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ABSTRACT

Point defects in diamond, promising candidates for nanoscale pressure and temperature sensing
applications, are potentially scalable in polycrystalline diamond fabricated using the
microwave plasma-enhanced chemical vapor deposition (MW PE CVD) technique. However,
this approach introduces residual stress in the diamond films, leading to variations in the
characteristic zero phonon line (ZPL) of the point defect in diamond. Here, we report the effect
of residual stress on germanium-vacancy (GeV) centers in MW PE CVD nanocrystalline
diamond (NCD) films fabricated using single crystal Ge as the substrate and solid dopant
source. GeV ensemble formation indicated by the zero phonon line (ZPL) at ~602 nm is
confirmed by room temperature (RT) photoluminescence (PL) measurements. PL mapping
results show spatial non-uniformity in GeV formation along with other defects, including
silicon-vacancy centers in the diamond films. The residual stress in NCD results in shifts in PL
peak positions. By estimating a stress shift coefficient of (2.9 £ 0.9) nm/GPa, the GeV PL peak
position in the NCD film is determined to be between 598.7 nm and 603.2 nm. A larger ground

state splitting due to the strain on a GeV incorporated NCD pillar at low temperature (10 K) is



also reported. We also report the observation of intense ZPLs at RT that in some cases could
be related to low Ge concentration and the surrounding crystalline environment. In addition,
we also observe thicker microcrystalline diamond (MCD) films delaminate from the Ge
substrate, due to film residual stress and graphitic phase at the diamond/Ge substrate interface
(confirmed by electron energy loss spectroscopy). Using this approach, free-standing color
center incorporated MCD film with dimensions up to 1 x 1 c¢cm? is fabricated. Qualitative
analysis using the Time-of-Flight secondary ion mass spectroscopy reveals the presence of
impurities, including Ge and silicon, in the MCD film. Our experimental results will provide
insights to the scalability of GeV fabrication using the MW PE CVD technique and effectively

implement NCD-based nanoscale sensing applications.

Keywords: Polycrystalline diamond, chemical vapor deposition (CVD), point defects,

germanium, residual stress, photoluminescence.
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1. INTRODUCTION

Diamond, a potential candidate for quantum applications based on solid-state spin systems, has
shown remarkable advantages in nanoscale sensing and imaging applications'=. Most of these
advances are based on the nitrogen-vacancy (NV) center in single crystal diamond (SCD) due
to its outstanding spin coherence at room temperature (RT) and the possibility of spin readout
via optically or electrically detected magnetic resonance*®. However, SCD is known to be
expensive and poses challenges in the scalability of the fabrication process®’. In addition, the
NV centers are not ideal, for example, in temperature sensing for bio-applications, as
microwaves adversely influence the cell chemistry. The current temperature sensing
techniques include thin-film thermocouple and fluorescent sensors based on organic
dyes, quantum dots, nanoparticles®'°. However, these techniques have drawbacks such
as heat dissipation through the substrate or limitations in sensitivity and fluorescence
rate fluctuations!'!.

Promising alternatives are the group IV element-vacancy color centers in diamond, where the
group [V atom occupies an interstitial position between two adjacent vacancies along the
<111> direction in the diamond lattice. The inversion symmetric D34 split-vacancy
configuration results in stable emission from these color centers'?. The group IV element-
vacancy centres have advantages over the NV center - a significant amount of the fluorescence
(> 70% of total emission for silicon-vacancy centers) is in the zero phonon line (ZPL) and is
accompanied by a weak phonon side band!?. In addition, the group IV color centers in diamond
offer a microwave-free method for nanoscale thermometry'#'®, Among the group IV color
centers, the germanium-vacancy (GeV) center has a higher quantum efficiency than the silicon-
vacancy center, thus making it an interesting candidate for temperature sensing in bio-

applications'*!°,



Broadly speaking, three fabrication processes are mainly used for generating color centers in
diamond?*2!. A conventional ion implantation process has been demonstrated, enabling the
creation of color centers with high spatial resolution and successfully yielding single-photon
emitters?’. However, this technique involves lattice damage and requires an annealing step at
high temperatures. Other options are the high-pressure high-temperature (HPHT) and
detonation nanodiamond (DND) processes, but these result in a mixture of micro- and / or
nano- aggregates with impurities hence require further processing steps'>?2. The chemical
vapor deposition (CVD) technique overcomes these disadvantages by offering in-situ doping
and large area nanocrystalline diamond (NCD) film fabrication on non-diamond substrates?3-
25

Typically, silicon is the commonly used substrate material for NCD growth studies?®.
However, the presence of silicon substrate leads to silicon wvacancy (SiV)
center formation in diamond?’. One of the approaches to reduce SiV during GeV
formation process is to use Ge as the substrate as well as the solid dopant source.
Ralchenko et al. reported the direct growth of diamond on Ge substrate leading to GeV
center formation in diamond?®. However, this study does not detail the process or its
challenges. Hence, the lack of knowledge on a potentially scalable fabrication process
of GeV in NCD directly grown on Ge substrate using the CVD technique motivates this
study.

