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ABSTRACT
Motivated by the success of group IV color centers in nanodiamonds (NDs) for hybrid technology requiring a single photon source, the
authors study single germanium-vacancy (GeV) centers in NDs at room temperature with size ranging from 10 to 50 nm and with remarkable spectral properties. The authors characterize their zero-phonon line, study their internal population dynamics, and compare their emission properties in the framework of a three level model with intensity dependent de-shelving. Furthermore, the authors characterize their
lifetime, polarization, and brightness. The authors ﬁnd a maximum photon emission count rate of 1.6 MHz at saturation. The authors also
report a polarization visibility of 92% from the ﬂuorescence light, which potentially makes GeV centers good candidates for quantum key
distribution requiring polarized single photons. The authors show that GeV centers in NDs presented in this work have a comparable spectral stability compared to their bulk counterpart, which is needed for future applications using nanodiamonds.
Published by the AVS. https://doi.org/10.1116/5.0035937

I. INTRODUCTION
Single defect centers in diamond have become a highly attractive
candidate for solid-state single photon source applications.1–3
Nowadays, many studies are being carried out on nitrogen vacancy
(NV) and silicon vacancy (SiV) color centers showing some limitations. Despite the remarkable electronic spin coherence of NV
centers,4 they suffer from a low optical emission of only 4% into the
zero-phonon line (ZPL), as well as a polar symmetry rendering it
sensitive to external perturbations.5 In contrast, SiV centers offer
exceptional optical properties with a narrow linewidth, 80% of the emission concentrated in the ZPL and a small phonon side band (PSB).6
More importantly, the SiV inversion symmetry is responsible for low
emission into the PSB and makes it robust against external perturbations such as ﬂuctuating electric and magnetic ﬁelds. However, the
energy level of SiV can be signiﬁcantly altered in the presence of strong
crystal strain.7 In addition, it suffers from low quantum efﬁciency8,9 and
low coherence time10 due to nonradiative processes owing to phononmediated transitions.11 These limiting nonradiative processes are overcome at mK temperatures12 or in the presence of strain.13 Moreover,
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color centers in bulk diamond suffer from low collection efﬁciency due
to the high refractive index of diamond.14–16 Diamond nanostructures
can overcome this issue. In particular, small nanodiamonds (NDs) have
reduced light scattering, and they can be more easily coupled to photonic structures, which makes them more appropriate for hybrid technologies.17–19 However, color centers in NDs present a large spectral
distribution of their ZPL, which is a major drawback for such emitters.
Strain and charge ﬂuctuations at the surface of small NDs are responsible for this random spectral distribution.20–23
To overcome these issues, research has been oriented toward a
more efﬁcient and bright color center in small NDs, the GeV center.24 This defect is a promising color center with superior optical
properties. It possesses the same inversion symmetry as the SiV color
center,25,26 thus having equivalent optical properties.27 However, it
outperforms the SiV color center with its higher quantum efﬁciency.24 We point out here that recently another group IV color centers namely tin-vacancy (SnV)28,29 and lead-vacancy (PbV)30,31 have
received attention. They have shown equivalent optical properties
along with a better coherence time than that of the SiV color center.28
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In this article, we study single GeV centers in NDs with a mean
size of about 20 nm, grown using the high-pressure-high-temperature
(HPHT) method. First, we analyze their ZPL properties, showing a stable ZPL with a small spectral shift as compared to their bulk counterpart. We then demonstrate the single photon nature of the emitted
light from single NDs using a Hanbury, Brown, and Twiss setup.
Then, in order to better understand the emission properties, we proceed by studying the internal population dynamics of two typical single GeV centers from two distinct NDs. Our study is analyzed within
the framework of an extended three level system model with intensity
dependent de-shelving.8 Finally, we characterize their full optical properties such as brightness, lifetime, and polarization.
II. METHODS
We studied several GeV centers in diamond nanocrystals produced using the HPHT technique. To form a complex GeV center,
tetraphenylgermanium (C24H20Ge) was introduced during the growth
process and incorporated into diamond nanocrystals. After that, and
in order to remove the excess of Ge and germanium oxide (GeO2),
NDs were suspended in hydroﬂuoric acid (HF) at 160  C for 2 h. Later
on, they were dissolved in a solution of ultrapure water and isopropanol. Next, they were ultrasonicated to disperse the nanodiamonds and
ﬁnally spin coated on a silicon substrate cleaned prior to deposition.
See the supplementary material for the detailed growth technique.45
Figure 1(a) shows a transmission electron microscopy (TEM) image of
some GeV centers in NDs of different sizes ranging from 10 to
50 nm, with an average of 20 nm taken after the chemical and ultrasonic treatment. In order to investigate the optical properties of the
GeV centers in NDs and identify whether a center is single or not,
the sample was characterized by optical micro-photoluminescence
(PL) at room temperature. See the supplementary material for the
