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Abstract: Due to particular physico-chemical characteristics and prominent optical properties,
nanostructured germanium (Ge) appears as a promising material for biomedical applications, but
its use in biological systems has been limited so far due to the difficulty of preparation of Ge
nanostructures in a pure, uncontaminated state. Here, we explored the fabrication of Ge nanoparticles
(NPs) using methods of pulsed laser ablation in ambient gas (He or He-N2 mixtures) maintained at
low residual pressures (1–5 Torr). We show that the ablated material can be deposited on a substrate
(silicon wafer in our case) to form a nanostructured thin film, which can then be ground in ethanol by
ultrasound to form a stable suspension of Ge NPs. It was found that these formed NPs have a wide
size dispersion, with sizes between a few nm and hundreds of nm, while a subsequent centrifugation
step renders possible the selection of one or another NP size fraction. Structural characterization
of NPs showed that they are composed of aggregations of Ge crystals, covered by an oxide shell.
Solutions of the prepared NPs exhibited largely dominating photoluminescence (PL) around 450 nm,
attributed to defects in the germanium oxide shell, while a separated fraction of relatively small
(5–10 nm) NPs exhibited a red-shifted PL band around 725 nm under 633 nm excitation, which could
be attributed to quantum confinement effects. It was also found that the formed NPs exhibit high
absorption in the visible and near-IR spectral ranges and can be strongly heated under photoexcitation
in the region of relative tissue transparency, which opens access to phototherapy functionality.
Combining imaging and therapy functionalities in the biological transparency window,
laser-synthesized Ge NPs present a novel promising object for cancer theranostics.

Keywords: nanostructured germanium (Ge); nanoparticles; Ge nanocrystals; laser ablation; pulsed
laser deposition; photoluminescence; phototherapy; theranostics

1. Introduction

Nanostructures of group IV semiconductors (Si, C, Ge and their compounds) are
currently among the most popular nanomaterials in biomedical applications, including
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biosensing, imaging and therapies [1–5]. In particular, diamond nanoparticles (NPs) and
other carbon-based nanostructures (graphite, SiC, etc.) have found extensive applications
in bioimaging and drug delivery [1,4]. Silicon nanostructures are even more popular
in biomedical tasks. Due to its natural high abundance, excellent biocompatibility [2,3]
and unique biodegradability option [6–8], combined with the capability of generating
strong PL in the visible and near-infrared [9], nanosilicon is a widely exploited mate-
rial in biosensing [10], bioimaging [11,12] and various therapies based on intrinsic Si
properties [13,14]. In contrast, studies of nanogermanium (nano-Ge) and its biomedical
applications have been very limited so far, although being an indirect gap semiconductor
(bandgap at 0.67 eV), nano-Ge is very similar to nanosilicon in terms of physico-chemical
properties and is known to be a biologically friendly (when free of toxic impurities) [1,15]
and water-dissolvable [16]. Furthermore, a strong light absorption by Ge nanostructures in
the visible–near IR range makes them excellent candidates as sensitizers of photo-induced
hyperthermia [15,17]. One of the reasons for the modest attention to nano-Ge is related to
the lack of methods making possible its fabrication in a pure, uncontaminated state, suitable
for employment in biosystems. Indeed, the synthesis of Ge nanocrystals is typically based
on wet chemical routes [15,18–24], which often cause the contamination of formed NPs by
toxic by-products. The second reason is related to the complexity of emission processes
in Ge nanocrystals and the difficulty of implementation of PL in the window of relative
tissue transparency (650–900 nm). Indeed, in most cases, the recorded PL signals from
nano-Ge are in the spectral region around 300–450 nm [19–23], while the fabrication of Ge
nanocrystals emitting the IR typically requires the involvement of complicated synthesis
protocols using non-biocompatible products [24].

Laser-ablative synthesis presents an alternative “physical” approach to chemical
pathways, which can solve the problem of nanomaterial contamination and render possible
the control of optical response [25,26]. This method is based on a natural formation of
nanoclusters under laser–material interaction, which can then be realized into either an
ambient gas and deposited onto a substrate to form a thin nanostructured film [27–31] or
onto a liquid medium to form a colloidal solution of NPs [32–34]. The advantage of this
approach consists of ultraclean conditions of synthesis [25], which enables one to avoid
all undesirable toxic impurities, typical for chemical routes. Several studies demonstrated
the synthesis of Ge-based (Ge, GeO2, GeSi) nanocrystalline films [35–41] on the substrate
or colloidal solutions of NPs [42–44] by using methods of pulsed laser ablation in gaseous
or organic liquid media, respectively. Although such Ge crystallites may be of interest
for optoelectronic, photovoltaic and other applications, their PL properties do not look
promising for bioimaging use. Indeed, Ge nanocrystals prepared by laser ablation in gases
could exhibit PL emission only around 400–500 nm [35,37], which is hardly applicable in
bioimaging as it is outside the relative tissue transparency window. On the other hand,
Ge nanocrystals prepared by laser ablation in organic solvents can exhibit red-shifted PL
in the green [42] or red [44] range; they are typically contaminated by non-biocompatible
by-products of synthesis, which complicates their biological applications.

We recently elaborated a technique of pulsed laser ablation in gases (typically, helium,
He) maintained at residual pressure (pulsed laser deposition geometry) [28,29,45,46] and
illustrated its efficiency in the fabrication of Si-based nanocrystalline films. In particular,
when ablated in helium gas under a certain gas pressure, Si nanocrystals could exhibit PL
emission around 750–800 nm with a long transient (lifetime about several µs), explained by
quantum confinement of exciton states in high-quality Si nanocrystals [29,45]. We showed
that after milling and water dispersion of the nanocrystals, they can be used as efficient
biodegradable markers in bioimaging [45]. We later showed that PL emission can be
enhanced and spectrally tuned by adding nitrogen (N2) gas to helium-based buffer [46]. We
believe that such a strategy of using mixtures of gases can be used to fabricate Ge crystals
with particular sizes and physical properties, making possible the generation of promising
PL properties.
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Here, we explore possibilities for the fabrication of liquid-dispersible Ge NPs ex-
hibiting PL in the biological transparency window by using methods of pulsed laser
deposition in ambient gas. We show that the required result can be achieved via the em-
ployment of pulsed laser ablation from a solid target in He-N2 mixtures, followed by the
milling of substrate-supported nanostructured films and their dispersion in ethanol. We
also show that in addition to PL emission with the peak at around 725 nm, the formed
NPs exhibit a strong photoheating effect, which makes them promising candidates for
biophotonic applications.