Nanoscale sensing applications are based on the shift in ZPL position relative to the
unstrained defect in diamond. However, one should note that the NCD growth on non-
diamond substrates induces residual stress in diamond. The origins of residual stress are
attributed to the lattice mismatch, the difference in the coefficient of thermal expansion
between the diamond film and substrate and the CVD growth conditions (intrinsic

stress). The stress/strain in diamond affects the ZPL position and line width of the



luminescent defect?*3?. Therefore, for defects in NCD, it is essential to establish a
correlation between residual stress and the changes in the defect ZPL. These findings
can serve as a basis for implementing these defects in NCD-based applications. For
example, strained GeV in NCD with residual stress can be calibrated and used for
pressure sensing applications based on the ZPL shift in response to external pressure.
Thus far, GeV centers in CVD diamond, fabricated using solid dopants such as
germanium and its oxide or germane precursor gas, are reported?’>!=33, However, the
information on the ZPL range of strained GeV in NCD is currently lacking and forms
the second motivation of our study.

Here, we report the study of residual stress-related ZPL shift of GeV in NCD film
deposited on Ge substrate by microwave plasma-enhanced CVD (MW PE CVD). We
systematically investigate the PL spectra and correlate peak shift to the in-plane
compressive stress of the NCD film. In this way, the center wavelength range of the
GeV fluorescence peak can be assigned, i.e. strained GeV centers in NCD on Ge
substrate can be identified. The residual stress in the film also supports the formation of
free-standing  diamond  films  incorporated  with  luminescent  centers.
Furthermore, we report the non-uniformity of GeV formation in NCD. Consequently,
we have opted for a strategy involving the transformation of the NCD film into pillars

to facilitate the re-identification of GeV.

2. EXPERIMENTAL SECTION

Commercially available high purity single crystal 500 um thick Ge (100) (5 X 5 mm? and
1 x 1 cm?) were used simultaneously as substrates and the solid dopant source. The substrates
were cleaned by hydrogen plasma in the ASTeX 6500 MW PE CVD system. The cleaned

substrates are seeded with water-based monodispersed DND colloidal solution (NanoCarbon



Research Institute Co. Ltd, particle size 4 — 5 nm) by drop-casting followed by a deionised
water rinse and spin-drying steps®*. Diamond growth on the DND seeded substrates was carried
out in the ASTeX 6500 series MW PE CVD system with process gas feed of methane and
hydrogen, leading to 1% methane with a total flow of 400 sccm. The working pressure and
MW power were maintained at 45 Torr and 3000 W, respectively, to ensure substrate
temperature of (720 + 20)°C, which is below the melting point of 936°C at 1 atm for Ge*. The
substrate temperature was determined using Williamson Pro92 dual-wavelength pyrometer.
The NCD growth time was 1 h and extended to 40 h for the free-standing microcrystalline
diamond (MCD) film fabrication. It should be noted that once the diamond film covers the Ge
substrate, it also prevents further substrate etching and thus cuts off the Ge dopant source from
the plasma. Hence, additional unseeded Ge pieces were placed alongside the DND seeded
substrates and in contact with the plasma form the Ge source for the 40 h deposition. For
comparison, MCD film without unseeded Ge substrates was also fabricated.

Raman measurements were carried out using a 488 nm laser (Lexell SHG) with a Horiba Jobin
Yvon T64000 micro-Raman spectrometer. The scanning transmission electron microscopy
(STEM) combined with electron energy loss spectroscopy (EELS), used to investigate the
chemical composition at the interface between Ge and diamond, was performed on the Thermo
Fisher QU-Ant-EM microscope (operated at 300 kV and 20 mrad convergence angle). A
focused ion beam from FEI Helios NanoLab DualBeam 650 SEM was used for cross-sectional
sample preparation at the diamond/Ge interface.

