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ABSTRACT

We report on the metrological characterization of the emission from a germanium-vacancy center in diamond under a microfabricated
solid immersion lens in a confocal laser-scanning microscope setup. Ge ions were implanted into a synthetic diamond at 3 MeV, and germa-
nium-vacancy centers were then formed by subsequent annealing. Afterward, solid immersion lenses were fabricated in a focused ion beam
scanning electron microscope. The photoluminescence was investigated at room temperature in terms of the spectral distribution, the
excited state lifetime, the second-order correlation function, and the saturation behavior, proving simultaneous high single-photon purity
and high brightness. Two methods were exploited to minimize the residual multi-photon probability: spectral filtering and temporal filter-
ing. According to these results, we assume that Raman scattered photons and emission from neighboring color centers play an important
role in the residual multi-photon emission probability. The system efficiency of the single-photon source was investigated and found to be
in accordance with the value calculated from all sources of loss in the setup. The branching ratio of the germanium-vacancy center for the
decay into the ground state and into metastable state was calculated. The results enable the usage of the single-photon source in future
quantum radiometric experiments.

© 2023 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/10.1063/5.0150208

I. INTRODUCTION

Single-photon sources are of interest in many applications, such
as quantum key distribution, quantum information processing,1,2 as
well as in quantum metrology.3,4 The nitrogen-vacancy (NV) center
in diamond is well-studied4–12 and easily accessible due to the natural
presence of nitrogen and NV centers in type Ib diamond.13 Recently,
color centers based on germanium-vacancy (GeV),14–18 tin-vacancy
(SnV),19–23 lead-vacancy (PbV),24,25 and magnesium-vacancy

(MgV)26 grew in interest because of their narrow luminescence spec-
trum and their bright emission. The broad spectral distribution was
the most significant contributor to the standard uncertainty in the
determination of the spectral photon flux for an NV center in recent
quantum metrological experiments.27 Therefore, the reduction of the
spectral width of the single-photon emission from diamond color
centers is of utmost importance. The GeV center has a strong zero-
phonon line emission at 602 nm14,15,28 with a Full Width at Half
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Maximum (FWHM) at room temperature of 5 nm28 and its phonon
sideband emission is weak, indicated by a Debye–Waller factor of
0.629 compared to that of the NV center of 0.03.30 The excited state
lifetime is 5 ns to 6 ns,18,28,31 and thus significantly lower than for NV
centers.11 These parameters render it a promising candidate for
future quantum metrological experiments at room temperature.
Hence, it has been chosen for experimental investigation in this work.

The extraction of photons from diamond, which have been
emitted by such a color center, is severely limited due to the high
refractive index of diamond (n = 2.415 at 600 nm32) and the corre-
sponding angle of total internal reflection of 24:5�. Only � 8:5% of
the emitted photons from a color center in diamond can leave the
crystal33 and only � 5:1% are collected when using a microscope
objective with an NA of 0.9.34 This contrasts with nanodiamond
samples, where the total internal reflection is suppressed and the
angular emission follows the pattern of a free dipole in air,35

neglecting the negative effect of the high refractive index of the
diamond. Moreover, the interface to a cover glass can enhance the
emission properties due to the coupling of evanescent waves into
the glass, leading to collection efficiencies of more than 80% for
NV centers in nanodiamond.11 In bulk diamond, there are several
approaches to enhance the collection efficiency of a single-photon
emitter, which can be sorted into two categories. First, resonant
approaches, whereby changing the local electromagnetic boundary
conditions one can alter the photonic mode density,33 thus
enhance the photon emission via the Purcell effect36 and spatially
confine the emission. Second, geometric approaches, where, e.g.,
the geometric shape of the crystal surface is changed so that more
photons will be extracted from the diamond. Whereas the former
can also confine the spectral distribution of the emitted photons,21

the latter is more straightforward and easily accessible, e.g., by fab-
ricating a semi-hemispherically shaped diamond crystal37 or by
placing gallium phosphide (GaP) lenses38–40 or zirconium dioxide
(ZrO2) lenses41 onto the sample. Such solid immersion lenses
(SILs) can also be fabricated on a microscopic scale using the
focused ion beam (FIB) technique,42–44 which has been shown to
enhance the count rate from an NV center by a factor of 3.4,44 8,43

and up to 10.42 Using this method, individual emitters are targeted
and SILs are fabricated around the emitter. This approach was
chosen for the diamond sample investigated in this work.

II. SOLID IMMERSION LENSES

A. Principle

Photons emitted from a color center in planar diamond are
bound to the diamond medium with a high percentage due to total
internal reflection and even if they can leave the diamond, they are
refracted to higher angles. This is illustrated in Fig. 1. Thus, collecting
photons from diamond crystals is inefficient. The most straightfor-
ward way to enhance the photon outcoupling from a diamond is to
change the shape of the surface so that no photon reaches it with an
angle higher than the angle of total internal reflection. Then, only the
Fresnel reflection and non-unity numerical aperture of the collection
optic hinders the photon’s transmission into the detection path. If the
diamond surface is shaped into a semi-hemisphere with the emitter
in the center, as shown in Fig. 1, the direction of propagation of all
photons is perpendicular to the surface and, therefore, no refraction

to higher angles occurs. Such a plano–convex lens is called semi-
hemispherical solid immersion lens.9,37–42,44 There is a second config-
uration of solid immersion lenses, called Weierstrass configuration.33

Although it may have slightly superior properties regarding the
numerical aperture of its emission, the semi-hemispherical solid
immersion lens is much simpler to fabricate into the diamond
surface using the focused ion beam technique. The semi-
hemispherical SIL is, therefore, the most straightforward way to
enhance the collection efficiency from a color center in diamond.

