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Abstract. Color centers in diamond—especially group IV defects—have been advanced as a viable solid-
state platform for quantum photonics and information technologies. We investigate the photodynamics and
characteristics of germanium-vacancy (GeV) centers hosted in high-pressure high-temperature diamond
nanocrystals. Through back-focal plane imaging, we analyze the far-field radiation pattern of the investigated
emitters and derive a crossed-dipole emission, which is strongly aligned along one axis. We use this information
in combination with lifetime measurements to extract the decay rate statistics of the GeV emitters and determine
their quantum efficiency, which we estimated to be ~(22 +2)%. Our results offer further insight into the
photodynamic properties of the GeV center in nanodiamonds and confirm its suitability as a desirable system
for quantum technologies.
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thus renders the optical transition frequency insensitive to first-
order electric-field and strain variations.

Recent studies have focused predominantly on the germanium-
vacancy (GeV) defect, which has been successfully engineered

. . . T using both chemical vapor deposition, high-pressure high-
quantum information processing, and sensing. ~ " This is largely . . . . 173326
. . . temperature (HPHT), and ion implantation techniques.
due to their favorable optical properties, such as narrow zero-

. T ep 1115 The defect has a zero phonon line around 602 nm, which splits
phonon line (ZPL) emission and low spectral diffusion. . . . 6 .
These characteristics arise from the split-vacancy Dsy configu- into four lines at cryogenic temperatures.® The successful incorpo-
ration of group IV diamond centers with the foreign atom ration of GeV defects into photonic resonators and plasmonic
(Si, Ge, Sn, and Pb) occupying an interstitial site between waveguides has also been demonstrated.””* However, despite
two carbon vacancies along the (111) direction in the diamond Fhe rapid Progress, the photophysical properties of the GeV centers
lattice.'*?> The corresponding inversion symmetry of the defects 10 nanodiamonds (NDs) are still poorly understood.

grants them a vanishing permanent electric dipole moment and In this wgrk, we characterize the photodynamlcs’of GeV cen-
ters hosted in HPHT NDs, both in ensemble and single-emitter

measurements. We perform photoluminescence (PL) and life-
time spectroscopy analyses and use Fourier-plane imaging to

1 Introduction

Single emitters in diamond, especially group IV color centers,
have been identified as suitable hardware for many solid-state-
based quantum applications—including quantum networks,

*Address all correspondence to Igor Aharonovich, E-mail: igor.aharonovich @ uts
.edu.au

These authors contributed equally to this work.
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determine the far-field radiation pattern of the emitters. We then
combine these results to produce an approximated estimate of
the quantum efficiency (QE) of an ensemble of GeV emitters.
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We achieve this by mapping the emitters’ radiative component
(k,) of their total decay rate (k, + k,) onto changes in the
emitters’ PL lifetime as we control their dielectric surrounding
environment.”~

2 Materials and Methods

The NDs containing GeV centers were fabricated via HPHT at
the Institute for High Pressure Physics, Russian Academy of
Sciences, Moscow.”' The process involved the use of naphtha-
lene (C;yHg) mixed with germanium, under 8 to 9 GPa of pres-
sure and at temperatures >1600 K, and resulted in high-quality
ND crystals (size ~60 nm), containing Ge-related color centers,
including germanium-vacancy (GeV) centers.

