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ABSTRACT

NcVs; centers in SiC [nitrogen-vacancy (NV) centers], which produce near-infrared (NIR) photoluminescence (PL) at room temperature,
is expected to have applications as quantum sensors for in vivo imaging and sensing. To realize quantum sensing using NV centers,
clarification of the formation mechanism as well as control of the high-density formation is necessary. This paper reports a comprehensive
investigation on the NIR-PL properties originating from NV centers in high purity semi-insulating and nitrogen (N) contained 4H-SiC
substrates formed by ion beam irradiation and subsequent thermal annealing. It is shown that NV centers are exclusively formed by the
contained N as impurities rather than the implanted N, and also the heavier ion irradiations induce the NV center formation effectively
than the lighter ion irradiations. The study on thermal annealing at different temperatures reveals that the optimal temperature is 1000 °C.
From the results of temperature dependence on the PL intensity, it is shown that little thermal quenching of the PL intensity appears at
room temperature and the PL signal is collected even at 783 K. The formation mechanism of NV centers is also discussed based on the
obtained results.
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I. INTRODUCTION

Defects and color centers in wide-gap semiconductors, of
which the spin state can be optically controlled, are of strong interest
because of their potential for applications in quantum computing

been demonstrated that silicon vacancies (Vg;) and divacancies
(VsiV¢ or simply VV)'?=¢ could serve as controllable spin states
with sharp zero-phonon lines (ZPLs).

Recently, NcVy; centers in SiC, i.e., negatively charged pairs of
silicon vacancy and a nitrogen atom on an adjacent carbon site,

(qubit)' ™ and sensing.”* The negatively charged nitrogen-vacancy
(NV) center in diamond has been proven to be a prominent solid-
state qubit which can be operated at room temperature (RT),””"’
and the great success of NV centers in diamond has also stimulated
further exploration of optically active spin-carrying defects. Silicon
carbide (SiC) is one of the attractive host materials for quantum
sensing and metrology because the crystal growth technology, in
addition to the device fabrication technology, are well developed and
SiC-based electrically driven quantum sensors are feasible.'"”'” It has

have been proposed as another optically active defect with an elec-
tronic structure strongly resembling that of NV centers in
diamond.”” " ZPLs of the absorption between the *A, ground state
and the ’E excited state are located at around 1200 nm, much
longer than that of diamond-NV centers (638 nm). This optical
property is advantageous for in vivo imaging and sensing, since the
near-infrared (NIR) light can penetrate biological tissues such as
skin and blood more efficiently than visible light.”>** Also, unlike
VVs, NcVg; centers produce luminescence and possibly their spin
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states can be manipulated at room temperature (RT), which are
the essential properties for life science applications. In addition,
operation at higher temperatures than RT is required for quantum
sensing applications under harsh environments such as diagnostics
of power electronics and vectorized magnetometer in space.”* For
example, devices mounted on spacecrafts for Venus exploration
missions must withstand temperatures of up to 460 °C, the
Venusian surface temperature. NcVg; centers in SiC hold the
promise of quantum sensors which can meet these various needs.
Here, “NcVs; centers in SiC” is represented as “NV centers” for
simplicity unless otherwise noted.

Unfortunately, the optical spin-state manipulation [e.g., opti-
cally detected magnetic resonance (ODMR)] of NV centers has not
been demonstrated to date. One of the reasons is that the formation
mechanism has been less well understood and the optimum fabri-
cation procedure has not yet been established. For quantum
sensing based on optical spin-state manipulation, a higher density
of NV centers is crucial to improve sensitivity without increasing
the volume, maintaining the high spatial resolution achievable. Not
having been observed in any as-grown SiC materials, NV centers
could be introduced only by using energetic particle irradiation and
subsequent thermal annealing. For example, von Bardeleben et al.
have reported that NV centers were formed by 12 MeV proton irra-
diation at the fluence of 1x10'*cm™ and subsequent 900 °C
annealing in n-type 4H-SiC.”" Effects of radiation species, fluence,
and irradiation temperature on the formation of NV centers should
be systematically investigated. High energy electrons and protons
produce point defects sparsely in crystals, whereas heavy ions
produce cascade damage, i.e., localized dense defect regions, in
addition to point defects. Thus, differences among irradiated ion
species reflect the mechanism of NV center formation. Moreover,
thermal annealing conditions after irradiation should be optimized,
since sufficient vacancy diffusion is not expected at low tempera-
ture, whereas different types of complex defects may be formed at
high temperature. It is also interesting to explore whether nitrogen
(N) as impurities or implanted N dominates NV center formation.
In this study, we systematically investigated NIR photolumines-
cence (PL) properties of ion irradiated 4H-SiC in order to under-
stand the NV center formation mechanism and to control it. Two
types of 4H-SiCs, n-type 4H-SiC with the nitrogen concentration
of 9x10" ¢cm™ and HPSI (high purity semi-insulating) 4H-SiC,
were used in this study.