B. Enhancement of the collection efficiency

The collection efficiency η in the meaning of the proportion
of photons collected by the microscope objective divided by all
emitted photons for a dipole oriented parallel to the surface is esti-
mated by33

η ¼ 15
32

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� NA

n1

� �2
s0

@
1
Aþ 1

32
1� cos 3 arcsin

NA
n1

� �� �� �
,

(1)

where NA is the numerical aperture of the objective and n1 is the
refractive index of the diamond. Using this equation, the above-
mentioned estimation of 5.1% collection efficiency from color
centers in planar diamond was made. In this equation, the Fresnel
reflection at the diamond-to-air interface is not considered. As a

FIG. 1. The principle of the semi-hemispherical SIL in diamond: photons are
coupled out more efficiently than from a planar surface because total internal
reflection does not occur and refraction into higher angles is avoided.
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rough estimation, the Fresnel factor for perpendicular incidence
could be used, which is

T ¼ 1� n1 � n2
n1 þ n2

� �2
, (2)

where n2 is the refractive index of the medium between the
diamond and the microscope objective. One could consider this to
be an upper boundary for the transmission coefficient because the
light reaching the interface at higher angles will be reflected with a
higher percentage or reflected completely when reaching the angle
of total internal reflection. This simplification must be made since
the Fresnel transmission coefficient generally depends on the polar-
ization of the light in the general case. For diamond, this gives
T� 82:8%. For a rough estimation of the collection efficiency, the
product of Eqs. (1) and (2) was calculated. The total collection effi-
ciency of the emission from a color center located below a planar
diamond surface is then 4.3% in the case of an NA of 0.9. It
increases for a semi-hemispherical SIL to 27.0%, again with an NA
of 0.9 by using n1 ¼ 1 in Eq. (1).34 This means at least a sixfold
increase in the collection efficiency, when the SIL is perfectly fabri-
cated, i.e., the shape is semi-hemispherical and the emitter is
located in the center of the SIL.

III. EXPERIMENTAL METHODS

A. Sample fabrication

A 2� 2� 0:5mm3 detector grade diamond from Element Six
was used for the production of a GeV center sample. This diamond
contains very few impurity atoms in its lattice, which is optimal for
the production of isolated color centers by implantation. Ge2þ ions
have been implanted into the diamond at 3 MeV energy using a
broad beam scanned to obtain a homogeneous size of
1:5� 1:5 cm2. The sample was exposed to the beam for 10 s with a

current of 7.5 nA of Ge2þ ions, leading to a total fluence of roughly
1011 cm�2. To ensure the generation of isolated color centers, a
mask of aluminum foil was placed roughly 50 μm over the
diamond. This allowed the scattering of a portion of the germa-
nium ions at the edge of the aluminum foil and the subsequent
implantation of single ions around the implanted region. This
implanted region itself had an ion density too large to contain
single color centers. Nevertheless, it enabled easy alignment of the
setup due to the strong photoluminescence from multiple color
centers in the confocal volume and, therefore, high count rates
even with suboptimal optical alignment of the setup. The high-
density implanted area was, therefore, useful for alignment pur-
poses. A simulation of the implantation depth according to the
software “Stopping Ranges of Ion Matter” 45 gives an estimated
mean depth of the germanium ions of (1:12+ 0:13) μm. Due to
the scattering, the isolated color centers outside the implanted
region may be of shallower depth.

The formation of color centers from the implanted germa-
nium ions and vacancies in the diamond lattice was performed in a
high-temperature annealing process at 1200�C for 2 h in vacuum
(pressure , 5� 10�6 mbar). At this temperature, vacancies in
the diamond lattice become mobile and are then trapped by
germanium ions, which leads to the formation of stable
germanium-vacancy (GeV) color centers. The germanium ion
takes an interstitial position between two vacant positions in the
lattice [see Fig. 2(a)].14,28,31 The high-temperature annealing also
heals the diamond from damages caused by the implantation
process, such as local strain and stress.

To remove residual non-diamond carbon, which was formed
during the annealing process,21 and other contamination from the
surface, the diamond was cleaned in an O2 plasma and then
treated in an acid bath for 4 h at 80�C using a 3:1 mixture of 96%
sulfuric acid and 70% nitric acid. In this procedure, the diamond
surface was chemically homogenized, enabling a higher single-
photon purity from the color center emission.46 Finally, the sample

FIG. 2. (a) The diamond lattice with a Ge ion in an interstitial position between two vacant positions, forming a GeV center, (b) experimental setup for characterization of
the emission of GeV centers. DBS: dichroic beam splitter, SPAD: single-photon avalanche diode.
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was brought into an oven at 450�C in air at ambient pressure for
24 h to clean the sample surface from the last contamination and
to enable proper surface termination.

