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ABSTRACT: Group IV color centers in diamond are promising
single-photon emitters for quantum information processing and
networking. Among them, the tin-vacancy (SnV) center stands
out due to its long spin coherence times at cryogenic
temperatures above 1 K. While SnV centers have been realized
using various fabrication routes, their in situ formation via
microwave plasma-enhanced chemical vapor deposition (MW
PE CVD) remains relatively unexplored. In this study, SnV
centers, identified by a zero-phonon line (ZPL) near 620 nm,
were synthesized in nanocrystalline diamond and free-standing
microcrystalline diamond using tin oxide (SnO,) as a dopant
source at substrate temperatures of 750°C and 850°C.
Photoluminescence measurements reveal that lowering the
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substrate temperature enhances both the ZPL intensity and spatial uniformity of SnV centers. These results highlight substrate
temperature as a key parameter for controlling SnV incorporation during MW PE CVD growth and provide insights into
optimizing fabrication strategies for diamond-based quantum technologies.

dvancements in photonics have highlighted the

suitability of diamond as a material platform for

quantum information processing applications.'
These all-optically controlled diamond systems are primarily
based on the nitrogen-vacancy (NV) center due to its extended
spin coherence times at room temperature.4
enhancing its optical performance with nanostructures and
stability remains a challenge, given its sensitivity to the
diamond surface conditions.™® Promising alternatives are the
Group IV color centers in diamond that have a split vacancy
configuration with an interstitial Group IV atom. They exhibit
inversion symmetry and are less affected by first-order electric
fluctuations with minimal spectral diffusion, making them
potential quantum network nodes in an integrated photonics
platform.”® The widely reported Group IV color centers are
the silicon-vacancy (SiV) and germanium-vacancy (GeV)
centers in diamond.’ Compared to the SiV and GeV, the
tin-vacancy (SnV) center in diamond, with a zero phonon line
(ZPL) at ~620 nm, has a long spin coherence time in the
millisecond range already at temperatures below 2 K,'° not
requiring further cumbersome cooling to the mK range.”

However,
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The state-of-the-art fabrication strategies for the SnV center
in diamond are the high-pressure high temperature (HPHT),
ion implantation-annealing, and shallow ion implantation-
chemical vapor deposition (CVD) overgrowth and detonation
processes.'' ' However, these techniques have multiple steps
or require further processing. In contrast, the microwave
plasma-enhanced chemical vapor deposition (MW PE CVD)
technique in the presence of a Sn precursor, facilitates a
scalable in situ creation of SnV centers in diamond in a single
process step. Currently, only a few studies have reported SnV
in CVD diamond.'”'® However, the effect of CVD process
conditions on SnV photoluminescence (PL) properties is
currently lacking and forms the primary motivation of this
study. While low-strain single crystal diamond is generally
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Figure 1. (a) Schematic illustration of NCD growth on silicon substrate in the presence of SnO, pellet, (b) SEM image of the resulting NCD
with randomly oriented grains and spherical features; the yellow square indicates the region selected for elemental analysis, (c¢) Raman
spectrum recorded from a representative NCD region of the sample, and (d) EDX spectrum acquired from the area highlighted in (b)
confirming the presence of tin.
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Figure 2. Representative PL spectra of NCD on Si substrate recorded at (a) 300 K and 7.5 K, (b) a selection of the most representative
spectra found in a scanned area of 40 yum X 40 pm; the spectra are vertically offset and multiplied by the indicated factor, (c) central
wavelength histogram of detected spectral peaks at 7.5 K with the corresponding PL map (inset), and (d) distribution of the central
wavelength and the fwhm of detected peaks from the same PL map.

preferred for color center research, polycrystalline diamond Here, we report the formation of SnV centers in CVD
provides a cost-effective and adequate environment for color polycrystalline diamond grown at different substrate temper-
center process optimization in CVD diamond.'”"* atures, overcoming solid dopant-related limitations using a
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Figure 3. MCD substrate characterization. (a) Representative inverse pole figure with crystal orientation along the z-axis; the color code
corresponding to the crystal orientation is given in the triangle, and (b) typical room temperature PL characterization results. The MCD
substrate shows a predominant (110) grain orientation with the negatively charged NV center as the prominent optically active defect.

modified substrate holder. PL characteristics of SnV centers in
nanocrystalline diamond (NCD) and free-standing (110)-
oriented microcrystalline diamond (MCD) fabricated with tin
oxide (SnO,) as the solid dopant source are presented. Our PL
results confirm the formation of SnV centers in diamond, as
evidenced by the ZPL at ~620 nm, with spatial nonuniformity
in all samples. Additionally, a range of PL peaks is observed
that could be attributed to the fabrication-induced strain. This
correlation is further supported by theoretical studies under
hydrostatic conditions, thereby providing a better under-
standing of the PL spectra observed in this study.

