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On the experimental properties of the TS defect in 4H-SiC
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When annealing a 4H silicon carbide (SiC) crystal, a sequence of optically active defect centers
occurs among which the TS center is a prominent example. Here, we present low-temperature pho-
toluminescence analyses on the single defect level. They reveal that the three occurring spectral
signatures TS1, TS2 and TS3 originate from one single defect. Their polarization dependences ex-
pose three different crystallographic orientations in the basal plane, which relate to the projections of
the nearest neighbor directions. Accordingly, we find a three-fold level-splitting in ensemble studies,
when applying mechanical strain. This dependency is quantitatively calibrated. A complementary
electrical measurement, deep level transient spectroscopy, reveals a charge transition level of the TS
defect at 0.6 eV above the valence band. For a future identification, this accurate characterization
of its optical and electronic properties along with their response to mechanical strain is a milestone.

I. INTRODUCTION

Wide bandgap semiconductors provide the opportu-
nity to study atomic physics and spin physics in a tech-
nically controllable solid state environment. Conceptu-
ally, a single defect in an otherwise perfect crystal closely
resembles an atom or molecule in empty space, provided
the relevant states are deep within the bandgap. The
most frequently studied point defect in this respect is
the NV-center in diamond, which is used as single photon
source, quantum sensor, quantum communication node,
etc. [1, 2]. It would be desirable to embed such a spin-
carrying point defect in an electrically controlled envi-
ronment, such that both photonic quantum technology
with its optical methodology and the powerful classical
electronic methodology can monolithically be combined
[3, Chapter 8]. Diamond as a host material is not ide-
ally suited for such monolithic integration, because, in
particular, n-doping capabilities are insufficient [4].

Within the mindset of integrating quantum technolo-
gies and semiconductor electronics, silicon carbide (SiC)
is ideally suited [5, 6]. It has inherited from silicon the
capabilities as a tractable semiconductor including p- and
n-type doping. Today, a powerful and mature device
technology is available for the hexagonal polytype 4H-SiC
[7]. Moreover, epitaxial graphene on 4H-SiC is an opti-
cally transparent yet metallic material that can be mono-
lithically integrated with SiC [8, 9]. As to quantum tech-
nology, research in SiC focuses on the silicon vacancy Vg;
and the divacancy Vg; V@, with promising capabilities as
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qubits, allowing for quantum sensing, quantum comput-
ing and quantum communication applications [10-13].

Here, we present a research on a less explored point
defect in 4H SiC, the TS defect. We will investigate its
optical and electronic properties in response to optical,
mechanical and electrical stimuli. The TS defect is cre-
ated by annealing irradiated crystals at very high tem-
peratures, such that it can reside in an otherwise perfect
crystalline environment, which would be ideal for quan-
tum applications [14]. Further, as early ensemble mea-
surements have demonstrated, the TS has a very strong
spectral shift upon application of mechanical strain or
electrical fields, which makes it attractive as point-like
sensor [15].

Based on these ensemble measurements, an earlier ten-
tative model, namely the carbon di-vacancy-antisite com-
plex (VcCsi Vo) [16], was partially supported by an erro-
neous assignment of dipole directions that we corrected
only recently [15]. The present study involves single TS
centers and provides further insights that will help to find
a microscopic model.

The TS lines become apparent in low temperature pho-
toluminescence (PL) when SiC samples with intrinsic
damage (e.g. created by proton implantation) are an-
nealed. Immediately after irradiation the silicon vacancy
Vyg; is predominant. Upon annealing, Vg; disappears and
instead the divacancy Vg;Ve and the antisite-vacancy
CgiVe occur. At even higher temperatures (around
1200°C), both vanish and the TS color center becomes
apparent in the otherwise clean crystal, i.e. no further
PL signatures are remaining in the investigated spec-
tral window [14, 17]. Its signature is a very sharp line
at 769 nm (TS1), accompanied by two satellite lines at
812nm and 813 nm (TS2, TS3). The zero-phonon line of



TS1 is unusually pronounced whereas the phonon side-
band is weak, resulting in a Debye-Waller factor of about
45% [14].

Initial measurements of the PL of TS ensembles indicated
that they are very susceptible to perturbations. In par-
ticular, the ensemble splits in three different PL-lines in
strained areas, for example next to a scratch [15]. Us-
ing epitaxial graphene electrodes, the TS shows also a
strong response in Stark-effect studies, where static elec-
tric fields were applied in various crystal orientations. It
was identified that the dipole vector projection in the
basal plane is aligned with that of the vectors connecting
nearest neighbors (Si-C) in SiC’s crystal structure [15].