B. SIL milling process

Semi-hemispherical solid immersion lenses were milled into
the diamond surface using a dual-beam focused ion beam scanning
electron microscope (FIB-SEM) setup (Helios 5 UX Dual Beam,
Thermo Fisher). The focused ion beam consisted of 30 kV gallium
ions, and a current of 0.75 nA was chosen for the milling process.
To create the SIL, we defined a local ion beam exposure map with
a lateral resolution of 456� 456 pixels2 over a 2� 2 μm2 image
with 256 different exposure levels. An example of a SIL produced
with the FIB in this way is shown in Fig. 3. Since diamond is a
good electrical insulator, there were issues with local charging that
deflected the ion beam. The effect can also be seen in the upper-
right corner of Fig. 3. This effect makes it difficult to place a lens
directly onto a pre-characterized GeV center since the field of view
(FOV) of a SIL is small. It can be calculated with44

dFOV ,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d λ

n(n� 1)

s
, (3)

where n is the index of refraction, λ is the emission wavelength,
and d is the diameter of the SIL. For a SIL with a diameter of
1 μm this results in dFOV � 420 nm. Since smaller SILs enhance
the chance to find just one GeV center inside, a trade-off
between two very practical problems arises. Larger SILs make it
easier to selectively place the SIL on top of a GeV center in a
known location relative to markers on the diamond surface,
whereas smaller SILs have a higher chance of single-photon emis-
sion due to their smaller field of view. Therefore, on our sample,
arrays of SILs were milled semi-randomly into suitable areas on
the diamond surface. For SILs with a radius smaller than the
implantation depth of the color centers, as much diamond was

removed beforehand so that the new depth of the color centers
would again match the desired SIL radius. The highest success
was reached when fabricating small SILs with a diameter of 1 μm
into areas of low emitter density. For that reason, most SILs were
dark, meaning either no color center was below or the color
center was not aligned with the center. Still, some SILs contained
a GeV center with very bright emission.

C. Experimental setup

1. Confocal microscope

The photoluminescence of the GeV centers was characterized
in a self-built confocal microscope setup, which is schematically
shown in Fig. 2(b). For the excitation of the emitters, an externally
triggered (33611A, Keysight) laser (Prima, Picoquant) with continu-
ous wave and pulsed emission at 515 nm up to a repetition rate of
200MHz was used. After outcoupling into the free-space setup
using a 10� objective (RMS10X, Thorlabs), a continuous neutral-
density wheel (NDC-100S-4M, Thorlabs) was used to quickly tune
the power of the incident laser beam for the experiment. The beam
was directed to a microscope objective (100�, NA 0.9, Plan Apo HR
100X, Mitutoyo) by a dichroic beam splitter (DMLP550, Thorlabs).
The photoluminescence was collected by the same objective, trans-
mitted by the dichroic beam splitter and filtered by two tunable
edge filters (TLP01-628 and TSP01-628, Semrock) mounted on pre-
cision rotation mounts (RS-40, Physik Instrumente). A 10� objec-
tive (RMS10X, Thorlabs) focused the light onto a single-mode
optical fiber (P1-630A, Thorlabs), which was used as the pinhole of
the confocal setup. The photoluminescence was then characterized
using a spectrometer (Acton SpectraPro SP-2500 monochromator
with Pylon PYL-100BRX-NS-SM-Q-F-S camera, Princeton
Instruments) and a Hanbury Brown and Twiss interferometer con-
sisting of two SPAD detectors (SPCM-AQRH-14-FC, Excelitas) and
a fiber-based 50:50 beam splitter (TW630R5F1, Thorlabs). The
alignment of the sample was performed using a wide-field micro-
scope configuration using a small LED and a minicam (DCU224/
M-GL, Thorlabs). The sample is moved by a piezo translation stage
(P-563.3CD stage, Physik Instrumente). A time-to-digital-converter
(Time Tagger Ultra, Swabian Instruments) served as the correlator
in the Hanbury Brown and Twiss configuration and for the detec-
tion of the photon count rate.

2. Timing resolution of the detection system

When measuring the second-order correlation function g(2)(τ)
using a continuous wave laser, the single-photon purity is deter-
mined by the value g(2)(τ ¼ 0). The measurement data taken from
a Hanbury Brown and Twiss setup are usually fitted using a three-
level scheme to consider the effect of a third metastable (shelving)
state4,13

g(2)(τ) ¼ 1þ c2 exp � jτj
τ2

� �
þ c3 exp � jτj

τ3

� �
, (4)

where c2 and c3 describe the strength of the anti-bunching and
bunching processes on short and intermediate times intervals,
respectively.47 In addition, τ2 and τ3 are the state lifetimes in the

FIG. 3. Example of a SIL fabricated by FIB and imaged by SEM at 5 kV and
0.1 nA with a tilt of 52� from the surface normal.
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experiment, which depend on the excitation power.48 Due to the
timing resolution of the detection system, the two avalanche diodes
and the Time Tagger, the measured histogram is a convolution of
Eq. (4) with the instrument response function, which can be repre-
sented in good approximation using a Gaussian function. This con-
volution was calculated as49

g(2)(τ) ¼ 1þ c2
2

exp
�τ

τ2
� σ2

2τ22

� �
erfc

σ2 � ττ2ffiffiffi
2

p
στ2

� �

þ c2
2

exp
τ

τ2
� σ2

2τ22

� �
erfc

σ2 þ ττ2ffiffiffi
2

p
στ2

� �

þ c3
2

exp
�τ

τ3
� σ2

2τ23

� �
erfc

σ2 � ττ3ffiffiffi
2

p
στ3

� �

þ c3
2

exp
τ

τ3
� σ2

2τ23

� �
erfc

σ2 þ ττ3ffiffiffi
2

p
στ3

� �
, (5)

where σ is the timing jitter of the detection system (standard devia-
tion) and erfc is the complementary error function. The convolu-
tion results in a rounding of the tip of the anti-bunching dip at
τ ¼ 0. This effect can be seen in Fig. 4(a), where the experimental
data follow Eq. (5). To compensate for the effect of the timing
jitter, Eq. (5) was used to fit the experimental data and the timing
jitter-independent single-photon purity was calculated from
g(2)(0) ¼ 1þ c2 þ c3. No other correction, e.g., dark count correc-
tion or background correction, was carried out.