Two types of substrates were used — Si (100) and free-
standing polished MCD discs. Substrate details and their
preparation can be found in the Supporting Information (SI).
First, diamond growth was carried out on Si substrates in the
ASTeX 6500 MW PE CVD system using a process gas mixture
of 1% methane in hydrogen, total gas flow of 500 sccm,
working pressure and MW power of 25 Torr and 2000 W,
respectively. The substrate and pellet of SnO, (Kurt J. Lesker
99.9% purity), placed S mm from each other (schematic in
Figure 1(a)), are simultaneously exposed to the diamond
growth conditions for a duration of 1 h.

Figures 1(b) and 1(c) show a representative scanning
electron microscopy (SEM) image and Raman spectrum of the
NCD sample. SEM reveals randomly oriented grains
accompanied by spherical features, while the characteristic
Raman peak at 1332.5 cm™' confirms diamond formation
under these CVD conditions. Energy-dispersive X-ray (EDX)
analysis of these spherical features confirms that their
composition is primarily Sn (Figure 1(d)). A study has
shown that hydrogen-rich plasma reduces SnO, to elemental
Sn,'? hence sublimation and plasma etching of Sn on exposure
to diamond CVD conditions can be expected. We estimate a
growth temperature of (650 + 20)°C, (measured using a dual
wavelength Williamson Pro92 pyrometer), well above the
melting point of ~231 °C.!0 During diamond growth, we
observe sparks on the dopant pellet surface that are likely due
to Sn ejection,”” leading to Sn deposits on the substrate. Such
deposits partially inhibit diamond growth; thus, a continuous
and fully closed diamond film is not observed in this sample,
indicating a significant process challenge when using tin oxide
as the dopant source. Experiments were carried out to study

the effect of the proximity of the dopant source and substrate
on the subsequent diamond coverage on the substrate. A 1 mm
lateral separation between the pellet and substrate resulted in
an almost complete Sn coverage on the Si surface. In general,
as the lateral separation increased, the Sn coverage decreased.
At S mm separation, we estimate diamond growth of at least
30% of the substrate (analyzed with SEM), and the sample was
chosen for further characterization.

Room temperature PL analysis confirms SnV formation in
NCD, as evidenced by the 620 nm PL peak (Figure 2(a)).
Additional peaks at 613 and 631 nm are also observed, which
motivated cryogenic PL characterization at 7.5 K. Figures 2(b)
and 2(c) show examples of the PL spectra, and the
corresponding histogram of the center wavelength distribution
observed in NCD, obtained from a 40 ym X 40 ym mapping
area, respectively. It is evident that the most frequent peak is
around 624 nm. The vast majority of the peaks at 624 nm
observed in the mapped area are localized in a region of
around 50 um?, clearly indicating spatial nonuniformity of SnV
formation in the sample (Figure 2(c) inset shows the PL map).
A peak shift of 4 nm, relative to the unstrained SnV ZPL,"'
along with a broad and uniform line width of approximately 0.6
nm, is observed for the 624 nm spectral line. Our previous
study of the GeV center in NCD films indicates that PL peak
shifts are strain-induced,”’ while ZPL broadening and fine
structure masking are associated with the diamond lattice
dislocations.”” Based on the above, we attribute the ZPL shift
and broadening manifested in the 624 nm spectral line to the
effects of strain and the polycrystalline nature of the NCD
sample. The second most common wavelength was at 622 nm,
with the line width ranging from below 0.1 nm to above 2 nm
(Figure 2(d)). The majority of the 622 nm lines are
qualitatively similar to the 624 nm peak. Although rarer,
narrow spectral lines around 622 nm are also detected in this
sample. These features, similar to the literature,"° are indicative
of single centers or few ensemble clusters. Furthermore, the
615 nm line is comparable to the 624 nm feature, but it is not
localized within a specific sample area.

A majority of the spectral lines are either blue or red-shifted
(Figure 2(d)) from the SnV ZPL. Stress-related ZPL shifts
have been reported for SiV, GeV, and SnV in diamond.'*"*

To further investigate stress, Raman spectroscopy was
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Figure 4. Room temperature PL spectrum and the corresponding PL peak center position distribution in the MCD samples S850 (a,b) and

S750 (c,d), respectively.

performed on the sample, but significant shifts in the diamond
Raman peak were not observed. Nevertheless, based on the
reported SiV ZPL variation in nanodiamonds,” we propose
nonuniform strain to be present in the local environment of
the SnV in NCD at different locations of the sample.