II. EXPERIMENTAL PROCEDURE
A. Sample Fabrication

For measurements of single defects, ensembles un-
der strain and spin investigations, Wolfspeed high-purity
semi-insulating (HPSI) 4H-SiC on-axis (0.08° vs c-axis)
wafers were used. These samples were cleaned with ace-
tone in an ultrasonic bath. Then organic contaminations
were removed with a Piranha acid (three parts of 98 %
sulfuric acid and 1 part of 30 % hydrogen peroxide).

As the TS defect is present in smallest concentrations
in most 4H-SiC samples even without implantation, to
reduce their density, the HPSI samples for single defect
measurements were annealed to 1700°C in 900 mbar Ar-
atmosphere for 30. To obtain a smooth surface, the C-
face of the sample used for the single defect measure-
ments was mechanically polished after annealing.

The samples for the strain dependent measurements
were cut into rods of 8 x 0.5 mm?. The rods were oriented
along three crystallographic directions: [1100], [1120],
and 45° in between the other two. To create the TS
color center ensemble, the samples were proton irradi-
ated with an energy of 350keV and a dose of 10'° cm ™2
and subsequently annealed at 1200°C under 900 mbar Ar-
atmosphere for 30 minutes to maximize the number TS
defects and reduce the amount of other defects.

For the spin investigation, samples were proton irra-
diated with a dose of 10'® cm~2 at an energy of 350keV
and subsequently annealed at 1200°C under 900 mbar Ar-
atmosphere for 30 minutes.

The DLTS samples were cut from commercially avail-
able p-type wafers with a nominal Al doping of 7 -
10" cm~3 in the 8 um thick top epitaxial layer. After
an RCA-clean, 150nm of Al were sputtered onto the
backside of the sample, and subsequently annealed at
950°C for 3 minutes to form ohmic contacts. The sam-
ples were proton irradiated with a dose of 1 - 10 cm ™2
and an energy of 350 keV. The annealing at temperatures
Ta < 1000°C was performed in vacuum, for T > 1000°C
it was performed under 900 mbar Ar-atmosphere. Im-
plantation and annealing were done after creating the
backside contact for the samples with Ty < 1000°C and

vice versa for the ones with T, > 1000°C. As a last step,
150 nm Ni Schottky contacts were deposited on the front
side.

B. Experimental Setups

The optical measurements were performed in custom-
built confocal microscope setups. For the strain measure-
ments, an objective with a numerical aperture of 0.45,
for the single defect measurements an objective with a
numerical aperture of 0.65 and in both cases a 50 ym
pinhole were used. A 532nm laser was used for optical
excitation. The spectra were recorded with an Andor
Shamrock 500i spectrometer and an Andor Newton 920
CCD. The single defect measurements were performed at
4K, the strain measurements at 100 K.

The optical measurements under mechanical strain
were performed in a squeezable nanojunction setup
(without a second sample) [18], i.e. the sample is pressed
from below with a mandrel and held tightly at the sides.
Similar measurements have already been presented in
conference proceedings, where also a view of the setup
is provided [19].

For the DLTS measurements, the system PhysTech
FT1020 was used. The measurement temperature was
controlled with a PID controller using liquid air as a
coolant and programmable power supply for heating. Pe-
riod widths of 16, 32 and 64 ms were chosen; the pulse
width was 0.1 ms.

III. RESULTS
A. Polarization of single TS defects

The photoluminescence experiment was performed at
the C-face, because there a sparse distribution of T'S cen-
ters is found. Figure la displays a confocal PL map where
for each pixel a full spectrum has been recorded; the color
indicates the integrated intensity from 767 nm to 774 nm.
Two pixels stick out with a clear signature of the TS1
line; all other pixels are considered as background lumi-
nescence. Figure 1b shows the spectrum of pixel ”d”, in
comparison with a background pixel ”b”. The spectrum
displays the complete fingerprint of the ensemble spec-
trum (c.f. [14] and below) with a sharp ZPL and the
weaker TS2.3 lines.