2. Materials and Methods

Single-crystal (100)-oriented Ge wafers (optically polished, with a diameter of 100 mm)
were used as targets in laser-ablative experiments. Optically polished substrates of fused
silica and crystalline Si (c-Si) were used as substrates for the deposition of Ge nanocrystals.

The target was ablated similarly to our previous study [46] using a fully automated
pulsed laser deposition system (MBE-2000, PVD Products, Wilmington, MA, USA). This
system employs a KrF excimer laser COMPexPro 110 (Coherent/Lambda Physik) oper-
ating at the wavelength of 248 nm, laser pulse length of 30 ns and repetition rates of
1–105 Hz. The output laser energy was 120 mJ, corresponding to pulse energy density of
3800 mJ/cm2. The repetition rate was 10 Hz. The selection of UV laser radiation ensures
its strong absorption by c-Ge and the transparency of formed plasma plume to oncoming
radiation. Laser power was kept constant during the deposition process (variations less
than 10%). All experiments were carried out in a vacuum camera, which was initially
pumped out down to a pressure of 10−7 Torr and then filled with buffer gases (helium (He)
or helium + nitrogen (N2)), maintained at residual pressures from 1 to 5 Torr. The target
was constantly rotated and irradiated at the incident angle of 45◦ to initiate ablation of
material perpendicularly to the target surface, as shown in Figure 1. The laser beam spot
surface was 3 mm2. The material was then deposited on a substrate placed 2 cm from the
target, which was selected as the optimal distance for a selected laser pulse energy and
the range of pressures. The ablation process led to the formation of Ge-based films on the
substrate. Parameters of four representative samples deposited at different pressures and
proportions of He and N2 are given in Table 1.
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laser at the angle of 45◦ to initiate ablation of Ge nanoclusters in residual gases (He or He-N2 mixtures).
The nanoclusters are deposited on a substrate located 2 cm from the target surface.
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Table 1. Samples of Ge nanocrystalline films prepared by PLD.

Sample PHe, Torr PN2, Torr Total Pressure, Torr

Ge1.0 1.00 0.00 1.00
Ge2.0 2.00 0.00 2.00
Ge5.0 5.00 0.00 5.00

Ge2.5/2.5 2.50 2.50 5.00

A Scanning Electron Microscopy (SEM) system (TESCAN MAIA 3) operating at
0.1–30 kV was used to study the morphology of laser-ablated films. Structural analysis of
the formed NPs was carried out by using a Jeol JEM-2100 transmission electron microscope
(TEM) with a resolution of 0.19 nm. Crystallinity of the films was studied by means of
X-ray diffraction (XRD) and Raman spectroscopy using a Radian XDR spectrometer (Ex-
pert Center Ltd., Moscow, Russia) and a confocal micro-Raman spectrometer (Confotec
MR350, SOL Instr.) under laser excitation at 632.8 nm, respectively. The same spectrom-
eter and excitation source were also used to measure PL in the range of 650–1100 nm.
PL measurements under laser excitation at 351 and 405 nm were also carried out using
a Mightex HRS CCD-spectrometer (Mightex Systems, Toronto, ON, Canada). Measure-
ments of the optical extinction coefficient of Ge NPs dispersed in ethanol were carried out
using a standard spectrophotometer in the spectral range from 250 to 1000 nm. Photo-
induced heating of ethanoic suspension of Ge NPs was measured using a FLIR C3 thermal
imager with an accuracy of 0.1 K. The measurements were carried out for 0.5 mL of
the suspension in a polystyrene cuvette under irradiation with unfocused radiation of
two semiconductor lasers with power of 0.2 W, beam size about 5 mm and wavelengths of
650 and 810 nm.

3. Experimental Results and Discussion
3.1. Structural Properties

When deposited on silicon substrates, Ge-based films looked predominantly black
or dark-gray colored, which agrees with previous studies of Ge-based nanostructured
films [42–44]. Samples deposited at relatively high He pressures (5.0 Torr) had a whitish
tint, suggesting the formation of germanium oxide (GeO2) fraction. As follows from typical
SEM images of Ge films (Figure S1 of Supplementary Materials), all deposited Ge-based
films had a porous texture similar to laser-ablated Si-based films [29,45]. The porosity
increased when the pressure of ambient gas was increased from 1 Torr to 5 Torr, which also
agrees with a porosity evolution of previous data on laser-ablated Si-based nanostructured
films. A detailed analysis of the films showed that they are composed of a dense stack of
Ge nanocrystals embedded in a single matrix. EDX analysis of deposited films confirmed
that they are mostly composed of germanium, which provided a largely dominating signal
in EDX spectra (Figure S2). All prepared samples exhibited EDX signals associated with
oxygen, suggesting the presence of germanium oxide (GeOx, 1 < x < 2). We suppose
that the formation of germanium oxide took place during a post-fabrication oxidation of
nanostructured germanium films under their aging in ambient atmospheric air. The ratio
of oxygen to germanium was the highest for the Ge5.0 sample, suggesting that a high
porosity maximizes the surface area for oxidation phenomena. The sample deposited in the
mixture of He and N2 (Ge2.5/2.5) additionally exhibited a signal associated with nitrogen,
evidencing the formation germanium nitride or oxynitride compounds. It should be noted
that EDX signals related to Si corresponded to the c-Si substrate used in our experiments.

Biomedical applications imply the employment of colloidal NPs solutions rather than
nanostructured films. To fabricate Ge-based NPs, we applied a technique of ultrasound
grinding similar to our previous studies related to Si NPs [45,46]. Since Ge is not stable
against dissolution in water [16], we used ethanol to avoid the dissolution process during
NP storage. The films were ground from the substrate and sonicated in ethanol (95%) under
20 kHz ultrasound for 30 min. A part of the formed suspension was centrifuged for 5 min
at 5000 g and the supernatant was used for further analysis as a small size fraction of Ge
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NPs. As shown in Figure 2a, NPs from the small size fraction presented agglomerates of
many crystals with sizes ranging from a few nm to 200 nm and a mean size of about 50 nm
(size of NPs in original sample could reach µm range).
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Figure 2. (a) Typical SEM image and corresponding size distribution of Ge NPs obtained by grinding
of laser-ablated Ge nanostructured films (sample Ge2.5/2.5 NPs) and dispersed in ethanol after the
centrifugation. The size distribution was calculated using a neural network analysis [47]. Typical
TEM images of Ge NPs obtained by grinding of Ge nanostructured films and dispersed in ethanol:
sample Ge 5.0 NPs (b,c) Ge2.5/2.5 NPs (d,e). Yellow dashed circles in panel (e) highlight locations of
Ge nanocrystals.

