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A B S T R A C T

Germanium-Vacancy (Ge-V) color center in diamond possesses a narrow band photoluminescence (PL) emission
in the orange spectral range interesting as a single-photon source for quantum optical technologies and ther-
mometry, therefore, development of methods for the controllable doping of diamond with Ge is of high im-
portance for such applications. Here, we report on the synthesis of polycrystalline and epitaxial single crystal Ge-
doped films using microwave plasma chemical vapor deposition (CVD) technique by addition of the germane
GeH4 gas into the H2-CH4 plasma. It is demonstrated, that GeH4 addition affects the CVD growth of micro-
crystalline diamond, reducing the film growth rate and increasing the average diamond grain size. The films
show bright photoluminescence of Ge-V centers at ≈602 nm under the optimized GeH4 concentration, with a
zero-phonon line width of 1.6 nm (FWHM) for Ge-V ensemble at low temperatures (5 K). The developed in-situ
doping from the germane gas opens a way for a better control of the Ge-V color center formation in diamond for
photonic applications.

1. Introduction

Color centers in diamond are a subject of the active current research
in a view of prospects for their applications in quantum information
technologies [1–5], optical biomarkers [6–8], nanoscale magnetic
sensing [9–12]. The most studied optically active defects for these
purposes are impurity-related centers like nitrogen-vacancy (N-V)
[13–15], silicon-vacancy (Si-V) [16,17], Ni-related [18,19], Cr-related
[20] color centers. Also, a number of other impurity-related color
centers, including heavy metal-based ones, are documented [21–25],
the most of them being formed with an ion implantation technique [21]
that suffers, however, the problem of residual radiation damage even
after annealing. The search for new color centers is of interest to extend
the spectral range and properties of the luminescence sources already
known [1,23]. While the in-situ doping of diamond in the course of
chemical vapor deposition seems to be advantageous in comparison
with the ion implantation approach, it is difficult to incorporate a large
atom into the atomic lattice of diamond, the densest among other

crystals, without its significant deterioration. The disordered diamond
structure around the doped atom may lead to a poor reproducibility of
the foreign atom position and a strong reduction of its photo-
luminescence (PL) emission. Silicon, belonging to the same IV group of
elements as carbon, does not substitute C atom in the lattice, but rather
it lies in a bond-centered site between two vacancies forming a nega-
tively charged (Si-V)− defect (split-vacancy structure) [26], emitting at
738 nm. Ge, even heavier element from the IV group, is isoelectronic
with the host and is suitable to form a similar (Ge-V)− center. Goss
et al. [27] were first to predict that the Ge-V have a zero-phonon
transition with an energy in the same spectral region as observed for the
Si-related luminescence. T. Iwasaki et al. [28] reported for the first time
on the observation of Ge-V defect formed in a single crystal diamond by
two methods, by the CVD process with a Ge solid source and by the ion
implantation of Ge atoms, to form the new color center with a zero
phonon line (ZPL) around 602 nm. They used a very low growth rate of
50 nm/h of the epitaxial diamond film to obtain the Ge-V PL emission.
More detailed work on the CVD synthesis and PL spectra of Ge-doped
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diamond films was later published by Ralchenko et al. [29], in which
the dopant source was the Ge substrate being etched by the atomic
hydrogen in the course of the CVD process. However, this method
doesn't allow controlling the doping process, so the resulting PL in-
tensity seems to be not optimized.

More detailed and fundamental findings were obtained for Ge-
doped diamonds, synthesized by the high-pressure high-temperature
technique (HPHT) [30–33]. Ge-doped HPHT crystals showed good
structural quality with very narrow and intensive PL lines from Ge-V
centers. Numerical calculations [34] and comparative experiments
[32,35] confirmed Ge-V centers being quite similar in structure and PL
behavior to well-studied Si-V color centers. Ge-V centers are reported to
be promising for a number of applications in quantum optics, including
single-photon emitters [28,36], and as temperature sensors [37].
However, for practical applications, it is difficult to get (a) large-area
samples with (b) controlled and (c) uniform distribution of Ge impurity
using the HPHT technique. The practice of working with N-V and Si-V
centers showed that it is often preferred to use the CVD technique to
grow relatively thin doped layer on the top of a high-quality substrate,
rather than to use bulk HPHT diamond crystals with needed impurities.
Thus, the development of specific CVD technique for the controllable in-
situ doping of diamond with Ge atoms is an important application-or-
iented challenge.