For characterization, we dispersed the NDs on a transparent
glass coverslip (22 mm x 22 mm, thickness 0.13 to 0.16 mm;
Ted Pella), which had been laser scribed with a 5 x 5 unit grid
consisting of 50 ym x 50 um squares to facilitate the identifi-
cation and localization of target emitters. We performed the op-
tical characterization using a lab-built confocal microscope,
with confocality achieved via a 4f lens system and a pinhole
(diameter 50 ym) positioned within the collection path.
Excitation of the emitters and collection of their PL signal
was carried out using a 1.4 numerical aperture oil immersion
objective. Spectroscopy, lifetime, and second-order autocorrela-
tion measurements were carried out using a spectrometer (Acton
SpectraPro, equipped with a PIXIS 256 camera; Princeton
Instruments) and two avalanche photodiodes (Count T; Laser
Components) arranged in a Hanbury—Brown and Twiss interfer-
ometer connected to a correlator (TimeTagger 20; Swabian). We
used a 532-nm continuous-wave (cw) laser (SPL-532, Shanghai
Dream Lasers Technology) as the primary excitation source for
all optical experiments, and we employed a 512-nm pulsed laser
(PiLO51-FS, Advanced Laser Diode Systems GmbH) for the
lifetime measurements. We probed the samples in cw at an in-
tensity measured at the back aperture of the objective of 500 yW
while pulsed excitation was performed under an average power
of 20 W, with a repetition rate of 20 MHz. Fourier plane im-
aging was performed through an additional optical pathway
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utilizing a 4f lens configuration and 0.5x magnification at
the EMCCD camera (Oxford Instruments iXon Ultra 888).
We determined the size of the individual diamond nanoparticles
via atomic force microscopy (AFM, XE7; Park Systems).

To fit the back focal plane (BFP) images, we first analytically
calculated the sum of two BFP intensity distributions originat-
ing from crossed linear dipoles positioned above a glass cover
slide using the equations from Ref. 32. The residues to the
experimental data were minimized using the sequential least
squares programming algorithm with four free parameters:
the in-plane angle (¢) and the out-of-plane angle (¢) of one di-
pole, the rotation angle of the perpendicularly oriented dipole,
and the relative amplitude of the two dipoles.

3 Results and Discussions

We characterized NDs containing either ensembles or single
GeV centers. Figure 1(a) is the AFM image of the investigated
NDs, which are (65.0 - 4.4) nm, and Fig. 1(b) shows their PL
spectrum. The sharp peak at ~602 nm corresponds to the ZPL
emission wavelength of the GeV center. The inset in Fig. 1(b)
displays the second-order autocorrelation measurement, g<2> (7),
which was used to identify single emitters, g?(0) < 0.5. For
this particular emitter, the g(»(0) value was measured to be
(0.37 £ 0.02), evaluated with a timing jitter of 500 ps.

We then performed a detailed analysis of the radiation pattern
of GeV emitters as shown in Fig. 2. Specifically, we used a 4f
optical relay system to image the BFP of the objective onto an
EMCCD camera (cf. Sec. 2). The corresponding light intensity
distribution is representative of the far-field radiation pattern of
the emitter and can thus be used to map the in-plane angle (¢)
and the out-of-plane angle (0) of the emitting dipole(s) in
the sample plane. For each GeV color center, we expect a
crossed-dipole far-field radiation pattern where the dipole
moment aligned along the symmetry axis of the defect is
dominating.” This, however, has never been shown experimen-
tally thus far. Figure 2 shows the experimental [Fig. 2(a)] and
calculated [Fig. 2(b)] BFP radiation pattern for three typical
NDs containing each a single GeV center. The theoretical fit
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Fig. 1 NDs containing GeV color centers. (a) AFM image showing the typical size of the NDs. The
numbered white circles refer to the corresponding height profiles. (b) Characteristic PL spectrum of
a typical ND containing GeV color center(s) with ZPL at 602 nm. Inset: second-order autocorre-
lation function indicating emission from a single GeV, g® (0) = 0.37 4+ 0.02. The purple shading in
the spectrum indicates the band of wavelengths selected by the bandpass filter in the autocorre-

lation measurement.
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Fig. 2 BFP analysis of three individual GeV single-photon emitters. (a) BFP images measured
experimentally for each individual emitter. (b) Corresponding simulated 2-D dipole fits. The fitted
in-plane (¢) and out-of-plane (0) angles of the crossed dipole (subscripts 1 and 2) for each GeV

center are indicated explicitly.

to the experimental BFP images highlights that the intensity
distributions are consistent with the expected crossed-dipole
emission, dominated by a single dipole moment. The calculated,
best-fit-to-the-data values for the angles € and ¢ of the crossed
dipoles (cf. Sec. 2) are indicated. Since the characterized GeV
defects embedded in NDs are randomly distributed with respect
to the glass surface, it is expected that both 6 and ¢ will vary
from crystal to crystal. Note that before each measurement, the
single photon nature of the GeV center was confirmed using
second-order autocorrelation measurements.

