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We present an optical characterisation of GeV" centres within diamond nanoparticles grown via chemical
vapour deposition (CVD). The study is performed by means of confocal photoluminescence (PL)
spectroscopy at cryogenic temperatures as low as 8 K, where consecutive PL spectra are recorded in an
automated way to create a PL map of the surface of each sample. The measurements reveal clear signatures
of GeV~ emission in multiple samples, confirming the incorporation of germanium into the diamond lattice.

Colour centres in diamond are promising candidates for spin qubits that can be addressed optically. Similar
to silicon, germanium (Ge) is a group IV element that can be incorporated into the diamond lattice next to
2 vacancy sites (V) to create an optically active centre, see figure 1 (a). Due to its higher atomic weight,
compared to Si, GeV" can operate as a spin qubit at a higher temperature without suffering from excessive
phonon coupling [1]. However, the same reason makes its incorporation into the diamond lattice
experimentally challenging, so the GeV~ centre is less studied in comparison to SiV". Nanodiamonds can
play an important role in integrating these qubits within larger platforms thanks to their small footprint and
reduced cost relative to bulk diamond. In this study, we explore the impact of the growth conditions on the
incorporation rate and optical properties of GeV- centres in diamond nanoparticles by measuring the PL
response of multiple CVD-grown samples.

The simplified electronic energy level of GeV" is shown in figure 1 (b). It consists of an excited and ground
state manifolds comprised of 4 electronic energy levels each with spin %2 degree of freedom and separated
by an optical transition of approximately 602 nm. The spin-orbit interaction partially lifts the degeneracy
of the manifolds leading to spin-degenerate doublets whose degeneracy can be further lifted by applying
an external magnetic field [2]. Directly above the excited state lies a broad energy band to which electrons
can also be promoted when they are excited with photons of wavelengths well below 602 nm. Electrons in
this band undergo a fast non-radiative relaxation into the excited state manifold from which they will
eventually decay into the ground states by the emission of photons at 602 nm [3]. Given the measurement
temperature of 8 K, this fast non-radiative relaxation leaves the promoted electrons predominantly in
sublevel 3, thus the allowed optical transitions result in a doubled emission peak separated by 0.2 nm. Note
that strain or stress in the lattice can shifts the energy levels from this idealized configuration [4].
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Figure 1. (a) Schematic view of GeV", figure from reference [5]. (b) The corresponding energy structure.



Sample CHa4 0.1%GeH4:H2 Pressure Temperature Time

Number [scem] [scem] [mbar] [C] [min]
A 4 396 40 700 90
B 4 396 120 900 10
C 2 398 120 900 30

Table 1. Growth conditions for various nanodiamond samples.
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Figure 2. SEM images showing grown nanodiamonds on (a) sample A, (b) sample B, and (c) sample C.

Respectively, the average nanodiamond diameter on each sample is 0.65 pm, 0.35 um, and 0.25 pm.
The nanodiamonds were grown in a CVD gas chamber with different flowrates of CHs and 0.1%GeH4:Ho.
Additionally, the growth time, pressure, and temperature were varied which affects the size, crystal quality,
and defect concentration of the nanodiamonds. Table 1 below summarizes the growth parameters of the
measured samples, and figure 2 displays the scanning electron microscope (SEM) images of the samples.
The nanodiamonds in sample A are larger in size because of the long growth duration of 90 mins. Samples
B and C are more similar in size, as the lower growth time of sample B is compensated with a higher CHs
concentration. The other parameter that stands out is the growth pressure of sample A which is relatively
small. With all other variables fixed, the growth pressure mainly influences the crystalline quality of the
grown nanodiamonds. As the growth pressure increases beyond a certain threshold, the diamond particles
transit from composite to smooth single crystallographic planes [6].
For the characterisation measurements, a continuous-flow helium-based optical cryostat (attoDRY800) was
used to reach a base temperature of 8 K at the sample holder. The sample holder is equipped with three
piezoelectric positioners that allow for spatially scanning the sample with a precision better than 300 nm.
A 532 nm continuous-wave laser or a 515 nm femtosecond pulsed laser were used to excite the centres
through a 50X, 0.55 NA microscope objective. The consequent emission was measured using an Andor
Shamrock 750 spectrograph coupled to an Andor Newton EMCCD or, in case of time-resolved
measurements, the emission was narrowly filtered via the spectrometer and then sent to single-photon
avalanche detectors (SPADs). After calibrating the spectrometer gratings to the emission lines of a Neon
lamp, the wavelength uncertainty of the spectrometer was found to be below 0.5 nm across the wavelength
range of interest.
The brightest PL feature from all the nanodiamonds is an intense peak at 737 nm coming from SiV" centres,
see inset of figure 3. These defects get incorporated due to the slow etching of the underneath SiN substrate.
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Figure 3. Time-resolved measurements on the SiV- peak from (a) sample A and (b) sample B. Three
spots hundreds of um apart were measured on each sample. The dashed line is an exponential fit, and 7
is the obtained lifetime of SiV". A representative spectrum is shown in the inset of each plot.