experimental setup used for optical characterization.45 The GeV centers were excited using an off-resonantly continuous wave laser at
532 nm. The laser light was focused through a 100 dry microscope
objective, and the ﬂuorescence was collected using the same objective.
The collected ﬂuorescence light was ﬁltered by a narrow band-pass
with a full-width at half maximum (FWHM) of 14 nm around 600 nm
in order to avoid the Raman signal of diamond and other background
emission from the substrate and the carbon matrix of the NDs. After
that, it was directed to one of the two paths: a spectrometer for photoluminescence measurements or a Hanbury, Brown, and Twiss setup
for the second order correlation function (g ð2Þ ðsÞ). For the purpose of
polarization measurement, a linear polarizer was added to the detection path and rotated from 0 to 360 .
III. RESULTS AND DISCUSSION
A. Photoluminescence spectra
In order to study the optical properties of our GeV color centers, we ﬁrst performed PL measurements at room temperature.
Figure 1(b) shows normalized PL spectra for two single GeV centers
with a ZPL centered at 605.5 and 601.5 nm, respectively. Using a
Lorentzian ﬁt of the ZPL, we measure a FWHM of 4.5 nm for GeV1.
However, for GeV2, we use a multi-peak Lorentzian ﬁt and measure a
FWHM of 5.5 nm for the ZPL. This is comparable with the observations of a FWHM of 5.5 nm in bulk diamond at room temperature.27
We note that the FWHM around 5 nm is supposed to be caused by
the isotopic shift of the ZPL due to the presence of Ge isotopes.27,32
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Moreover, we measure the Huang Rhys factor S deﬁned by IZPL =Itot
¼ eS in order to determine the strength of the electron–phonon
coupling.33 A value of the S factor equal to zero corresponds to a pure
emission into the ZPL without phonon coupling, while a value higher
than one implies a strong electron–phonon coupling. This is typically
the case for NV centers with S ¼ 3.73.34 In our case, we obtained S
factors of 0.5 and 0.79 for GeV1 and GeV2, respectively. These values
are lower than other values reported for GeV of 1.3.35 These measurements were carried out on 20 centers. It was found that these centers
exhibit almost the same ZPL, with a slight variation of 62 nm around
603.5 nm. It was also found that the FWHM varies from 4 and
7 nm. In addition, an average S factor of Smean ¼ 0.65 was reported.
Figure 1(c) presents the distribution of the ZPL, FWHM, and S factor
for 20 studied centers, which allowed us to come up with the mean
values of 603.5 nm, 5.2 nm, and 0.65, respectively. The distribution
around the mean or the standard deviation was calculated and found
to be 1.11, 1.18, and 0.08 for the ZPL, FWHM, and S factor, respectively. Since there are a very few studies on GeV centers in NDs, we
compare the stability of ZPL to that of SiV in NDs. Previous studies
reported a wide spread of the position of the ZPL of SiV in NDs.20,23
This is attributed to the strain effect within the NDs. Other studies
demonstrated that an improved crystalline quality can be obtained via
bead assisted sonic disintegration of a polycrystalline chemical vapor
deposition ﬁlm.36 Also, a special surface treatment of NDs with
hydrogen-plasma37 or oxygen21 improves the spectral stability of the
SiV ZPL. It is worth mentioning that no additional surface treatment
after the acid treatment was performed on our NDs.
The narrow distribution of the ZPL position in the PL spectra of
GeV centers in the studied NDs indicates low inhomogeneous
broadening and low spectral diffusion. On one hand, the low inhomogeneous distribution is due to the low internal strain of NDs obtained
on the basis of hydrocarbon growth systems in the (P, T) region of the
thermodynamic stability of diamond at a pressure of 8.0 GPa and at
rather high temperatures of  1500  C. This facilitates the efﬁcient
annealing of structural defects in diamond, leading to low strain NDs.
On the other hand, the low spectral diffusion is, in our opinion, due to
the reduction of the number of electroactive surface defects. This is
probably the ﬂuorination of the surface of nanodiamonds during their
preliminary chemical treatment according to the following chemical
reaction: Diam-OH þ HF ! Diam-F þ H2O. These properties render
our GeV centers potentially suitable for quantum technologies as
they have the potential to provide indistinguishable single photons.
B. Second order correlation function gð2Þ
In order to investigate the presence of single photons emitted by
a single GeV center and to understand its internal population
dynamics, we measured the intensity autocorrelation function g ð2Þ of
some of our single defect centers. An example of a g ð2Þ result under a
pulsed and continuous laser excitation is shown in Fig. 2. The obtained
value of g ð2Þ ¼ 0:2 at s ¼ 0 ns is a clear evidence of a single photon
source from the GeV defect emission. In the following, we aim to
study the internal population dynamics of our GeV centers using a
continuous laser at various excitation powers. To this end, we considered seven GeV centers in distinct NDs and measured their intensity
correlation function g ð2Þ . Six of the seven studied GeV centers have
presented almost identical properties. We made the choice to show in
this article the results of one of these six typical GeV centers, namely,
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FIG. 1. Characterization of single GeV centers. (a) TEM image for HPHT nanodiamonds taken after ultrasonic treatment. Their size average is 20 nm. (b) Photoluminescence
(PL) spectrum for two GeV centers. The red line denotes a Lorentzian ﬁt of the ZPL for GeV1, while it denotes a multi-peak Lorentzian ﬁt of both the ZPL and PSB for GeV2.
(c) Histogram distributions of ZPL, FWHM, and Huang Rhys factor for 20 emitters.