A measurement of the timing jitter of the detection system
and its Gaussian fit are shown in Fig. 4(b). The standard deviation
σ of the fit is (293+ 2) ps, which corresponds to a timing jitter
(FWHM) of (690+ 5) ps, where the uncertainties of these values
were calculated by taking the 95% confidence interval of Student’s t

distribution. This timing jitter was used for the evaluation of the
auto-correlation function g(2)(τ).

3. Spectral filtering of the fluorescence

The fluorescence from the sample was spectrally filtered using a
long-pass and a short-pass tunable edge filter similar to earlier reports,
where two bandpass filters were used to filter the spectral line corre-
sponding to a specific excitonic recombination process of a quantum
dot.50 These tunable filters alter their edge wavelength with the angle
of the incident beam. Both filters have a zero angle edge at roughly
635 nm and at the maximum rotation of 60� the edge wavelength is at
roughly 555 nm. In the experiment, the filters were placed on a rota-
tion mount so that the angle of incidence is changed by rotation of
the filter, which is illustrated in Fig. 5. By rotation of the long-pass
filter to an angle of 40�, the GeV center emission between approxi-
mately 590 and 635 nm was transmitted. The spectral distribution of
the emission was changed on demand to be able to, e.g., measure only
the zero-phonon line emission using angles of 31� and 38� for the
short-pass and long-pass filter, respectively. Then, the transmission
window of the two filters ranged from 598 to 610 nm.

IV. RESULTS

A. Transmission of the setup

The transmission of photons from the diamond to the detec-
tors was estimated by measuring the intensity reduction of a laser
with a wavelength of 640 nm for each optical element in the fluo-
rescence path from the sample to the microscope objective in front
of the optical fiber. In detail, this is the microscope objective, a
mirror, the dichroic beam splitter, the two tunable edge filters, and
the microscope objective that was used for fiber coupling. The

FIG. 4. (a) The measured g(2)(τ) function of a GeV center with the fit according to Eq. (5) (red). The “real” g(2)(τ) function, independent of the timing jitter of the detection
system, is shown in black, (b) measurement data (blue) of the timing resolution of the confocal microscope setup’s detection system and a Gaussian fit (red).
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combined transmission to the pinhole was determined to be
(60+ 4)%. This is a significant reduction of the losses compared
to earlier reports,51 where the transmission of a similar setup was
calculated to be 34%. The enhancement of the transmission was
made possible by the utilization of the tunable edge filters with a
very high transmission coefficient and high suppression of the
blocked wavelengths, yielding roughly (94+ 5)% transmission
from the spectral filtering. The microscope objectives in front of
the sample and the fiber, as well as the dichroic beam splitter
were chosen because of their high transmission of (76+ 2)%,
(91+ 2)%, and (92+ 1)%, respectively. The coupling efficiency
of the emitted mode from the single-photon emitters into the
single-mode fiber could only be estimated to be (60+ 20). The
losses in the optical fiber were neglected due to the insignificant
length of the fiber of only 1 m. The combined transmission from
the first microscope objective to the detector, which includes the
fiber coupling efficiency, was determined to be (36+ 12)%.

B. Proof of successful fabrication of single GeV centers

Prior to the fabrication of SILs, the sample was investigated in
the confocal microscope setup to verify the successful generation of
GeV centers. Isolated single-photon emitters were found in the
vicinity of the ion implantation region due to the scattering of
some ions at the edge of the aluminum foil mask. A

photoluminescence scan with one bright emitter marked is shown
in Fig. 6(a). The emitter’s emission was investigated in terms of the
spectral distribution [see Fig. 6(b)] and the single-photon purity by
measuring g(2)(τ) [see Fig. 6(c)]. The zero-phonon line (ZPL) of
this emitter is at 604.2 nm with a FWHM of that peak of 7.5 nm.
The literature value of the ZPL wavelength is 602 nm14,15,28 but,
nevertheless, the emission was attributed to a GeV center. A possi-
ble explanation for the shift of the ZPL could be local strain and
stress in the diamond lattice, created by the implantation of the Ge
ions, which did not cure completely in the annealing process. The
Hanbury Brown and Twiss measurement data were fitted using Eq.
(5), revealing g(2)(τ ¼ 0) ¼ 0:20+ 0:07 and therefore proving
single-photon emission from this GeV center. Similarly, some
other isolated, bright spots were investigated and GeV center emis-
sion’s spectral distribution and g(2)(τ ¼ 0) , 0:5 were found for
most of them. The count rate in the experiment did not exceed
150 kcps, leaving space for the enhancement of the count rate
through the fabrication of a solid immersion lens.

