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Neutral Silicon Vacancy Centers in Undoped Diamond via Surface Control
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Neutral silicon vacancy centers (SiV) in diamond are promising candidates for quantum applications;
however, stabilizing SiV® requires high-purity, boron-doped diamond, which is not a readily available
material. Here, we demonstrate an alternative approach via chemical control of the diamond surface. We
use low-damage chemical processing and annealing in a hydrogen environment to realize reversible and

highly stable charge state tuning in undoped diamond. The resulting SiV? centers display optically detected
magnetic resonance and bulklike optical properties. Controlling the charge state tuning via surface

termination offers a route for scalable technologies based on SiV® centers, as well as charge state

engineering of other defects.
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Color centers in diamond are promising platforms for
quantum information processing and quantum sensing. As
atomlike systems, they can exhibit favorable properties
such as long spin coherence times and narrow optical
transitions [1-3]. Aside from their spin and orbital degrees
of freedom, these color centers can often exhibit multiple
stable charge states. The charge degree of freedom can be
used as a powerful resource in spin-to-charge conversion
and photoelectric detection [4,5]. However, uncontrolled
charge state conversion, especially near diamond surfaces,
can also hinder applications and reduce the fidelity of
quantum state manipulation [6]. It is, therefore, of great
importance to gain understanding of the mechanisms for
charge state conversion and develop methods to stabilize
the desired charge state.

Recently, silicon vacancy (SiV) centers in diamond have
emerged as a leading platform for quantum applications
[7,8]. SiV centers are known to exhibit two optically active
charge states: negative (SiV~™) and neutral (SiV%). As
inversion-symmetric defects, both SiV™ and SiVY centers
possess narrow, stable optical transitions [9,10]. At liquid
helium temperatures, SiV~ centers exhibit rapid spin
decoherence [11,12], while SiV® centers show long spin
coherence times, making SiV® a more competitive platform
[10,13]. However, the fabrication of substrates with high
conversion efficiency to SiV? is challenging. The neutral
charge state is not stable in typical high-purity dia-
monds and requires pinning the Fermi level close to the
valence band maximum (VBM) [14] while maintaining a
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high-purity environment. Scalable fabrication of such
substrates remains an outstanding challenge, and high
conversion yield of SiV® has been restricted to a limited
number of high-purity, boron-doped diamonds [10].

As an alternative approach to bulk doping, surface
transfer doping in semiconductors like diamond [15] and
silicon [16] enables tuning of the near-surface Fermi level,
which strongly affects the properties of shallow color
centers. For diamond, the electronic properties of its surface
are known to depend strongly on the surface termination.
Specifically, hydrogen-terminated (H-terminated) diamond
exhibits a negative electron affinity, pulling the VBM above
acceptor levels for surface adsorbates, which leads to a
charge transfer process that, in turn, gives rise to Fermi-
level pinning near the VBM and band bending [17-19].
This surface transfer doping can be used to modulate the
charge state of near-surface diamond defects. For example,
the negative charge state of nitrogen vacancy (NV) centers
was shown to be quenched under H-terminated surfaces
[20], and active tuning of the NV charge state was
demonstrated under H-terminated surfaces with electrolytic
and in-plane gate electrodes [21-23]. Most prior demon-
strations use plasma-based processes to prepare H-
terminated surfaces, which can lead to degraded surface
properties [24-26] and hydrogen decoration of shallow
centers [27].

In this Letter, we demonstrate a new approach to
stabilizing the neutral charge state of near-surface SiV
centers in diamond by surface transfer doping. We develop

© 2023 American Physical Society
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a gentle, nondestructive, and robust approach of modifying
the surface termination and realize reversible tuning of the
charge state of SiV centers under different surface termi-
nations. We show that the neutral charge state can be
generated efficiently under H termination, while the neg-
ative charge state is more favorable under oxygen termi-
nation (O termination). We observe bulklike optical
properties and optically detected magnetic resonance
(ODMR) of SiV? centers under H-terminated surfaces,
paving the way for scalable fabrication of SiV® containing
substrates with undoped diamond.