Looking at a larger number of bright spots with TS sig-
nature in an extended PL map, one finds that only three
distinct polarizations occur. Examples of those are dis-
played in Figure lc-e (first row TS1, second row TS2,3).
Clearly an intensity dumbbell can be identified in the
polar plot. Here, 0° corresponds to the crystal’s [1100]-
direction, however an inaccuracy due to experimental
misalignment by a few degrees cannot be excluded. The
three polarization signatures occur with a relative shift
of 120°, as expected for the hexagonal crystal structure
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FIG. 1: (a) Confocal photoluminescence map integrated over the spectral range 767 to 774 nm, suggesting two
individual TS color centers (yellow) on an otherwise featureless background. (b) Spectra of position ”d” with a
sharp TS1 line and the TS2,3 double feature. For comparison, a background spectrum at position ”b” and an
ensemble spectrum recorded on a sample with higher TS concentration. (c¢)-(e). Analysis of the emission
polarization of the TS1 line (upper row) and TS2,3 double feature (lower row) at three individual spots similar to
”7d”. Distinct orientations can be assigned, rotated by ~ 120°, in agreement with the crystal’s symmetry. Dipole
vectors can be assigned to next-nearest neighbor directions of the crystal structure with good accuracy.

of 4H-SiC. Within the projection on the basal plane, the
polarization vectors point towards nearest neighbors (Si-

Q).

Each of these defects displays both, the dominant T'S1
and the weak TS2,3 double signature being strictly pro-
portional in PL intensity within the given uncertainties.
Hence, the single defect studies allow for the conclusion

that the TS1, TS2 and TS3 originate from one and the
same object [20]. Moreover, their polarization depen-
dence appears parallel to that of TS1, which indicates
similarities in the dipole vector (despite spectrally differ-
ent transitions). The overall findings support the notion
that indeed individual color centers are observed. When
superimposing all three directions we find the very same



isotropic polarization behavior observed in previous un-
perturbed ensemble studies [15]. The unperturbed single
defect studies come thus to the same result as ensemble
splitting by strong perturbations.

B. TS splitting under strain

In order to investigate the color centers’ response to
strain, one has first to remind that strain is a tensorial
quantity. When applying strain to a macroscopic sample,
the color center may be affected by all tensor entries si-
multaneously. This is why we have opted for a rod along
the z-direction with an aspect ratio of 6:1 between the
clamping points, so the strain focuses on the o,, com-
ponent; all other tensor entries are at least one order of
magnitude smaller (see SI). In order to vary o, with re-
spect to the crystallographic axes, we cut three rods along
[1100] (basal projection of the Si-C bond), [1120] (direc-
tion of C-C or equivalently Si-Si), and 45° in between.
A mandrel exerted the force centrally, while the edges of
the rods were fixed. We performed PL spectroscopy on
TS color center ensembles at the point of highest strain.
The results are shown in Figure 2. One can clearly see
that the TS1 line splits into two branches, with a lin-
ear dependence on the applied strain o, for rod 1 in
[1100] direction (Figure 2a) and rod 2 in [1120] direction
(Figure 2b). In the graph, we provide an assignment of
the lines according to dy (the projection of the transition
dipole vector onto the basal plane, as derived from the
emission polarization measurements displayed in Figure
2d-f). The relative intensity of the spectral lines has to
be taken cum grano salis, it depends on the excitation
laser’s polarization with respect to d_;,.

For rod 3, the result of which is displayed in Figure 2c,
we see a qualitatively different behavior: Here, we find a
three-fold splitting.

For the three orientations, we can derive coefficients
of the spectral response to strain which are displayed in
Table I. From this, we can read off: The blue-shift is
maximum when the dipole moment de is in line with the
axis & of principal strain. In contrast, a maximum red-
shift occurs with dp L #. The detailed analysis is given
in the SI.

The PL line with d;, || [1T00] displays a blue-shift for
rod 1 (blue symbols) and a red-shift for rod 2 (red sym-
bols). Both appear as a double lobe in the polar plot
with a vanishing waist. Comparison with a sinusoidal
behavior (black line, o cos?(¢)) shows convincing agree-
ment. The other line (d, || [1120]) observed in rods 1 and
2 appears a double lobe with a wider waist, which we in-
terpret as a superposition of two sinusoidal contributions
with cos? (¢ + 120°) + cos?(¢ — 120°).

The three-fold splitting of rod 3 stems from the ori-
entational mismatch between the three identified vectors
dp and the principal strain direction Z. The consequence
is a three-fold splitting. The polarization dependence of

TABLE I: Coefficients of spectral response to strain,
together with the angle between the respective lines’
dipole moment d and the direction of the principal

strain of the sample Z. The second values for dy, || [1120]
are the angles of the lines’ two components.

A’\é ‘(’CZ gm) || [1T00] |Z || [1120] | Z(&, [1T00]) = 45°
~ 3.7 1.6 -0.41
dy || [1700] o 90° 45°
- , -0.63 2.0
dp || [1120] 90° / +£60°|0° / +30° /
dy || [1700] 4 120° / / 07'3?
U O 2.8
dy || [1T00] — 120 / / 15°

all three lines has a vanishing waist.