The effect of stress on the photoluminescence (PL) spectra of GeV was investigated on NCD
thin films which were possessing residual mechanical stress. In the case of free-standing
diamond film the thermal stress, which makes the largest part of the residual stress, is
eliminated after its delamination from the substrate. PL measurements of MCD film reveal

GeV with ZPL of (603.3 £+ 0.17) nm. The in-plane residual stress component in the NCD film



on Ge substrate was calculated using the Stoney equation’®. The substrate curvatures before
and after diamond CVD were obtained from line scan measurements with a Bruker
DekTakXT® stylus profilometer. Elastic constants of the Ge substrate were taken from the

literature?’.

Room temperature photoluminescence spectroscopy and mapping measurements were
performed on a standard confocal setup. A 532 nm laser (Laser Quantum Gem 532) illuminated
the sample. The PL response of the sample was collected onto either an avalanche photodiode
(Excelitas Technologies SPCM-AQRH-14) for mapping or a charge-coupled device camera
(Kymera 193i) for spectroscopy. For all measurements, the excitation with 1 mW power was
focused through an objective with a numerical aperture of 0.95. A band-pass filter (ThorLabs
FB600-10, CWL = (600 + 2) nm, FWHM = (10 £ 2) nm) was used in the PL detection path for
mapping mode measurements. The low-temperature PL measurements at 10 K were carried
out with a liquid helium flow cryostat.

Qualitative analysis of the MCD film was carried out by the time-of-flight secondary ion
mass spectroscopy (ToF-SIMS) technique. A dual-beam ToF-SIMS IV (Ion-TOF GmbH,
Miinster, Germany) spectrometer, allowing for an in-plane resolution of ~1 um, an in-depth
resolution of ~1 nm and a mass resolution M/AM of ~7000 was used. In the non-interlaced
bunched mode, the analysis ion beam (25 keV Bisz*, 150 x 150 um? raster area) was operated
between sputtering cycles of 10 s, using a 500 eV Cs* ion beam (400 x 400 pm? raster area).
An electron flood gun was used for surface charge compensation. The profiles were acquired
in negative polarity because of the higher intensity of characteristic molecular ion signals
deriving from using Cs* primary ions for sputtering. Electron beam lithography and inductively
coupled plasma reactive ion etching were applied to fabricate nanopillars with nominal
diameters between 50 and 1000 nm. The EBL process details for structuring the NCD film to

pillars can be found elsewhere®.



3. RESULTS AND DISCUSSION

3.1 NCD Film on Ge

One of the primary process challenges of using single-crystal Ge as a dopant source and as a
substrate is its melting point (936°C), which is close to the diamond deposition temperature>.
Earlier studies report Ge substrate melting and associated surface damages, including Ge
surface restructuring and pit formation partially alleviated by including thin barrier layers on
Ge*40, At first, we also observed Ge substrate melting, thus the diamond deposition
temperature was limited to (720 = 20)°C. The sources of Ge atoms could be the sublimation
and the plasma etching of the Ge substrate, formation of GeH, radicals and Ge incorporation
into the growing diamond layer follows, finally resulting in a GeV center in diamond?34142,
Figure 1 shows the SEM micrograph of the 100 nm thick NCD layer on Ge. Randomly oriented
grains with well-faceted layer morphology are seen, and the characteristic peak at 1334.2 cm™!
from Raman measurements confirm diamond formation*3. The additional peaks in the spectrum
at 1120 cm™ (vi peak), 1450 cm™! (v3 peak), D- and G-bands (1350 cm™ and 1560 cm™,
respectively) are related to non-diamond phases such as trans-polyacetylene and graphitic

phase at the surfaces or grain boundaries of the NCD film.
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Figure 1. (a) Typical SEM image of a 100 nm thick NCD film grown on a Ge substrate and (b)
a representative Raman spectrum for the NCD layer, measured at the corner position of the
sample, is with the diamond peak position at 1334.2 cm™'. Measurements carried out at multiple

positions of the sample revealed comparable spectra.