In the present work, we investigated the synthesis of Ge-doped

polycrystalline diamond films (PCD) as well as epitaxial monocrystal-
line films by the microwave plasma CVD (MPCVD) technique in me-
thane‑hydrogen gas mixtures with a controllable addition of the GeH4

gas as the dopant source.

2. Experimental

Polycrystalline diamond films were deposited onto polished poly-
crystalline AlN substrates of 10×10×1mm3 dimensions, seeded with
nanodiamond particles (MD50 type from Tomei Diamond, the average
size of 50 nm). Epitaxial growth was performed on the (111) oriented
high-quality HPHT substrate of 4×4×0.6mm3 dimensions. The
diamond growth was performed in an MPCVD system ARDIS-100
(2.45 GHz) (Optosystems Ltd) in CH4/H2 gas mixtures with the me-
thane content varied in the range of 3–10%. Other process parameters
were the following: total gas flow of 200–750 sccm, gas pressure
50–90 Torr, microwave power 3.3–5 kW and substrate temperature
750–900 °C as measured with a two-color pyrometer (Micron M770).
The film thicknesses of ~2 μm (controlled with the laser interferometry
technique in case of PCD films [38,39]) were obtained in deposition
runs of 40–150min. As the growth rate significantly varied with ger-
mane addition, the growth process time in each run was chosen to
produce the same film thickness for all samples. The doping with Ge
atoms was achieved with the addition of the GeH4 gas with con-
centrations of 0.2–36% towards the CH4 content (Ge/Cgas).

The film surface morphology and the grain size were examined with
“Tescan MIRA3” scanning electron microscope (SEM). Raman and
photoluminescence spectra were taken at room temperature with a
LabRam HR840 (Horiba Jobin-Yvon) spectrometer in a confocal con-
figuration. The laser beam at 473 nm wavelength was focused in≈1 μm
spot on the sample surface. Low-temperature PL measurements were
performed at T=5K using a semiconductor laser radiation at
λ=405 nm wavelength for the PL excitation. The PL emission area of
2mm in diameter was projected to the slit (20 μm width) of a grating
monochromator with the dispersion of 3.2 nm/mm [40,41]. The spectra
were recorded with CCD matrix Spec-10 (Princeton Instruments) with
the spectral resolution of 0.07 nm, while the spatial resolution (CCD
pixel size) was 20 μm.

Fig. 1. SEM images for Ge-doped PCD films, grown with different concentrations of Ge/Cgas: 0% (a), 0.5% (b), 5% (c) and 10% (d). A couple of Ge crystallites are
indicated in image by arrows (d).

Fig. 2. The growth rate of PCD films vs GeH4 concentration in gas at the total
flow rate of 750 sccm. The line is the guide for the eye.
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3. Results and discussion

Preliminary tests showed that the substrate temperature in the
range of 750–900 °C (typical temperature range for PCD synthesis) has
no critical effect on the PL intensity of Ge-V centers, causing the effect
on the PL intensity of the Ge-V peak by a factor less than two with an
observed maximum at 850 °C. So this substrate temperature was kept in
all further experiments.