TEM investigation confirmed conclusions from SEM measurements on the size dis-
tribution of Ge NPs. Figure 2 shows high-resolution TEM images of typical Ge NPs
obtained by grinding of Ge nanostructured films in ethanol for sample Ge5.0 (b,c) and
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Ge2.5/2.5 (d,e). One can see that most NPs consist of coagulated aggregations of small Ge
structures of arbitrary shape with sizes between 20 and 50 nm. Furthermore, the analysis
of high-resolution TEM images of NPs produced from He/N2 mixture evidences that their
structure is composed of smaller nanocrystals with sizes of 5–7 nm, which are embedded
in an amorphous germanium matrix (see Figure 2e, as highlighted by yellow marker).
The presence of such small nanocrystals promises possible generation of the quantum
confinement regime, which can influence PL properties of the prepared Ge NPs. It should
be noted that our measurements did not resolve Ge crystalline planes from NPs in the case
of sample Ge5.0 (Figure 2c), which could be explained by highly defected crystal structure
or the domination of an amorphous phase.

To examine the structural properties of Ge NPs, their suspensions were dropped on
a metal substrate and dried. The powders were then examined by a variety of techniques,
including XRD, DLS and Raman spectroscopy. Our tests showed that XRD spectra of dried
suspensions of Ge2.5/2.5 NPs corresponded to well-known data for crystalline Ge [18].
This fact is illustrated by the presence of an XRD peak at 27.3◦, corresponding to (111)-
crystallographic plane of Ge, as one can see from the comparison of spectra of Ge NPs
and that of c-Si powder measured at the same angular resolution (blue line in Figure 3a).
No characteristic peaks of crystalline GeO2 phases (26.5◦, 28.7◦ and 29.8◦) were found,
which evidenced an amorphous nature of the oxide shell of Ge NPs. The XRD peak of
Ge2.5/2.5 NPs exhibits broadening of about 0.25◦ and 0.35◦ in the case of samples, cor-
responding to the integral NP ensemble and the small size fraction, respectively. These
broadening values were analyzed using the Scherrer equation to estimate the X-ray coherent
scattering dimensions, which are known to characterize the mean size of Ge nanocrys-
tals. Such an estimation provides the mean size of about 40 and 30 nm for the integral
sample and fine fraction, respectively, which roughly corresponds to our estimations from
TEM observations.
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Figure 3. (a) XRD spectra in the vicinity of the (111) crystalline lattice of c-Ge from dried suspensions
of Ge2.5/2.5 NPs (open and dark circles) after applying Gaussian function fits (red lines) and that
of a c-Ge powder (grey line); the middle and upper spectra correspond to Ge NPs from the integral
(whole) ensemble and the small size fraction (upper fraction), respectively. (b) Size distribution of
Ge NPs from the DLS data. Inset shows the photographic image of a vessel with Ge NP suspension
in ethanol.

Figure 3b shows a DLS spectrum generated by the integral (whole) ensemble of
Ge2.5/2.5 NPs suspension in ethanol. Here, the average hydrodynamic diameter of Ge NPs
is close to 80 nm, which is 2-fold larger compared with crystallite size assessed from TEM
and XRD data. Such a difference can be explained by the contribution of agglomerates or the
presence of a relatively thick amorphous oxide shell on the surface of NPs. Zeta-potential
of Ge NPs in ethanol suspension (sample Ge2.5/2.5) was found to be about −31 eV. While
the negative sign of the latter can be explained by the predomination of hydroxyl radical
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(OH−) coating of Ge NPs, a relatively large absolute value of zeta-potential corresponds to
the good stability of NPs in suspension.

The Raman spectroscopy of laser-ablated Ge films evidences their nanocrystalline
structure, which is justified by the presence of a Raman peak at 298–299 cm−1 (Figure S3a).
While the position of this peak is identical for all samples, its intensity is different with
the weakest signal for Ge5.0, followed by increasingly higher intensity for samples Ge2.0,
Ge1.0 and maximal intensity for Ge2.5/2.5, suggesting the increase in crystallinity with the
decrease in He pressure and the addition of N2 as the buffer gas. The Raman examination
of dried suspensions of Ge NPs confirms the same tendency in the evolution of crystallinity
of these samples. As an example, dried suspensions of Ge5.0 and Ge2.5/2.5 NPs exhibit the
same peak around 298–299 cm−1 associated with the presence of nanocrystalline Ge, but
the intensity of this peak is significantly higher for Ge2.5/2.5 NPs (Figure 4), suggesting
its higher crystallinity. Notice that this experimental result agrees with the TEM data
(Figure 2b–e) that also evidenced the nanocrystallinity of Ge2.5/2.5 NPs. As shown in the
inset of Figure 4, the Raman peak at 298–299 cm−1 for the Ge2.5/2.5 sample is accompanied
by a broad shoulder at about 280 cm−1, which can be explained by the presence of either
very small crystalline NPs or some amorphous Ge. The presence of this shoulder is also
resolvable for samples prepared in pure He ambient (Figure S3a). It should be noted that
the supposition on the presence of a fraction amorphous Ge fraction was also confirmed by
results of TEM measurements (Figure 2).
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3.2. Photoluminescence of Ge Samples

As shown in Figure S3b, as-prepared laser-ablated films deposited in the atmosphere
of pure He exhibit PL spectra centered at 450–470 nm, which agrees with previous results
on laser-ablative formation of Ge films in PLD geometry [35,37]. The intensity of this
peak is maximal for the sample Ge5.0, followed by Ge2.0 and Ge1.0. The emission around
450–470 nm is usually attributed to a radiative transition at electronic defect-related states
in GeOx [15]. We suppose that such a band could be due to the formation of a germanium
oxide-based upper layer after the exposition of films to air. This hypothesis is supported
by the fact that maximal signals of PL were recorded for the Ge5.0 sample, which was
characterized by the highest oxidation degree, probably due to higher porosity, as confirmed
by color of the prepared films and EDX data (Figure S2), as well by the Raman spectroscopy.
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On the other hand, the peak around 450–470 nm was very weak in the case of the sample
Ge2.5/2.5 (Figure S3b), suggesting that the presence of N2 could somehow passivate the
surface of nanocrystals and thus minimize subsequent oxidation and the formation of GeOx
defects. On the other hand, we could resolve a weak PL tail in the near-IR from this sample.
A similar tendency in the evolution of PL signals was observed for dried suspensions of Ge
NPs from all these samples (Figure S4).