Another impairing factor for diamond growth is the thermal mismatch between Ge and
diamond. The linear coefficients of thermal expansion for Ge and diamond at 300 K are
59x10°K! and 1x10°K"!, respectively, and at 1000 K are 8.5x10°K' and
4.4 x 10°° K1, respectively)****. The diamond film grows on an expanded Ge substrate under
CVD conditions. However, upon cooling, the substrate shrinks to its room temperature
dimensions resulting in compressive stress®. In addition, the intrinsic stress in NCD also
contributes to residual stress in the deposited diamond layer that could lead to sample bowing

or even film delamination from the substrate.
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Figure 2. EELS measurement data at the NCD film /Ge substrate interface (a) diamond and
graphite (b) Ge, (¢) EELS mapping of diamond (green), graphite (red) and Ge (blue)
(background subtracted). The colors indicate the components of the three reference spectra at
every probe position. (d) The high-angle annular dark-field map with the blue line scan position
over the Ge — substrate interface indicated, and (e) an overlay EELS plot for diamond graphite

and Ge across the diamond interface.

Studies have shown that amorphous Ge-C form molecular fragments with low stability and Ge
carbide formation is extremely small*®#’. To investigate the chemical composition, high-
resolution STEM combined with EELS was carried out at the NCD/Ge substrate interface.
Figure 2 shows the EELS spectra for diamond, graphite and Ge recorded from different energy

windows simultaneously. The carbon K-edge and Ge L-edge are at 284 eV and at 1217 eV,
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respectively*®#°. From the EELS mapping results, a thin graphitic layer, 2 — 5 nm thick, is seen
at the diamond and Ge substrate interface. Thus, no direct chemical bonding exists between the
substrate and diamond layer; observations are similar to those reported by other groups’. Due
to the above reasons, it is challenging to grow an adherent NCD film on Ge substrate.
Nevertheless, these unfavourable properties may be exploited for the fabrication of free-
standing MCD films incorporated with color centers, as will be discussed in the following

section.

Additionally, EELS line scan measurements were carried out at the diamond/Ge interface to
determine Ge diffusion into the diamond layer. The signal from the carbon K-edge and
germanium L-edge indicate that there is no diffusion of Ge into the diamond layer. The

detection limit of the technique is around 0.1 at.%.

3.2 Ge Incorporated Free-standing Microcrystalline Diamond Film

A 9 um thick MCD film was grown with the same plasma conditions. The growth duration of
such a film was 40 h. It should be noted that once a diamond film covers the substrate, it
prevents substrate-plasma interaction, thus cutting off the dopant source. Hence, additional
unseeded Ge substrates were placed next to the DND seeded Ge substrate during the CVD of
the MCD film. After the diamond growth, the substrate is left to cool down to room temperature
in the deposition system. In addition to the differences in the thermal expansion coefficient of
diamond and Ge, and the absence of the carbide interlayer, the residual stress in the diamond
film drives diamond film delamination. In this way, a self-separating free-standing MCD film

was fabricated (Fig. 3).
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Figure 3. (a) Optical image of the free-standing microcrystalline diamond film (1 x 1 cm?) and
corresponding SEM images: (b) the growth and (c) nucleation sides show different film

morphologies.

To find out the impurity content in the MCD film, it was analysed with ToF-SIMS. To reduce
the surface roughness impact on ToF-SIMS analysis, the measurements were carried out on the
nucleation side of the MCD film. Figure 4 shows a mass/charge (m/z) spectrum and depth
profile measurement results carried out on the edges of the sample. The peak at 73.92 amu in
the mass/charge spectrum confirms Ge and corresponds with Ge reference wafer
measurements. Although the characterisation was carried out at random positions on the
1 x 1 cm? film, the peak was mainly observed for measurement positions close to the edges of
the film. Only trace amounts of Ge could be detected at other measurement positions, which

were further away from the edge.
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Figure 4. ToF-SIMS measurements of the free-standing microcrystalline diamond film (a)
mass/charge (m/z) spectrum at different positions (edges and center) and (b) the depth profile

at an edge position and (c) the ratio of GeO27/0;" at different positions.

Similar observations on preferential incorporation along the film edges have been previously
reported in single crystal diamond and improved GeV formation uniformity when using
additional solid dopants such as germanium oxide during diamond deposition®!. However, the
exact mechanisms for creating color centers with improved spatial uniformity are not
explained. The favoured Ge incorporation along the edges may suggest a similar incorporation
mechanism as additional unseeded Ge substrates were placed along the edges of the seeded Ge

substrate. Grudinkin et al. report substrate temperature-dependent GeV formation in the hot
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filament CVD process*. It is proposed that at temperatures near to the melting point of Ge, a
quasi-liquid Ge layer forms, leading to more intense etching and, thereby, a higher
concentration of GeH, radicals. Similarly, it may be the case that a temperature-related
substrate edge effect, i.e. higher substrate temperatures are present along the Ge substrate
edges, leads to higher Ge concentration at edge positions, thus, resulting in spatial non-
uniformity of the Ge incorporation process. Nevertheless, the chosen diamond deposition
conditions are conducive to Ge substrate etching and confirm that Ge successfully incorporates

into the film during the CVD process.