3.1. Surface morphology

The films produced on AlN substrates revealed the polycrystalline
structure over all range of GeH4 concentrations used. Fig. 1 shows SEM
pictures of Ge-doped PCD films of the identical thickness of 2 μm,
grown at different Ge/Cgas ratios, at the same magnifications. Well-fa-
ceted crystallites are obtained in all growth regimes, the average grain
size tending to increase with GeH4 concentration from about 1.2 μm for
undoped films (no GeH4 additions) up to ~2.6 μm for 10% Ge/Cgas

ratio. Since for the in situ doping with Ge from GeH4 gas we generally
follow the already proven approach for the doping with Si from SiH4

using MPCVD process [39], it's instructive to compare the range of Ge/
Cgas and Si/Cgas ratios acceptable for the doping, which still preserve
the microcrystalline structure of the films, without their transition to

nanocrystalline diamond. To obtain the efficient emission of Si-V cen-
ters the Si/Cgas ratio of ~1% in process gas was used either for PCD
[39] or single crystals [41], while in the present work we were able to
introduce much more GeH4 in the reactor resulting in an order of
magnitude higher Ge/Cgas ratios, and still to get microcrystalline films
with bright Ge-V emission. Note also, that when the tetramethylsilane
was used as the Si dopant source [42], the transition of the micro-
crystalline to the nanocrystalline structure was observed at Si/Cgas ratio
as low as 1%.

Interestingly, at the highest GeH4 concentration (10%) some grains
of the unusual elongated shape and/or crystallites with smooth facets,
notably larger than the (100) oriented diamond pyramids, appear (see
those grains in Fig. 1d), which are found to be the crystallites of Ge as
confirmed with local Raman spectroscopy analysis (see below). In the
plasma even more enriched with GeH4 (up to 36%), the number of Ge
grains increased significantly, they could occupy up to the half of the
entire film surface.

3.2. Growth rate

Fig. 2 shows the dependence of the growth rate of Ge-doped poly-
crystalline diamond films on the Ge/Cgas concentration at the total flow
rate of CH4-H2-GeH4 mixture of 750 sccm. The growth rate of 2.9 μm/h

Fig. 3. Typical Raman spectrum for the PCD film grown at 10% Ge/Cgas (a) and a separate cubic Ge grain on the same sample (b).

(a) (b)

Fig. 4. PL spectra of Ge-doped polycrystalline diamond films (a) and the dependence of the integrated intensity for the Ge-V peak at 602 nm on the dopant
concentration in the gas mixture (b). Spectra are normalized to the integral diamond Raman peak intensity. The solid line in (b) is a guide for the eye (polynomial fit).
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was measured for the CH4-H2 mixture (no doping), while even a small
addition of GeH4 in gas (0.2% Ge/Cgas) leads to the notable 17% de-
crease in the growth rate. This trend persists with the further increase of
the Ge/Cgas concentration up to 10%, at which the growth rate reduced
down to 1 μm/h. To grow PCD films at higher GeH4 contents of 25%
and 36% of Ge/Cgas with a reasonable growth rate we used higher CH4

concentrations (up to 10%) and lower total gas flow rates (200 sccm).
Because of these changes in the deposition process at the extremely
high GeH4 contents, and the composite structure of produced films,
corresponding growth rates are not plotted in Fig. 1.

The observed strong decrease of the growth rate goes against the
case of Si-doped PCD films deposition by MPCVD using SiH4 as the
dopant source [39], where increasing of the Si/Cgas ratio, although in a
more narrow range of 0.0–0.9%, did not affect either the grain size, or
the growth rate. We note again, that using another precursor, tetra-
methylsilane (Si(CH3)4), for the diamond doping with Si by MPCVD,
Yang et al. [42] also reported a decrease in growth rate for Si/Cgas ratio
being raised from 0.0 to 1.0%, but in contrast to our present finding
they observe an opposite effect of the doping, the transition of a mi-
crocrystalline structure to a nanocrystalline one. We conclude, there-
fore, that the doping effect even for the same dopant element may
depend qualitatively and quantitatively on the precursor type and the
process parameters. Since the substrate temperature was kept constant
for different samples, the decrease in the growth rate with germane
concentration reported in Fig. 2, possibly is related to a change in
plasma and/or surface chemistry, and, as a consequence, to the film
structure, as the GeH4 content in gas is significant, it is an order of
magnitude higher compared to those used for the diamond doping with
Si from the silane SiH4 gas [39,41].

