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Single-photon emitters with narrow linewidths are highly sought after for applications in quantum information processing and quantum communications. In this
letter, we report on a bright, highly polarized near infrared single photon emitter embedded in diamond nanocrystals with a narrow, sub-GHz optical linewidth
at 10 K. The observed zero-phonon line at ∼780 nm is optically stable under low
power excitation and blue shifts as the excitation power increases. Our results highlight the prospect for using new near infrared color centers in nanodiamonds for
quantum applications. © 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4998199

I. INTRODUCTION

Solid-state single-photon emitters (SPEs) such as quantum dots or defects in solids are becoming
prominent candidates for realization of scalable quantum information technologies.1–4 In particular,
color centers in diamonds are one of the most attractive candidates for quantum applications due to
their optical stability and availability of spin photon interfaces.5–7
Whilst there are hundreds of luminescent defects known to be hosted in diamonds, the vast
majority of the existing studies focus on the negatively charged nitrogen-vacancy (NV) center. Yet,
the NV center has a major drawback, as only ∼4% of the photons are emitted into the zero-phonon line
(ZPL).8 This hinders its potential use in scalable nanophotonics devices and demands for sophisticated
cavity engineering solutions.9–11 As a result, other types of diamond color centers with narrow lines
and high Debye-Waller factors have been recently investigated. These include the silicon vacancy
(SiV) center,12–17 the germanium vacancy (GeV) center,18–20 and other emitters at the near infrared
(NIR) spectral range.21–23
In this work, we explore the optical properties and the linewidth of SPEs embedded in nanodiamonds grown via chemical vapor deposition (CVD). At room temperature, the emitters have
linewidths of ∼2 THz (∼4 nm) and a range of ZPLs at the NIR with extremely high Debye-Waller
factors. When cooled down to 10 K, most of the emitters show spectrometer-limited lines. These
properties make the emitters extremely promising for a variety of quantum photonic applications. In
particular, we show that the emitters exhibit sub-GHz linewidths within nanodiamonds (NDs), which
offers interesting possibilities for the potential realization of hybrid quantum photonic networks.24,25
II. METHODS

The diamond nanocrystals were grown from detonation nanodiamond seeds (diameter 4-6 nm)
that were spin coated on a sapphire substrate. The use of sapphire substrates assists in minimizing the
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incorporation of silicon atoms that would otherwise result in undesired silicon doping. The samples
were then loaded into a microwave plasma chemical vapor deposition (MPCVD) system, and the
crystals were grown in mixed gases (hydrogen:methane = 100:1) with a microwave power of 900 W,
at 60 Torr of atmospheric pressure for 30 min. Under these conditions, nanodiamonds with diameters
of ∼0.3–1 µm were grown [Fig. 1(a)].
A continuous wave (CW) tunable Ti:sapphire laser (M Squared Ltd.) was used for excitation
and scanning. The laser was directed through a Glan-Taylor polarizer (Thorlabs, Inc.) and an achromatic half-waveplate (Thorlabs, Inc.), and focused onto the sample using a high numerical aperture
(NA = 0.95, Nikon) objective lens. The sample stage was enclosed in a high vacuum chamber,
equipped with an open-loop liquid helium flow system (ST500, Janis Ltd.). Scanning was performed using an X-Y piezo scanning mirror (FSM-300 ). The sample was moved into place via
a XYZ cryogenic-grade piezo stage (Attocube, Inc.). The collected light passed through a 90:10
(T:R) beamsplitter (Thorlabs, Inc.) and an additional long-pass filter (Semrock) to reject the residual