The depth profiling (Fig. 4(b)) results confirm the presence of Ge, although not detected with
constant signal intensity for the analysed film thickness. The ratio of GeO2/0O analysis also
confirms relatively higher Ge content at the sample edges (Fig. 4(c)). The analysis also shows
additional impurities in the diamond film, the most significant being oxygen, nitrogen and
silicon. High levels of oxygen and nitrogen, detected as CN, can be attributed to the low base
pressure in the deposition system (4 x 1073 mbar) or speculated leakage in the deposition
system. Other complexes were also seen in the m/z spectrum, such as C¢Ha. Despite the absence
of a dopant source such as silicon substrate or silane gas precursor, silicon is present in our
diamond samples, with speculated sources being residual silicon or quartz parts of the CVD
chamber*?. Hence, we propose that it may be feasible to fabricate Ge-incorporated high-purity
diamond films under high purity environment. Although with the ToF-SIMS technique
impurities including Ge are detected, there is very little evidence if the dopant incorporation
occurs in the diamond grain. The low lateral resolution of the ToF-SIMS technique restricts

the analysis between crystal and grain boundaries in the diamond film.
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3.3 Photoluminescence Measurements

The formation of GeV centers in diamond can be confirmed by PL. measurements. A typical
PL spectrum measured at RT is characterised by the ZPL (602.5 + 0.5) nm with a full width at
half maximum (FWHM) ranging from 4 to 5 nm for GeV ensembles in high purity single
crystal diamond fabricated via CVD and via the HPHT process?®#15%51, In the following
sections, we discuss the RT PL spectra in our samples, followed by peak distribution and PL

measurements at low temperature (10 K).

3.3.1 PL of Free-standing Microcrystalline Diamond Film

Figure 5 shows a typical RT PL spectrum from the free-standing MCD film. Comparative PL
studies on MCD film grown without unseeded Ge substrates were also carried out. The most
prominent peak in the PL spectrum, in addition to the diamond Raman peak (572 nm), is at
~737 nm corresponding to SiV centers in diamond>?. As mentioned in the previous section,
silicon is an unintentional dopant, and its presence as SiV centers correlates well with the ToF-
SIMS results. Studies on controlling SiV formation by limiting the available Si substrate
surface or by co-doping techniques have been reported?’>2. A strong and broad background
fluorescence extending over the spectral measurement range are attributed to the dislocations,
grain boundaries, impurities (as detected by ToF-SIMS) and the sp? phases in the

polycrystalline or nanocrystalline diamond host material®?.
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Figure 5. Typical RT PL spectrum of the free-standing microcrystalline diamond film. The
inset shows the PL spectra of MCD grown with and without unseeded Ge substrates. The

spectra are vertically offset for clarity.

Other less intense and identifiable peaks in the RT PL spectra are at 595 nm, 629 nm, 637 nm
and 693 nm which could be identified as nitrogen-related defects, for example, negatively
charged NV center (637 nm) or other nitrogen-carbon complexes>*. These centers also have

side bands and could contribute to the background of the free-standing diamond PL spectra.

3.3.2 PL of Nanocrystalline Diamond Film on Ge at RT

PL measurements were carried out on a 100 nm thick NCD film on Ge substrate deposited
under the same depositions conditions as the MCD film. Variations in spectra measured at
different sample positions are seen - some spectra have additional peaks indicating spatial non-

homogeneities in the NCD film (Fig. 6).
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Figure 6. Examples of typical RT PL spectra of a 100 nm thick NCD film. Measurements are

carried out at two random positions on the same sample.

The PL mapping (measured with a 600 nm band-pass filter) also shows areas with high
intensities indicating non-uniformity in GeV formation (Fig. 7). However, one should keep in
mind that NCD has a PL quenching behaviour due to the non-diamond phases and/or hydrogen
surface termination®>°, Similar observations were reported by Eremchev et al. on GeV centers
in CVD epitaxial diamond using germane gas as the dopant source®’. They also observed bright
and dim regions in PL, and although RT measurements did not show a GeV PL peak, some of
the dim regions under cryogenic conditions revealed GeV centers in very low concentrations.
Thus, the GeV ZPL may be quenched in NCD, even if the centers are created, resulting in non-

uniform intensity in PL. mapping.
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Figure 7. (a) RT PL mapping of 100 nm thick NCD film with band-pass filter and (b) an

exemplary spectrum with intense ZPL measured at a bright spot in the PL mapping.