Attempts made to increase NCD coverage on the Si
substrate by placing it at 3 mm elevation, in addition to the
lateral separation, resulted in a continuous diamond film with
well-faceted NCD morphology and Sn deposits (SI Figures S1
and S2). Relatively few SnV centers were identified, and we
attribute it to the higher substrate temperature of (750 =+
20)°C resulting from the sample’s placement further into the
CVD plasma. To further investigate the effect of substrate
temperature on SnV formation, CVD diamond process in the
presence of SnO, was also carried out on MCD substrates
(Figure 3). First, the MCD substrate underwent electron
backscatter diffraction (EBSD) and room temperature PL
characterization. Results show that the MCD substrate has a
predominant (110) grain orientation, while NV centers are the
dominant optically active defects in the MCD substrate, and
luminescent grain boundaries appear as bright regions in the
PL mapping.

Diamond growth was carried out using the same process gas
ratio of 1% methane in hydrogen as used for the NCD sample,

simultaneously exposing the MCD substrate and SnO, pellet
to the diamond CVD conditions for a duration of 3 h. The
substrate Sn coverage was alleviated at 3 mm elevation and a §
mm lateral separation from the dopant source. But placing the
MCD substrate further into the plasma results in a higher
substrate temperature. To maintain the substrate temperature
at 750 and 850 °C, MW power of 3000 and 3500 W with
working pressure of 45 Torr were used, respectively, and are
henceforth named S750 and S850 in this manuscript. Sn
deposits were observed on the sample surface, and after the
CVD diamond process, the samples were wet-chemically
etched (procedure described in SI) and inspected with an
optical microscope (Zeiss Axiovert 40 MAT) to locate regions
of overgrown diamond, followed by room-temperature PL
characterization. Trapped Sn deposits within the overgrown
diamond layer hamper an accurate thickness determination of
the overgrown diamond film, and we estimate a film thickness
of about (S + 2) yum from the depth scans carried out on the
sample using the confocal PL measurement setup.

Figure 4(a) shows a typical room temperature PL spectrum
of the S850 sample. The most intense peak at = 738 nm
corresponds to the well-known ZPL of SiV centers in
diamond.”* Si is an unintentional dopant in this process,
with its origins speculated to be residual or quartz parts of the
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Figure 5. Room-temperature PL spectra of sample $750: (a) spectrum showing the 663 nm peak, and (b) spectrum exhibiting complex PL

peak structures.

CVD system.”' In addition to SiV, the NV center at 639 nm
and peaks centered at about 620 and 631 nm are also
identifiable in the PL spectrum. In our experiments, the
spectral feature around 620 nm is observed only in the
diamond samples deposited in the presence of the Sn dopant
source and is comparable to the ZPL of SnV in CVD diamond
reported in the literature."

The 631 nm PL peak is reported as the quasi-local vibrations
of the Sn atom in the diamond lattice.”> We occasionally
observe the 631 nm PL peak without an accompanying SnV
ZPL, thereby suggesting different origins of the spectral line
that are currently unknown, surface defect,'" or a Sn-related
defect.'”” The SnV center sideband is characterized by the
presence of six spectral lines observed at about 634, 644.5, 656,
660, 669.5, and 681 nm.”° Emission lines at 647 and 663 nm
are also reported for the SnV center in diamond.”” We do not
identify the above-mentioned peaks, including the most
dominant 660 nm/663 nm peaks, as they could be hindered
by the intense sideband of the negatively charged NV center.

Similar to SiV and GeV centers, the SnV ZPL position
chan§es with the isotopic constitution and is strain-depend-

t.>"*® The ZPL changes due to Sn isotopes are relatively
small.”® Thus, the ZPL shift observed in our sample is likely
due to a strain-associated environment of the SnV center
resulting from the CVD conditions or the trapped Sn deposits
within the overgrown CVD diamond layer; hence, variations in
SnV ZPL position can be expected. Figure 4(b) shows the
distribution of PL peaks in sample S850, with the most
frequent PL peaks between 612 and 620 nm. Presently, only a
few studies report the SnV ZPL shift in diamond,”” while the
optical properties of SnV centers in diamond under axial stress
are currently unavailable in the literature. It is thus challenging
to discern the stress response of the SnV ZPL and the range of
SnV ZPL from the histogram in Figure 4(b). Furthermore, the
SnV center creation in sample S850 is sparse with a high spatial
nonuniformity.