FIG. 1. (a) SEM image showing several MPCVD-grown nanodiamonds on a sapphire substrate. The nanodiamonds are ∼0.3–
1 µm in size. (b) A typical PL spectrum showing both SiVs and a near-infrared emitter recorded at room temperature. (c) ZPL
distribution of the color centers in MPCVD-grown nanodiamonds analyzed in this study. A 700-nm, CW laser at 300 µW was
used to excite the color centers at 80 K. (d) Confocal PL map recorded with 700-nm laser excitation at 300 µW with a bandpass
filter (785 ± 22) nm and acquired at 10 K. The bright spot corresponds to a nanodiamond hosting a single emitter. The bottom
inset shows the cross-sectional intensity analysis (dotted line) revealing a FWHM of 0.44 µm, consistent with emission from
a point-source. (e) Normalized PL spectrum taken from the color center in (d) (blue trace) with a 300 g/mm grating. The inset
(red trace) shows a higher resolution spectrum taken from the same emitter (with a 1800 g/mm grating). The measurements
were conducted at 10 K. (f) Second-order autocorrelation function (red open circles) acquired for the emitter with a bandpass
filter (785 ± 22) nm. The black solid line is the fitting (see main text) for the g(2) (0) function. The measurement was carried
out at 80 K. The value of 0.26, without any background correction, indicates that the emission is from a single emitter.
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pump. The signal was then coupled into a graded-index fiber, where the fiber aperture served as
a confocal pinhole. A fiber splitter was used to direct the light to a spectrometer (Andor SR303i),
equipped with both a 300 g/mm grating and a 1800 g/mm grating, or to two avalanche photodiodes
(Excelitas Technologies ) arranged in a Hanbury-Brown and Twiss interferometer configuration.
Correlation measurements were carried out using a time-correlated single-photon counting module (Swabian Time Tagger 20 ). The presented g(2) (τ = 0) curve displayed in Fig. 1(f) is not
background-corrected.
Lifetime measurements were performed using a 675-nm pulsed laser excitation source
(PiL067X , Advanced Laser Diode Systems GmbH) with a 100-ps pulse width and 10-MHz repetition rate. The optical properties of the emitters were studied using a home-built laser scanning confocal
photoluminescence (PL) microscope equipped with a continuous wavelength tunable titanium sapphire laser (linewidths, 100 kHz). The sapphire substrate with the grown diamond nanocrystals was
mounted onto a cryostat equipped with a high-precision XYZ piezo scanning stage and was cooled
to 10 K using liquid helium. The excitation and collection were done via a high numerical aperture
(NA = 0.9) objective mounted inside the cryostat, creating an excitation and collection spot size of
∼430 nm. The signal collected from the emitters was analyzed with both a spectrometer equipped
with a high-resolution silicon-based charge coupled device (CCD) camera and a Hanbury-Brown and
Twiss (HBT) interferometer.







III. RESULTS AND DISCUSSION

From surveying the confocal PL scans with a 700-nm laser excitation, we observed both
ensembles of SiV centers and NIR single emitters [Fig. 1(b)]. The SiV centers embedded in the
nanodiamonds exhibit emission at ∼738 nm, whereas the NIR emitter, spectrally separated form
SiV centers, emits at various longer wavelengths with sharp ZPLs. All the studied nanodiamonds
exhibited SiV emitters but not all the nanodiamonds contained the bright isolated NIR emitters. A
detailed spectroscopic study of the sample revealed that the nanodiamonds host narrowband color
centers with a ZPL in the range of 756–786 nm [Fig. 1(c)]. Note that these are not the SiV defects but
other NIR emitters. On average, two to three emitters were found in a 60 × 60 µm2 scan area, with
the nanodiamond areal density of ∼0.0125 particles/µm2 (∼45 particles per 60 × 60 µm2 ). Bright
spots that correlate with single emitters embedded in the nanodiamonds are shown in Fig. 1(d). The
cross-sectional analysis of each spot shows a Gaussian profile with a full-width-at-half-maximum
(FWHM) of 0.44 µm, very close to the diffraction-limited point spread function of our confocal
system (bottom right inset). For the remaining of the manuscript, we focus on a particular line
at 780 nm. The line was selected arbitrarily, with the goal to study centers that emit further in
the NIR. Consequently, Fig. 1(e) shows the narrow ZPL at 780 nm with a FWHM of ∼79 GHz
(∼0.16 nm) that corresponds to our spectrometer resolution. The inset in Fig. 1(e) corresponds to
the higher resolution spectrum of the same emitter. The spectra were recorded at 10 K. From the
spectrum, we deduced a Debye-Waller (DW) factor, DW = IZPL/Itot = 0.87, a value higher than that
of the nitrogen-vacancy color center in diamonds (0.04) and comparable with that of SiV and GeV
defects.
To verify that the center is indeed a single-photon emitter, a second-order autocorrelation function, g2 (τ), was recorded and is shown in Fig. 1(f). The data are fitted by employing a standard
three-level model for the color center g(2)(τ) = 1 − (1 + a) e−τ/τ1 + ae−τ/τ2 , where a is the bunching
factor, while τ 1 and τ 2 are the lifetimes of the excited and metastable states, respectively. The fit yields
a value of 0.26 for g(2) (0), indicating the quantum nature of the emission. The non-zero antibunching
dip is due to the timing jitter of our detectors, similarly to previous studies.26–28 Under increasing
excitation power, a slight photo-bunching was observed, indicating the presence of a third shelving
state.
Additionally, we investigate the brightness and polarization of the chosen emitter. The saturation
curve for the emitter with the ZPL at ∼780 nm is shown in Fig. 2(a). A fitting based on the following
equation is used to extract characteristic information about the emitter:
I = Imax × P/(P + Psat ),
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FIG. 2. (a) Power-dependent fluorescence saturation curve (red open circles). The fit (solid red line) produces values of I max ,
I sat , and Psat of 420 kcounts/s, 210 kcounts/s, and 960 µW, respectively. The measurement was acquired with a bandpass filter
(785 ± 22) nm. (b) Spectra showing maximum (red trace) and minimum (blue trace) emission polarization from the emitter
and taken with the use of a linear polarizer. The data were taken using excitation laser power of 300 µW with 5-s acquisition
time. The visibility was determined to be 0.83. The inset shows a visibility statistic from 10 randomly chosen emitters. (c)
Emission linewidth as a function of temperature for the emitter from 117 K to 295 K. The linewidths were obtained by fitting
the Lorentzian function to the PL spectra. The experimental data are in red open circles while the blue, green, and purple
solid lines are T3 , T5 , and T7 power law fits, respectively. (d) Emission photostability as a function of time shows stable
fluorescence. The bin time is 20 ms. The excitation wavelength and power are 700 nm and 1 mW, respectively. Measurements
in (a), (b), and (d) were conducted at 10 K.

