epitaxial layer during chemical vapor deposition
growth process [7,36,37].

The second defect level (IN3’) observed in the LF-Annealed sample
aligns well with the Z, /, level observed in the reference sample. During
PIA at 1700°C with a C-cap, we expect generation of V¢ and C;s due to
the high temperature as well as the injection of C;s from the surface.
However, due to the high formation energy of V. is ~5 eV [38],
relatively low concentrations (1 x 10'! cm™3 to 1 x 102 cm=3) of carbon
vacancy and interstitial generation is expected. Simultaneously, we
have C-injection from the C-cap at the surface, which could annihilate
with V¢ [9] resulting in the reduction of carbon vacancy related defects.
Overall we expect high concentration of C; and its complexes in the
sample. The Arrhenius analysis for the IN3’ defect level results in a
poor fit with very low correlation, and therefore a fitting approach has
been employed to extract the defect parameters. Four defect levels were
identified to be associated with the IN3’ level which have activation
energies ranging between 0.42-0.51 eV. Therefore, it is possible that
the IN3’ level may not be due to the carbon vacancies. At the same
time, the Vy; is also expected to anneal out during the 1700 °C PIA [39],
resulting in the reduction of its concentration. Therefore, the defect
levels observed for IN3’ are likely C-interstitial related. The IN5, IN6
and IN7 defect levels have activation energies of 0.8 eV, 1.05 eV and
1.17 eV, respectively. Similar to the LF-NotAnnealed sample, these val-
ues are close to what has been observed previously and are assumed to

be associated with C; related defects consisting of one or more C atoms.
While IN5 and IN6 are referred to as ON1 and ON2a respectively, the
IN7 level is usually referred to as ON2b.

The depth profiles and the corresponding exponential fits for the
defects observed after low fluence Al-implantation and PIA are illus-
trated in Fig. 5 d). The defect concentration could be measured up to
2.5pum depth which is a significant increase from the 1.2 pm extension
that was found for the IN4, IN5 and IN6 defects right after low-fluence
implantation (see Fig. 5b). This highlights the mobile nature of C;
related defects which can migrate deep into the sample at elevated
temperatures. Furthermore, apart from the concentration profile of the
INo2 defect level which appears to change only very slightly in the mea-
sured range, the rest of the levels decay exponentially. The exponential
extrapolation of the IN5, IN6 and IN7 defect levels in Fig. 5 d) suggests
an expected concentration in the range of 1 x 10'*cm™3 to 1 x 10'® cm™3
at a depth of 0.5 um from the surface.

Fig. 6(a) shows the DLTS spectrum of the HF-NotAnnealed sample.
Two broad peaks are observed in the spectrum (labeled HF1 and HF2)
and could not be studied with an Arrhenius analysis. A fitting approach
was chosen to deconvolute the defect signatures contributing to the
spectrum and it was found that up to 8 defect levels ranging from
0.19-0.38 eV were needed to reproduce the HF1 level while 4 levels
ranging from 0.75-0.9 eV are required to reproduce HF2. This suggests
a high degree of damage created in the sample after high fluence Al-
implantation. The depth profile obtained from the isothermal DLTS
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measurement at the peak temperature of the HF2 level is shown in
Fig. 6(b). A defect concentration larger than 1 x 10'3 cm=> is observed
at a depth of 2.5um while the exponential extrapolation suggests a
concentration of defects higher than 1 x 10’7 cm™3 at a depth of 0.5 um
from the surface.

Upon PIA, a significant change in the spectrum is observed as shown
in Fig. 6(c). Similar to the LF-Annealed sample, the INo2 level is ob-
served which corresponds to B on the Si site. However, a new minority
trap level (INol) is observed and has an E, of 0.18 eV and a CCS of
2.1 x 10715 cm?. This E, value for INol is close to the observed X-peak
after heavy ion irradiation [40] and could be due to Al acceptor level on
Si site [41]. Detailed study on the INol (X peak) is being carried out and
shall be presented in Ref. [11]. Three other defect levels which appear
in the spectrum are IN5, IN6’ and IN7’. IN5 has similar properties as
those observed in the LF-Annealed sample, whereas the IN6’ and IN7’
levels appear to have slightly reduced (by ~0.1 eV) activation energies
as compared to their IN6/IN7 counterparts. However, apart from the
additional IN3 defect level observed in the LF-Annealed sample, similar
majority carrier traps are observed in the HF-Annealed sample as well.
The depth profiles associated with the observed defect levels are shown
in Fig. 6 d). IN5, IN6’ and IN7’ show similar behavior in their depth
profiles as was observed in the LF-Annealed sample.