The fabrication of SnV in diamond is particularly
challenging, as Group IV elements have a larger atomic size
and their incorporation into the diamond lattice can be limited.
Second, the presence of lighter elements such as oxygen,
nitrogen, and hydrogen, and the weaker bond energy of Sn—C

relative to the C—C and C—H bonds, inhibits Sn incorporation
in diamond."” In the following section, we report an improved
SnV creation in diamond using a lower substrate temperature.

Figures 4(c) and 4(d) show a representative room
temperature PL spectrum and the histogram of the observed
PL peaks in the sample S750, respectively. Similar to the S850
sample, the ZPL of the SiV defect remains the most intense in
the S750 sample. Interestingly, the S750 PL spectra have an
increased SnV ZPL intensity relative to the S850 sample. The
differences are evident when comparing the PL spectra of S850
(Figure 4(a)) and S750 (Figure 4(c)). Both spectra are
normalized to the ZPL of the SiV defect in their respective
samples. This observation supports that there is an increased
SnV generation in CVD diamond at a lower substrate
temperature of 750 °C.

We also observe an increased NV center ZPL intensity and
its associated phonon sideband in the sample S750. In our
experiments, the MW PE CVD system base pressure is around
5 X 107 mbar. Thus, nitrogen is expected to be present in the
CVD growth plasma. Similar observations for enhanced NV
center formation at 700 °C—760 °C CVD diamond growth
temperature are reported.’”*' There are also deviations from
this observation — SnV ZPL with low intensity is occasionally
observed in the $750 sample (Figure 5(a)). And, in the
absence of the NV center sideband, the 663 nm PL peak can
be identified. Another relevant observation from the PL
analysis is an improved spatial uniformity of SnV creation in
sample S750. PL spectra were recorded at multiple positions in
a scan area of about 100 ym X 100 um at five different
positions on each sample. The resulting data were then used to
generate the histograms in Figure 4. PL peaks around 620 nm
were observed more frequently in S750 than in the S850
sample for a comparable PL scan area (Figure 4(b)). Hereby,
we conclude that the S750 sample CVD conditions promote
SnV creation in diamond. Additionally, due to the lower
substrate temperature, features such as dislocations are
observed on the S750 sample surface, suggesting nonideal
diamond growth conditions (SI Figure S4). In contrast, the
S850 deposited at a higher growth temperature is mostly
devoid of such features. These results indicate the limitations
of the process: a lower substrate temperature promotes SnV
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Table 1. Calculated ZPL Position at the HSE06 Level of Theory Using the Difference in Energy between the Valence Band
Maximum (VBM) and e, Kohn—Sham (KS) One-Electron Levels (ZPLy) and the Difference in Total Energy between the
Ground State and the System with One Electron Moved from the VBM to the e, State, after Which the Atomic Structure Was
Allowed to Relax (i.e. the Adiabatic Excitation Energy) (ZPL,g)“

ZPL shift (exptl)

SnV concentration

0.195% (nm) 0.100% (nm)

SnV° ZPLg 553.39 562.16
SnV™ ZPL 491.11 494.73
SnV° ZPL g 599.62 603.04
Snv- ZPL g 590.82 594.08

ZPL shift (calcd)
PBE (nm/GPa)

Dilute-limit (nm) HSE06 (nm/GPa)

571.36 1.32 0.64
498.53 1.00 0.89
606.63 1.18 1.36
597.50 1.40 1.37

“The infinite dilute limit is calculated as a linear extrapolation from the given supercells. The size of the ZPL shift is given as obtained for the 0.1%
SnV concentration supercell, for both PBE and HSE06 functionals. In the case of compressive/tensile strain, the ZPL is blue/red shifted.

creation in diamond with improved spatial uniformity, whereas
SnV is sparsely fabricated at higher substrate temperatures. We
also note that these crystallographic defects in the S750 may
lead to additional and complex PL peak structures, as shown in
Figure 5(b). Such PL features are interesting for future studies.