where I max and Psat are the maximum emission rate and excitation power at which saturation is
reached, respectively. The fit produces values for I max , I sat , and Psat of 420 kcounts/s, 210 kcounts/s,
and 960 µW, respectively. This level of brightness is superior to that of NV29 and SiV30 centers grown
on a non-iridium substrate.
By rotating a linear polarizer at the collection path and measuring the intensity from the ZPL of
the emitter, we obtain a visibility of 0.83 with the following expression [Fig. 2(b)]:
Imax − Imin
,
Imax + Imin
where Imax and Imin are the maximum integrated emission intensity and minimum integrated emission
intensity, respectively. A visibility of almost unity indicates that the emission is associated with a
single transitional dipole moment. The small deviation (0.17) from unity is attributed to an off-plane
angular misalignment of the transition dipole moment with respect to the substrate. Furthermore,
a visibility survey taken from 10 randomly chosen emitters [inset Fig. 2(b)] shows a distribution
of values ranging from 0.29 to 0.92, with the average visibility value of 0.69. These statistical
data, therefore, suggest that the orientation of the emitter’s dipole moments is random—a typical
observation from color center embedded nanodiamonds.14
Next, we measured the linewidth as a function of temperature (117–295 K) for the emitter to
understand its phonon-coupling characteristic. Figure 2(c) presents the Lorentzian-fit linewidth values
(red open circles) obtained at different temperatures as well as the T3 (blue line), T5 (green line),
and T7 (purple line) fits. The T3 dependence describes the experimental data best, suggesting that the
linewidth broadening from the emitter is mostly due to the coupling to low-energy phonons.31
Finally, we carried out a temporal PL intensity measurement at 1 mW excitation power to obtain
the fluorescence intermittency characteristic of the emitter as shown in Fig. 2(d). The emitter remains
stable even at higher excitation powers.
VIS =
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To gain more information about the coherent properties of the SPEs and unveil its natural
linewidth, resonant excitation measurements were performed. While cross-polarization schemes are
often used for studying quantum dots,32 they were not practical in our measurement due to the high
scattering from the diamond nanocrystals. To filter the excitation laser, we used a long-pass filter to
collect only the emitter’s phonon side band (PSB). Figure 3(a) shows a resonant excitation spectrum
recorded at 5 µW with 5-GHz scan range and 70-MHz resolution of the same SPE as shown in
Fig. 1 (center wavelength at 779.61 nm or 384.54 THz). A single peak was clearly observed. The
data are fit with a Lorentzian profile, producing a FWHM of 660 MHz and as a comparison with a
Gaussian line shape, that results in a linewidth of 800 MHz. Using χ2 as the good-of-fit parameter,
we obtained values of 6.53 × 106 and 6.71 × 106 for Lorentzian and Gaussian fits, respectively. From
the fitting results, the Lorentzian fit arrived at slightly lower χ2 values than that from the Gaussian
fit. The Lorentzian line shape results in a better fit when compared to the Gaussian fit, suggesting
that the optical linewidth is less prone to spectral diffusion.22,33,34 However, given the rather close χ2
values, at this stage, it is hard to conclude whether pure dephasing (i.e., due to phonon interactions)
or spectral diffusions are the main contributors to the line broadening.
The excited state lifetime of the emitter was measured using a pulsed laser to find out whether
the emitter’s linewidth is Fourier-Transform (FT) limited. The results are shown in Fig. 3(b). Using
a single-exponential fit, the lifetime of the excited state of the emitter was determined to be τ1 =
1.1 ns. By applying the expression35 γ = 1/2πτ1 , where γ and τ1 are the FT-limited linewidth (natural
linewidth) and the excited state’s lifetime of the emitter, respectively, we estimated a value for γ of
145 MHz. This means that the emitter’s linewidth is ∼4.5 times broader than the expected value.