Since the sample Ge2.5/2.5 demonstrated the lowest level of GeOx defect-related PL
and demonstrated signs of the PL emission in near-IR, we selected this sample for a further
detailed examination. Using a centrifugation step, we separated the small size fraction of
these NPs and assessed their properties under 632.8 nm excitation matching the optical
transparency window. Surprisingly, we observed quite different PL emission, namely,
a broad band in the spectral region from 650 to 1000 nm with the maximum around 725 nm
(Figure 5). It is important that such a PL emission was accompanied by the Raman scattering
peak (RS in Figure 5), suggesting that the PL was due to the radiative recombination in Ge
crystals. Based on the position of the peak and the presence of RS crystal signature, such
a PL emission can be associated with a radiative recombination of excitons confined in
small Ge nanocrystals with sizes below 10 nm [48] or/and of charge carriers trapped on
electronic states in the oxide shell of NPs. Since PL in red-IR spectral region was observed
only for the Ge2.5/2.5 samples, one can suppose a critically important role of nitrogen in
passivation of the surface of Ge nanocrystals, conditioning the appearance of this emission.
Of note, the effective Bohr radius of Ge is about 25 nm [18] that ensures the quantum
confinement effect in the prepared Ge NPs.
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Figure 5. Photoluminescence spectrum from small size fraction of Ge NPs from Ge2.5/2.5 sam-
ple under 633 nm laser excitation. RS signature shows the position of Raman scattering peak at
298–299 cm−1 associated with Ge nanocrystals.

3.3. Light Absorbance and Photoheating by Ge-NPs

Figure 6a shows an extinction spectrum for ethanoic suspension of Ge NPs from the
Ge2.5/2.5 NPs sample. One can see that the extinction intensity experience a sharp drop in
the UV range and then the evolution of extinction coefficient smoothens to slowly decrease
up to wavelengths of 1000 nm and higher. Such a behavior drastically contrasts with
early reported extinction spectra of suspensions of laser-ablated Si NPs having similar
concentrations [49]. Indeed, as shown in Figure 6a, the extinction spectrum curve of Ge
NPs is much higher compared to the relevant parameter in the case of Si NPs in a wide
spectral region ranging from UV to near-IR, while the difference is especially significant
in the region 630–950 nm, which matches the biological transparency window. Such
a high extinction coefficient of Ge NPs is obviously due to particular optical properties
of Ge nanocrystals [48] forming the core of laser-ablated NPs. Finally, the extinction is
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obviously affected by the light scattering, which is dependent on the size distribution of
Ge NPs.
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Figure 6. (a) Extinction spectra from a suspension of laser-synthesized Ge NPs (Ge2.5/2.5 sample)
at concentration of 0.1 mg/mL (black curve) and that of laser-synthesized Si NPs at the same
concentration (red dashed curve) from Ref. [46]; (b) temperature growth of the suspension of
Ge NPs (sample Ge2.5/2.5) under photoexcitation with the wavelengths of 650 (red circles) and
810 (black squares) nm.

Since Ge NPs have a very high extinction coefficient in the region of relative tissue
transparency (630–950 nm), it is logical to suppose that they can have high absorption,
which can open up access to their use as sensitizers of local photon-induced hyperthermia
of malignant tissues, termed as phototherapy. To verify this supposition, we carried out
a series of tests to assess the photo-heating efficiency of suspensions of laser-ablated Ge
NPs from the Ge2.5/2.5 sample. As shown in Figure 6, we recorded a similar temperature
growth under irradiation with semiconductor lasers emitting at 650 and 810 nm. The
observed heating rate of the order of 1 K/min for the irradiation at relatively low power
and wavelength in the near-IR window of the maximal transparency of biological tissue
appears promising for photo-hyperthermia applications, as it was reported for Si NPs [49].
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4. Discussion

Thus, we showed that methods of pulsed laser deposition in ambient He gas or
He-N2 gas mixtures maintained at residual pressures of 1–5 Torr can be used to form
Ge-based nanostructured films composed of Ge nanocrystals, which can then be ground
by ultrasound to form colloidal nanoparticle solutions (ethanol solutions in our case). It
is known that the action of laser radiation on a solid target leads to ablation of material
in the form of nanoscale clusters with sizes ranging from a fraction of nm to a few nm,
while their subsequent growth is strongly affected by collisions with atoms/molecules of
a residual buffer gas [50,51]. First, the nanoclusters enter the zone of gas ions, produced by
the ionization of gas atoms/molecules by radiation from hot laser plasma. The collisions of
nanoclusters with hot gas ions can lead to their heating up to 1000 K and higher, which
creates conditions for subsequent formation of high-quality crystals [45]. After the exit of
nanoclusters from the plasma zone, they continue to collide with cold gas atom/molecules,
which leads to their fast cooling and growth due to coalescence effects, followed by their
crystallization. Being partially/fully crystallized, the nanoclusters come to the substrate
surface as coagulated aggregations, forming porous layers. In this case, higher pressure of
the ambient gas leads to a faster cooling of nanoclusters and a higher porosity of formed
layers [29]. As follows from our experiments, the formed Ge-based nanostructured layers
are mostly crystalline under the selected range of ambient pressures, but some amorphous
fraction can be present. While working in a pure He atmosphere, higher crystallinity was
observed for samples deposited at a relatively low pressures (1 and 2 Torr), while the
sample deposited in the He+N2 mixture (Ge2.5/2.5) exhibited the higher crystallinity. Such
an evolution of crystallinity can be explained by the interplay of heating and cooling steps
in the case of pure He gas ambient, and by a larger molecular weight of N2 and its lower
ionization potential in the case of He+N2 mixtures. Further evolution of the structure
and electron properties of the films obviously took place after a subsequent exposition
of the films to ambient air. During this stage, a thin layer of germanium oxide (GeOx)
was formed on the surface of Ge nanocrystals. As follows from the color of formed films
and EDX data, the thickness of the oxide layer increased with the increase in He pressure
during the film deposition, which was obviously due to higher porosity of films formed
under high He pressures. Our data also showed that the passivation of Ge nanocrys-
tals during the deposition of films in He-N2 mixtures somehow decreased the impact of
oxidation phenomena.