Figure 3 compares the lifetime associated to SiV™ for samples A and B. Emitters in smaller nanodiamonds
experience a reduction of the light-matter interaction, resulting in a weaker quantum efficiency and thus a
longer lifetime [7]. Although the time-resolved measurement is performed only on SiV", the trend that
nanodiamonds with diameters comparable to or smaller than the emission effective wavelength suffer from
low quantum efficiency and low PL signal is general. For GeV", that length scale is around 250 nm.

In search of GeV~ centres, a PL map of sample A was taken around the 602 nm at 8 K with a step size of 1
pum in each direction. The detected peaks, some of which are shown in figure 4 (a), are then fitted with a
Gaussian function to obtain the corresponding statistics, as illustrated in figure 4 (b).
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Figure 4. (a) Representative PL spectra of grown nanodiamonds in sample A (spectra shifted vertically).
(b) Distribution in a wavelength/bandwidth plane of PL peaks corresponding to the 50 um X 60 pm PL
map shown in the inset. Dashed lines correspond to the main transitions of unstrained GeV~ [8].
The majority of detected PL peaks feature a spectrometer-resolution-limited full width half maximum
(FWHM) of around 0.1 nm, which was previously reported for GeV™ centres at temperatures below 10 K
[8]. Larger FWHM values are attributed to strain and inhomogeneous broadening in ensembles of GeV~
centres. The statistical distribution also reveals that the central wavelengths of the detected emission peaks
generally deviate from the unstrained values (dashed lines) but agrees with previously reported values [9].
A similar behaviour is observed for SiV" centres in diamond nanoparticles, where the red shift of the higher
wavelength transition is explained by the local stress at the position of the colour centre [4]. Blue shifts are
also reported for GeV™ in presence of hydrostatic pressure [10].
PL maps are taken for samples B and C under similar conditions at 8 K with a step size of 1 um in each
direction. Figure 5 displays the PL maps alongside the fitted data.
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Figure 5. Distribution in a wavelength/bandwidth plane of PL peaks found in a 60 um x 60 pm area of

samples (a) B and (b) C. The inset of each plot shows the PL map, where the colour reflects the central

wavelength of that peak. Dashed lines correspond to the optical transitions of unstrained GeV~ [2].
The colour code in the PL maps above shows that each cluster of points in the wavelength/bandwidth plane
corresponds to a spatially localized spot on the sample surface. Each group is then a collection of
neighbouring emitters, each emitting with slightly different central wavelength. The PL peak of an
ensemble is broadest when the laser beam is optimally aligned to its center, so that most emitters are
contributing to the emission. Samples B and C clearly have a lower concentration of colour centres when
compared to sample A, due to their smaller sizes and lower nanodiamond density. Moreover, the expected
lower quantum efficiency of the emitters in these samples relative to sample A makes detecting them more
difficult. The deviation from the unstrained transition lines is generally bigger in the smaller nanodiamonds,



due to higher magnitudes of strain. Overall, we observe several peaks that are attributed to GeV" centres on
both samples, but sample B has more centres than sample C around the GeV" transition wavelength range
across many scanned regions. This is a consequence of using a lower CH4 flowrate with a higher growth
time, so the ratio of Ge to C atoms in the chamber is larger while still producing similarly sized
nanodiamonds.

In summary, the low-temperature PL mapping confirms the successful incorporation of Ge into the diamond
lattice forming optically active GeV" centres with narrow emission linewidths. Nanodiamonds with a large
diameter, compared to the GeV" emission wavelength in diamond, feature high quantum efficiency and low
strain-related shifts in the emission central wavelength. The results also provide guidelines for optimizing
the CVD growth process in terms of the incorporation rate and optical properties of the centres. Future
work will focus on integrating GeV" centres in nanodiamonds with SiN waveguides and cavities to enable
single-particle detection and manipulation.
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