The overall results are remarkably clear: Looking along
the crystal’s c-direction on the silicon-carbon tetrahedra,
their three legs coincide with the observed polarization
vectors, at least in the basal projection. This measure-
ment, however, is insensitive to potential components in
c-direction.

C. Deep level transient spectroscopy

In order to characterize a color center, its charge state
is an important information, as it determines the inter-
play of the PL-active state and the electrochemical po-
tential (Fermi level). For this purpose, we determine the
charge transition levels. The method of choice is deep
level transient spectroscopy (DLTS) [21] which is a time
constant spectroscopy technique for the study of electron
or hole emission from deep traps into the conduction or
valence band respectively [22, 23]. By comparison with
Shockley-Read-Hall statistics of defects, the energy posi-
tion of charge transition levels and the electrical capture
cross section can be determined.

We start our investigation in the lower part of the
bandgap. For this purpose we move from semi-insulating
to p-type material, in which the TS color center has pre-
viously been observed as well [16]. The DLTS spectra for
different annealing temperatures are displayed in Figure
3a. The corresponding peaks in the various spectra are
numbered from #1 to #5; their concentrations as a func-
tion of the annealing temperature is displayed in Figure
3b. The occurrence of peaks #1, #3 and #4 was re-
ported in literature before [24, 25]. They and addition-
ally the yet unreported defect #5 reveal an annealing
behavior unrelated to the one of the TS as observed in
PL [14]. The latter, however, strongly resembles the an-
nealing behavior of peak #2 (c.f. Figure 3b). Therefore,
we tentatively assign this peak to the TS defect. From
the Arrhenius evaluation of the DLTS spectra we obtain
an ionization energy of approximately 0.6 eV and a cap-

ture cross section in the range of 1073 to 10~ cm?.



(a) 1.0 (b) 1.0
772 R b s
¥ [1700] e & 058 - ii(1120] AR TH00D=45" 7 11T00] + 120 INEWE]
< dy 1 [1120] = < R =
E - z E dy || [1700] -S— 2
p= 0.6 P 0.6
=) @ E) 2
s g 5 e
s 042 s 042
© i — ©
|| [1T00 g i o
2 dy |l ] 0.2¢ 2 d I11120] , 0'2&
dy || [1T00] — 120°
0.0 . 0.0
00 01 02 03 04 00 01 03 04 00 02 04 06 08
strain o, (107%) strain o, (107) strain ., (1073)
(d)rod 1 90°
135°
o — L o _
1809 0° = 180 0° =
[1700] [1T00]

270°

270°

FIG. 2: (a)-(c) Splitting of the TSI line as a function of the applied strain along the rods’ long side z. The
predominant direction of strain with respect to the crystallographic axes differs for the different samples. The split
lines are marked with the corresponding color and labeled with the direction of their dipole moment as derived from
emission polarization of the single lines (d-f). Red dots represent the lines with longest wavelength, blue dots those
with the shortest. The black lines are fits to the data, cos®(p + ¢g) for the lobes with pronounced waist and
cos? (i + 120° + ¢g) + cos? (¢ — 120° + ) for the wider lobes in (d) and (e). In all cases ¢ is interpreted as the

basal orientation of the dipole moment d_;,.

A closer look to peak #2 reveals a small shift of the
peak position in the DLTS spectra with annealing tem-
perature. This shift is also seen as a change of the ion-
ization energy (c.f. Figure 3c). For a given defect, this
is a rather unusual finding. For a tentative explanation
of this effect, we direct the view on the statistical oc-
currence of the TS defect at various lattice sites (cubic,
hexagonal) and various orientations, where rather sub-
tle differences of the respective charge transition energies
(even to the order of 100meV) should be expected [26].
The DLTS method is not able to resolve their subtle dif-
ferences in coexisting sub-ensembles. However, point de-
fects at various lattice sites have also different formation
energies. For this reason, different annealing conditions
lead to different statistical weights in the sub-ensembles.
Hence we speculate that the shift of peak #2 (c.f. Figure
3a) and the associated ionization energy (c.f. Figure 3c)
result from a statistical redistribution during annealing.

A second series of DLTS experiments in the upper half
of the bandgap did not reveal conclusive correlations with
the appearance of the TS color center. The data are
presented in the SI.