It is also interesting to note that in our samples, the GeV centers are primarily at the edge
positions of the NCD film, supporting the ToF-SIMS measurements. Our experiments at
slightly higher MW power resulted in substrate melting initiated at the edges. Hence, the
observation suggests that GeV incorporates along the edge positions where a higher substrate

temperature could be expected.

Although not frequent, we also observe intense ZPLs. The PL spectrum in Fig. 7 shows such
an exemplary RT PL spectrum with an intense ZPL at 602.3 nm with FWHM of <3 nm. Again,
these spectra with intense peaks may be measured at spots where incorporation is preferred in
larger crystals in the NCD layer and hence stand out from the background fluorescence.
Unstrained GeV emitters have a typical RT ZPL line width of about 4 — 5 nm>’. Narrow ZPL
widths seen in SiV incorporated (001) oriented diamond nano-islands were assigned to low

doping concentrations®®. Lindner et al. and Gorlitz ef al. also report narrow emission lines for
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SiV and tin vacancy (SnV) centers in diamond, respectively3?>° - the deviations in ZPL position
and width attributed to strain and modified electron-phonon coupling in the presence of strain.
We note that a clear theoretical explanation for these experimental observations is not yet
available; hence tentatively attribute the emission lines observed in our NCD samples to low
doping concentrations and the surrounding crystalline environment. Whether these defects are

single centers is currently unclear and will be a topic of interest in future studies.

3.3.3 PL Peak Shift Investigation

The position of the ZPL that corresponds to a diamond point defect changes with the isotopic
constitution of the element and shifts depending on the environment of the color center; for
example, the lattice strain leads to shifts in ZPL position. Detailed studies on the line positions
and FWHM of SiV in nanodiamonds and diamond microstructures have been reported where
peak shift and line broadening were assigned to strains in the diamond lattice?*%°. The GeV
ZPL shift from 600.5 nm to 611 nm was reported in ion-implanted samples*!, while ZPL shift
of less than 0.2 nm is reported in 2Ge compared to natural Ge in HPHT diamond™. As can be
seen in Figure 6 we also observe the variation in peak position in the PL spectra. To investigate
further, measurements were carried out at multiple positions within the same sample. Figure 8
shows the peak distribution between 598 to 610 nm for the NCD film (d = 100 nm) — a red-
shifted peak is more often observed than a blue-shifted peak, with the most occurrences

between 602 nm and 606 nm.

The diamond Raman peak shifts towards higher or lower wavenumbers when the lattice is
under compressive or tensile strain, respectively®’. In addition, defects in the diamond lattice
are the cause of the line broadening and also the shift towards higher or lower wavenumbers®’.

Figure 1(b) a representative Raman spectrum for the NCD layer, measured at the corner
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position of the sample, is with the diamond peak position at 1334.2 cm™!. Measurements carried
out at multiple positions of the sample revealed comparable Raman spectra. With the shift
towards higher wavenumber, the Raman measurements indicate compressive residual stress in

the NCD film.
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Figure 8. (a) The observed ZPL position and (b) FWHM distribution based on room
temperature PL. measurements on a 100 nm thick NCD film. The red cross in (b) represents

unstrained GeV ensemble as reported in literature™.

Based on the relation Aw = ¢ x 2.94 [cm!/GPa], where Aw is the Raman shift and o is the
stress®®, the residual compressive stress in the NCD film is estimated to be about
(0.6 = 0.2) GPa. Furthermore, the in-plane residual stress was obtained by substrate curvature
measurements, with and without the NCD layer, based on the Stoney equation?®. The resulting
in-plane residual stress in the NCD film was found to be compressive with a value of
(—0.85 £0.15) GPa. The differences in stress between Raman and substrate curvature

measurements are well known and explained by Prawer et al. 43.