FIG. 3. (a) Resonant photoluminescence excitation measurements on the single emitter with a ZPL peak at 779.61 nm. The
excitation power used was 5 µW. Only photons from the PSB were collected using a long-pass filter. The experimental data
are plotted as open red circles. The data were fit with either a Lorentzian (green line) or Gaussian (blue line) function. The
measurement was done at 10 K. (b) Time-resolved PL measurements (red open circles) of the same single emitter measured
at room temperature. A single-exponential fit gives rise to a lifetime of 1.1 ns for the emitter’s excited state. The measurement
was done with a 675-nm pulsed laser (100 µW, 10-MHz repetition rate, 100-ps pulse width).
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The linewidth broadening can arise from numerous factors including ultrafast spectral diffusion due
to interaction of the strong emitter dipole with fluctuating electric fields from surrounding defects
(inhomogeneous broadening), or alternatively, a homogeneous broadening due to phonon coupling.
In addition, spectral diffusion often results in intensity fluctuations, associated with slow frequency
jumps, which were not observed in our experiments. Based on these considerations, combined with
the more favorable Lorentzian fit, we conclude that the line broadening is predominantly due to
phonon interactions. Similar behaviors were also reported for the SiV15,36 and the GeV18 in diamonds.
Despite the line broadening, achieving a sub-GHz linewidth from single emitters in nanodiamonds—
particularly at the NIR spectral range—is valuable, as it opens pathways to coupling these emitters
to high-quality optical resonators and photonic cavities.24,25
Next, we measured the emitter’s linewidth off-resonantly as a function of laser power to determine
the photostability of the emitter under increasing excitation power. Figures 4(a) and 4(b) show the
optical stability of the emitters under a relatively low 300-µW and high 3-mW excitation laser
power, respectively. For these measurements, a total of 200 PL spectra were acquired at intervals of
200 ms. At low power (300 µW), almost no spectral diffusion or blinking to a different frequency
was witnessed (within the spectrometer resolution). Conversely, at the higher excitation power of
∼3 mW, the spectral fluctuation of the ZPL became noticeable. Spectral jumps as large as ∼1.5 nm
away from the ZPL position were observed, which are several orders of magnitude higher than
the measured FWHM of ∼660 MHz. This suggests that the emitter is highly susceptible to the
strength of the laser electromagnetic field, and it may possess a linear permanent dipole behavior
that may result in spectral diffusion under increased excitation power. Additionally, an increased
pumping intensity may result in photoionization—similarly to what occurs with the NV center.37
Photoionization will result in a frequency drift and can be evidenced as blinking. Note, however, that
the spectral jumps occurred on the time scale of seconds, which means techniques such as dynamic
stabilization using applied electric fields can be employed to stabilize the emitter under high excitation
power.38