Altogether, correlated with the appearance of the TS

defect we can identify a charge transition level 0.6eV
above the valence band. When comparing this finding
with previous studies at a p-type Schottky contact where
the PL faded away under forward bias conditions (cf Fig-
ure 3d [16]), we can assign the PL active state to the
more negative charge state, i.e. the Fermi energy has to
be above Fy + 0.6€V.

D. Absence of spin signals

The spin of a color center is of interest, both for com-
pleting this thorough experimental characterization, and
further it might be employed for quantum applications
[5].

We investigated the TS color center with respect to its
spin with electron spin resonance (ESR) and optically de-
tected magnetic resonance (ODMR) [27-30]. The applied
proton irradiation results in a total number of 4102 sili-
con vacancies according to SRIM calculations [31]. It has
been observed that the concentration of Vg; is propor-
tional to the TS concentration evolving after annealing
[14], but the proportionality factor (yield) is unknown.
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FIG. 3: (a) DLTS spectra of the investigated p-type samples at different annealing temperatures. For the spectra
the bl sine correlation function was used with a period width of 16 ms and a pulse time of 10 ms. The detected
peaks are marked with a vertical line and numbered from #1 to #5. (b) The trap density of the different peaks as
evaluated from DLTS. Most peaks are only detectable in a small range of annealing temperatures. The evolution the
trap density belonging to peak #2 is strikingly similar to the PL intensity reported by Riihl et al. for the TS defect
[14]. (c) The activation energies measured for peak #2. The energy shifts with increasing annealing temperature by
more than 100 meV. (d) PL measurement under a graphene-SiC p-type Schottky contact, adapted from [16]. The
TS signature fades away towards negative voltages.

The sensitivity of the ESR measurement is ~ 10° spins. The ESR measurements were performed with a Bruker
This means that we should be able to detect the TS de- EMX micro CW-ESR spectrometer at room tempera-
fect’s spin if the yield is as low as 10~3 per generated ture and at cryogenic temperature (=~ 80K). The ap-
silicon vacancy. plied microwave frequency was 9.85 GHz with a Power



of 1.8mW, while the magnetic field was scanned from
2500 to 4500 G. However, no ESR response was detected.
Note that all PL measurements were performed under
laser illumination, but the ESR measurement was ini-
tially performed in the dark. This is why we repeated
the ESR measurement under illumination with a 532 nm
laser at room temperature. Also this experiment gave no
spin signal.

In order to cross check the ESR results, ODMR mea-
surements were performed at 4 K under illumination with
a 635nm laser. The radio frequency was scanned from
40 MHz to 4 GHz. We could observe no response in the
PL of the TS color center. We conclude that we could
not detect a spin signal. As it is generated out of silicon
vacancies with an unknown yield we can conclude that
either this yield is as low as 1073 or the TS has no spin
signature at all.

IV. CONCLUSION

We present extensive data of the physical properties
of the TS defect in 4H-SiC, gained with single defect
and ensemble studies. The TS defect provides a stable
and pronounced zero phonon line TS1 in low temperature
photoluminescence experiments for Fermi energies above

Ey +0.6eV. No spin signals could be observed.

The basal projection of the emission dipole vector is
oriented along that of the Si-C bonds: [1100], [0110] and
[1010]. From single defect investigations it can be con-
cluded that each individual defect is associated with one
out of these three orientations. Moreover the accompa-
nying T'S2 and TS3 lines stem from the very same object
and share the same orientation. The TS defect shows
a strong response to mechanical strain (further to elec-
tric fields, see [15]). Our measurements calibrated the
PL line shifts, which consequently result in a spectral
splitting according to the three defect orientations.

Altogether, the TS defect provides a system where op-
tical, mechanical and electrical degrees of freedom on the
SiC platform can be coupled. The detailed parameteri-
zation also provides a benchmark for the still pending
atomistic identification of the TS defect.

ACKNOWLEDGMENTS

We acknowledge financial support by German Re-
search Foundation (DFG, QuCoLiMa, SFB/TRR 306,
Project No. 429529648). MS and MB received financial
support from the Austrian Science Fund (FWF, grant
15195).

[1] M. W. Doherty, N. B. Manson, P. Delaney, and L. C. L.
Hollenberg, The negatively charged nitrogen-vacancy
centre in diamond: the electronic solution, New Journal
of Physics 13, 025019 (2011).

[2] F. Lenzini, N. Gruhler, N. Walter, and W. H. P. Pernice,
Diamond as a platform for integrated quantum photon-
ics, Advanced Quantum Technologies 1, 1800061 (2018).

