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ABSTRACT

Silicon-vacancy defects have been identified as a promising optical transition for quantum communications, quantum control, and quantum
information processing. In the work presented here, we demonstrate a voltage-controlled mechanism by which the photoluminescent (PL)
emission from silicon-vacancy (Si-V) defects in diamond can be modulated. In particular, we can selectively produce emission from the nega-
tively charged state of this defect (i.e., Si-V�), which exhibits narrow (C¼ 4 nm) emission at 738 nm at low laser power. This approach uses
high voltage (2–5 kV) nanosecond pulses applied across top and bottom electrodes on a 0.5mm thick diamond substrate. In the absence of
high voltage pulses, we observe no emission at 738 nm. This feature increases monotonically with peak pulse voltage, pulse repetition rate
(i.e., frequency), and incident laser intensity. We observe saturation of the PL intensity for pulse voltages above 3.2 kV and frequency above
100Hz. Based on electrostatic simulations, we estimated the local electric field intensity near the tip of the Cu electrode to be 2.8 �106 V/cm
at these voltages. However, as a function of laser power, we observe a linear dependence of PL intensity without saturation. These saturating
and non-saturating behaviors provide important insight into the voltage-induced charging mechanisms and kinetics associated with this
process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066537

Single photon emission from nitrogen-vacancy (NV) centers in
diamond has been studied extensively over the past 20 years, as a
promising system for realizing secure quantum communication and
quantum sensing applications.1–3 More recently, the silicon-vacancy
feature in the luminescence of diamond has been found to be particu-
larly sensitive to the charge state of this defect. In particular, the nega-
tively charged Si-V� emits at 738 nm,4–6 whereas the charge neutral
(Si-V0) emits at 946 nm. Unlike NV emission, which is quite broad
(�200nm) at room temperature due to a wide array of phonon side-
bands, the Si-V feature is spectrally narrow. These spectrally narrow
photons have a high degree of indistinguishability7 and are better able
to couple to photonic crystal cavities and waveguides8 making them
promising candidates for solid-state-based quantum technologies.

Thanks to recent advancements in chemical vapor deposition
(CVD) growth techniques, it is now possible to produce isolated Si-V

defects in nano-diamond.9 This has led to a reinvigoration of the field
thanks to a significant improvement in photon count rates and optical
properties of such samples.10 To date, single photon emission has been
observed from Si-V defects in type IIa CVD diamond,7 nano-diamonds,9

and diamond nanowires11 with g2 values of 0.266 0.05, �0.1, and
<0.5, respectively. The higher quality samples have also enabled for
a deeper understanding of the electronic structure of the Si-V center.
The Si-V defect provides a unique molecular structure with the
interstitial silicon atom being placed between two unoccupied car-
bon sites.12 This results in an inversion symmetry (D3d) of the split-
vacancy configuration, which is subsequently responsible for the
high spectral stability as it protects the optical transition from local
electric field fluctuations.13 Studies of the electronic structure of the
defect have revealed an S¼ 1 ground state for the neutral Si-V14 and
an S¼ 1/2 ground state for the negative configuration,6 where the

Appl. Phys. Lett. 119, 171101 (2021); doi: 10.1063/5.0066537 119, 171101-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0066537
https://doi.org/10.1063/5.0066537
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0066537
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0066537&domain=pdf&date_stamp=2021-10-25
https://orcid.org/0000-0002-6555-2442
https://orcid.org/0000-0001-9153-7687
mailto:scronin@usc.edu
https://doi.org/10.1063/5.0066537
https://scitation.org/journal/apl


zero phonon lines (ZPL) correspond to the wavelengths of 946 and
738 nm, respectively. Furthermore, probing of the Si-V- ZPL
through photoluminescence experiments at cryogenic temperatures
has revealed a characteristic well-resolved four-line fine structure, as
a result of intrinsic spin–orbit-coupling and a dynamic Jahn–Teller
effect.15 Since these properties are especially favorable for develop-
ing quantum-based technologies, much research has been directed
toward the development of techniques to enhance or refine the ini-
tialization, readout, and control of Si-V defects and their incorpora-
tion into solid-state devices.

All-optical state initialization, readout, and coherent preparation
has been demonstrated and used to establish the Si-V as an excellent
platform and spin–photon interface in quantum information process-
ing (QIP).16 Using a coherent-population trapping technique, the
coherent preparation of dark superposition states with a spin coher-
ence time of T�2 ¼ 356 3ns was reported.17 Subsequent work using a
combination of optically detected magnetic resonance (ODMR) and
microwave coherent control allowed for an enhanced T�2 of
1156 9ns. By evaluating the temperature dependence of this
enhanced spin coherence, the dephasing and decay of the spin state
was established to result from a single-phonon-mediated excitation
between orbital branches of the ground state of the system.18 As these
findings indicated that the electronic spin coherence was fundamen-
tally limited by orbital relaxation, the possibility of improving state
coherence through more refined experimental measurement and con-
trol techniques has been the focus of much recent work.19,20 Sohn
et al. used strain engineering techniques for improving control and
tuning of the Si-V defect.21 It has recently been shown that the local
strain in the Si-V environment can be controlled when fabricated into
a nano-electro-mechanical (NEMS) system.22 This allows for a unique
method of tuning of the electronic levels, finer control protocols, and
eventually suppression of the interaction between spin and the thermal
phonon bath.