Il. EXPERIMENTAL

Samples used in this study were n-type 4H-SiC and HPSI
(high purity semi-insulating) 4H-SiC substrates. Here, these
samples are represented by N-4H-SiC and HPSI-4H-SiC, respec-
tively. The N concentrations of N-4H-SiC and HPSI-4H-SiC were
determined to be 9x10"®cm™ and 3x10"cm™ by Secondary
Ion Mass Spectroscopy (SIMS). The samples were irradiated with
240keV-H (hydrogen), 2 MeV-N (nitrogen), 4 MeV-Si (silicon),
and 7 MeV-I (iodine) ion beams at different fluences at RT. These
ion beam energies were chosen so that radiation defects were intro-
duced at the depth of about 1.5um from the surface. The average
ion beam fluxes were 26x10”cm™2s™' for 240keV-H,
1.9%x 10" cm™2s7! for 2 MeV-N, 1.0x 10 ecm™2s7! for 4 MeV-Si,
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FIG. 1. Vacancy concentration profiles in SiC (3.21gcm™) induced by ion
beams used in this study, calculated by TRIM.* Lines in black, blue, pink, and
dark yellow denote 240 keV-H, 2 MeV-N, 4 MeV-Si, and 7 MeV-I, respectively.
Fluences, which the highest PL intensity was obtained at, are shown in this
figure (see Fig. 7).

and 52x10"cm™?s™" for 7MeV-1. Figure 1 shows the depth
profiles of radiation defects (vacancies) formed by these ion beams,
calculated by Monte Carlo Simulation Code, TRIM.” The mass
density of 3.21 gcm™ and the displacement threshold energies of
25eV for Si and 21eV for C were used for the calculation,”
although slightly different values have also been reported.””** All
the ion implantations were performed at the Takasaki Advanced
Radiation Research Institute, National Institutes for Quantum and
Radiological Science and Technology (QST). After ion irradiation,
all the samples were thermally annealed under Ar atmosphere
(1 atm) using an infrared furnace. The furnace temperature rose to
a set temperature in 1 min, then kept at the set temperature for 30
min, and was then naturally cooled down to RT for about 15 min.

NIR-PL properties at the irradiated region in the samples at
RT and 80K were investigated using HORIBA LabRAM HR
Evolution (micro-PL measurement system). The excitation laser
wavelength was either 785nm or 1064 nm. PL ranging from
850 nm to 1500 nm from the samples was collected with an objec-
tive lens (numerical aperture, NA is 0.90 at RT and 0.50 at 80 K)
and detected by an InGaAs array detector. The laser spot diameter
estimated from the used objective lens was 1.1 um (785 nm laser,
RT), 1.9 um (785 nm laser, 80 K), 1.4 um (1064 nm laser, RT), and
2.6 um (1064 nm laser, 80 K).

lll. RESULTS AND DISCUSSION
A. Comparison of 785 nm and 1064 nm excitations

Figure 2 shows NIR-PL spectra at 80K of HPSI- and
N-4H-SiC samples through 785 nm and 1064 nm excitations. The
samples were irradiated with 2MeV-N ijons at a fluence of
2.0 x 10" cm™ and subsequently thermally annealed at 1000 °C for
30 min under Argon (Ar) atmosphere after irradiation. The peak
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FIG. 2. Typical NIR-PL spectra of HPSI- and N-4H-SiCs at 80 K: (a) HPSI-4H-SiCs excited by 785 nm, (b) N-4H-SiCs excited by 785 nm, (c) HPSI-4H-SiCs excited by
1064 nm, and (d) N-4H-SiCs excited by 1064 nm. Black, red, and blue lines show as-grown, as-irradiated with 2 MeV-N at the fluence of 2.0 x 10™cm™2, and after thermal
annealing at 1000 °C for 30 min in Ar atmosphere, respectively. Arrows in the figure indicate NV-ZPLs (black), VV-ZPLs (green), and Vsi-ZPLs (red). Note that the red line
in (a) and the blue lines in (c) and (d) are scaled by a constant factor of 0.5, 0.05, and 0.01, respectively, to clearly show the spectra. Shaded zones in (c) and (d) denote

integration ranges of the PL intensities used in Fig. 6.

concentration of radiation induced defects appears at 1.5um in
depth due to 2 MeV-N irradiation and PL spectra near the surface
region were obtained. The PL intensity as a function of depth direc-
tion revealed that all luminescent centers were formed near the
surface and no significant diffusion after thermal annealing was
observed. Also, planar distribution of the PL intensity was almost
uniform for all samples.