[3] S. Castelletto, L. Rosa, and B. C. Johnson, Adv. Silicon
Carbide Devices Process., edited by S. E. Saddow and
F. La Via (InTech, 2015) pp. 221-248.

[4] C. J. Wort and R. S. Balmer, Diamond as an electronic
material, Materials Today 11, 22 (2008).

[5] M. Atatiire, D. Englund, N. Vamivakas, S. Y. Lee, and
J. Wrachtrup, Material platforms for spin-based photonic
quantum technologies, Nat. Rev. Mater. 3, 38 (2018).

[6] D. M. Lukin, M. A. Guidry, and J. Vuckovié, Integrated
quantum photonics with silicon carbide: Challenges and
prospects, PRX Quantum 1, 020102 (2020).

[7] X. She, A. Q. Huang, O. Lucia, and B. Ozpineci, Review
of Silicon Carbide Power Devices and Their Applications,
IEEE Trans. Ind. Electron. 64, 8193 (2017).

[8] S. Hertel, D. Waldmann, J. Jobst, A. Albert, M. Al-
brecht, S. Reshanov, A. Schéner, M. Krieger, and H. We-
ber, Tailoring the graphene/silicon carbide interface for
monolithic wafer-scale electronics, Nat. Commun. 3, 957
(2012).

[9] M. Riihl, L. Bergmann, M. Krieger, and H. B. Weber,
Stark Tuning of the Silicon Vacancy in Silicon Carbide,
Nano Lett. 20, 658 (2020).

[10] E. Janzén, A. Gali, P. Carlsson, A. Géllstrom, B. Mag-
nusson, and N. T. Son, The silicon vacancy in SiC, Phys-

ica B 404, 4354 (2009).

[11] H. Kraus, V. A. Soltamov, D. Riedel, S. Vith, F. Fuchs,
A. Sperlich, P. G. Baranov, V. Dyakonov, and G. V. As-
takhov, Room-temperature quantum microwave emitters
based on spin defects in silicon carbide, Nat. Phys. 10,
157 (2014).

[12] W. F. Koehl, B. B. Buckley, F. J. Heremans, G. Calu-
sine, and D. D. Awschalom, Room temperature coherent
control of defect spin qubits in silicon carbide, Nature
479, 84 (2011).

[13] N. T. Son, T. Umeda, J. Isoya, A. Gali, M. Bockst-
edte, B. Magnusson, A. Ellison, N. Morishita, T. Os-
hima, H. Itoh, and E. Janzén, Divacancy in 4H-SiC,
Phys. Rev. Lett. 96, 055501 (2006).

[14] M. Ruhl, C. Ott, S. Gétzinger, M.Krieger, and H. We-
ber, Controlled generation of intrinsic near-infrared color
centers in 4H-SiC via proton irradiation and annealing,
Appl. Phys. Lett. 113, 122102 (2018).

[15] M. Riihl, J. Lehmeyer, R. Nagy, M. Weisser, M. Bockst-
edte, M. Krieger, and H. Weber, Removing the orienta-
tional degeneracy of the TS defect in 4H-SiC by electric
fields and strain, New J. Phys. 23, 073002 (2021), Note
that the axes [1100] and [1120] have to be switched, an
erratum has been submitted.

[16] M. Schober, N. Jungwirth, T. Kobayashi, J. A.
Lehmeyer, M. Krieger, H. B. Weber, and M. Bockst-
edte, The Optical Properties of the Carbon Di-Vacancy-
Antisite Complex in the Light of the TS Photolumines-
cence Center, Defect and Diffusion Forum 426, 43 (2023).

[17] T. Kobayashi, M. Rihl, J. Lehmeyer, L. K. Zimmer-
mann, M. Krieger, and H. B. Weber, Intrinsic color



[18]

[19]

[20]

21]

22]

23]

24]

[25]

centers in 4H-silicon carbide formed by heavy ion im-
plantation and annealing, J. Phys. D. Appl. Phys. 55,
10.1088/1361-6463 /ac3a49 (2022).

M. A. Popp, M. Kohring, A. D. Fuchs, S. Korn, N. Moses
Badlyan, J. Maultzsch, and H. B. Weber, The squeez-
able nanojunction as a tunable light-matter interface for
studying photoluminescence of 2D materials, 2D Mater.
8, 10.1088/2053-1583/AC2877 (2021).

J. A. Lehmeyer, A. Fuchs, T. Borntrager, M. Popp, H. B.
Weber, and M. Krieger, Strain-Dependent Photolumines-
cence Line Shifts of the T'S Color Center in 4H-SiC, De-
fect and Diffusion Forum 426, 17 (2023).