C. Single-photon emission from a GeV center in a SIL

Solid immersion lenses were fabricated with a diameter of
1 μm according to the procedure introduced in Sec. III B. In Fig. 7,
the metrological characterization of the emission of one GeV
center in a SIL is shown. The emitter, marked by the red circle, is
located in the vicinity of the implanted area, which is the bright area
on the left side of Fig. 7(a). The spectral distribution of the emission
revealed a ZPL at 602.9 nm and an FWHM of 6.3 nm [see Fig. 7(b)].
The cut-off at 635 nm was chosen for maximal transmission, which
would be worse at higher wavelengths, since a different tunable
short-pass filter would be needed. A second curve is shown, which
was measured by changing the angles of the tunable edge filters in
the setup, where the edge wavelength of the long-pass filter and the
short-pass filters were set to 598 nm and 610 nm, respectively.
The FWHM of that curve has shrunken slightly to 6.1 nm due to
the narrow filtering. The excited state lifetime was measured by
taking the laser pulses at a repetition rate of frep ¼ 2MHz as a

FIG. 6. (a) The photoluminescence map of the investigated area on the diamond surface near the implanted area, where each spot likely corresponds to a GeV center,
(b) the spectral distribution of the emission of the color center marked with the red circle, which clearly shows GeV center emission, (c) the second-order correlation func-
tion g(2)(τ) measured from the same emitter.

FIG. 5. A sketch of the spectral filtering using a long-pass edge filter and a
short-pass edge filter on two rotation mounts.
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reference signal and calculating the exponential decay of the excited
state. The data were fitted using the equation I(τ) ¼ I(τ ¼
0) exp �τ=τ0ð Þ and the result was τ0 ¼ (5:64+ 0:02) ns. The life-
time of the excited state of the GeV center was reported to be 5 ns
to 6 ns.28,31 As expected, the spectral distribution and the excited
state lifetime of the GeV center did not change significantly by the
fabrication of the solid immersion lens around it.

In Fig. 7(d), the second-order correlation function is shown for
continuous wave excitation. The measurement data were fitted using
the Eq. (5) with the timing jitter measured above. The dip in the
center goes down to g(2)(τ ¼ 0) ¼ 0:12+ 0:06. The simultaneous
count rate at the detector, which is taken by removing the 50:50
beam splitter from the detection path and keeping the same excita-
tion power, was measured to be 580 kcps. The second-order correla-
tion was also measured with pulsed excitation at a repetition rate of
frep ¼ 10MHz, which is shown in Fig. 7(e). Contrary to continuous
wave excitation, for pulsed excitation, one can easily distinguish
between uncorrelated background and correlated background events
in the second-order correlation. Whereas the former would lift the
whole curve by a constant offset, the latter is correlated to the peaks
and, therefore, it increases the area of the innermost peak compared
to the outer peaks. Therefore, the origin of the residual multi-photon
events in this measurement must stem from some laser-correlated
source, such as Raman scattered photons or secondary color centers

in the vicinity. From the Raman spectrum of diamond and the laser
wavelength, we estimate second-order Raman scattered photons to
have wavelengths up to 599 nm, which could still reach the detectors.
The area under the centermost pulse divided by the average area
under the outer pulses is a good estimator, resulting in
g(2)(τ ¼ 0) ¼ 0:16. Nevertheless, the data were also fitted using a
sum of Laplace distribution functions and a constant background
factor, resulting in g(2)(τ ¼ 0) ¼ 0:13+ 0:01.

The saturation behavior of the GeV center was investigated by
measuring the count rate at the detector for several excitation
powers at the location of the SIL and in the background, roughly
1 μm next to the emitter. Both measurements are shown in
Fig. 7(f). The photon flux N(P) depends on the laser power P and is
assumed to be a sum of saturable emission from color centers and a
linear signal from, e.g., Raman scattered photons. The equation

N(P) ¼ NsatP
P þ Psat

þmP þ dc (6)

describes this, where Nsat is the saturation count rate, Psat the satura-
tion laser intensity, m is the linear factor, and dc the dark count rate
of the detector. Several values for g(2)(τ ¼ 0) were measured for dif-
ferent excitation powers and are shown in the same Fig. 7(f). It is pos-
sible to calculate the joint correlation function g(2)a,b using the

FIG. 7. (a) The photoluminescence map of the area where a bright and high single-photon purity emitting GeV center was found in a solid immersion lens (red circle),
(b) the spectral distributions of the GeV center emission for different angles of the tunable edge filters, (c) the excited state lifetime measured by correlation of laser pulses
and the arrival of a photon from the GeV center, (d) the second-order correlation function g(2)(τ) measured with continuous wave excitation and (e) with pulsed excitation
at a repetition rate of frep ¼ 10 MHz, (f ) the saturation curve of the GeV center emission.
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equation52

g(2)a,b ¼
g(2)a a2 þ 2abþ b2

(aþ b)2
, (7)

where a is the intensity of the emission from possibly multiple color
centers, g(2)a is their second order correlation function, and b is the
intensity of some linear background signal. When a is assumed to be
the first addend of Eq. (6) and b the second and third addend,
the equation can be used to fit the values for g(2)(τ ¼ 0). This fit is
shown in Fig. 7(f) as well. As a result, for the fit of the measurement
at the emitter location using Eq. (6), the quotient Nsat

m is fixed.
The resulting values for the SIL were Nsat ¼ (854+ 8) kcps,
Psat ¼ (5:7+ 0:1)mW, m ¼ (3:0+ 2:1) μW sð Þ�1, and g(2)a ¼ 0:040
+0:048. This analysis suggests that the residual multi-photon emis-
sion probability might be due to a combination of other color centers
(g(2)a . 0) and a linear signal (m . 0), e.g., Raman scattered photons.
In Sec. IV D, further analysis of the multi-photon probability and its
reduction by two methods is performed.