As the NCD film residual stress is compressive, blue shifted ZPL is expected for GeV aligned

in-plane with the substrate. Alternatively, the red-shifted peaks indicate out-of-plane aligned
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GeV, i.e. the [111] axis of the GeV center lies in the growth direction of the NCD. It can hence
be concluded from the peak distribution in Figure 8 that both in-plane and out-of-plane GeV
centers are present in NCD. For biaxially strained films, the in-plane stress (o.) and out-of-

plane strain (&) are related via the Young’s modulus (E) and Poisson ratio (V) by the relation

If one considers for NCD a Poisson’s ratio of 0.12%!, the calculated out-of-plane tensile stress
is (0.21 £ 0.03) GPa. Thus, the GeV centers that undergo this tensile stress manifest as red
shifted peaks in the PL spectra. With known residual stress values, the range of GeV ZPL in
the peak distribution can be estimated if the stress shift coefficient (ZPL shift in nm/GPa) in
NCD is also defined. Studies on voltage-deflected single-crystal diamond cantilevers
demonstrate that the strain susceptibility coefficient for GeV is comparable to those of SiV
centers®>%3. Thus, by analysing the ZPL shift of SiV in NCD relative to the unstrained SiV in
diamond (ZPL ~738 nm and FWHM of 4 — 5 nm) at room temperature, the stress shift

coefficient can be approximated.

Figure 9 shows the ZPL position and FWHM for the SiV centers in NCD to be at
(738.2 £ 0.5) nm which corresponds to a stress shift coefficient of (2.9 £ 0.9) nm/GPa. We
expect a comparable value for GeV as well and hence propose the GeV ZPL in NCD to be
between (598.7 = 0.1) nm and (603.2 + 0.1) nm. Thus, the observation of the most occurring
ZPL wavelength in the GeV ZPL distribution, the peaks shifted by a few nm relative to the
strain-free GeV ZPL can be explained, with the remaining peaks tentatively assigned to other
fluorescent defects, such as GeV containing complexes. It should be noted that local variations
in defects in NCD grains and grain boundaries also lead to variations in the local stress/strain
and may also contribute additional variations in ZPL%. We also note that Raman peak, SiV and

GeV may not be identified in the same PL spectrum. From the histograms, the GeV may be
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red- or blue-shifted, while the SiV is mostly red-shifted indicating the PL peak shifts of GeV

and SiV ZPLs are not necessarily correlating (Fig. S1 in supplementary data).
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Figure 9. ZPL position and FWHM distribution for the SiV centers in 100 nm thick NCD film.

The measurements are carried out at the corners of the NCD film and data obtained from same

spectra used for GeV analysis.

Analysis was also carried out on the sideband peaks for the PL spectra with intense peaks
(Fig. S2 in supplementary data). Theoretical and experimental studies on the local vibrational
modes in neutral, ground and excited negatively charged GeV centers are reported in
literature’®%>. The localised vibrational mode for Ge is reported to be at 615 nm and another
peak at 640 nm corresponding to the vibronic side band is expected for the RT PL GeV. The
first and second order lines of diamond are expected at about 572 nm and 620 nm, respectively.

However, these diamond features are not clearly identifiable for NCD in the PL spectra.
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3.3.4 PL of NCD on Ge at Low Temperature (10 K)

In our samples, to facilitate the re-identification of GeV centers, the NCD film underwent a
standard e-beam lithography process creating arrays of NCD pillars. Figure 10 shows
representative SEM and PL mapping images of the NCD pillar under investigation. At
cryogenic temperatures, the unstrained GeV PL spectrum is characterised by a four-level
energy structure (Fig. 11(a)) with the ground (AE1) splitting by 0.75 meV (181 GHz) and
excited state (AE>) splitting by 4.63 meV (1120 GHz)*°. However, larger ground state splitting

when the diamond lattice is under strain has also been reported®-°,

Figure 10. (a) SEM image of NCD pillar array, (b) NCD pillar at higher magnification, and the

corresponding room temperature PL. mapping (c,d).

An NCD pillar with RT ZPL at ~600 nm is chosen for low temperature measurements (Fig. S3
in supplementary data). Upon cooling the sample down to 10 K the GeV ZPL shifts to lower

wavelengths and a complex peak structure appears (Fig. 11(b)). The observed ZPL shift in
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diamond at low-temperature is known to be determined by two factors — lattice thermal
contraction and the electron-phonon coupling®’. In our case, additional thermal stress between

the Ge substrate and NCD film is also present.

Studies on GeV and SnV centers in HPHT diamond show that the contribution of lattice
thermal expansion is ~25% of the total ZPL shift, while the temperature-dependent line
broadening and the shift were explained by the quadratic electron-phonon coupling between
the electronic transition and the localised vibrational mode®-%°. However, variations from this
model have also been recently reported for low concentration GeV centers in epitaxial layers®’.
A similar observation of complex peak structures is also found in SiV and GeV ensembles
under stress. Superpositioned spectra with different ZPL of GeV sub-ensembles with strain

broadening is also reported in the literature>”-°.