Respective g(z) measurements were performed but incon-
clusive due to the low count rate.

D. V. Lang, Deep-level transient spectroscopy: A new
method to characterize traps in semiconductors, J. Appl.
Phys. 45, 3023 (1974).

K. Kawahara, X. T. Trinh, N. T. Son, E. Janzén, J. Suda,
and T. Kimoto, Investigation on origin of Z1/2 center
in SiC by deep level transient spectroscopy and electron
paramagnetic resonance, Appl. Phys. Lett. 102, 112106
(2013).

M. E. Bathen, A. Galeckas, J. Miiting, H. M. Ayedh,
U. Grossner, J. Coutinho, Y. K. Frodason, and L. Vines,
Electrical charge state identification and control for the
silicon vacancy in 4H-SiC, npj Quantum Inf. 5, 1 (2019).
L. Storasta, J. R. Bergman, E. Janzen, A. Henry, and
J. Lu, Deep levels created by low energy electron irra-
diation in 4H-SiC, Journal of Applied Physics 96, 4909
(2004).

K. Danno and T. Kimoto, Deep level transient spec-
troscopy on as-grown and electron-irradiated p-type 4H-

[26]

27]

(28]

29]

(30]

31]

SiC epilayers, J. Appl. Phys. 101, 103704 (2007).

M. Bockstedte, A. Mattausch, and O. Pankratov, Ab ini-
tio study of the migration of defects in 3C-SiC, Phys.
Rev. B 68, 205201 (2003), 0309704 [cond-mat].

M. Niethammer, M. Widmann, S. Y. Lee, P. Stenberg,
O. Kordina, T. Ohshima, N. T. Son, E. Janzén, and
J. Wrachtrup, Vector Magnetometry Using Silicon Va-
cancies in 4H -SiC under Ambient Conditions, Phys.
Rev. Appl. 6, 10.1103/PhysRevApplied.6.034001 (2016),
1606.01301.

R. Nagy, M. Widmann, M. Niethammer, D. B. Dasari,
I. Gerhardst, O. O. Soykal, M. Radulaski, T. Ohshima,
J. Vuckovié, N. T. Son, I. G. Ivanov, S. E. Economou,
C. Bonato, S. Y. Lee, and J. Wrachtrup, Quantum Prop-
erties of Dichroic Silicon Vacancies in Silicon Carbide,
Phys. Rev. Appl. 9, 10.1103/PhysRevApplied.9.034022
(2018).

G. Wolfowicz, C. P. Anderson, B. Diler, O. G. Poluek-
tov, F. Joseph Heremans, and D. D. Awschalom, Vana-
dium spin qubits as telecom quantum emitters in sili-
con carbide, Sci. Adv. 6, 10.1126/sciadv.aaz1192 (2020),
1908.09817.

S. Castelletto and A. Boretti, Silicon carbide color centers
for quantum applications, J. Phys. Photonics 2, 022001
(2020).

J. F. Ziegler, M. Ziegler, and J. Biersack, SRIM — The
stopping and range of ions in matter (2010), Nuclear In-
struments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms 268, 1818
(2010).



2404.09618v1 [physics.app-ph] 15 Apr 2024

arXiv

Supplementary Information: On the experimental properties of the TS defect in
4H-SiC

Johannes A. F. Lehmeyer®,! Alexander D. Fuchs®™,! Zhengming Li,' Titus Borntriger,!
Fabio Candolfi®,' Maximilian Schober®,2 Marcus Fischer,3 Martin Hartmann®,3 Elke
Neu-Ruffing®™,* Michel Bockstedte,? Michael Krieger®,! and Heiko B. Weber®! *

! Lehrstuhl fiir Angewandte Physik, Friedrich-Alezander-Universitit
FErlangen-Nirnberg, Staudststr. 7, 91058 Erlangen, Germany.
2 Institute for Theoretical Physics, Johannes Kepler University Linz, Altenbergerstr. 69, A-4040 Linz, Austria.
3 Brlangen Center for Interface Research and Catalysis (ECRC),
Friedrich-Alexander- Universitat Erlangen-Nirnberg, Egerlandtsr. 3, 91058 Erlangen, Germany.
4 Rheinland-Pfilzische Technische Universitit Kaiserslautern-Landau,
Department of Physics, Erwin Schrédinger Strasse, D-67663 Kaiserslautern, Germany.
(Dated: April 16, 2024)

S1. STRAIN CALIBRATION

The value of the main strain component o, is ob-
tained in two steps. Using a force sensor, the force ex-
erted by the mandrel was calibrated. The force is then
converted to strain values using COMSOL Multiphysics
simulations.