We also performed an analysis on the emission properties
of fluorescent NDs hosting single GeV emitters. Figure 3 illus-
trates our findings. The photoemission from individual centers
is stable [Fig. 3(a)] and reaches saturation intensities of ~10° to
10° counts/s [Fig. 3(b)]. The single emitter in Fig. 3(b) is
representative of the surveyed emitters. It displays a saturation
intensity /., ~7 x 10° counts/s—determined as I, = (I,P)/
(Psy + P) with Pg, being the excitation power at saturation.
Figure 3(c) summarizes the distribution of lifetimes measured
for 18 individual NDs containing GeV centers; Figs. 3(d) and
3(e) show the distribution of their ZPL emission wavelength
and full width at half maximum (FWHM). The measured life-
times varied substantially among centers spanning over the
range ~6 to 25 ns [Fig. 3(c)], with an average value of (13.8 +
2.3) ns and consistent with previous reports.”® The lifetime of
the GeV defect in bulk diamond has been measured to be
~1.4 to 5.5 ns."”* Considerably long lifetimes in NDs are ex-
pected for some color centers, e.g., the nitrogen vacancy (NV)
center.* The NV possesses a noninversion symmetry and thus
fluctuating electromagnetic fields (e.g., due to traps on the dia-
mond surface) may influence its lifetime significantly. On the
other hand, the SiV defect in NDs exhibits very similar values
of measured lifetime (~1 to 2 ns), even in NDs just a few nm in
size.” The fact that the GeV center shows more variability in
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lifetime values than the SiV—despite sharing the same crystal-
lographic symmetry—has been suggested to derive from its
higher QE. A higher QE would make the GeV more sensitive
to changes in the local photonic density of states, resulting in the
lifetime varying more widely from ND to ND.

Finally, we discuss a method to determine the QE of GeV
centers hosted in diamond nanoparticles. On average, the
GeV center is brighter than the SiV, as was reported by numer-
ous groups.®**** However, the value of the QE was never deter-
mined experimentally. The method to determine the QE relies
on modifying, in a controlled manner, the electromagnetic in-
teraction between the emitters and the surrounding dielectric
environment. In general, the total decay rate (k) of an emitter
is given by the sum of its radiative (k,) and nonradiative (k)
components, with the ratio k,/k determining the emitter’s QE.
Of these decay rates, only the radiative one (k) depends on
the local density of states (LDOS). We can therefore design an
experiment in which we alter deterministically the LDOS and
indirectly extract the value of k, from the corresponding change
in the excited state lifetime, 7 = 1/k.*° Specifically, for an
emitter in an unbounded dielectric medium of refractive index n,
the transition probability k, is governed by Fermi’s golden rule
k, o nk?, where k0 is the decay rate in vacuum—so long as the
emitter is at a distance d > A from any dielectric interface. For
d < 1, the spontaneous emission rate k, can be determined from
(and strongly depends on) the distance d, the dipole orientation
(polar angle 0 with respect to the normal to the interface),
and the refractive indexes at the interface. Conversely, the non-
radiative decay rate k,. is assumed constant, regardless of d.
This means that the PL lifetimes measured for the same emitter
located close to (d < A) or far from (d > 1) a dielectric interface
should vary due solely to a difference in the rate k.. This ulti-
mately allows for the determination of k., k., and the emitter
QE from simple lifetime measurements.
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Fig. 3 Summary of the optical properties of characteristic NDs containing GeV centers. (a) Kinetic
spectra measurement of a single GeV emitter, showing photostable emission at 604 nm
(FWHM ~ 4.27 nm) for 500 s at 10-s integration time intervals. (b) Saturation measurement of
the emitter. The extracted saturation intensity is /., = 7.14 x 10% counts/s. (c) Histogram of
the emitter lifetime. (d) Histogram of emitter ZPL position. (e) Histogram of FWHMs of the fitted
ZPLs. The dotted lines represent the average values of their respective dataset. Each histogram
represents a sample size of 18 individual emitters.