In the case of HPSI-4H-SiC samples, a broad peak centered at
950 nm appeared by 785 nm excitation [Fig. 2(a)]. This broad peak
is attributable to phonon side bands (PSBs) of Vgs.'” Two ZPLs of

Vs, which are indicated by red arrows in (a), also appeared with
the broad PSBs. After 2 MeV-N irradiation, the PL intensity from
Vs increased about twofold due to an increase in density of Vg;.
However, the broad peak centered at 950 nm was reduced after
1000 °C thermal annealing, and a broad peak centered at 1200 nm
in addition to four sharp peaks at around 1100 nm newly appeared.
They are attributable to four ZPLs of VVs and their PSBs.”>*’ This
means that the density of V; was reduced and VVs were formed
due to 1000 °C thermal annealing. On the other hand, neither PL
signal from Vgs nor VVs appeared when excited by 1064 nm.

J. Appl. Phys. 126, 083105 (2019); doi: 10.1063/1.5099327 126, 083105-3
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A broad peak centered at 1300 nm and four sharp peaks at around ] 2
1200 nm appeared after 1000 °C thermal annealing [Fig. 2(c)]. N x
They are attributable to four ZPLs of NV centers and their ? -
PSBs.”>* Prior to thermal annealing, the two sharp peaks observed 3 T
at 1160.6 nm and 1186.5 nm were assigned to be Raman scattering 2 Qé 23
of the E, planar optical (PO) and the A, longitudinal optical (LO) § g2 8
phonons, respectively.” The difference of PL spectra between = 2 7
785nm and 1064 nm excitations suggests that NV centers can be % =
effectively excited by 1064 nm, whereas VVs can be excited by © L= 20 & 0
785nm. In the case of N-4H-SiCs, no PL was observed from = ;é g E E g g
as-grown samples and the PL originating from Vg;s appeared after 3 -
2MeV-N irradiation when excited by 785nm. After 1000 °C z -~ oo
thermal annealing, the PL originating from NV centers appeared & L § Pl
by exciting at both 785 nm and 1064 nm. No PL from VVs was ;w Z = Jag9adg
observed by exciting at either wavelength. Also, only the E, PO S
phonon mode appeared at 1160.6 nm in the N-4H-SiCs because SO | Q222G
the LO phonon mode is reduced by the coupling between phonons SFE|zS| 2555 EY
and plasmons.**"' %% R
Wavelengths of the observed ZPLs, which appeared in the PL = = | Ty
spectra at 80 K by both 785 nm and 1064 nm excitations, are sum- £ ; = E’ E E E Eo §
marized in Table 1. Two Vg-ZPLs, four VV-ZPLs, and four 28 -
NV ™-ZPLs have previously been identified by other groups'”***’ £ g = o«
and we identified ZPLs in Fig. 2 by comparing these previous %5 i = 8 g.
values. Two Vg;-ZPLs have been labeled as V1 and V2, which have e % = ——
been assigned to be Vg; in the horizontal (h) and cubic (k) sites of % B o .
4H-SiC lattice, respectively.'* However, contradictory results have E 2|l = § Q =g
also been reported.”” There are four different VV-ZPLs depending = 8 = ==
on the configuration of V¢ and Vg;. They have been identified as 2 g - © o
kh (V¢ at k site and Vg at h site, the same hereinafter), hk, hh, and gclle = = >~ o0
kk sites in descending order of ZPL energy. kh and hk sites are the 8s ||~ % % g
basal configurations, and hh and kk sites are the axial configura- 28
tions. Four NV-ZPLs have also been identified as hk, hh, and kk z E S o ; o
sites in descending order of ZPL energy as with the case of 25||>=|5 S8
VVs*>?’ In the case of HPSI-4H-SiC irradiated with 2 MeV-N = - -
ions, two Vg;-ZPLs and four VV-ZPLs appeared by 785 nm excita- =272 ol o= m
tion, whereas four NV-ZPLs dominantly appeared by 1064 nm 2 g >ma ; g E
excitation. A similar trend has also previously been reported.”” We é s
believe that VV-ZPLs from the hh and kk sites overlapped and the g Szl = 9 =
strong peak at 1130.9 nm appeared by 785 nm excitation. On the o S > > % § g g
contrary, only four NV-ZPLs appeared in the case of N-4H-SiCs 8L
after thermal annealing. Neither Vg;-ZPLs nor VV-ZPLs have been 28|l 4
clearly identified. Slight discrepancies of the obtained ZPL wave- : % 3
lengths compared to previous reports are thought to be due to an 52 £ glggggeew
effect of lattice strains induced by ion irradiations and thermal co || BT “
annealing. SR =
Interestingly, no VV-ZPL and only NV-ZPLs were observed %;
in the N-4H-SiC samples. This indicates that NV centers were sz | . 28
more preferentially formed than VVs This is due to the lower eS| 2E|gd gy
formation energy of NV centers than that of VVs* Also, if VVs ﬁ’; SEvEN=Z 2 ©~
are created, they are immediately transferred to NV centers by E = ®
the reaction with nitrogen-carbon split interstitial, (NC)&: 52 S,
(NC)E+VeVg +2e” = NV, (to be discussed later).” On the g =3,
other hand, VVs were still formed in the HPSI-4H-SiC samples Es % o
and were excited preferentially by 785nm, but not excited at @ < o 2 é; s
1064 nm. Only NV centers were excited by 1064 nm. It has been o 3 = X é) ERCEA
clarified that the excitation efficiency of VVs dropped above @2 glg ¥ 9 %D’;)
980 nm.”° However, only PL from NV centers were observed at RT Es SIE z =ENA
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in both the HPSI- and N-4H-SiC samples because the PL from
VVs was negligibly weak at RT. Figure 3 shows the PL spectra of
HPSI- and N-4H-SiC samples at RT. Unlike PL spectra at 80K,
only broad peaks originated from PSBs and no ZPLs appeared.
Sharp peaks observed at 1088.2nm, 1160.6 nm, and 1186.4 nm,
when excited by 1064 nm, were assigned to be Raman scatterings
of the E, planar acoustic (PA), the E, PO, and the A; LO phonons,
respectively.”” Again, the A; LO phonon modes did not appear in
the N-4H-SiCs because of the phonon-plasmon coupling. The
broad peaks centered at 950 nm and 1300 nm are attributable to PL
from Vg and NV centers, respectively. These variations were in