A high-purity diamond grown by plasma chemical vapor
deposition (Element Six “electronic grade”) was used in the
experiments. The diamond was polished into a 50 pm
membrane and implanted with 28Si at 25 keV with a total
fluence of 3 x 10'! cm™2. The average depth of implanted
Si is estimated to be 20 nm using stopping range in matter
calculations [Fig. S1(a) [28]]. The SiV centers were
activated using high-temperature vacuum annealing [30].
We then fabricated parabolic reflectors (PRs) with diam-
eters of approximately 300 nm on the diamond membrane
to enhance the collection efficiency [31]. The O-terminated
surface was prepared with a refluxing mixture of concen-
trated perchloric, nitric, and sulfuric acids (tri-acid clean-
ing). The H-terminated surface was prepared by annealing
the sample in either pure hydrogen at 750 °C for 6 h or in
forming gas (5% H, in Ar) at 800°C for 72 h [34,35].
Measurements shown in the main text are based on samples
prepared with the latter method. The SiV® measurements
were conducted in a near-infrared confocal microscope at
cryogenic temperatures. The SiV™ measurements were
conducted in a visible wavelength confocal microscope
at room temperature in ambient conditions. Optical emis-
sion was detected with either a spectrometer (Princeton
Instruments Acton SP-2300i with a Pixis 100 CCD and a
300 grooves per millimeter grating) or a superconducting
nanowire detector (Quantum Opus, optimized for 950—
1100 nm). For more details of the experiments and sample
preparation, see Supplemental Material [28].

The dominant charge state of SiV centers is determined
by the relative position between the Fermi level and SiV
charge transition levels [Fig. 1(a)]. The charge transition
levels for SiV centers were calculated to be 0.25 eV above
the VBM for SiV+/% and 1.43 eV above the VBM for
SiVY%~ [14,36]. For an O-terminated surface, its positive
electron affinity suppresses charge transfer to surface
adsorbates [32,37]. The Fermi level near the surface is
dominated by nitrogen donors in the bulk (concentration
below 5 ppb) that pin the Fermi level to 1.7 eV below the
conduction band minimum [38], and the negative charge
state will be thermodynamically favored. Prior work on
stabilizing the neutral charge state relies on boron doping
[10], which pins the Fermi level at 0.37 eV above the VBM
[39], in between SiVY~ and SiV1/°. An alternative
approach is to use high-purity, undoped diamond with

(a)

h x
Energy Energy

O termination H termination
Ec
E: J_1.7 eV

5.5 eV
Sivor
Siv+o [1.43ev
E, 025eV Position Position

Diamond Ar Diamond Ar

(b) TSy,
~ T P

ANt
AL TIHINDg
N\

N

Ll

(c)
1.0 Sive Siv — Oterm
g — Hterm
N
T
£
o
£ 05} -
=
2
[
E
0.0
1 1 1 1 1
940 945 950 955 700 750 800
Wavelength [nm] Wavelength [nm]
FIG. 1. Charge state tuning of SiV centers via surface termi-

nation. (a) Energy band diagram of diamond under different
surface terminations. Under O termination, the Fermi level is
dominated by the nitrogen donors (with ionization energy of
1.7 eV) in the bulk. Under H termination, upward band bending
occurs, and the Fermi level near the diamond surface is pinned to
the valence band maximum (Ey). E- and Ep represent the
positions of the conduction band minimum and Fermi level,
respectively, of diamond. The SiV*/? charge transition level
(Ey +0.25 eV) is shown as the blue curve, and the SiV"~ charge
transition level (Ey + 1.43 eV) is shown as the red curve.
(b) Scanning electron microscope (SEM) image of the PRs
hosting the SiV centers (80° tilt). Inset: high-resolution SEM
of PRs. (c) Characteristic emission spectrum of SiV centers in a
representative PR under different terminations. SiV® spectra were
taken using 10 mW 857 nm excitation at 70 K. SiV~ spectra were
taken with 0.1 mW 561 nm excitation at room temperature.