For a force of 1N, the strain tensor right atop the man-
drel is calculated to be:

6 —0.015 0.23
oc=1-0.015 -14 -0.19
023 -0.19 =20

-107°.

The off-diagonal entries of the strain tensor, the shear
strain, are about one magnitude smaller than the diago-
nal, this is why we neglect them in further considerations.
Regarding the diagonal elements, the linear strain, |0,
is three to four times larger than |o,,| and |o..|. Thus we
concentrate on o, in the main text as the predominant
contribution to strain.

Note that all strain values are proportional to the ap-
plied force, which was varied from 0 up to 10 N.

S2. STRAIN ALONG THE SAMPLE

In Figure 1, we give a comparison of the photolumi-
nescence of the TS1 line along rod 3 and the calcu-
lated strain along the sample. We selected rod 3 with
Z(%,[1100]) = 45° since there the three-fold splitting of
the TS1 line becomes visible. The splitting is strongest
in the middle of the sample, where also the strain is high-
est. Towards the edges where the sample is clamped, the
splitting decreases linearly, as does the strain. In Figure
la, the splitting reverses at the left edge of the sample.
This is consistent with the strain o,, becoming negative.

The asymmetry of the strain visible in Figure 1b is
due to the physical setup. The mandrel at the sample
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FIG. 1: (a) Sweep along rod 3 where the long side of
the sample z forms a 45° angle with [1100]. The
splitting is strongest around the middle of the sample,
where the mandrel is pushing. (b) Strain as calculated
with COMSOL. Because of small asymmetries of the
setup, also an asymmetry in strain results.

is operated by a lever, which gives a slight additional
strain in one direction of the sample. This asymmetry



also becomes apparent in the splitting of the TS1 line
(c.f. Figure 1a).

A qualitative mismatch occurs at the outer clamps:
While we assumed perfect clamping in the simulation, the
data rather show the behavior of simple support. This
does only weakly affect the calibration.

S3. INFLUENCE OF ANGLE BETWEEN STRAIN
AND DIPOLE MOMENT
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FIG. 2: Spectral shift per strain versus the angle
between the spectral line’s dipole moment d and the
direction of the principal strain 7.

In Table I in the main text, we list the coefficients
of spectral response to strain. These coefficients were
obtained by first fitting Gaussian peaks to the spectral
lines in each spectrum and then performing linear fits to
the peak positions as a function of strain.

In Figure 2, the coefficients are plotted against the an-
gles between the dipole moment of the respective line and
the direction of the principal strain. Except for the values
at 45° and 60°, all values lie quite nicely on a linear rela-
tion. Deviations may be because of the simplicity of the
picture; we disregard the other strain components, since
they are much smaller than o,,, but these components
are still nonzero.

S4. DLTS MEASUREMENTS IN N-TYPE
SAMPLES

For complementing the experimental picture, we take
a look at the upper half of the bandgap by DLTS mea-
surements on n-type Schottky contacts. Figure 3 dis-
plays the DLTS spectra obtained on proton irradiated
samples after various annealing steps with temperatures
up to 1600°C. In contrast to p-type, the spectra reveal
a multitude of overlapping peaks. The most dominant
one corresponds to the well-known Z, /, defect which was
previously identified as the carbon vacancy [1].
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FIG. 3: DLTS spectra of the investigated n-type
samples at different annealing temperatures. For the
spectra the bl sine correlation function was used with a
period width of 16 ms and a pulse time of 10 ms. The
detected peaks are marked with a vertical line and
numbered from #6 to #17.

Figure 4 shows the trap densities of the observed de-
fects. Other than for the p-type samples, we cannot
identify a strong correlation with the PL signal of the
TS defect. Most defects appear at only a single or few
annealing temperatures. The corresponding ionization
energies are shown in Figure 5. We conclude that we
could not identify DLTS signatures that correlate with
the TS defect in the upper half of the bandgap.

For completeness, the ionization energies of the other
defects observed in p-type material are given in Figure 6.
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FIG. 4: The trap density of the different peaks in
n-type samples as evaluated from DLTS. As expected,
the Z, )5 peak (#13) shows the highest trap density and
is mostly visible throughout all annealing temperatures.

FIG. 6: Ionization energies measured in p-type DLTS.
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FIG. 5: Tonization energies measured in n-type DLTS.
Peak #13 can be identified as the Z; /5 peak.
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