3.3. Raman spectra

Raman spectra for all PCD samples demonstrate a strong narrow

peak at 1332 cm−1 and a weak broad band centered around
1500 cm−1, as shown in Fig. 3 for the films produced at the 10% Ge/
Cgas ratio. For samples grown at high Ge/Cgas ratios (10% and more) the
Raman spectrum also reveals the occasional local signal at 300.5 cm−1

(FWHM 3.7 cm−1) that is attributed to the cubic Germanium phase (see
inset in Fig. 3) [43,44]. The Ge grains appear at 10% Ge/Cgas (as seen in
SEM image in Fig. 1d) and become as common as the diamond phase at
20% Ge/Cgas. No notable Raman signal from the germanium carbide
GeC phase at 530 cm−1 [45] was detected for any sample. Despite these
interesting findings, we note that the investigation of the formation of
Ge and GeC phases was not the aim of the current study and it will be
discussed in more detail in a separate paper.

Still, it is not clear if these rare Ge particles nucleate on the diamond
film surface or directly on the virgin AlN substrate at the very beginning
of the deposition process. Certainly, the growth rate of Ge grains is
similar or even higher compared to that for diamond.

3.4. Photoluminescence

PL spectra of Ge-doped PCD films at different Ge/Cgas concentra-
tions are displayed in Fig. 4a. For a proper comparison, spectra were
normalized to integral diamond Raman signal intensities (the area
under the peak). For each sample, all area of the diamond film was
studied with 30 low-resolution measurements. The deviation of the
intensity of the Ge-V peak in PL spectra after the Raman line normal-
ization was about 20%. Then, the final high-resolution spectra were
accumulated in 5 spots of the film, average of 5 measurements for each
spot.

Besides the Raman peak at 503 nm a new small peak at 602.5 nm,
which is the zero-phonon line (ZPL) for Ge-V color center [28,30,31],
appears in the PL spectrum at Ge/Cgas= 0.5%. The intensity of this
peak increases with GeH4 addition up to concentrations of Ge/
Cgas≈ 10%, but reduces at further doping. The polynomial fit indicates
a maximum in Ge-V PL intensity at Ge/Cgas of around 20% rather than
the measured 10% (Fig. 4b). Interestingly, similar experiments for the
Si doping of PCD films using SiH4 gas as a dopant source also show a
maximum in PL, but at much lower concentrations – only 0.6% of Si/
Cgas for both polycrystalline and single-crystal epitaxial films [39,40].
One more feature seen in the PL spectra is a weak band at 630 nm is
known to occur in some CVD diamonds [46], without any relation to Ge
doping. In our series of the films, it manifests itself both in undoped and
doped samples.

Recently, Grudinkin et al. [47] demonstrated a significant im-
provement of PL emission of Si-V centers (ZPL narrowing due to defect
etching and stress relaxation) in submicron Si-doped CVD diamond
particles as a result of treatment in air microwave plasma at
500–600 °C. To enhance the Ge-V PL intensity we followed a similar
approach, using a mild annealing of the PCD films in air (no plasma) at
550 °C in order to reduce the amount of the non-diamond sp2 phase.
Fig. 5 compares PL spectra of the same film before and after such heat
treatment. The annealing did reduce D- and G- bands of the graphitic
component in Raman spectra and improved the ratio of PL signals IGeV/
Idia by a factor of five. Moreover, the PL phonon-band extending to
≈650 nm becomes better resolved. Note, that the annealing of PCD in
vacuum even to very high temperatures of 1600 °C caused only a minor
change in Si-V optical absorption, with the absorption enhancement of
less than 50% in some cases [48]. Therefore, the observed Ge-V PL
enhancement can be assigned to the chemical etching of defects and
amorphous carbon inclusions in diamond rather than to pure thermal
effects.