FIG. 4. Spectral stability measurements taken from the emitter at 300 µW (a) and 3 mW (b). All the spectra shown were
normalized. (c) Power-induced linewidth broadening measurements for the same emitter with laser power increasing from 10
µW to 3 mW. The open markers and solid lines are experimental and fit data, respectively. The red semitransparent arrow
serves as a guide to the eye for the shift in the spectra. (d) Lorentzian-fit FWHM of the linewidth of the emitter with respect
to the pump power from (c). The data are fit to a power function. The spectral broadening is evident.
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In addition to the power induced blinking, the ZPL exhibits broadening as a function of excitation
power. Figure 4(c) shows several spectra from the same SPE under increased excitation powers which
reveal power broadening and a blue shift in the ZPL spectral positions. Figure 4(d) presents a plot of
the FWHM values as a function of power, showing a good fit with a power function that was employed
previously for defects in solids.39 These measurements are also in agreement with previous optical
studies on carbon nanotubes, suggesting that the broadening arises from an increase of the local
temperature induced by an increase in power of the excitation laser.40
Finally, we discuss the potential origin of the emitters. Amongst color centers in diamonds, only
SiV, GeV, and an unknown NIR defect22 exhibited narrow lines amenable to resonant excitation.
While we cannot categorically exclude that the emitters are highly detuned SiV defects, we do not
believe that this is the case for the following reasons: (1) we have not observed splitting into 4 spectral
lines at cryogenic temperatures—a typical signature of a single SiV defect, even under high strain
environment as reported by Evans et al.41 Indeed, some cases report that not all SiV defects exhibit
splitting31,42 but majority of them do. In our case, no splitting was observed in any of the lines.
(2) The studied emitter’s ZPL at ∼780 nm is also far from the standard SiV emission centered at
738 nm.14 While detuned single SiVs were observed at ∼750–760 nm range,43,44 there is no clear
indication that single negatively charged SiVs can have ZPLs farther in the NIR. Previous reports by
Neu et al.45 suggested that another NIR transition of the SiV exists, but this is much weaker than
the main transition, in stark contrast to our observation as shown in Fig. 1(b). (3) We clearly observe
single bright emitters in addition to the ensemble of weak SiVs. While previous reports showed that
single SiVs can emit at wavelengths higher than 738 nm,43,45 there is no evidence for single-photon
emission from these lines when an additional ensemble of SiV emitters is present, nor there is a proof
that these additional lines are in fact SiV defects.
The observed emitters in our work could be attributed to Cr-related impurities, as the sample was
grown on sapphire, in accordance with a similar procedure reported in previous studies,46 although
previous measurements from these emitters revealed broader GHz lines.22 The incorporation of
chromium can occur during the growth since the plasma slightly etches the sapphire allowing the
chromium atoms to diffuse into the diamond during growth. Another viable explanation is the recently
discovered narrowband emitters that appear at secondary nucleation sites and extended defects in
CVD-grown nanodiamonds.47 As seen from the SEM image in Fig. 1(a), many nanodiamonds possess
such defects and therefore give rise to the narrowband PL lines, as indeed observed in our experiments.
The attribution of these lines to the morphological defects is therefore plausible and offers advantage
since such nanodiamonds can be easily grown in standard laboratory settings. This is, for instance,
easier than growing nanodiamonds containing GeVs or SiVs as they require specific doping control.
The presented emitters are also slightly brighter than the currently available nanodiamonds hosting
SiVs (with exception of NDs grown on iridium) and GeVs. While we cannot conclusively identify
the origin of the emitters, the production of these emitters from standard growth offers the unique
opportunity to explore quantum optics experiments and relevant applications with single nanodiamond
emitters in the NIR.
IV. CONCLUSION

In conclusion, our study shows promising optical properties of SPEs with ZPLs at the NIR
(∼780 nm). The resonant excitation measurements suggest that the SPE has a FWHM of ∼660 MHz,
broadened likely by interactions with phonons. The studied emitter does not show any blinking under
resonant excitation and low power excitation. The SPE exhibits high DW factors exceeding 0.85,
with fast florescence lifetime and fully polarized emission. Our results should stimulate more studies
into the promising attributes of NIR emitters in nanodiamonds and their use in quantum photonics
applications.
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