D. Residual g(2)(τ = 0) analysis

Single photons from a GeV center can be distinguished from
Raman scattered photons, stray light and emission from different
color centers in multiple ways. There are two feasible ways in our
setup: wavelength and time of arrival. First, with adequate spectral
filtering, the GeV center emission could be separated from other
photons, and second, in pulsed excitation, the timing of a detection
event relative to the laser pulse can be used to filter events. The
latter can lead to, e.g., an improvement of the g(2)(τ ¼ 0).53,54 Both
methods were used to analyze the properties of the background
events that caused the residual g(2)(τ ¼ 0).

1. Spectral analysis

Suppose the residual g(2)(τ ¼ 0) is caused by photons that are
distributed over a range of wavelengths, then the signal-to-noise
ratio could increase by restricting the transmission band of the fil-
tering system to the ZPL of the GeV center emission. The angles
of the tunable edge-pass filters were set accordingly, which can be
seen in the red curve in Fig. 7(b). Apart from that, the measure-
ment conditions were the same. The second-order correlation
function g(2)(τ) of the ZPL emission is shown in Fig. 8. In com-
parison to the broader spectral distribution, the g(2)(τ ¼ 0)
dropped to 0:07+ 0:03, calculated from the fit, and 0.1 using the
area method. The photon count rate decreased by roughly 60%
due to spectral filtering of the ZPL. Even though this is a signifi-
cant reduction of the g(2)(τ ¼ 0), large parts of the background
photons must be in the ZPL wavelength range between 598 and
610 nm. The detector dark count rate cannot solely explain the
residual value of g(2)(τ ¼ 0) in the ZPL emission. For comparison,
Table I summarizes the results from this paper together with
earlier results on germanium-vacancy centers in diamond from
the literature.

2. Temporal analysis

For the temporal analysis of the emission using a pulsed laser at
a frequency of frep ¼ 10MHz, all detection event timestamps, as well
as the timestamps of the laser trigger pulses, were collected with pico-
second resolution and saved to the computer. The resulting data
stream of approximately 80 million events were then analyzed in dif-
ferent ways. First, the stability of the source was estimated by calculat-
ing the count rate over time for such a measurement, which is shown
in Fig. 9(a). The drift on larger timescales, e.g., between 0 and 450 s
occurred due to the mechanical instability of the experimental setup.
To compensate for the drift, the sample was moved, leading to a very
short dip of the count rate and a leap back to a higher count rate. No
blinking behavior of the color center itself was observed. The relative
timing of the detection events was used to calculate the occupation
probability of the excited state relative to the arrival of the laser pulse,
resulting in the exponential decay curve shown in Fig. 9(b). The
second-order correlation function was calculated from all events with
a g(2)(τ ¼ 0) ¼ 0:14 using the area of the centermost peak divided by

FIG. 8. The second-order correlation function g(2)(τ) of the ZPL emission, mea-
sured with pulsed excitation at a repetition rate of frep ¼ 10 MHz.

TABLE I. Comparison of single-photon emission properties of the presented results
with literature values. Nsat (kcps): count rate in saturation or the highest measured
count rate, QE: quantum efficiency.

Publication Type Nsat (kcps) QE (%) g(2)(0)

Iwasaki et al.14 Bulk 170 <0.5
Bhaskar et al.55 Waveguide 560 ± 20 0.08 ± 0.02
Siyushev et al.15 SIL 600
Zhou et al.16 Bulk 178 ± 4 0.29 ± 0.04
Nguyen et al.56 Nanodiamond 714 22 ± 2 0.37 ± 0.02
Jensen et al.29 Open-cavity 0.38 17þ8

�5 0.25 ± 0.16
Nahra et al.17 Nanodiamond 1600 <0.5
This work SIL 854 ± 8 0.13 ± 0.01
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the average area of the outer peaks [see Fig. 9(c)]. This value matches
the value calculated above, since the marginal difference can be
explained by the varying experimental conditions.

The events were temporarily filtered using an acceptance
window, which was defined by its center and width, and the filtered
events were then used to calculate g(2)(τ ¼ 0). This calculation was
done for a large number of window centers and widths, and the results
are depicted in Fig. 10. Pixels with too few data points to be able to
accurately calculate the second-order correlation function were
blanked out. Three points in the 2D map are marked, which represent
the highest single-photon purity in all window configurations that lead
to an acceptance rate of at least 90%, 80%, and 50%, respectively. In
Fig. 9(b), the intervals of these acceptance windows are shown in the
decay curve. Table II gives an overview of their properties.