an H-terminated surface. For an H-terminated surface,
charge transfer from the valence band to surface adsorbates
leads to the accumulation of a two-dimensional hole gas at
the diamond surface, which pins the Fermi level to the
VBM and results in upward band bending, pulling the
SiV%~ charge transition point above the Fermi level
[17-19]. With 5 ppb nitrogen as the dominant donor, the
length scale of the band bending can extend beyond
50 nm [20].

We study the charge state behavior of SiV centers in a
membrane sample with a two-dimensional array of PRs
[Fig. 1(b)]. Focusing on the photoluminescence spectrum
of SiV centers in a particular PR, we observe that the
emission spectrum changes drastically upon changing the
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chemical termination of the surface [Fig. 1(c)]. Compared
to the O-terminated surface, after H termination, we
observe that the SiV® emission increases while the SiV~
emission decreases below background levels. We also
observe formation of SiV® and quenching of SiV~ in
unetched regions of the membrane under H termination
(Fig. S7 [28]). Our results are consistent with prior work on
H-terminated nanodiamonds where significant decrease in
total SiV~ fluorescence is observed after H termination via
hydrogen plasma [40]. However, observing quenching of
SiV~ alone is insufficient to prove the formation of SiV°,
because the window of stability for the neutral charge state
is narrow [14], and the plasma treatment can lead to
passivation of SiV centers [27] as well as surface degra-
dation [24-26]. The observed emission intensity of SiV®
formed under H termination in the unetched region is
within a factor of 4 of the emission intensity of SiV®
prepared in a boron-doped diamond with the same implan-
tation dose, indicating that surface control is comparably
effective to bulk doping [Fig. S8(a) [28] ].

In order to preserve the properties of near-surface color
centers, it is important to use a gentle surface termination
procedure that avoids subsurface damage and surface
roughening. To prepare an H-terminated surface, we first
ensure that the diamond surface is contamination free by
tri-acid cleaning, and then we anneal the sample either in
hydrogen or in forming gas [Fig. 2(a)]. To remove the H
termination and reset the surface to O termination, we
perform tri-acid cleaning again. X-ray photoelectron spec-
troscopy (XPS) shows that the oxygen ls peak intensity
decreases after hydrogen termination [Fig. 2(b)]. From the
inelastic mean free path of photoelectrons and the x-ray
energy (1487 eV), we estimate the contribution of the
signal from a monolayer of atoms on diamond surface to be
7.6% [32,41]. Based on the oxygen ls signal intensity
observed in XPS, we conclude that the surface has ~40% of
a monolayer of oxygen after tri-acid cleaning, while the
oxygen coverage is less than ~3% of a monolayer after
hydrogen termination. The submonolayer coverage of
oxygen after tri-acid cleaning is consistent with previous
observations [32]. This surface termination procedure is
reversible and shows consistent results over many rounds of
tri-acid cleaning and hydrogen termination (Fig. S2 [28]).
Atomic force microscopy (AFM) scans before and after
forming gas annealing reveal that the surface remains
smooth [Fig. 2(c)], making the process compatible with
shallow color center applications. This is in stark contrast to
the commonly used hydrogen plasma treatment, where
significant surface roughening, subsurface damage, or
hydrogen atom diffusion may occur during the plasma
treatment [24-27].