A set of density functional theory (DFT) calculations was
performed to investigate the effect of hydrostatic strain on the
SnV center in diamond. More details on the computational
methods can be found in the SI. Using the PBE and HSE06
functionals, we calculated the ZPL position and shift due to
hydrostatic strain for a defect concentration of 0.195% (4 X 4
X 4 supercell, or 1950 ppm) and 0.1% (S X S X S supercell, or
1000 ppm). The neutral (SnV°) and negative charge (SnV™)
states of SnV are considered, though both SnV® and SnV~
centers draw a significant amount of electrons from their
environment, resulting in a negatively charged defect (spatial
charge), as evident from the calculated Hirshfeld-I charges.32’33
This spatial charge accumulation also contributes to the size of
the SnV center, resulting in a size equivalent to 3.8 — S carbon
atoms. Similar to the GeV center,®® there is a significant
supercell size dependence for both the SnV° and SnV™ centers.
And, assuming a linear trend, as observed for GeV, the infinite
dilute limit (a linear extrapolation to 0 ppm) was calculated for
comparison with the experimental ppm-level concentration.

The calculated ZPL energy is slightly overestimated using
the HSE06 functional, resulting in a lower wavelength than the
experimentally observed value (Table 1). Our calculated value
of 590.92 nm (2.099 eV) for the ZPL,; energy of SnV~ using
the 4 X 4 X 4 supercell is in very good agreement with the
value of 587.6 nm (2.11 eV) presented by Gali and Thiering
for the same supercell and functional, though they applied a
C,, symmetry to the defect to account for Jahn—Teller
distortion. In the current work, we retained the D34 symmetry,
as (i) hydrostatic strain is expected to retain the symmetry
(based on group-theory) and (ii) the effect of Jahn—Teller
distortion is expected to be limited, not giving rise to a
qualitative difference. Furthermore, their calculations also show
that the incorporation of spin—orbit coupling lowers this
energy by about 20 meV to 2.09 eV (593.23 nm).”

Despite the limitations regarding absolute ZPL positions,
DEFT can provide valuable insights into relative positioning and
shifts. We note that extrapolation to the dilute limit moves the
ZPL position in the right direction, putting it even closer to the
experimental values. Further, the ZPL,g values are closer to
the experimental observation, as DFT is a ground-state theory,
the position of empty states is poorly described. Using the
energy difference of the ground state with the adiabatic

excitation energy corresponds to a constrained ‘ground state’
calculation, which is better described by DFT. For both
approaches, it is shown that the SnV° is located at a higher
wavelength than the SnV~, with the difference being a mere 9
nm for the more accurate ZPL g approach. This may make it
hard to distinguish them solely based on the ZPL position.
This might also suggest that the observed 631 nm line is
associated with the SnV° defect, although further research is
needed.

The ZPL shift was calculated using the PBE and HSE06
functionals, for both the 4 X 4 X 4 and 5 X 5 X 5 supercells,
with the external pressure obtained by fitting the energy-
volume data to the Rose-Vinet equation of state. For the SnV?,
the ZPL shift is about three times larger than previously
reported for the GeV®.*° Similar to the GeV system, the ZPL is
red-shifted in the case of tensile strain, while a compressive
hydrostatic strain results in a blue-shift of the ZPL.
Considering the more accurate ZPL,y approach, the PBE
and HSEQG results are comparable. More importantly, the shift
of the SnV° and SnV~ is roughly (PBE) to almost exactly
(HSEO06) the same, with a shift of 1.37 nm/GPa for hydrostatic
conditions. In a polycrystalline diamond sample, residual stress
due to local defects and grain boundaries is expected, although
the induced stress may be limited to only a few GPa. This
would result in red and blue-shifted ZPL of a few nm.
However, in the case of GeV®, linear strain gave rise to much
larger shifts,”* which could explain the larger observed shifts in
this study.

In summary, we report on SnV centers in NCD and free-
standing (110)-oriented MCD discs fabricated using MW PE
CVD with SnO, as a solid dopant source. Room-temperature
PL confirmed SnV formation, though spatial nonuniformity
was consistently observed. In addition to the 620 nm ZPL,
peak shifts were detected, consistent with lattice imperfections
and residual stress. Sn deposits on the substrate surface,
originating from SnO, reduction in the hydrogen-rich plasma,
partially inhibited diamond growth but a modified substrate
holder helped mitigate this issue. Importantly, our results
demonstrate that substrate temperature critically influences
SnV creation: at 850 °C, SnV centers were sparse, whereas at
750 °C, we observed enhanced ZPL intensity and improved
spatial uniformity, despite the presence of growth-related
dislocations. Complementary DFT calculations under hydro-
static conditions predict a ZPL shift of ~1.37 nm/GPa,
supporting our experimental observation of strain-related peak
shifts. Together, these findings establish temperature control as
a decisive factor in the scalable in situ fabrication of SnV
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centers in diamond via MW PE CVD, paving the way for their
integration into quantum photonic platforms.
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