We believe that both laser ablation and subsequent oxidation steps play an important
role in the formation of luminescent centers. The PL band around 450–470 nm is typically
related to defect centers in the GeOx matrix [15–24]. This supposition is confirmed by the
correlation of recorded intensity of this peak with the oxidation degree of samples prepared
under different pressure of He gas. Indeed, the intensity of this peak was maximal for
samples Ge5.0 (Figure S3b), which were characterized by the highest degree of oxidation
(Figure S2). As follows from Figure S3, the addition of N2 could somehow minimize the
impact of such a defect-related PL, which was probably related to a particular passivation
of nanocrystal surface by nitrogen. On the other hand, such a passivation obviously helped
to form luminescent centers providing the emission in near-IR (Figure 5), which could be
attributed to the radiative recombination of photoexcited charge carriers in the smallest Ge
nanocrystals or/and on electronic states at the interface between the Ge nanocrystal core
and its oxidized shell [48]. To the best of our knowledge, this is the first observation of PL
in the region of relative tissue transparency from Ge-based films prepared by laser ablation.
Another important result consists of the observation of strong absorption in the near-IR
range and the demonstration of a photoheating effect for suspensions of Ge-based NPs,
which opens access to the use of these NPs as sensitizers of phototherapy based on local
overheating of cancer cells, similar to Si NPs [49]. It is important that the light absorption
by laser-synthesized Ge NPs is superior to that of Si NPs (Figure 6a), which promises
a better therapeutic outcome under the same applied laser power.
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The fabrication of Ge nanoparticles combining PL in the window of relative tissue
transparency and the photothermal effect opens up avenues for the development of novel
theranostic (therapy + diagnostics) agents on the basis of laser-synthesized Ge nanoparticles
that can be targeted to tumors via enhanced permeability and retention (EPR) effect or the
use of tumor-specific targeting molecules. In this case, the photoluminescence signal can
be used to visualize the localization of the tumor area, while the photoheating effect will
serve to eliminate cancer cells via hyperthermia. As another opportunity for biomedical
applications, we see the use of Ge-based layers as matrices for bioimmobilizations in
plasmonic biosensing [52,53], similar to Si-based layers [54]. To excite surface plasmons
over such a matrix, a silicon-based prism having high refractive index (>3) is typically
required [55]. Our further studies will address the assessment of Ge-based NPs in biological
models to clarify cytotoxicity, imaging and phototherapy abilities.

5. Conclusions

We demonstrated a “green” (compared to chemical methods) synthesis of suspensions
of Ge nanoparticles exhibiting PL in the infrared window of relative biological transparency
by applying methods of laser ablation in pulsed laser deposition geometry, followed by
ultrasound grinding of formed nanocrystalline films. The fabricated NPs have a wide
size dispersion, but a subsequent centrifugation step renders possible size selection of
NPs. Structural characterization of NPs by a variety of methods, including Raman spec-
troscopy, XRD, TEM, SEM and DLS, showed that they are composed of aggregations of
Ge nanocrystals, covered by oxide shells. We also found that photoluminescent properties
of formed Ge nanoparticles are strongly affected by the gas composition during the laser
ablation process. While Ge NPs prepared in the atmosphere of pure He at low pressure
exhibited photoluminescence around 450 nm attributed to defects in the germanium ox-
ide shell, the addition of N2 to ambient He led to the appearance of a PL band around
725 nm under 633 nm excitation, which could be due to the quantum confinement in small
Ge nanocrystals. We also showed that the suspensions of Ge NPs can be strongly heated
under photoexcitation in the region of relative tissue transparency, which promises an
attractive phototherapy functionality. The demonstrated ability of laser-synthesized Ge
NPs to combine the room temperature PL and photothermal response in the window of
relative biological transparency makes them a promising object for theranostic applications.
Such an expectation is alimented by a water-dissolvability of Ge nanostructures, promising
a fast biodegradability option.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma15155308/s1, Figure S1: SEM images of selected regions of the PLD-deposited Ge films
prepared at different gas mixtures, Figure S2: EDX elemental analysis of Ge5.0 (a) and Ge2.5/2.5 (b)
films, Figure S3: (a) Raman spectra of PLD-deposited Ge films on c-Si substrate under excitation at
632.8 nm; (b) PL spectra of the same films under laser excitation at 351 nm. Figure S4: PL spectra of
dried suspensions of Ge NPs under laser excitation at 351 nm.

Author Contributions: V.Y.T. and A.V.K. conceived the research. A.A.F., S.V.A., N.V.K., Y.D., A.A.G.,
N.I.K., S.M.K. and A.V.K. designed the experimental setup and developed the deposition methodol-
ogy. A.A.F., S.V.A. and N.V.K. performed the deposition experiments. A.Y.K., N.S.P., A.S.E., V.G.Y.,
A.V.S., V.S.V. and V.Y.T. characterized the samples. All authors analyzed and discussed the obtained
results. V.Y.T. and A.V.K. wrote the manuscript with comments from all authors. V.Y.T. and A.V.K.
guided the project. All authors have read and agreed to the published version of the manuscript.