ARTICLE scitation.org/journalljap

agreement with the variation at 80 K. Figure 4 shows the PL inte-
grated intensity as a function of the distance between the focal
point and the sample surface at RT. All luminescent centers were
formed near the surface and no significant diffusion after thermal
annealing was observed. The similar trend was also found at 80 K
and at 1064 nm excitation.

The PL intensity at different laser power densities was mea-
sured to investigate the excitation efficiency of NV centers. Figure 5
shows the PL integrated intensity as a function of excitation laser
power density. The PL intensity increased monotonically with
increasing excitation power density and no obvious saturation

785 nm excitation at RT 785 nm excitation at RT
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FIG. 3. Typical NIR-PL spectra of HPSI- and N-4H-SiCs at RT: (a) HPSI-4H-SiCs excited by 785nm, (b) N-4H-SiCs excited by 785 nm, (c) HPSI-4H-SiCs excited by
1064 nm, and (d) N-4H-SiCs excited by 1064 nm. Black, red, and blue lines show as-grown, as-irradiated with 2 MeV-N at the fluence of 2.0 x 10 cm™2, and after thermal
annealing at 1000 °C for 30 min in Ar atmosphere, respectively. Note that the blue lines in (c) and (d) are scaled by a constant factor of 0.1 and 0.01, respectively, to
clearly show the spectra. Shaded zones in (c) and (d) denote integration ranges of the PL intensities used in Figs. 4, 5, 6, 7, and 10.

J. Appl. Phys. 126, 083105 (2019); doi: 10.1063/1.5099327
Published under license by AIP Publishing.

126, 083105-5


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

Air -———» Sample

N-4H-SiC
785 nm excitation at RT

-

= As grown
=& As irradiated
' g, — After annealed (%0.01)
2]

=]

2 (x0.01)

k= Y
=

L

=

en

L

g

=

—

[T

1
20 40
Depth (um)

FIG. 4. The PL integrated intensity (1150-1450 nm) of N-4H-SiC samples as a
function of the distance between the focal point and the sample surface. The PL
measurement was performed through 785 nm excitation at RT. Black, red, and
blue lines denote the results of as-grown, as-iradiated with 2 MeV-N at the
fluence of 2.0 x 10™cm™2, and after 1000 °C thermal annealing for 30 min in
Ar atmosphere, respectively. “Depth = 0" means the surface. The value is nega-
tive when the focal point is above the surface (air) and positive when below the
surface. Note that the blue line is scaled by a constant factor of 0.01 to clearly
show the data.