4. Discussion

Implanted Al in 4H-SiC at 150 keV is expected to collide with
C and Si atoms in the lattice and create vacancies (Vq, Vg) and
interstitials (C;, Si;) in the process. Displacement energies of Si and C
atoms are expected in the range of 20-30 eV [42,43]. However, due to
the difference in mass of Si and C atoms (Mg;/M¢ = 2.33), the energy
required of the impinging particle to displace C atoms is smaller than
for the Si atoms. In case of Al implantation at 150 keV, both C and
Si vacancies can be generated, however, based on SRIM simulations
the concentration of Vg; is expected to be almost half of that of the
V¢ concentration. As shown in Ref. [18,19], the F measured in the
LE-uSR experiment is sensitive to the presence of both Vg; and Vg,
where Fp, increases with increasing V concentration whereas it reduces
with increasing Vg; concentration. However, as shown above, at a low
temperature of 10 K, the LE-uSR signal is very sensitive to the V¢
concentration showing a strong correlation between the measured Fy,
and the simulated V. concentration (Fig. 4).

Along with the vacancies, interstitials are also generated during
implantation, namely the Si and C interstitials (Si;, C;). The C; are
highly mobile with a small migration barrier of ~2 eV and can migrate
up to a micron [39] after implantation. This is confirmed by the DLTS
spectrum and the depth profile of the LF-NotAnnealed sample illus-
trated in Fig. 5(a) and (b). The IN5 and IN6 defects are likely caused
due to different complexes of the C;. However, the Vg; (IN1, IN4) and
V¢ (IN3) are also observed in the spectrum which suggests that these
point defects are also able to migrate up to a micron into the sample
under the non-equilibrium conditions during Al-implantation. In the
HF-NotAnnealed sample, with 100 times higher fluence of Al than the
LF-NotAnnealed sample, significantly higher concentration of vacancies
and interstitials are generated. The Fy, is almost flat (Fig. 2(b)) in the
implanted region which is likely due to the very high concentration of
V¢ well above the sensitivity limit of LE-uSR experiment. Simultane-
ously, the DLTS spectrum consists of broad peaks comprising of several
closely spaced defect species likely formed due to different complexes
of Ci'

PIA at 1700°C results in the activation of dopants as confirmed by
the increase in F, at 260 K in comparison to at 10 K (Fig. 2(b) and
the presence of the minority trap levels in the DLTS signal of both the
LF- and HF-Annealed samples. In addition, the PIA is also expected
to restore crystal damage which is likely the case beyond the first
100 nm of the sample due to the reduction of the F observed in
Fig. 2(a) and 2b). However, in the first ~80 nm for the HF-Annealed
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sample, the Fj remains almost the same at 10 K, before and after
annealing. As at 10 K no carriers are expected to be present in the
sample, the high diamagnetic fraction measured can be attributed to
incomplete restoration of crystal damage during the PIA or due to the
high density of injected C related species. Further, PIA also leads to
the generation of V:+C; pair in low concentration, migration of the
existing defect species and injection of C;s from the C-cap. The C;s
created during implantation and injected C; can annihilate with the
existing V¢, significantly reducing the V. concentration [9,44]. This
is confirmed by the absence of the IN3 defect center in the LF and HF-
Annealed samples. However, since large quantities of C;s are injected
into the sample, several stable defect species that have been assigned
to C related defects arise in the DLTS spectrum (IN5, IN6 and IN7) and
are found herein to extend up to 2 um in the sample.

5. Conclusion

In this work, the impact of Al implantation and post implantation
annealing on 4H-SiC is studied. The surface and near surface region
of up to 200 nm is studied with nanometer depth resolution using LE-
uSR while the bulk extending up to a few micrometers was studied
with DLTS. We have observed that LE-uSR can be a very powerful
method to perform a depth resolved study of the defects created during
implantation and post implantation annealing. The generated carbon
vacancies during implantation result in an increase in the diamagnetic
fraction (Fp) of the muons, allowing the possibility to establish a direct
correlation between the Fj and the V. concentration. LE-uSR can
therefore be very helpful to study the near surface region of a sample
with high defect sensitivity.

DLTS measurements performed on the not-annealed samples reveal
the presence of V¢ and Vg; at a depth of around 1 pm along with several
C; related defect species immediately after Al implantation. After the
high temperature anneal, V¢ and Vg; are not observed in the DLTS
measurements due to possible annihilation with injected C;s. However,
several defect levels that are assigned to C; and its complexes are
observed, which extend up to a depth of 2-2.5 pm in the semiconductor.

With the sensitivity range offered by LE-uSR and DLTS combined,
defect densities from 1x 10! cm™ to 1x10cm™ can be studied.
Simultaneously, the near surface region which is challenging to probe
with DLTS can be studied in high resolution using LE-uSR, whereas
the deeper regions that are unavailable with LE-uSR can be probed
precisely with DLTS. Therefore, the two characterization methods used
in this work complement each other well and enable a comprehensive
study of the impact of Al implantation on the semiconductor and defect
parameters that directly influence power device performance.
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