We quantify the effect of surface termination on SiV
centers by measuring spectral statistics across a large
number of PRs. Histograms of the SiV® and SiV~ emission
intensities are dramatically different under the two different
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FIG. 2. Characterization of the surface termination process.
(a) Schematic illustration of the surface termination process. The
O-terminated surface is prepared using tri-acid cleaning. The
H-terminated surface is prepared by annealing the sample in
forming gas at 800 °C for 72 h or in hydrogen at 750 °C for 6 h.
(b) XPS of the oxygen 1s peak in a test sample after the different
processes. Hydrogen cannot be detected using XPS. Therefore,
the absence of the oxygen 1s peak and any peaks other than the
carbon 1s peak indicates the presence of H termination. We
measure XPS of the sample immediately after the processes to
minimize contribution from contamination on the surface.
(c) AFM scans of the surface of a test diamond before and after
the annealing. The AFM scans were filtered to remove instru-
mental noise (Fig. S3 [28]). The surface morphology is un-
affected by the annealing process.

surface terminations [Fig. 3(a)]. Specifically, we observe
that SiV® center emission is suppressed under O termi-
nation, while SiV~ center emission is suppressed under H
termination. We iteratively prepare the surface with O
termination and H termination and observe reversible
tuning between SiV~ and SiV’. We observe that both
the occurrence [Fig. 3(b)] and intensity [Fig. 3(c)] toggle
reversibly for SiV~ and SiV? centers. This is in contrast to
plasma-based processes, where diffusion of atomic hydro-
gen can lead to irreversible depletion of NV centers [27]. In
addition, we probe the stability of the surface against
cleaning in piranha solution (a 1:2 mixture of hydrogen
peroxide in concentrated sulfuric acid) and long-term air
exposure. The spectral statistics of SiV centers are
unchanged upon piranha cleaning (Fig. S10 [28]). In fact,
we note that initial observation of SiV® was under a surface
prepared by annealing in hydrogen followed by more than
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FIG. 3. Statistics of SiV emission under different surface
terminations. (a) Left: SiV® emission intensity distribution under
H and O termination measured at 10 K with 11 mW 857 nm
excitation. Right: SiV™ emission intensity distribution under H
and O termination measured in air with 0.1 mW 561 nm
excitation. The intensities are extracted from Lorentzian fits of
zero-phonon line intensities. Intensity for PRs without observable
SiV emission is set to zero. (b) Occurrence (ratio of the number of
PRs with SiV emission above the background to total number of
PRs) of SiV? and SiV~ centers under different surface termi-
nations. Orange denotes O termination, while blue denotes H
termination. Inset: the order of surface termination under study.
(c) Average intensity of SiV® and SiV~ centers under different
surface terminations. SiV® emission is suppressed under O
termination, while SiV~ emission is suppressed under H termi-
nation. The PRs where no emission was identified are excluded
from the analysis. SiV~ centers were measured using 1.88 mW
561 nm excitation for the first O-terminated surface, while the
power was kept at 0.1 mW for the rest of the measurements. The
intensities are scaled by power.

1.5 yr of air exposure (Fig. S4 [28]). The stability of the
charge state distribution against piranha cleaning and air
exposure demonstrates the exceptional robustness of this
approach.

Finally, we demonstrate that SiV® centers prepared
under an H-terminated surface show similar properties to
samples where SiV® centers are formed by bulk silicon
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FIG. 4. PLE and ODMR of SiV® under H termination. (a) PLE
of the bound exciton transition on SiV? in three H-terminated PRs
(orange) and a bulk-doped sample (blue). The excitation power is
~10 mW. (b) PLE of the zero-phonon line transition of SiV® in
three H-terminated PRs (orange) and a bulk-doped sample (blue).
The PLE curves are background subtracted. The excitation power
is ~0.3 mW. The curves in (a) and (b) are offset from each other
for clarity. (c) Continuous-wave ODMR of SiV® centers in a PR
measured by exciting at 946.45 nm at 10 K. The orange curve
shows a Lorentzian fit to the data. (d) Wavelength dependence of
ODMR contrast (orange curve). The blue curve shows the PLE
spectrum for comparison. ODMR was measured after H termi-
nation and three piranha cleaning steps with the excitation power
set to ~25 pW.

doping during growth [10,13]. We investigate the optical
transitions of SiV® hosted in PRs prepared under an
H-terminated surface using photoluminescence excitation
(PLE) spectroscopy. First, we scan a narrow linewidth laser
across one of the bound exciton transitions of SiV® [13]
while monitoring the emission into the zero-phonon line
(ZPL) at 946 nm. A resonance around 857 nm is observed,
consistent with the spectrum from a bulk-doped sample, as
shown in Fig. 4(a). Then, we probe the ZPL transition by
scanning a narrow linewidth laser across the SiV® ZPL
while emission is measured at wavelengths longer than
960 nm. We observe a resonance at 946.2 nm, consistent
with bulk PLE measurements [Fig. 4(b)].