GeV1. We also present results from the seventh GeV center, namely,
GeV2, which we studied more thoroughly as its properties were different from the other six ones as we will show. Figures 4(a) and 4(b) present normalized g ð2Þ functions measured at different excitation
powers. The g ð2Þ function does not follow a Poissonian source over all
the delay time. Rather, at intermediate delay, the g ð2Þ function
increases and then decreases to a constant value and becomes approximately ﬂat for a very long delay time, where g ð2Þ ðs ! 1Þ ¼ constant.
Thus, the g ð2Þ function is normalized to g ð2Þ ðsÞ ¼ 1 for these regions.
The pronounced photon antibunching at zero time delay clearly
proves the single photon nature of the light emitted by these two GeV
centers under investigation. We point out here that the data of g ð2Þ are
given without any correction factor from background emission. As
one could expect, for longer time delays, a photon bunching can be
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noticed where the value of g ð2Þ exceeds one. The presence of bunching
and antibunching allows us to represent the GeV color center emission by a three level model comprising a ground state (1), an excited
state (2), and a metastable state (3). The g ð2Þ function for an ideal three
level system can be expressed as follows:
g ð2Þ ðsÞ ¼ 1  ð1 þ aÞeðjsj=s1 Þ þ aeðjsj=s2 Þ ;

(1)

where s1 and s2 designate the antibunching and bunching time constants, respectively, with a the so-called degree of bunching. The
details of the employed g ð2Þ function can be found here.38 This typical
function reﬂects the population dynamics of state 2. The parameters a,
s1, and s2 can be obtained via solving the rate equations for the populations in the system,39 as shown in the following set of equations:
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FIG. 2. Second order correlation function for GeV2: (a) with a pulsed excitation laser and (b) with a continuous excitation laser. A value of less than 0.5 is a clear evidence for
the single photon nature of the emitted luminescence.

2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
A6 A2  4B
A ¼ k12 þ k21 þ k23 þ k31 ;
B ¼ k12 k23 þ k12 k31 þ k21 k31 þ k23 k31 ;
1  s2 k31
a¼
;
k31 ðs2  s1 Þ
s1;2 ¼

(2)
(3)
(4)

For that reason, we extend our model to a three level system comprising an intensity dependent de-shelving state. Figure 3 illustrates the
three level system model with intensity dependent de-shelving. Here, k31
follows a saturation law as shown by the following equation:
k31 ¼

(5)

where kij ; i; j 2 f1; 2; 3g represent the rate coefﬁcients from state i
to state j. After replacing A and B in Eq. (2) by their expressions in
Eqs. (3) and (4) and simplifying, the time constant s2 can be expressed
as s2 ¼ 1=k31 . In this model, all the rate coefﬁcients are intensityindependent except the pumping rate k12 ¼ KP, which depends linearly on the excitation power. However, when we consider k31 to be
constant, the model fails to ﬁt our experimental data. As Figs. 4(c) and
4(d) show, s2 is intensity dependent, which means that k31 should not
be constant.