behaviors were observed in all cases within the power densities
investigated in this study. The PL intensity by 1064 nm excitation
was more than 10 times higher than 785 nm excitation, suggesting
that 1064 nm laser excites NV centers more efficiently than 785 nm
laser. The similar trend was also found at 80 K. According to the
theoretical calculation by Weber et al,” the absorption energy of
NV centers in 4H-SiC is 1.15eV, which is fairly close to the
photon energy of 1064 nm (1.165eV). On the other hand, in the
case of 785nm excitation, we speculate that the photon energy
(1.58 ¢V) is high enough to induce charge transfer to valence/con-
duction band and other defects, resulting in the reduction of PL
intensity. Charge state transfer has been reported in other defects
such as diamond-NV centers and VVs in 4H-SiC."”***

B. Thermal annealing temperature dependence

The N- and HPSI-4H-SiC samples were irradiated with
2MeV-N ions at a fluence of 2.0x 10" cm™ and thermally
annealed at temperatures from 700 °C to 1100 °C for 30 min under
Ar atmosphere. The excitation wavelength of PL measurement was
1064 nm. Figure 6 shows the results of N- and HPSI-4H-SiC
samples, respectively. The ordinate is the relative PL integrated
intensity from 1150nm to 1450nm at RT and from 1215 to
1235nm at 80K (NV-ZPL at hh site), which are represented by
shaded zones in Figs. 2 and 3, although both data showed the same
trend. In the case of N-4H-SiC, the PL integrated intensity showed
the highest at 1000 °C and was rather reduced at above 1000 °C. It
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tation laser power density (785 nm and 1064 nm). Black closed and blue open
symbols denote the N- and HPSI-4H-SiCs irradiated with 2 MeV-N at the
fluence of 2.0 x 10™ cm~2, respectively.

appears that N-related complex defects like (N¢),Vs; are preferen-
tially formed at above 1000 °C*>** because of the high N-impurity
concentration ([N]=9 x 10'¥cm™), resulting in the reduction of
the NV center concentration. It is known that higher annealing
temperatures than 1500 °C are required to annihilate the N-related
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FIG. 6. The PL integrated intensity as a function of thermal annealing tempera-
ture measured at RT (closed squares) and 80K (open circles). Black and red
symbols denote the results of N- and HPSI-4H-SiCs irradiated with 2 MeV-N at
the fluence of 2.0 x 10" cm™, respectively. Thermal annealing was performed
for 30 min in Ar atmosphere after irradiation. The ordinate is the PL integrated
intensity (RT: 11501450 nm, 80 K: 1215-1235nm) and is normalized by the
value of N-4H-SiC at 1000 °C. Solid lines in blue are drawn to guide the eye.
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complex defects and to obtain perfect recovery of crystallinity.>*”

On the other hand, the PL integrated intensity increased with
increasing temperature and showed a saturation trend above
1000 °C in the case of HPSI-4H-SiC. It should be noted that rela-
tively larger fluctuation of PL intensity appeared in the
HPSI-4H-SiC because of their lower PL intensity. Finally, addi-
tional thermal annealing for 30 min at the same temperatures as
Fig. 6 was performed for all the samples, although no significant
change was observed.

According to theoretical calculations, there are mainly two
processes to form NV centers. One is the simple process:
N&+ Vg te - NcVs' and the other is the multiple process via
(NC)¢ split interstitial and VVs: (CC)cx NE— (NC)E and
(NC)&E+ VeV +2e” = N Vs."* Here, the former and latter pro-
cesses are represented by processes (1) and (2), respectively. Defect
kinetics of Vyg; is thought to play an important role in the process
(1). Although the annealing occurs in several stages at 150 °C,
350 °C, and 750 °C, more than 1450 °C is required to be annealed
completely."® This annealing behavior is explained by the forma-
tion of stable nitrogen-vacancy complexes. In our study, both the
reduction of Vg; and the formation of NV centers appeared due to
thermal annealing at 700-1100 °C. This fact may indicate that the
direct formation process (1) contributed to the creation of NV
centers. However, interstitial carbons (Ic) are more mobile than
vacancies and form (CC)c and then form NV centers via the
process (2). We believe that process (2) is more favorable than
process (1) as will be discussed in Subsection III C.