Funding: Fabrication and most characterizations were funded by the Russian Science Foundation
(grant number 19-72-30012). A.Y.K. was supported by the Grant of the President of the Russian
Federation (MK-5375.2021.1.3) for the development of neural network software used for calculation
of size distributions. A.V.S. and V.S.V. acknowledge the Ministry of Science and Higher Education of
the Russian Federation (No. 0714-2020-0002) for the TEM investigation of Ge NPs.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ma15155308/s1
https://www.mdpi.com/article/10.3390/ma15155308/s1


Materials 2022, 15, 5308 12 of 14

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fan, J.; Chu, P.K. Group IV nanoparticles: Synthesis, properties, and biological applications. Small 2010, 6, 2080–2098. [CrossRef]

[PubMed]
2. He, Y. Silicon Nano-Biotechnology; Springer: Berlin/Heidelberg, Germany, 2014.
3. Sailor, M.J. Porous Silicon in Practice. Preparation Characterization and Applications; Wiley-VCH: Weinheim, Germany, 2012.
4. Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds. Nat. Nanotechnol. 2012, 7,

11–23. [CrossRef]
5. Kabashin, A.V.; Singh, A.; Swihart, M.T.; Zavestovskaya, I.N.; Prasad, P.N. Laser-processed nanosilicon: A multifunctional

nanomaterial for energy and healthcare. ACS Nano 2019, 13, 9841–9867. [CrossRef] [PubMed]
6. Park, J.-H.; Gu, L.; von Maltzahn, G.; Ruoslahti, E.; Bhatia, S.N.; Sailor, M.J. Biodegradable Luminescent Porous Silicon

Nanoparticles for in Vivo Applications. Nat. Mater. 2009, 8, 331–336. [CrossRef]
7. Baati, T.; Al-Kattan, A.; Esteve, M.A.; Njim, L.; Ryabchikov, Y.; Chaspoul, F.; Hammami, M.; Sentis, M.; Kabashin, A.V.;

Braguer, D. Ultrapure Laser-Synthesized Si-Based Nanomaterials for Biomedical Applications: In Vivo Assessment of Safety and
Biodistribution. Sci. Rep. 2016, 6, 25400. [CrossRef]

8. Al-Kattan, A.; Ryabchikov, Y.V.; Baati, T.; Chirvony, V.; Sánchez-Royo, J.F.; Sentis, M.; Braguer, D.; Timoshenko, V.Y.; Estève, M.-A.;
Kabashin, A.V. Ultrapure Laser-Synthesized Si Nanoparticles with Variable Oxidation States for Biomedical Applications. J. Mater.
Chem. B 2016, 4, 7852–7858. [CrossRef]

9. Lin, V.S.; Motesharei, K.; Dancil, K.P.; Sailor, M.J.; Ghadiri, M.R. A porous silicon-based optical interferometric biosensor. Science
1997, 278, 840–843. [CrossRef]

10. Canham, L.T. Silicon quantum wire array fabrication by electro-chemical and chemical dissolution of wafers. Appl. Phys. Lett.
1991, 57, 1046–1048. [CrossRef]

11. Erogbogbo, F.; Yong, K.-T.; Roy, I.; Xu, G.; Prasad, P.N.; Swihart, M.T. Biocompatible Luminescent Silicon Quantum Dots for
Imaging of Cancer Cells. ACS Nano 2008, 2, 873–878. [CrossRef]

12. Gu, L.; Hall, D.J.; Qin, Z.; Anglin, E.; Joo, J.; Mooney, D.J.; Howell, S.B.; Sailor, M.J. In Vivo Time-Gated Fluorescence Imaging
with Biodegradable Luminescent Porous Silicon Nanoparticles. Nat. Commun. 2013, 4, 2326. [CrossRef]

13. Timoshenko, V.Y.; Kudryavtsev, A.A.; Osminkina, L.A.; Vorontsov, A.S.; Ryabchikov, Y.V.; Belogorokhov, I.A.; Kovalev, D.;
Kashkarov, P.K. Silicon Nanocrystals as Photosensitizers of Active Oxygen for Biomedical Applications. JETP Lett. 2006, 83,
423–426. [CrossRef]

14. Lee, C.; Kim, H.; Hong, C.; Kim, M.; Hong, S.S.; Lee, D.H.; Lee, W.I. Porous Silicon as an Agent for Cancer Thermotherapy Based
on near-Infrared Light Irradiation. J. Mater. Chem. 2008, 18, 4790–4795. [CrossRef]

15. Vaughn, D.D., II; Schaak, R.E. Synthesis, properties and applications of colloidal germanium and germanium-based nanomaterials.
Chem. Soc. Rev. 2013, 42, 2861–2879. [CrossRef]

16. Kang, S.-K.; Park, G.; Kim, K.; Hwang, S.W.; Cheng, H.; Shin, J.; Chung, S.; Kim, M.; Yin, L.; Lee, J.C.; et al. Dissolution Chemistry
and Biocompatibility of Silicon- and Germanium-Based Semiconductors for Transient Electronics. ACS Appl. Mater. Interfaces
2015, 7, 9297–9305. [CrossRef]

17. Yin, H.-B.; Cai, H.-H.; Cai, J.-Y.; Teng, J.-W.; Yang, P.-H. Facile solution routes for the syntheses of water-dispersable Germanium
nanoparticles and their biological applications. Mater. Lett. 2013, 109, 108–111. [CrossRef]

18. Heath, J.R.; Shiang, J.J.; Alivisatos, A.P. Germanium quantum dots: Optical properties and synthesis. J. Chem. Phys. 1994,
101, 1607. [CrossRef]

19. Taylor, B.R.; Kauzlarich, S.M. Solution Synthesis of Germanium Nanocrystals Demonstrating Quantum Confinement. Chem.
Mater. 1998, 10, 22. [CrossRef]

20. Lu, X.; Korgel, B.A.; Johnston, K.P. High Yield of Germanium Nanocrystals Synthesized from Germanium Diiodide in Solution.
Chem. Mater. 2005, 17, 6479. [CrossRef]

21. Chou, N.H.; Oyler, K.D.; Motl, N.E.; Schaak, R.E. Colloidal Synthesis of Germanium Nanocrystals Using Room-Temperature
Benchtop Chemistry. Chem. Mater. 2009, 21, 4105. [CrossRef]

22. Wilcoxon, J.P.; Provencio, P.P.; Samara, J.A. Synthesis and optical properties of colloidal germanium nanocrystals. Phys. Rev. B
2001, 64, 035417. [CrossRef]

23. Gerung, H.; Bunge, S.D.; Boyle, T.J.; Brinker, S.J.; Han, S.M. Anhydrous solution synthesis of germanium nanocrystals from the
germanium(ii) precursor Ge[N(SiMe3)2]2. Chem. Commun. 2005, 14, 1914–1916. [CrossRef] [PubMed]

24. Lee, D.C.; Pietryga, J.M.; Robel, I.; Werder, D.J.; Schaller, R.D.; Klimov, V.I. Colloidal Synthesis of Infrared-Emitting Germanium
Nanocrystals. J. Am. Chem. Soc. 2009, 131, 3436. [CrossRef] [PubMed]