We also observe ODMR in SiV? centers prepared under
an H-terminated surface via excitation of the ZPL transition
at 946.45 nm. As the microwave (MW) frequency is swept
across the zero-field splitting of SiV®, we observe a
resonance peak at 940 MHz [Fig. 4(c)]. The linewidth of
ODMR at low powers (Figs. S12 and S13 [28]) is broader
than previous observation [13], which is most likely related
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to the high density of SiV® in the current sample. In
addition, we observe that the ODMR contrast at the ZPL is
strongly wavelength dependent [Fig. 4(d)], likely arising
from fine structure in the ZPL that has been previously
reported using optical spin polarization measurements
[10,42]. Even though individual transitions are not resolv-
able in PLE, they are spectrally separated enough to allow
spin-dependent fluorescence. In our experiment, the nar-
row-band laser can selectively excite one of the transitions,
which produces strong spin polarization via either optical
pumping from the finite cyclicity of the transitions or spin-
dependent intersystem crossing. Therefore, by studying the
ODMR contrast in a varying magnetic field, better under-
standing of SiV® excited state may be obtained. ODMR in
SiVY centers via the ZPL transition, consistently observed
across different samples (Fig. S14 [28]), is complementary
to the recently demonstrated ODMR via the bound exciton
transitions [13]. We note that in this sample the observed
ODMR frequency of 940 MHz is slightly lower than the
previously reported zero-field splitting [43], and the
ODMR frequency shifts with higher optical excitation
power and MW power (Figs. S12 and S13 [28]). The
origin of the shift is currently under investigation, but we
note that the sign of the shift is inconsistent with heating
from microwaves or laser [43].

In conclusion, we have demonstrated that chemical
control of the diamond surface can be used to tune the
charge state of SiV centers to stabilize the neutral charge
state in undoped diamond. The gentle surface termination
procedure we developed here allows for nondestructive,
reversible, and long-lived control of the diamond surface.
Near-surface SiV® centers prepared using our approach
preserve bulklike optical properties and allow for optically
detected magnetic resonance.

Our approach provides an alternative route to controlling
color centers in diamond without careful control over the
doping or defect states in the bulk. This approach is
compatible with the fabrication of quantum photonics
devices in diamond, where chemical processing and
annealing procedures can be deployed after the fabrication
of devices. In addition, the present work focuses on static
stabilization of a particular charge state. Utilizing the
surface termination to control the charge state may also
be compatible with dynamic electric field tuning of the
Fermi level, as has been demonstrated for NV centers with
electrolytic and in-plane gate electrodes [21-23]. Such an
approach could be widely applicable to other color centers
in diamond. For example, Fermi-level tuning via surface
chemical control could help stabilize and identify other
neutral group IV vacancy centers or access additional
charge states of SiV (SiVT and SiV?~), whose spectro-
scopic signatures have been elusive [44,45], possibly due to
challenges in Fermi-level engineering. Another avenue of
exploration is to control the charge transfer process by
using explicit electron acceptor materials on H-terminated

diamond, for example, molecular species (NO,, Cg,, and
05 [15,46,47]) or solid encapsulation materials such as
transition metal oxides [48]. More broadly, surface transfer
doping is applicable to other semiconductor materials such
as silicon, gallium nitride, and zinc oxide [16,49].
Therefore, near-surface emitters in these materials may
potentially also be tuned by similar surface control
methods.
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