C. PL intensity variations due to different ion beams
and fluences

Since the sensitivity of quantum sensing and metrology is
directly related to the density of NV centers, we systematically
clarified the effects of ion irradiation conditions (ion species and
fluences) on the PL intensity from NV centers. Figure 7 shows the
irradiation fluence dependence of PL integrated intensity (1150-
1450 nm) with different ion beams (240 keV-H, 2 MeV-N, 4 MeV-Si,
and 7 MeV-I ions), measured at RT through 1064 nm excitation.
The same trend was observed in the PL measurement at 80 K. These
ion beams induced similar vacancy profiles, as shown in Fig. 1, and
NV centers were thought to be mainly formed at the depth of 1.5-
2um from the surface after thermal annealing. When focusing on
the N-4H-SiC samples, the highest PL integrated intensity appeared
at the intermediate fluence in all the cases, and the peak value was
enhanced with increasing atomic mass of ion beams (I > Si>N>H).
The highest PL integrated intensity was obtained using 7 MeV-I irra-
diation at 6.0 x 10> cm™. Vacancy concentration increases with
increasing irradiation fluence and also the amount of NV centers
formed after thermal annealing increases. If an excess amount of
vacancies is introduced by irradiation, however, sufficient recovery of
the crystallinity is not expected even after thermal annealing. This
results in the reduction of NV center formation and/or quenching of
NV centers due to neighboring defects. In addition, the effects of
implanted atoms as well as induced defects have to be considered
when the irradiation fluence is high. According to the TRIM calcula-
tion, hydrogen concentration after the 240 keV-H irradiation at the
fluence of 1.0 x 10'® cm™ reaches 7.5 x 10*°cm™ at the Bragg peak.
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Most of the residual implanted hydrogen is thought to be desorbed
after thermal annealing at above 700 °C even though Si-H and C-H
bonds were once formed.”” We believe that the effects of H-related
defects on NIR-PL properties are not significant, since no unique
NIR-PL spectrum appeared from 240keV-H irradiated samples
compared to other irradiation conditions. No NIR-PL properties for
H-related defects in SiCs have previously been reported to our
knowledge. However, the possibility that a portion of implanted
hydrogens form thermally stable complex defects after thermal
annealing up to 1100 °C cannot be excluded.

To gain further insight into the relationship between the NV
center formation and the radiation induced defects, the abscissa in
Fig. 7 was rescaled by the amount of vacancies induced by irradia-
tions. The number of vacancies induced by single ion beams was
estimated by TRIM calculation’ and the product of fluence and
number of vacancies was defined as vacancies per area (cm™2).
Figure 8 shows the PL integrated intensity of N-4H-SiC samples as
a function of vacancies per area. It is plausible that all the regions
in which vacancies were induced by irradiations were observed in
the measurement system of this study, since the ideal axial resolution
of measurement system was estimated to be more than 5um when
the refractive index of SiC is 2.6.”" The result shows that the highest
PL integrated intensity appeared at around 10'” vacancies cm™2 inde-
pendent of ion species, indicating that the amount of NV center for-
mation was determined by the amount of vacancies induced. The PL
intensity was rather reduced above around 10" vacancies cm™.
Radiation damage studies have clarified that the critical dose of SiC
for amorphization was about 0.2dpa (displacement per atom) at
RT,”"”” although the critical dose also depends on ion species, ion
energy, and irradiation temperature. The value of 0.2 dpa roughly
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FIG. 7. PL integrated intensity (1150-1450 nm) at RT of N- and HPSI-4H-SiCs
irradiated with different ions. The excitation wavelength was 1064 nm. Closed
and open symbols denote the results of N- and HPSI-4H-SiCs, respectively.
Squares in black: 240 keV-H, diamonds in blue: 2 MeV-N, triangles in pink:
4 MeV-Si, and circles in dark yellow: 7 MeV-Si irradiations. Thermal annealing of
1000 °C for 30 min in Ar atmosphere was performed after irradiation. The ordi-
nate is normalized by the value of N-4H-SiC at 2.0 x 10" cm =2
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FIG. 8. PL integrated intensity of the N-4H-SiC samples as a function of vacan-
cies per area (cm™~2), estimated by TRIM calculation.

corresponds to around 10'® vacanciescm™ in this study and thus
the reduction of PL intensity at above 10'” vacancies cm™> is related
to the appearance of amorphization. Since the (local) amorphization
occurred at above 10'7 vacancies cm ™2, the NV center formation
was suppressed by the insufficient recovery of SiC lattice structure
after the thermal annealing at 1000 °C. Regarding the correlation
between the peak PL intensity and the atomic mass of ion
beams, cascade damage by heavy ions is seemingly related to
the enhancement of PL intensity. This can be explained by
considering the defect kinetics as follows. According to
Gerstmann et al.,”* process (2) is more favorable than process
(1) because of the lower activation energies. In process (2), more
defects (I, V¢, and Vg;) are required than the process (1), and
thus the cascade damage (localized dense defect region) has the
potential to form NV centers effectively.