Figure 4(a) shows the schematic arrangement of the per-
formed QE measurement. For the first step of the experiment,
we prepared a suspension of NDs (average size s = 65 nm) in
an ethanol-water solution. We dispersed the suspension on a
marked glass coverslip (cf. Sec. 2) and measured the lifetime
of the GeV(s) in individual NDs. Figure 4(b) shows the char-
acterization of one such ND containing an ensemble of GeV:
the initial measured excited state lifetime is 7; = k7! = (8.3 +
0.4) ns [Fig. 4(b), purple trace].

For the second step of the experiment, a thick (~1.5 ym)
layer of polymethyl methacrylate (PMMA) was used as the
dielectric material to surround the NDs. Since the glass and
the PMMA have a similar refractive index (npypa = 1.49
and ng,e = 1.52), after the PMMA deposition, the NDs can
be considered embedded in a homogeneous medium with a re-
fractive index n ~ 1.5. The PMMA on top serves the purpose of
“removing” the glass—air interface, such that the NDs are effec-
tively considered embedded in an unbounded medium with
refractive index n = 1.5. We repeated the lifetime measurement
on the same NDs surveyed in the first step, which we could
identify by means of the reference laser-scribed grid on the glass
substrate (cf. Sec. 2). Following the PMMA deposition, the
measured excited state lifetime is 7, = k3! = (7.1 £0.4) ns
[Fig. 4(b), orange trace]—which is shorter than the 7; = (8.3 +
0.4) ns measured at the previous step due to the change in
the average radiative decay rate of the emitters. We define the
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quantity = k5! /k;! = 7, /7, = (0.85 £ 0.06) ns as the ratio
between the overall decay rates after and before the PMMA dep-
osition. We note that the measurement of the lifetime was car-
ried out on an ensemble rather than on a single GeV center. This
was necessary, as the signal-to-noise ratio in the PL lifetime
measurement was too low in the second step of the experiment
to obtain a meaningful estimate of the lifetime itself, most likely
due to the non-negligible PMMA contribution. Specifically,
we observed a broad and homogeneous luminescence from
the PMMA, which extends over the spectral range 550 to
800 nm, with a count rate approximately half that of the PL
signal from the ensemble of emitters. The fact that we used an
ensemble rather than an individual GeV center was taken into
account in our analysis (see below). For step two of the mea-
surement, we hypothesize that depositing the PMMA on top of
the NDs does not change the nonradiative decay rate k,, of
the hosted GeV centers.

We cannot directly test this hypothesis experimentally.
Nevertheless, considering that (i) diamond color centers are
not stable within ~2 nm from the surface;”’ (ii) only color cen-
ters ~2.5 nm from the surface might be subject to modifications
occurring at the interface;™ and (iii) assuming a uniform distri-
bution of GeV centers in a nanodiamond that, in our case, has an
average radius of 32.5 nm, we determine (from geometrical con-
siderations) that only ~4% of the color centers in a nanoparticle
might be affected by any physicochemical change occurring

Nov/Dec 2019 e Vol. 1(6)
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Fig.4 Measured QE of GeV ensembles. (a) Schematic illustration of the sample: in the first step of
the experiment (cf. main text) the NDs lie on a transparent coverslip in air; in the second step of the
experiment they are covered with a 1.5-um thick layer of PMMA acting as an unbound dielectric
medium. (b) Filtered emission lifetime measurements before (purple trace) and after (orange trace)
deposition of ~1.5 um of PMMA. (c) Simulated values for the ratio between radiative rates as a
function of PMMA thickness for parallel (orange trace) and perpendicular (purple trace) dipole
orientations. Inset figure shows the simulated values for the range 0 to 200 nm.