While there have been many all-optical studies of photon emis-
sion in diamond-defect materials systems, there have been relatively
few on their electro-optic or optoelectronic effects. However, in order
to utilize these quantum emitters in practical systems it may be neces-
sary to further develop and refine, state initialization, readout and con-
trol schemes using electronic means. This could allow for powerful
measurement techniques, such as RF reflectometry to complement
optical device control. Demonstrating more refined electronic control
capabilities may also provide a means for integration with other solid
state technologies, providing a stepping stone to scaling up these sys-
tems for applications in quantum information processing. Here, we
report a voltage-induced switching effect by applying nanosecond
high voltage pulses across a diamond film that is able to control the
charge state of the Si-V. It is important to note that this effect is not
seen with DC voltages of the same magnitude (i.e., up to 5 kV). A sys-
tematic study of this voltage-pulse enabled Si-V� photoluminescence
is performed as a function of peak pulse voltage and a pulse repetition
rate, in order to understand this switching mechanism.

In this work, polycrystalline type IIa CVD diamond (Element
Six, Ltd.) was used with no further processing. Figure 1(b) shows a
schematic diagram of the experimental setup in which strips of copper
tape that are hand cut to form sharp tips are attached on the top and
bottom of the diamond substrate. A tip radius of 20lm was measured
via optical microscopy. Here, the sharp tip of the electrodes provides

local field enhancement of the applied electric field across the diamond
sample. Two electrodes are separated by 0.5mm in the lateral direc-
tion, and a 532nm CW laser is focused in between this gap through a
long working distance objective lens with NA ¼ 0:6. The bottom elec-
trode is connected to a pulse generator (SSPG-20X, Transient Plasma
Systems, Inc.), which produces high-voltage pulses with a 5–10ns rise
time (dV/dt ¼ 1012 V/s) at a pulse repetition rate of 1–1000Hz. The
typical output characteristics of the nanosecond pulse applied to the
bottom electrode are shown in Fig. 1(a), and the top electrode is
grounded. Photoluminescence (PL) spectra were collected from the
top surface of the diamond sample at the tip of the top electrode using
an inViamicro-spectrometer (Renishaw, Inc.).

In order to find the electric field distribution around the tip of
the Cu electrode, we have performed static simulations using the elec-
trostatic physics package in the AC/DC module available in the
COMSOL Multiphysics solutions. The geometry used in the simula-
tion is illustrated in Fig. S1 of the supplementary material. Here, a
10� 10mm2 diamond sample with 0.5mm thickness is simulated
with triangular shape Cu electrodes on geometrically opposite flat
sides. The Cu tip has a terminating curvature of 20lm. The Cu tip at
the top of the diamond is set as ground, and the bottom electrode is
set as the high voltage terminal for the simulation. A 3 kV potential is
applied to the terminal. We have used the physics-optimized mesh to
the system with tetrahedral meshes having a minimum mesh size of
3lm and a maximum mesh size of 300lm. Figure 1(d) shows a plot
of the electric field profile obtained across the top surface of the dia-
mond sample. Under 3.2 kV excitation, the peak field at the tip of the
Cu electrode is 2:8� 106 V/cm.

Interestingly, the PL signature of the negative state (i.e., Si-V�) is
found to be triggered by a threshold minimum pulse voltage of 3.2 kV.
Figure 1(c) shows the PL spectrum of this sample under excitation
with 5 kV pulses at a repetition rate of 100Hz (laser power¼ 37lW).
Here, we observe three peaks superimposed on the broad NV photolu-
minescent background. The peaks at 575 and 637nm correspond to
NV and are not electrically active. The peak at 738nm, however, corre-
sponds to the Si-V� defect and is only observed under excitation with
high voltage nanosecond pulses. In addition, the difference in the NV
background is attributed to the Stark effect that the E-field could be
very large.23,24

In order to understand the voltage-activation of Si-V� state emis-
sion at 738nm, we performed a systematic study over a wide range of
peak pulse voltages, incident laser powers, and pulse repetition rates
(i.e., frequencies). Figure 2(a) shows the background-subtracted spec-
trum, which exhibits the Si-V� emission centered around 738nm with
a FWHM of 4nm. The inset shows a plot of this Si-V� feature plotted
as a function of the incident laser power, which shows a linear depen-
dence without saturation. Figure 2(b) shows the integrated PL inten-
sity (integrated peak area at 738 nm) plotted as a function of peak
pulse voltage at three different laser powers (37, 240, and 1020lW).
Here, we see a clear saturation behavior in which the plateau intensity
increases with the increasing laser power. That is, the 738nm emission
increases with the increasing peak voltage up to approximately
2–3 kV, above which it reaches a saturation point. Here, we believe
that electrons are injected from the electrode driving a transition from
Si-V to Si-V�. Figure 2(c) shows a comparison of the Si-V� emission
and the NV emission showing that while there is a slight shift in this
peak, there is no significant change in the integrated intensity of the
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NV peak with voltage. Figure 2(d) shows a schematic diagram illus-
trating the high voltage-induced electron injection followed by
photoluminescence.