C2
598.9 nm

a) b) 10K

AE,1120 GHz

D2
599.2 nm

Intensity (a.u.)

AE, 181 GHz

598.5 599.0 599.5
Wavelength (nm)

Figure 11. (a) Representation of the energy level scheme for the GeV center, (b) the low

temperature (10 K) PL spectrum recorded on a GeV containing NCD pillar.

In our case, the complex structure can be deconvoluted into four peaks (Fig. 11(b)). However,
the observed levels do not exactly match with the expected energies of the excited state to the

splitted ground level. We have hence adapted the procedure from Grudinkin ez al.”’, with the

24



best match for transition from the lower excited state to the splitted ground levels from which
the ground level splitting is calculated. The ground state splitting values of 314 GHz (C1 —D1)
and 266 GHz (C2 — D2) are still higher than the theoretical value of 181 GHz. We attribute this
difference to the nanocrystalline character of the films and influence of strain?®3°, Based on the
work of Meesala et al. %2, the ground-state splitting can be estimated as a function of strain. If
one considers a Young’s modulus of 500 GPa for NCD, a strain value of about 4 x 104 is
expected for our sample, with a corresponding ground state splitting of > 800 GHz. We note
that the ground state splitting in our sample is about 2.5 times lower and we attribute it to the
lowering of strain on conversion of a continuous NCD film into a pillar structure. Additionally,
the FWHM in the range of 0.12 — 0.16 nm may indicate the presence of single GeV centers;

however, further measurements will be necessary to confirm this.

4. CONCLUSIONS

This work presents a comprehensive study on the in-sifu fabrication and photoluminescence
studies of GeV centers in NCD film via the MW PE CVD technique using single crystal Ge
acting simultaneously as the substrate material and the solid dopant source. Despite material-
associated limitations of melting point, which is close to typical diamond growth temperature,
and mismatch in the coefficients of thermal expansion, we have successfully fabricated GeV
centers in NCD films directly grown on the Ge substrate. Raman measurements confirmed
diamond formation and SEM showed diamond film with facetted morphology.

A carbide interface is absent between the NCD/Ge substrate interface, as confirmed by the
EELS measurements. The 2 to 5 nm graphitic layer at the interface corroborates no direct
chemical bonding between the grown diamond film and the Ge substrate. The absence of
chemical bonding and the residual stress in the film promotes the delamination of the

diamond film from the Ge substrate. These make it possible to fabricate self-
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delaminating free-standing color center incorporated ~9 um thick MCD films on areas
of 1 x 1 cm?, as demonstrated in this study. Qualitative ToF-SIMS measurements reveal Ge
with a tendency of higher detection at the diamond film edges. We suggest that such
incorporation is due to higher temperature at the substrate edges.

Room temperature PL. measurements confirm GeV ensemble formation with the characteristic
ZPL at ~602 nm in the deposited films. We also observe the distribution of peaks between 598
to 610 nm in the NCD film, preferentially red-shifted with the most occurrences between 602
and 606 nm. Raman diamond peak analysis and substrate curvature measurements confirm
compressive residual stress in the NCD film.

It can be concluded that for the blue shifted ZPL the GeV is aligned in-plane while the red-
shifted peaks indicate out-of-plane aligned GeV i.e. the [111] axis of the GeV center lies in the
NCD growth direction. By analysing the shift in ZPL of SiV centers, the stress shift coefficients
is found to be (2.9 + 0.9) nm/GPa. Thus, peaks between (598.7 = 0.1) nm and (603.2 + 0.1) nm
may be explained by the in-plane and out-of plane aligned GeV centers while we tentatively
assign the remaining peaks to other impurities present in the NCD layer. Analysis of the
sidebands in the spectra showed various peaks probably associated with other defects.

RT PL spectrum with an intense ZPL at 602.3 nm with an FWHM of < 3 nm may be
indicative of low Ge doping concentration in diamond and the surrounding crystalline
environment. In addition, PL measurements at 10 K on NCD npillars reveal complex ZPL
structure that is speculated to originate from single GeV centers but experiencing different
strained conditions. Whether the interactions with grain boundaries are significant
remains an open question. Our experimental results offer insights into facilitating the
implementation of strained GeV centres in NCD for nanoscale sensing applications and

the scalability of GeV fabrication using the MW PE CVD technique.
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