Also seen in PL spectra is the Si-V peak at 738 nm as a consequence
of diamond co-doping with silicon from residual Si-containing con-
taminations on the sample holder and chamber walls of the CVD re-
actor, accumulated from previous experiments. The intensity of the Si-V
peak was usually lower than that of the Ge-V peak in case of growth
conditions optimized for the Ge-V formation. Another feature is a

Fig. 5. PL spectra of the Ge-doped PCD film produced at 10% of Ge/Cgas ratio,
measured at room temperature (R.T.) and at T=5K (bottom blue line). The
middle black line represents the spectrum of the as-grown film, while the top
red line represents the same film measured after the annealing in air at 550 °C.
The R.T. spectra are normalized to the integral diamond Raman peak intensity.
Low-T spectrum was measured after the annealing. Inset – doublet near 700 nm
at R.T. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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640 nm peak (FWHM=5 nm) corresponding to the vibronic band of
Ge-V [49]. A small peak was found at 700.5 nm between ZPLs for Ge-V
and Si-V (Fig. 5, inset). Substrate spectra with the diamond film re-
moved show no such peak, and it was observed for the Ge-doped dia-
mond grown on the Si substrates as well. Therefore, we concluded no
relation of the 699 nm peak with the AlN substrate.

The PL spectrum taken at low temperature (5 K) reveals two strong
peaks from Si-V (736.9 nm) and Ge-V (601.7 nm) centers with similar
intensities and width (FWHM) of 1.6 and 1.7 nm, respectively (Fig. 5).
A weak peak at 615 nm, also seen in the spectrum, is a localized vi-
brational mode (LVM) associated with Ge atom [30].

The doublet near 700 nm was also found in both room-temperature

Fig. 6. Distribution of Ge grains within the diamond film produced with 10% Ge/Cgas. (a) Optical microscope image with Ge grains seen as bright contrast areas; (b-
d) mapping of integral intensities of the Raman peak for diamond at 1332.5 cm−1 (b) and Ge at 300.5 cm−1 (c), and PL intensity of Ge-V at 602 nm (d) within the red
frame shown in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. PL spectra for Ge-doped epitaxial single crystal film grown at 10% Ge/Cgas: (a) at room temperature and (b) at 5 K.
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(R.T.) and low-T PL spectra of PCD films (Fig. 5). The main, more in-
tensive peak of this doublet is at the longer wavelength side (700.8 nm
at R.T. and 699.7 nm at low-T), and it is always accompanied by a
lower-intensity and broader satellite at the shorter wavelength
(694.1 nm at R.T. and 693.6 nm at low-T). This feature is of yet un-
known nature, but we report that it is usually observed in cases of
presence of both Si-V and Ge-V peaks with comparable intensities.
Moreover, the intensity ratio of two components of the doublet remains
constant even if PL relative intensities for Si-V and Ge-V vary, that may
indicate this doublet to be a characteristic peak from a more complex
defect, such as “Ge-Si” center (containing both Si and Ge atoms), pos-
sibly coupled to a vacancy, in diamond. A study of the PL in heavily co-
doped diamond with Si and Ge may shed light on the origin of this
defect.

3.5. Co-existence of Ge and diamond grains: Raman and PL mapping

The formation of isolated grains of the crystalline Ge within the
dominant diamond structure as revealed from Raman spectra (Fig. 3) at
high germane concentrations may indicate that the dissolution limit Ge
atoms in diamond was reached. We attempted to quantify the bulk
share of the Ge phase in diamond by mapping Raman and PL spectra
over selected film areas.