When focusing on the 2 MeV-N irradiations, the highest PL
integrated intensity appeared at the fluences of 2.0 x 10'*cm™ in
the N-4H-SiC and 1.0 x 10" cm™ in the HPSI-4H-SiC. In the case
of HPSI-4H-SiC, the peak might appear at the fluence between
2.0x10"cm™ and 1.0x10"”cm™> as those values were fairly
close. The fact that the PL intensity of HPSI-4H-SiC was drastically
lower than that of N-4H-SiC (4.3% at 2.0 x 10"*cm™) indicates
that the contained N atoms as impurities exclusively formed NV
centers while the implanted N atoms less contributed to the NV
center formation. The peak concentration of implanted N is esti-
mated to be 1.2 x 10" cm™>, which is larger than the N-impurity
concentration ([N]=9x10"®cm™), and hence much higher PL
intensity would have been observed in the HPSI-4H-SiC samples if
the implanted N atoms had preferentially formed NV centers. This
finding is also supported by the fact that in the peak PL intensities
of N-4H-SiC irradiated with 4 MeV-Si and 7 MeV-I irradiations
were higher than that of 2MeV-N irradiation. This is probably
because a thermal annealing temperature of 1000 °C is too low to
diffuse implanted N atoms into lattice site (N;+ Vc— N¢, where
N; the interstitial nitrogen) and NV centers are exclusively formed
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four sharp peaks are attributable to the Raman scattering (see text).

from N atoms in the lattice site. It cannot be excluded, however,
that not NcVyg; centers (single negatively charge state) but Nava
centers (neutral state) were formed in the HPSI-4H-SiC samples
because donors which could supply electrons were extremely low.
Nevertheless, implanted N atoms undoubtedly contribute to
the NV center formation. As shown in Fig. 7, the NIR-PL inte-
grated intensity of 2MeV-N ion irradiated HPSI-4H-SiCs was
much higher than the other HPSI-4H-SiCs. Figure 9 shows the PL
spectra at RT of HPSI-4H-SiC samples irradiated with 2 MeV-N at
2.0x 10" cm™ and 240keV-H at 1.0 x 10"®cm™ Only extremely
weak luminescence ranging from 1100 nm to 1400 nm appeared in
the 240 keV-H irradiation even though the comparable amount of
vacancies was introduced (see Fig. 1). Peaks observed at 1088.0 nm,
1160.2 nm, 1163.0 nm, and 1186.2 nm were assigned to be Raman
scatterings of the E, PA, the E, PO, the E; transverse optical (TO),
and the A; LO phonons, respectively.”” This result strongly indi-
cates that the NV centers formed in the HPSI samples were mainly
originating from not a minute amount of N impurities but
implanted N atoms. Therefore, we conclude that the NV centers
were created from both implanted and contained N atoms after
1000 °C thermal annealing, although most of NV centers were
created from contained N atoms. In addition, unlike the N-4H-SiC
samples, the NIR-PL integrated intensity increased with increasing
fluence in the ranges considered in this study. This implies that the
N-impurity concentration strongly affects the NV center formation
yields. Since these highest irradiation fluences were close to the crit-
ical dose of amorphization, further irradiation might reduce the
NIR-PL intensity. Additional investigation is required to clarify the
effects of impurity N concentration on the NV center formation.
Here, the creation yield of NV centers by N ion implantation
is roughly estimated. The lowest PL integrated intensity was
obtained from the HPSI-4H-SiC irradiated with 2 MeV-N at the
fluence of 3.0 x 10">cm™2, although the plane distribution of PL
intensity on the samples was also uniform. Taking into account that
lateral resolution of the micro-PL measurement system was estimated

J. Appl. Phys. 126, 083105 (2019); doi: 10.1063/1.5099327
Published under license by AIP Publishing.

126, 083105-8


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

to be 0.60 um (=0.51 x 1064/0.90) when A = 1064 nm and NA =0.90
were used, this fact suggests that at least more than one NV center
were formed within the area of 2.9 x 107" cm” on average. This value
corresponds to the areal density of 3.5 x 10°cm™. Thus, the creation
yield of NV centers by 2 MeV-N irradiation was estimated to be
more than 0.012% (=100 x 3.5 x 10%/3.0 x 10'?) at least.

D. Temperature dependence on the PL intensity

Highly fluorescent PL signals are required at RT for applica-
tions of quantum sensors in the field of life science. In addition,
high temperature operation of quantum sensors is also expected for
applications in harsh environments like space.”* Hence, tempera-
ture dependence on the PL intensity is one of the most important
factors for their practical use as quantum sensors. The temperature
dependence of the PL intensity originating from NV centers
ranging from 80K to 773K is shown in Fig. 10. The N-4H-SiC
irradiated with 7 MeV-I at 6.0 x 10””cm™ and the HPSI-4H-SiC
irradiated with 2 MeV-N at 2.0 x 10'*cm™ were measured. The
abscissa is the reciprocal of temperature multiplied by 1000 and the
ordinate is the PL integrated intensity from 1150 nm to 1450 nm
normalized by the value of N-4H-SiC at 80 K. The PL intensities at
RT and 683 K were reduced to be 75% and 9.8% for the N-4H-SiC
and 94% and 29% for the HPSI-4H-SiC, respectively. The PL spec-
trum originating from NV centers was observed up to 773K,
which was the temperature limit of the measurement system. The
same trend was obtained when the integrated range was from
1215 nm to 1235 nm where NV-ZPL at hh site appeared.