A1 P
þ C1 ;
P þ B1

(6)

1
0
0
where A1 ¼ k1
31 ¼ 1=s2 and C1 ¼ k31 ¼ 1=s2 represent the high and
low power limits of the de-shelving process, respectively, and B1 represents the saturation power of the de-shelving state. A similar model
with intensity dependent de-shelving was used in the past for single
molecules,40 NE8 centers,41 and SiV color centers.8 In order to determine the model parameters A1, B1, C1, K, and k21 and k23, an optimization algorithm was developed to ﬁt the model to the experimental data
at a given excitation power. The same obtained parameters were
employed in our model to ﬁt the experimental data at all excitation
powers. Table I summarizes the obtained ﬁtting parameters for the
two studied GeVs. See the supplementary material for the average and
standard deviation of the parameters of the six similar GeVs.45 Also,
see the supplementary material for details of the optimization algorithm and the calculation of the parameters.45
Figures 4(c) and 4(d) show the experimental and ﬁtting data of
the variation of the parameters a, s1, and s2 as a function of the excitation power. The value of a for GeV2 reaches 2 and is higher than that
for GeV1, which is less than 1. This means that GeV2 has a stronger
coupling to the metastable state than GeV1. As mentioned earlier, this
behavior for GeV2 was found to be different from that for the other

TABLE I. Optimized ﬁtting parameters deduced using the extended three level model.
All parameters A1, C1, k21, and k23 are expressed in GHz, while B1 is expressed
in mW.

FIG. 3. Three level system with intensity dependent de-shelving used to study the
population dynamics of GeV color centers in this article.
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GeV1
GeV2

A1 (GHz)

B1 (mW)

C1 (GHz)

k21 (GHz)

k23 (GHz)

0.0051
0.002

0.45
1.42

0.0022
0.0007

0.1014
0.0458

0.0065
0.0052
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FIG. 4. gð2Þ modeling according to a three level system with intensity dependent de-shelving. (a) and (b) Three representative normalized autocorrelation curves taken at different excitation laser powers of 0.1, 1, and 4 mW for GeV1 and GeV2, respectively. (c) and (d) Power dependence of the ﬁtting parameters a, s1, and s2 for GeV1 and GeV2,
respectively.

6 GeV centers studied (including GeV1). The value of the ratio k23 =k31
gives us the probability of transition to the metastable state, which is
lower for GeV1. Beyond the saturation, and for P ! 1, we noticed a
ratio of k23 =A1 equal to 1.1 for GeV1 lower than that of GeV2 equal to
2.6. This result is in agreement with the higher degree of bunching a
obtained for GeV2 as shown in Figs. 4(c) and 4(d). The difference in the
coupling to the metastable state, which, in turn, affects the brightness of
GeV, might be due to a different concentration of the nitrogen donor
in each ND. The suggested mechanism at play is a change in the charge
state of the emitter between the () and (2) states, as mentioned in
Ref. 42. Our choice of these two GeVs is based on the signiﬁcant difference in terms of their population dynamics. These, in turn, affect the
optical properties of the GeV centers such as saturation and lifetime, as
will be discussed in detail in Secs. III C and III D.
C. Fluorescence decay rate
The rate coefﬁcient analysis allows us to estimate both the
excited and metastable state lifetimes, expressed by s1 ¼ 1=k021 and
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s2 ¼ 1=k031 , respectively. To validate the value of s1 obtained by the
model, we compare it to the experimental data obtained by a direct
measurement of the lifetime using a pulsed laser. Figure 5(b) shows
a lifetime measurement under a 532 nm pulsed laser excitation at a
repetition rate of 10 MHz. To validate the ﬂuorescence decay of
these emitters, the data were ﬁtted using a single exponential model
according to the equation I ¼ I0 þ Aeðt=jsjÞ . After normalization,
the model is simpliﬁed to I ¼ eðt=jsjÞ . Using the ﬁtted model, a
total excited state lifetime of 10.11 ns and 20.5 ns for GeV1 and
GeV2, respectively, was found. These values match the calculated
excited state lifetime using the three level model according to
C1 ¼ (k21 þ k23)1, where the values of 9.25 ns and 19.58 ns were
calculated for GeV1 and GeV2, respectively. The direct measurement of the lifetime reﬂects the total decay rate of the color center
from its excited state. It includes the radiative and nonradiative
decay paths C ¼ Crad þ cnr . We point out that the shorter lifetime
for GeV1 comes along with an increase in its brightness, which will
be shown in Sec. III D.
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FIG. 5. Optical properties of single GeV centers. (a) Saturation curves taken for GeV1 and GeV2 centers show different brightness between emitters with background subtraction. (b) Lifetime measurement under a green pulsed laser for GeV1 and GeV2. (c) and (d) Emission polarization measurements for GeV1 and GeV2. All solid lines refer to the
ﬁtting model (see the main text).