Figure 3 shows the frequency dependence (i.e., pulse repetition
rate) of the Si-V� PL emission at a peak voltage of 5.5 kV. Figure 3(b)
shows the background-subtracted spectra from 1Hz to 1 kHz. Here,
there is a sharp increase in PL intensity from 1 to 100Hz followed by
saturation over the 200–1000 range, as plotted in Fig. 3(c). As men-
tioned above, we performed a control experiment with DC voltages
only, and this Si-V� feature was not observed. Here, turning on the
DC voltage only results in one charging event and is essentially equiva-
lent to zero frequency. As such in Fig. 3(c), the PL intensity of the Si-V�

feature drops to zero at f¼ 0. These high voltages can overcome the
large Schottky barrier at the copper/diamond interface, injecting
charge, and resulting in the SiV- charge state. The saturation around
100Hz is surprisingly low and indicates that these dynamics are
extremely �10ms. The decay back to the charge neutral state does
not occur via photoemission. Instead, it decays back to zero charge
via a slow hopping mechanism from one sub-bandgap defect state
to another on the order of 10ms. Figure S2 in the supplementary
material shows a complete set of 66 spectra taken systematically as a
function of peak pulse voltage (from 2 to 5.5 kV) and incident laser
power (from 2.5 to 1020 lW). Above a pulse peak voltage of 2.5 kV,
the intensity of this Si-V� emission increases, even in the case of

FIG. 1. (a) Typical waveform of our nanosecond high voltage pulse. (b) Schematic diagram of the discharge applied during photoluminescence measurements. (c) Typical PL
spectrum for the voltage-activated device. When pulsed to the on state, the Si-V peak at 738 nm is pronounced, also visible are minor peaks associated with nitrogen defect
centers (both neutral and the negatively charged states). (d) A plot of the electric field profile obtained across the top surface of the diamond sample.
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high optical power density. That is, at high optical power densities
(�37lW), there are two separate mechanisms of Si-V� light emis-
sion: one entailing the photo-excitation of the Si-V� state and
another entailing the voltage-induced Si-V� state. This effect is per-
haps best shown in Fig. S3, which presents a summary of the 66 data
points plotted in Fig. S2.

FIG. 2. (a) Si-V� ZPL at 738 nm, which shows a linear dependence on the incident
laser power. (b) Pulse peak voltage-dependence of the PL intensity of the Si-V�

feature exhibiting saturation behavior around 3 kV. (c) Voltage dependence of the
Si-V� and NV emission, showing that the NV emission does not change with pulse
peak voltage. (d) Energy diagram of this Si-V defect, the photoexcited state (Ex),
and ground state (GS) of the Si-V defect illustrating the high voltage-induced elec-
tron injection.

FIG. 3. (a) Raw PL spectra and (b) background-subtracted PL spectra taken with
5.5 kV nanosecond pulses for various pulse repetition rates. (c) Frequency depen-
dence of the PL intensity.
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In conclusion, we have observed a voltage-induced modulation
in the charge state of Si-vacancy defects in diamond using high voltage
nanosecond pulses. These negatively charged defects produce spec-
trally narrow (C¼ 4 nm) emission centered around 738nm. The
emission intensity increases monotonically with incident laser power,
peak pulse voltage, and a pulse repetition rate. No Si-V� emission is
seen at 738nm without high voltage pulse excitation at low laser
powers. Si-V� emission is only seen above a minimum threshold volt-
age of 2 kV, which corresponds to a local field intensity of
E¼ 1.7� 106 V/cm. The PL intensity from this Si-V� defect increases
linearly with incident laser power over the range from 37lW to 1
mW. The PL intensity also increases with peak pulse voltage and a
pulse repetition rate. However, the 738nm PL intensity saturates
above 3.2 kV and for the pulse repetition rate above 100Hz. No Si-V�

emission is observed with DC voltages up to 5.5 kV, indicating that
this mechanism of voltage-controlled emission is related to the tran-
sient transfer of electrons to the Si-V defect.

See the supplementary material for electric field simulation
details and data set of spectra taken as a function of peak pulse voltage
and incident laser power.
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the coherence of a diamond spin qubit through its strain environment,” Nat.
Commun. 9(1), 2012 (2018).

22S. Meesala, Y.-I. Sohn, B. Pingault, L. Shao, H. A. Atikian, J. Holzgrafe, M.
G€undo�gan, C. Stavrakas, A. Sipahigil, C. Chia, R. Evans, M. J. Burek, M.
Zhang, L. Wu, J. L. Pacheco, J. Abraham, E. Bielejec, M. D. Lukin, M. Atat€ure,
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