Temperature (K)
500 30 200 100
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& & =}

N-4H-SiC, 7 MeV-I
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0.1 o

o o
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PL Integrated Intensity (a.u.)
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FIG. 10. PL integrated intensity (1150-1450 nm) as a function of temperature.
Black squares and red circles denote the N-4H-SiC irradiated with 7 MeV-I at
the fluence of 6.0 x 10"2cm ™2 and the HPSI-4H-SiC irradiated with 2 MeV-N at
2.0x 10" cm™2, respectively. Solid lines denote the fitting results by Eq. (1).
Thermal annealing of 1000 °C for 30 min in Ar atmosphere was performed after
irradiation. The excitation wavelength was 1064 nm. The abscissa is the recipro-
cal of temperature multiplied by 1000 and the ordinate is the PL integrated
intensity normalized by the value of the N-4H-SiC at 80 K. The vertical dashed
line in blue shows RT (300 K).
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Temperature dependence of PL intensity can be generally
expressed as the following equation:

1
R
1+Aexp(—k—AT>
B

where I, T, kg, E5, and A are the PL intensity, the temperature, the
Boltzmann constant, the activation energy of thermal quenching,
and the fitting constant, respectively. The experimental results were
well fitted by Eq. (1) (solid lines in Fig. 10) and the activation
energy was obtained to be 0.14 eV in the N-4H-SiC and 0.19 eV in
the HPSI-4H-SiC. Carrier escape and/or energy transfer from NV
centers to other neighboring defects are thought to be the cause of
thermal quenching. These values might be related to the difference
of energy levels between the excited state of NV centers and the
other defects which act as recombination centers. Vg; and V¢ are
one of the candidates for the cause of thermal quenching, since
their excited levels are located at about 0.2 eV above the excited
levels in NV centers.”

I oc

1

IV. CONCLUSIONS

We studied PL properties of NV centers in 4H-SiCs, which
were irradiated with various conditions and were then thermally
annealed at different temperatures. The effect of excitation wave-
lengths, power densities, and temperatures on PL properties was sys-
tematically investigated and the following conclusions were obtained.

It was shown from the results of the temperature dependence
of PL spectra that the broad spectrum ranging from 1100 nm to
1500 nm at RT is attributable to the PL from NV centers. NV
center ZPLs were clearly evident when studied at a temperature of
80 K. The PL from NV centers mainly appeared by 1064 nm excita-
tion in both the N- and HPSI-4H-SiC samples, whereas the PL
from Vg;s and VVs also appeared through 785 nm excitation in the
HPSI-4H-SiC samples. NV centers are preferentially formed rather
than VVs in the N-4H-SiC samples and the PL from VVs were not
significantly observed at 80 K even by 1064 nm excitation, since the
formation energy of NV centers are lower than that of VVs In
addition, it was shown from the results of laser power density
dependence that the NV centers were more efficiently excited at
1064 nm than 785 nm. This is because the absorption energy of
NV centers is close to the photon energy of 1064 nm (1.165eV). It
was shown from the thermal annealing temperature dependence
that the optimal temperature for creating NV enters was around
1000 °C. It would appear the NV center formation is rather sup-
pressed at above 1000 °C due to the formation of other types of
N-related complex defects. Comparing the PL intensities among
different ion irradiation conditions under the same amount of radi-
ation induced defects, the heavier ion irradiation provides more
effective NV center formation than the lighter ion irradiation. This
suggests that the cascade damage effectively contributes to NV
center formation. It was also clarified that NV centers were mainly
formed from contained N atoms as impurities rather than
implanted N atoms.
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The results of temperature dependence of PL intensities show
the weak thermal quenching property, unlike the PL from VVs The
PL intensities at RT were comparable to that at 80K in both the
N- and HPSI-4H-SiC samples, and the PL from NV centers
appeared even at 773 K. Considering this fact, in combination with
the other reports on the spin properties based on EPR (electron para-
magnetic resonance) studies,’’ quantum sensing using NIR-PL from
NV centers in SiC operating at RT (or even high temperature), which
is desirable for life science and space applications, is highly feasible.
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