Fig. 6 (a) shows an optical microscope image of a selected area
70×70 μm2 of the film deposited at high (10%) Ge/Cgas ratio in gas.
Several bright spots with clear linear boundaries can be seen. The
contrast occurs since the refraction index of Ge (particularly n= 4.17 at
473 nm wavelength [50]) is higher than that for diamond (n=2.4),
thus the reflection R from one surface for Ge is higher than that for
diamond, RGe= 38% vs Rdia= 17%. A central part of the image of
20×20 μm2 area with a bright contrast triangle grain was separately
mapped with Raman and PL spectroscopy. The mapping of integral
(area under the peak) intensities of the diamond Raman peak at
1332.5 cm−1 (Fig. 6b), Ge Raman peak at 300.5 cm−1 (Fig. 6c), and Ge-
V PL line at 602 nm (Fig. 6d) was performed by measuring spectra
across X and Y axis with a step of 250 nm, and accumulating the signal
for 1 s in each location. No diamond Raman signal was observed from
the triangle grain of 5 μm in size, and from other three smaller zones
within the mapped surface, which look as dark zones in Fig. 6c, while a
strong Ge Raman intensity from the triangle object confirms it to be the
germanium grain. The distribution of the Ge-V PL intensity (Fig. 6d)
demonstrates no PL signal from the Ge grains, this picture matches the
diamond Raman map (Fig. 6b). A rough estimate of Ge phase content
based on the PL and Raman mapping (Fig. 6a) gives the value of about
2%, while it is less than 1% if the microscopic image of the larger size
(Fig. 6a) is analyzed. Using the same combination of the mapping we
were not able to identify Ge grains, if exist, in the film produced with
lower Ge/Cgas contents (5%). This fact argues in favor that the Ge ap-
pears as the separate phase at Ge/Cgas concentrations in between 5 and
10%. Nevertheless, we can't exclude the formation of submicron size Ge
grains even at 5% Ge/Cgas, which turned out undetected by spectro-
scopy mapping due to low, ≈1 μm spatial resolution of this technique.
The diamond vs Ge competition in the growth of Ge-doped PCD de-
serves a more detailed study in future, however, in the present work we
focused on PL spectra from the single-phase diamond films grown at
low and moderate feed rates of germane.

3.6. Doping of epitaxial diamond film

Using the optimal growth conditions established for PCD films (10%
Ge/Cgas, T=850 °C, deposition time 1 h) an epitaxial (111) oriented
monocrystalline Ge-doped diamond film with the thickness of ≈6 μm
was prepared. Only a weak Ge-V ZPL was observed upon the mapping
of the sample surface, yet, some regions exhibited intensive Ge-V PL
line (Fig. 7). The spectrum at room temperature (Fig. 7a) shows a clear,
but unresolved Ge-V ZPL line at ≈603 nm with the width (FWHM) of

4.6 nm, together with Raman peaks of the 1st and 2nd orders, N-V0 ZPL
at 575 nm and Si-V peak at 738 nm. Again, the same feature at the
wavelength of 641 nm is observed as for PCD sample (see Fig. 5) with
more accurate measurement of the position of the maximum due to a
decrease in its FWHM at low temperatures down to 2 nm. At low
temperature (5 K) the Ge-V ZPL at 602.1 nm narrows to 0.48 nm
(Fig. 7b), and a splitting of ZPL to two components at 601.9 and
602.3 nm is revealed (see inset in Fig. 7b). The expected fully resolved
four-components ZPL structure [33,51] was not observed due to an
internal stress in the epifilm. It seems that the optimal CVD regime
should be further searched for epitaxial films without a regard to results
for PCD films.

4. Conclusions

We realized the doping of polycrystalline diamond films and (111)
oriented homoepitaxial single crystal diamond layers with Ge by adding
germane to the CH4-H2 reaction gas mixture in the course of the de-
position process in the microwave plasma. The doped films demon-
strated the bright photoluminescence of Ge-V color centers with ZPL at
602 nm wavelength at room temperature. The intensity of the Ge-V PL
emission nonmonotonously depends on the concentration of GeH4 in
gas. The optimum doping conditions (Ge/Cgas≈ 10%) that maximize
the Ge-V PL emission is found for the range of germane concentrations
Ge/Cgas (0–36%) explored. For Ge-V ensembles in PCD films, the width
Δλ of ZPL PL of 0.48 nm (FWHM) was measured at low temperatures
(5 K). The doublet at 695–700 nm is registered in PL spectra of Ge-
doped diamond films and presumably ascribed to the presence of both
Ge and Si atoms in the diamond lattice. Described results are to be used
for the fabrication of optically active Ge-doped nanodiamonds (similar
to [52]), poly- and single-crystal films and membranes.

Prime novelty statement

Ge-doped poly- and monocrystalline diamond films were synthe-
sized using the MPCVD technique with controllable germane GeH4

additions. Films exhibit the bright photoluminescence at 602 nm wa-
velength from Ge-V color centers formed. The optimal GeH4 con-
centration range to achieve the effective Ge-V emission was found.
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