25. Kabashin, A.V.; Delaporte, P.; Grojo, D.; Torres, R.; Sarnet, T.; Sentis, M. Nanofabrication with pulsed lasers. Nanoscale Res. Lett.
2010, 5, 454–463. [CrossRef] [PubMed]

26. Zhang, D.; Gökce, B.; Barcikowski, S. Laser synthesis and processing of colloids: Fundamentals and applications. Chem. Rev. 2017,
117, 3990–4103. [CrossRef]

http://doi.org/10.1002/smll.201000543
http://www.ncbi.nlm.nih.gov/pubmed/20730824
http://doi.org/10.1038/nnano.2011.209
http://doi.org/10.1021/acsnano.9b04610
http://www.ncbi.nlm.nih.gov/pubmed/31490658
http://doi.org/10.1038/nmat2398
http://doi.org/10.1038/srep25400
http://doi.org/10.1039/C6TB02623K
http://doi.org/10.1126/science.278.5339.840
http://doi.org/10.1063/1.103561
http://doi.org/10.1021/nn700319z
http://doi.org/10.1038/ncomms3326
http://doi.org/10.1134/S0021364006090128
http://doi.org/10.1039/b808500e
http://doi.org/10.1039/C2CS35364D
http://doi.org/10.1021/acsami.5b02526
http://doi.org/10.1016/j.matlet.2013.07.041
http://doi.org/10.1063/1.467781
http://doi.org/10.1021/cm970576w
http://doi.org/10.1021/cm0515956
http://doi.org/10.1021/cm902088y
http://doi.org/10.1103/PhysRevB.64.035417
http://doi.org/10.1039/b416066e
http://www.ncbi.nlm.nih.gov/pubmed/15795786
http://doi.org/10.1021/ja809218s
http://www.ncbi.nlm.nih.gov/pubmed/19236047
http://doi.org/10.1007/s11671-010-9543-z
http://www.ncbi.nlm.nih.gov/pubmed/20672069
http://doi.org/10.1021/acs.chemrev.6b00468


Materials 2022, 15, 5308 13 of 14

27. Patrone, L.; Nelson, D.; Safarov, V.I.; Sentis, M.; Marine, W.; Giorgio, S. Photoluminescence of Silicon Nanoclusters with Reduced
Size Dispersion Produced by Laser Ablation. J. Appl. Phys. 2000, 87, 3829–3837. [CrossRef]

28. Kabashin, A.V.; Meunier, M.; Leonelli, R. Photoluminescence Characterization of Si-Based Nanostructured Films Produced by
Pulsed Laser Ablation. J. Vac. Sci. Technol. B 2001, 19, 2217–2222. [CrossRef]

29. Kabashin, A.V.; Sylvestre, J.-P.; Patskovsky, S.; Meunier, M. Correlation between Photoluminesce Properties and Morphology of
Laser-Ablated Si/SiOx Nanostructured Films. J. Appl. Phys. 2002, 91, 3248–3254. [CrossRef]

30. Kabashin, A.V.; Meunier, M. Visible Photoluminescence from Nanostructured Si-Based Layers Produced by Air Optical Breakdown
on Silicon. Appl. Phys. Lett. 2003, 82, 1619–1621. [CrossRef]

31. Kabashin, A.V.; Meunier, M. Laser-Induced Treatment of Silicon in Air and Formation of Si/SiOx Photoluminescent Nanostruc-
tured Layers. Mater. Sci. Eng. B 2003, 101, 60–64. [CrossRef]

32. Fojtik, A.; Henglein, A. Laser Ablation of Films and Suspended Particles in Solvent-Formation of Cluster and Colloid Solutions.
Ber. Bunsenges. Phys. Chem. 1993, 97, 252.

33. Dolgaev, S.I.; Simakin, A.V.; Vornov, V.V.; Shafeev, G.A.; Bozon-Verduraz, F. Nanoparticles Produced by Laser Ablation of Solids
in Liquid Environment. Appl. Surf. Sci. 2002, 186, 546–551. [CrossRef]

34. Kabashin, V.K.; Meunier, M. Synthesis of Colloidal Nanoparticles during Femtosecond Laser Ablation of Gold in Water. J. Appl.
Phys. 2003, 94, 7941. [CrossRef]

35. Mei, Y.F.; Siu, G.G.; Huang, X.H.; Cheah, K.W.; Dong, Z.G.; Fang, L.; Sheng, M.R.; Wu, X.L.; Bao, X.M. Growth and optical
properties of Ge oxide thin film on silicon substrate by pulsed laser deposition. Phys. Lett. A 2004, 331, 248–251. [CrossRef]

36. Riabinina, D.; Rosei, F.; Chaker, M. Structural properties of Ge nanostructured films synthesized by laser ablation. J. Exp. Nanosci.
2005, 1, 83–89. [CrossRef]

37. Kabashin, A.V.; Magny, F.; Meunier, M. Properties of nanostructured Ge produced by laser-induced air breakdown processing. J.
Appl. Phys. 2007, 101, 054311. [CrossRef]

38. Han, L.; Wang, J.; Liang, R. Germanium-Silicon Quantum Dots Produced by Pulsed Laser Deposition for Photovoltaic Applications.
Adv. Mater. Res. 2012, 383–390, 6270–6276. [CrossRef]

39. Iqbal, M.; Bashir, S.; Rafique, M.; Dawood, A.; Akram, M.; Mahmood, K.; Hayat, A.; Ahmad, R.; Hussain, T.; Mahmood, A.
Pulsed laser ablation of Germanium under vacuum and hydrogen environments at various fluences. Appl. Surf. Sci. 2015, 344,
146–158. [CrossRef]

40. Reenaas, T.W.; Lee, Y.S.; Chowdhury, F.R.; Gupta, M.; Tsui, Y.Y.; Tou, T.Y.; Yap, S.L.; Kok, S.Y.; Yap, S.S. Femtosecond and
nanosecond pulsed laser deposition of silicon and germanium. Appl. Surf. Sci. 2015, 354, 206–211. [CrossRef]

41. Stock, F.; Diebold, L.; Antoni, F.; Chowde Gowda, C.; Muller, D.; Haffner, T.; Pfeiffer, P.; Roques, S.; Mathiot, D. Silicon and
silicon-germanium nanoparticles obtained by Pulsed Laser Deposition. Appl. Surf. Sci. 2019, 466, 375–380. [CrossRef]