locally at the ND-PMMA interface. Additionally, of these cen-
ters, (iv) only ~25% would be subject to interaction with the
surface. It follows that about ~1% of the color centers in the
ensemble in each ND would experience an actual change in their
nonradiative decay rate k,, (and hence measured lifetime). Even
ignoring (iv), the 4% error after (i)—(iii) is within the resolution
of our lifetime measurement (~5%).

Next, using JCMwave (a full vectorial Maxwell solver),
we calculate the ratio @ = k;; /k,,. This solver allows for the
calculation of the power P radiated by a dipole, which is pro-
portional to the radiative decay rate, k., « P, and thus gives
a = P /P,. Figure 4(c) shows the calculated « as the thickness
of the PMMA layer varies in the range 0 to 1.5 ym. Note that «
is determined both for the in-plane (¢ = 90 deg, denoted as «))
and the out-of-plane (¢ = 0 deg, denoted as «, ) dipole orien-
tations. This is necessary as our lifetime measurements are car-
ried out on an ensemble of GeVs, and we thus need to account
for the random orientation of each emitter within the ND. We
use weighted factors for the out-of-plane and in-plane compo-
nents, 1/3 and 2/3, respectively, and determined the isotropic
value a;, = 1/3a; +2/3a = 0.35. By combining the values
for the ratio § and a, we obtain an estimate for the QE:**!

QE =k, /k=(1-p)/(1 —a;,) = 0.22 +0.02.
This value for QE is approximated, as the measurement could
be optimized further. First, in the simulation, we do not take into

account the refractive index of diamond, ngy;,,, = 2.4, which is
higher than that of PMMA and glass (ngjass ~ ppma ~ 1.5).
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A complete analysis would have to consider a total of three in-
terfaces: diamond—air, PMMA-air, and diamond—-PMMA—
potentially affecting the total radiative decay rate of the GeV
centers. This problem could be alleviated by using, instead of
glass and PMMA, a dielectric material (e.g., TiO,) with a re-
fractive index closer to that of diamond (n1;0, = 2.4), provided
that the material does not mask the PL signal from the GeV
emitters.

In addition, probing a single photon emitter rather than
ensembles is desirable as it would remove the approximation
associated with averaging over an ensemble of emitters. This
however requires the photon extraction efficiency from a single
GeV center to be high enough to be detected, practically, even
after the deposition of a thick layer of dielectric material.
Techniques such as bullseye cavities could in principle be
employed.” Alternatively, it should be possible to do shallow
implantation of GeVs into bulk diamond, and then consequently
overgrow a thick diamond layer to meet the requirement for
two different dielectric environments.*

4 Conclusions

To conclude, we have characterized the properties of the GeV
center in HPHT NDs, both in ensemble and single-emitter
measurements. We found that both the position and linewidth
of the GeV ZPL emission are stable due to symmetry protection
of the GeV molecular configuration. Our results are compatible
with previous reports of SiV and GeV centers in NDs. However,
we find a relatively large spread of measured lifetimes (~6
to 25 ns). We attribute this variability to sample-dependent

Nov/Dec 2019 e Vol. 1(6)
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differences likely related to differences in the local photonic
density of states. We performed BFP imaging of single GeV
centers and combining experimental and theoretical data we
reconstructed the orientation of each center, specifically the
in-plane and out-of-plane angles of the emitting dipole(s) in the
sample plane. Finally, we discussed an approximated method
to measure the QE of an ensemble of GeV centers based on
simple PL lifetime measurements. We determined the value of
the QE of the GeV to be (22 £ 2)%. We noted that this value is
an approximation and discussed ways to obtain a more precise
estimate.
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