The first window shows that by filtering only a small portion
of all events, g(2)(τ ¼ 0) already drops significantly. With an

acceptance rate of 80% the count rate in saturation from this
emitter would be 666 kcps while the residual g(2)(τ ¼ 0) was cut in
half. As expected, all windows completely filter out the dark count
events before 10 ns and after roughly 70 ns. On a closer look, the
rising side at 10 ns is also filtered. Here, we expect mostly photons
to arrive, which are heavily correlated to the laser pulse, e.g.,
Raman photons. If only Raman photons would cause the residual
multi-photon emission probability, we would expect g(2)(τ ¼ 0) to
drop for longer times, when no Raman photons will arrive
anymore. As this is not the case, but g(2)(τ ¼ 0) is in fact lowest for
windows near the peak of the decay curve, we conclude that some
non-zero emission from other fluorescing color centers, e.g., neigh-
boring GeV centers, is present in the data. The overall shape of the
2D plot is not completely clear since we expect a complex combina-
tion of different effects, i.e., Raman photons, stray light, dark
counts and neighboring GeV and other color centers.

E. System efficiency

The system efficiency, here defined as the probability that a
laser pulse leads to a detection event that was produced by a GeV
center emitted photon, is calculated in this section. To achieve this,
the system efficiency SE0 is factorized into the various sources of
loss in the system

SE0 ¼ fex � QE � CE � T � SF � DE, (8)

where fex is the probability that a laser pulse leads to the excitation
of the GeV center, which is unity in saturation, and, therefore, the
following calculations were carried out with saturation intensities.
QE ¼ (22+ 2)%56 is the quantum efficiency of the GeV center,

FIG. 9. Results of the temporal analysis of the GeV center emission: (a) the combined count rate on both detectors over time, (b) the decay curve of the excited state
occupation, on which the acceptance windows were defined, and (c) the second-order correlation function g(2)(τ) calculated from the event stream.

TABLE II. Properties of three acceptance windows and the resulting g(2)(τ = 0) in
comparison to the unfiltered value of g(2)(τ = 0).

Acceptance window none 1 2 3

Acceptance rate (%) 90 80 50
Window center (ns) 30.1 23.3 20.9
Window width (ns) 38.3 24.1 17.2
g(2)(τ = 0) 0.14 0.092 0.075 0.058

FIG. 10. 2D representation of the g(2)(τ ¼ 0) distribution for all acceptance
windows. Three distinct acceptance windows marked with arrows (see text for
explanation).
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which includes non-radiative decay of the excited state.
CE ¼ (27þ0

�10)% is the collection efficiency, which gives the propor-
tion of photons that are emitted into the NA of the microscope
objective and which was calculated in Sec. II B. The one-sided
uncertainty was estimated to reflect the non-perfect fabrication of
the SIL in the experiment. The factor T is the transmission coeffi-
cient of the whole setup with the fiber coupling included, and it
was determined to be T ¼ (36+ 12)%. SF is the spectral filtering
factor that gives the percentage of photons that are transmitted by
the tunable edge filters. It is roughly SF ¼ (90+ 5)%. Finally, DE
is the internal detection efficiency of the detectors, which is around
DE ¼ (65þ0

�10)%. The combined single-shot system efficiency is
SE0 ¼ (1:25þ0:44

�0:67)%, where the uncertainty for some factors was
estimated because it was not possible to calculate or measure them.

The saturation count rate of a two-level system can be
expressed as41

Nsat(frep) ¼ SE0 � frep � 1� exp �1=(τeff � frep)
� �	 


, (9)

where τeff is the excited state lifetime. The saturation count rate was
measured for several laser repetition rates, which is shown in
Fig. 11. The system efficiency for higher repetition rates SE(frep)
can also be measured directly by dividing Nsat by frep. Then, Eq. (9)
gives

SE(frep) ¼ SE0 � 1� exp �1=(τeff � frep)
� �	 


: (10)

For practical reasons, the system efficiency SE ¼ Nsat
frep

could
only be measured at repetition rates of some Megahertz and higher.
To find the single-shot system efficiency SE0, the measurements,
shown in Fig. 11, were fitted using the Eqs. (9) and (10).
The parameter τeff was not fixed to the excited state lifetime since
the GeV center is not a two-level system, which is visible from the
bunching behavior at intermediate times in the continuous wave

second-order correlation function in Fig. 7(d). Here, the metastable
state of the GeV center simply leads to a higher effective lifetime.
The system efficiency determined from the saturation count
rate over the laser repetition rate was SE0 ¼ (0:99+ 0:21)%, the
effective lifetime was τeff ¼ (10:7+ 3:6) ns and the saturation
count rate for frep ! 1 was (922+ 194) kcps. The parameters
determined from the system efficiency over the laser repetition
rate were SE0 ¼ (0:94+ 0:16)%, τeff ¼ (9:6+ 2:9) ns, and
Nsat, inf ¼ (977+ 170) kcps. The experimental single-shot system
efficiencies and the value calculated from the sources of loss in
the setup are in good agreement with each other, proofing the
rigidity of the loss calculations.

The branching ratio of the excited state’s decay into either
the ground state (with the lifetime t2) or the metastable state
(with the lifetime t3) was calculated from the effective lifetime t0.
We assume that the effective lifetime is the weighted mean of the
two lifetimes t2 and t3, where the branching ratio is the weight
parameter. Therefore, the branching ratio r21 is calculated from

r21 ¼ τ31 � τeff
τ31 � τ21

, (11)

where τ21 ¼ (5:64 + 0:02) ns was determined in Sec. IV C. The
lifetime of the metastable state can be calculated by examining the
inverse lifetime in the continuous wave excitation second-order
correlation measurement and extrapolating to zero excitation
power.24,35,57 This is shown in Fig. 12. The lifetime fit resulted in
τ31 ¼ 172:5 ns.