42. Ghosh, B.; Sakka, Y.; Shirahata, N. Efficient green-luminescent germanium nanocrystals. Mater. Chem. A 2013, 1, 3747. [CrossRef]
43. Vadavalli, S.; Valligatla, S.; Neelamraju, B.; Dar, M.H.; Chiasera, A.; Ferrari, M.; Rao Desai, N. Optical properties of germanium

nanoparticles synthesized by pulsed laser ablation in acetone. Front. Phys. 2014, 2, 57. [CrossRef]
44. Gu, T.; Gao, J.; Ostroumov, E.E.; Jeong, H.; Wu, F.; Fardel, R.; Yao, N.; Priestley, R.D.; Scholes, G.D.; Loo, Y.-L.; et al. Photolumi-

nescence of Functionalized Germanium Nanocrystals Embedded in Arsenic Sulfide Glass. ACS Appl. Mater. Interfaces 2017, 9,
18911–18917. [CrossRef]

45. Gongalsky, M.B.; Osminkina, L.A.; Pereira, A.; Manankov, A.A.; Fedorenko, A.A.; Vasiliev, A.N.; Solovyev, V.V.; Kudryavtsev,
A.A.; Sentis, M.; Kabashin, A.V.; et al. Laser-Synthesized Oxide-Passivated Bright Si Quantum Dots for Bioimaging. Sci. Rep.
2016, 6, 24732. [CrossRef]

46. Fronya, A.A.; Antonenko, S.V.; Kharin, A.Y.; Muratov, A.V.; Aleschenko, Y.A.; Derzhavin, S.I.; Karpov, N.V.; Dombrovska, Y.I.;
Garmash, A.A.; Kargin, N.I.; et al. Tailoring Photoluminescence from Si-Based Nanocrystals Prepared by Pulsed Laser Ablation
in He-N2 Gas Mixtures. Molecules 2020, 25, 440. [CrossRef]

47. Kharin, A.Y. Deep learning for scanning electron microscopy: Synthetic data for the nanoparticles detection. Ultramicroscopy 2020,
219, 113125. [CrossRef]

48. Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: New York, NY, USA, 1985; Volume 1, ISBN 978-0-08-054721-3.
49. Oleshchenko, V.A.; Kharin, A.Y.; Alykova, A.F.; Karpukhina, O.V.; Karpov, N.V.; Popov, A.A.; Bezotosnyi, V.V.; Klimentov, S.M.;

Zavestovskaya, I.N.; Kabashin, A.V.; et al. Localized infrared radiation-induced hyperthermia sensitized by laser- ablated silicon
nanoparticles for phototherapy applications. Appl. Surf. Sci. 2020, 516, 145661. [CrossRef]

50. Geohegan, D.B.; Puretzky, A.A.; Duscher, G.; Pennycook, S.J. Photoluminescence from Gas-Suspended SiOx Nanoparticles
Synthesized by Laser Ablation. Appl. Phys. Lett. 1998, 73, 438–440.

51. Itina, T.E.; Gouriet, K.; Zhigilei, L.V.; Noël, S.; Hermann, J.; Sentis, M. Mechanisms of small clusters production by short and
ultra-short laser ablation. Appl. Surf. Sci. 2007, 253, 7656–7661. [CrossRef]

52. Liedberg, B.; Nylander, C.; Lunström, I. Surface plasmon resonance for gas detection and biosensing. Sens. Actuators B Chem.
1983, 4, 299–304. [CrossRef]

53. Law, W.C.; Markowicz, P.; Yong, K.T.; Roy, I.; Baev, A.; Patskovsky, S.; Kabashin, A.V.; Ho, H.P.; Prasad, P.N. Wide dynamic range
phase-sensitive surface plasmon resonance biosensor based on measuring the modulation harmonics. Biosens. Bioelectron. 2007,
23, 627–632. [CrossRef]

http://doi.org/10.1063/1.372421
http://doi.org/10.1116/1.1420494
http://doi.org/10.1063/1.1446217
http://doi.org/10.1063/1.1557752
http://doi.org/10.1016/S0921-5107(02)00651-7
http://doi.org/10.1016/S0169-4332(01)00634-1
http://doi.org/10.1063/1.1626793
http://doi.org/10.1016/j.physleta.2004.07.029
http://doi.org/10.1080/17458080500469591
http://doi.org/10.1063/1.2435801
http://doi.org/10.4028/www.scientific.net/AMR.383-390.6270
http://doi.org/10.1016/j.apsusc.2015.03.117
http://doi.org/10.1016/j.apsusc.2015.01.073
http://doi.org/10.1016/j.apsusc.2018.10.064
http://doi.org/10.1039/c3ta01246h
http://doi.org/10.3389/fphy.2014.00057
http://doi.org/10.1021/acsami.7b02520
http://doi.org/10.1038/srep24732
http://doi.org/10.3390/molecules25030440
http://doi.org/10.1016/j.ultramic.2020.113125
http://doi.org/10.1016/j.apsusc.2020.145661
http://doi.org/10.1016/j.apsusc.2007.02.034
http://doi.org/10.1016/0250-6874(83)85036-7
http://doi.org/10.1016/j.bios.2007.07.015


Materials 2022, 15, 5308 14 of 14

54. Patskovsky, S.; Bah, S.; Meunier, M.; Kabashin, A.V. Characterization of high-refractive index semiconductor films by Si-based
Surface Plasmon Resonance. Appl. Opt. 2006, 45, 6640–6645. [CrossRef] [PubMed]

55. Patskovsky, S.; Kabashin, A.V.; Meunier, M.; Luong, J.H.T. Si-based surface plasmon resonance sensing with two surface plasmon
polariton modes. Appl. Opt. 2003, 42, 6905. [CrossRef] [PubMed]

http://doi.org/10.1364/AO.45.006640
http://www.ncbi.nlm.nih.gov/pubmed/16912808
http://doi.org/10.1364/AO.42.006905
http://www.ncbi.nlm.nih.gov/pubmed/14661802

	Introduction 
	Materials and Methods 
	Experimental Results and Discussion 
	Structural Properties 
	Photoluminescence of Ge Samples 
	Light Absorbance and Photoheating by Ge-NPs 

	Discussion 
	Conclusions 
	References