D. Brightness of single GeV centers
The brightness of the emitters is a very important ﬁgure of merit
for a single photon source. Figure 5(a) displays the saturation curves
of the two single color centers GeV1 and GeV2 taken after background
correction. The solid ﬁtted curves follow the equation
I ¼ I1 ðP=Psat þ PÞ, where I1 is the maximum emission intensity
and Psat is the saturation power. Using the ﬁtting curves, we measure a
maximum emission intensity of 1.5 MHz and 0.2 MHz for GeV1 and
GeV2, respectively, with a saturation power of 0.56 and 1.5 mW. The
average I1 measured for the six other GeVs gives a value of
0.856 MHz. This indicates a 10-fold enhancement in the brightness of
GeV centers than that in bulk diamond reported elsewhere.26 This
enhancement is expected to be due to the very small size of our NDs.
Indeed, the small size of the NDs results in an efﬁcient suppression of
total internal reﬂection, thus enabling us to collect more photons with
the microscope objective.43 We point out here that these saturation
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curves are done on the ZPL with a narrow band-pass ﬁlter with a
FWHM of 14 nm around 600 nm. We, thus, expect that this value will
increase if a wider band-pass is used. Moreover, our dry microscope
objective has an NA ¼ 0.95 and will, thus, not collect as much as an
oil-immersion objective would, and therefore, higher count rates are
expected. Additional loss is due to the dichroic mirror used in our PL
setup that suffers from a polarization-dependent loss of the emitted
light. Therefore, it appears that the GeV centers studied in this article
have a higher quantum yield than SiV in general, which has a similar
saturation ﬂuorescence but a lower excited state lifetime of less than
1 ns.14 GeV1 showed a stable emission during 15 min, even at a very
high excitation power. While most of the GeV centers presented a
stable emission, few others such as GeV2 have shown an unstable
emission. This is due to the high coupling to the metastable state
where the emitter goes in a “dark” or an “OFF” state. This is in agreement with the high value of a obtained using our proposed model.
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E. Polarization of single GeV centers

DATA AVAILABILITY

In this paragraph, we investigate whether these single GeV defects
act as single dipole emitters. To this end, we check the polarization sensitivity by rotating a polarizer in the detection path. To verify that the
emission is not due to a scattering from a substrate, we excite some position on the substrate without NDs using the same ﬁlter to remove the
background from the ﬂuorescence of GeV. The variation of the emission
intensity I as a function of the angle h is shown in Figs. 5(c) and 5(d).
We ﬁt the data using the equation I ¼ a þ b sin2 ðh þ /Þ, where a, b,
and / are the ﬁtting parameters. Inferred from the ﬁgures, we deduced
that each center possesses a preferred single linear polarization. The visibility or the degree of polarization calculated by V ¼ Imax  Imin =Imax
þImin is found to be around 92%. This high polarization visibility makes
these GeV centers potential candidates for single photon source applications and for quantum key distribution (QKD) applications, which
require photons with a well-deﬁned polarization state.

The data that support the ﬁndings of this study are available
within the article and its supplementary material.

IV. CONCLUSION
In this article, we show that single GeV centers in very small
NDs grown by HPHT display superior optical properties at room
temperature as compared to their bulk counterpart. Assuming that
our emitters follow an extended three level system with intensity
dependent de-shelving, we developed a model and optimized its
parameters to ﬁt the experimental data. The model was validated on
several GeVs at different excitation powers. We have studied the single
photon emission properties of the GeV centers and their internal population dynamics represented by rate coefﬁcients. We have also characterized their brightness, lifetime, and polarization. The brightest
GeV studied had a maximum count rate of 1.6 MHz and acts as a
single dipole emitter. As such, GeV color centers in such small NDs
have demonstrated favorable properties for solid state single photon
source applications. In future works, we will focus on studying the
indistinguishability of the photons emitted from these GeV centers. In
addition, we aim to couple these single GeV centers in NDs to a photonic platform made of an ion exchange glass waveguide, toward the
realization of a quantum integrated photonic circuit.44
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