The branching ratio r21 was calculated for τeff from the fit of
the saturation count rate to be 96:9% and for the direct measure-
ment of the system efficiency, it was r21 ¼ 97:6%. Even though this
means that there was only a small probability for the excited state
to decay into the metastable state, the total time the GeV was in
the metastable state was relatively large due to its longer lifetime.

FIG. 11. The saturation count rate plotted over the laser repetition rate to deter-
mine the system efficiency.

FIG. 12. Inverse lifetime of the metastable state of the GeV center, calculated
from the fit of the continuous wave excitation second-order correlation function
measurement.
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For the two methods, it was determined to be 49:1% and 42:8%,
respectively. This calculation is valid for single-shot excitation of
the GeV center, but it could, in principle, be made for higher laser
repetition rates or even continuous wave excitation.

F. Temporal stability

The temporal stability of the single-photon source was investi-
gated by measuring the count rate from the GeV center presented
over a timespan of several hours, which can be seen in Fig. 13. The
excitation laser power was set to roughly 7 mW, resulting in a total
count rate of roughly 440 kcps on both channels summed up. It
should be noted that due to mechanical instability of the setup, the
color center was held in the focal volume of the confocal micro-
scope by tiny re-alignments of the piezo scanner position, which
caused some short dips of the count rate, e.g., at 1.5 and 5 h.
Besides the realignments, the count rate was stable for these several
hours, with no bleaching and no blinking in a time regime of more
than 100 ms observed. Without mechanical stabilization, the count
rate would deteriorate, typically within 10–60 min. These results
match well with the already observed emission stability over shorter
periods.16 The fabrication of a solid immersion lens around the
emitter seems not to have worsened the temporal stability, as
expected.

V. SUMMARY AND CONCLUSION

We have presented the fabrication of germanium-vacancy
centers in diamond by implantation of Ge ions at 3 MeV and sub-
sequent high-temperature annealing. The successful sample fabrica-
tion was proven by the characterization of the photoluminescence
of a germanium-vacancy center in the sample in a self-built confo-
cal laser-scanning microscope setup. We have introduced
the principle of a solid immersion lens and have shown the

microfabrication of such solid immersion lenses in a focused
ion beam scanning electron microscope (FIB-SEM) setup. One
germanium-vacancy center in a solid immersion lens was then
optically characterized by the measurement of the spectral distribu-
tion, the exponential decay of the excited state, and the second-
order correlation function under continuous wave excitation as well
as in pulsed excitation and the saturation behavior. The saturation
count rate was determined to be Nsat ¼ (854+ 8) kcps, which is a
significant enhancement compared to germanium-vacancy centers
without a solid immersion lens fabricated onto them. The enhance-
ment factor can only be estimated to be around 3 to 5 since no
direct comparison of the emission of a germanium-vacancy center
before and after fabrication of the solid immersion lens was possi-
ble due to drifting of the ion beam in the FIB-SEM. This is in
accordance with literature values between 3 and 8 for germanium-
vacancy centers in diamond.18 The Hanbury Brown and Twiss
measurement revealed g(2)(τ ¼ 0) ¼ 0:12+ 0:06 with a simultane-
ous count rate of 580 kcps at the detector. The dynamic spectral
filtering enabled the direct measurement of the zero-phonon line
emission. An increase in the single-photon purity was found,
although there was still a significant background signal measured
in the form of non-zero residual g(2)(τ ¼ 0). A 2D temporal
analysis of the detection events in an 80 million event stream was
performed. The detection events were filtered using an acceptance
window for the relative timing of the detection event and the
excitation laser pulse. A large part of the non-zero multi-photon
probability could be attributed to detection events that were tightly
correlated with the laser pulse in the time domain, e.g., Raman
scattered photons. Still, some photons must stem from other fluo-
rescence sources, such as neighboring germanium-vacancy centers.
Finally, the system efficiency of the single-photon source was deter-
mined through the analysis of the saturation count rate over the
excitation laser repetition rate. The experimentally derived value of
roughly 1% matched with the value calculated from all sources of
loss in the setup. This verified, on the one hand, the functionality
of the solid immersion lens because the system efficiency could not
reach such values without a SIL. On the other hand, it quantified
possible ways of improvement through the reduction of one or
more loss sources. The branching ratio of the excited state decay of
the germanium-vacancy center was investigated and found to be
heavily in favor of the single-photon emission, with only a fraction
of the decay events going into the metastable state of the
germanium-vacancy center. The long-term stability of the emission
was shown over several hours. The presented single-photon source
could be used for quantum radiometric experiments in the future,
such as the calibration of the detection efficiency of single-photon
avalanche diode detectors. Future development of single-photon
sources with higher brightness could exploit other color centers,
either with higher quantum efficiency, e.g., tin-vacancy centers30

or lower excited state lifetime, e.g., lead-vacancy centers31 or
magnesium-vacancy centers.26 Improvements are possible in the
fabrication of a nanostructure to enhance the collection efficiency
from the color center and to use the Purcell effect to enhance the
emission rate. Here, structures such as the circular bullseye grating
have been proven to increase the emission rate up to millions of
counts.58 Efforts should be made to fabricate a combination of
both, a suitable color center and a suitable nanostructure, to

FIG. 13. Measurement of the temporal stability of the single-photon emission of
the GeV center under a SIL on both channels of a Hanbury Brown and Twiss
setup.
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optimize the single-photon count rate and purity for quantum met-
rological experiments.
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