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Abstract
There has been interest in the past years in the visible luminescence
properties of germanium nanocrystals. Most of the previous works refer to
Ge nanocrystals embedded in an oxide matrix. In this work nanocrystalline
germanium has been prepared by high-energy ball milling of Ge single
crystals and Ge powder. The structure of the milled samples has been
assessed by x-ray diffraction (XRD) and transmission electron microscopy
(TEM) while the luminescence has been investigated by
cathodoluminescence (CL) in the scanning electron microscope (SEM). The
samples consist of a powder of particles with sizes of hundreds of
nanometres, normally aggregated to form larger particles. TEM reveals that
the particles consist of nanocrystals with a wide range of sizes including
crystallites of some nanometres. Milled Ge shows two CL bands at about
2.4–2.5 eV and 3.1 eV, respectively. Both emissions appear to be related to
the presence of Ge nanocrystals. The CL of untreated and milled GeO2
powder has been also investigated for comparison.

1. Introduction
The influence of quantum confinement on the optical
properties of nanocrystalline semiconductors is a subject of
increasing interest due to the possibility of new applications
to electronic devices.
In particular, luminescence of
nanocrystalline silicon (nc-Si) in the visible range has been
extensively investigated. The most frequently referred form
of nc-Si is porous silicon (for a review see [1]), but other
systems, such as nc-Si formed by Si implantation in SiO2 [2]
or nc-Si recrystallized from amorphous phase [3], also show
visible luminescence. Many of the experimental results on
the visible luminescence of nc-Si have been explained in the
frame of a quantum confinement model in which the influence
of the electronic states at the crystallites surface has to
be considered, e.g., [4–6].
Germanium nanocrystals have also been found to show
visible luminescence. Kanemitsu et al [7] reported visible
photoluminescence of Ge nanocrystals in SiO2 glassy matrix
and attributed it to a new structure with direct optical transition.
Maeda [8] also investigated Ge nanocrystals in the same
0268-1242/02/121267+05$30.00 © 2002 IOP Publishing Ltd

matrix and found his experimental photoluminescence (PL)
data to be consistent with a quantum confinement model.
Other authors have reported the appearance of PL emission
related to the presence of Ge nanocrystals embedded in oxide
matrix [9–14] or in colloidal form [15]. A number of results
show the influence of defect states in the nanocrystals or
in the interface nanocrystal–oxide on the observed photon
emission, but the exact mechanism of luminescence of
nc-Ge is under discussion. The existence of nanocrystalline
Si and Ge related luminescence open new possibilities for
group IV semiconductors as optoelectronic materials. In
particular, one of the methods used to produce nanocrystals,
mechanical ball milling, is potentially useful for large-scale
applications of nanocrystalline Si and Ge. Mechanical milling
has been frequently used to prepare nanocrystalline metallic
materials [16] but it has not been often applied to the case of
semiconductors [17–21]. Shen et al [20] reported PL in milled
silicon and attributed the emission to silicon oxide phases at
the surface region of the Si particles. In [21] the observed
cathodoluminescence (CL) of milled silicon was explained by
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the presence of nanocrystals through a quantum confinement
effect.
Whelan [17] reported the formation of Ge nanocrystals by
ball milling and investigated the resulting structure by Raman
and transmission electron microscopy (TEM) techniques. In
the present work the structural and luminescence properties of
ball-milled germanium have been investigated by XRD, TEM
and CL in the scanning electron microscope.

(a )

2. Experimental method
A p-type single crystalline Ge wafer of electronic grade
purity as well as Ge powder with a purity of 99.999% were
used as starting material for the milling treatments. In
order to study the possible influence of germanium oxide
on the luminescence measurements, GeO2 powder was also
milled under the same experimental conditions. Milling was
performed at room temperature in an air cooled, high-energy
Spex-8000 mixer mill equipped with a hardened steel vial and
two 12.7 mm diameter balls of 8 g of mass. In each rub 4 g
of material was sealed under Ar atmosphere and milled for
30 h. The x-ray diffraction characterization was performed
with an Ital-Structures x-ray diffractometer using focused and
monochromated Co Kα1 radiation and equipped with an INEL
CPS120 curved position sensitive detector, which allows the
simultaneous detection of the diffracted beam over a range of
120◦ . The TEM observations were carried out with a JEOL
4000 FX microscope operating at 400 kV and the samples were
prepared by dispersing the powder in ethanol and separating
ultrasonically the agglomerates. A drop of the suspension
was then deposited to dry on a thin carbon film supported by
a standard TEM grid. For the SEM observations a Hitachi
S-2500 or a Leica 440 scanning electron microscopes were
used. The powders were deposited on silver paint on the
microscope specimen holder and observed in the secondary
electron and CL modes with a beam energy of 20 keV at
temperatures between 300 K and 90 K. The CL measurements
were carried out in the visible and near-infrared ranges with
a Hamamatsu R928 photomultiplier and a cooled ADC Ge
detector, respectively.

3. Results and discussion
XRD spectra of both Ge samples, milled wafer and milled
powder, show diffraction peaks with the same positions and
shapes (figure 1). The difference in the background is
explained by the presence of GeO2 in the starting Ge powder
which amorphizes during milling. XRD of all milled samples
revealed a crystallite average size of about 20 nm. TEM
also shows the presence of nanocrystals in the milled samples.
Figure 2 shows a high resolution electron microscopy (HREM)
image of the milled wafer where nanocrystals of about
10–15 nm are observed. TEM shows that the average
nanocrystal size detected by XRD corresponds to a range of
sizes down to few nanometres. The existence of a wide
nanocrystal size distribution in ball-milled germanium and
silicon has been previously reported [17, 19, 21, 22].
SEM secondary electron images show that the milled
powder consists of particles, with a range of sizes up to
several microns, formed by aggregation of smaller entities
1268
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Figure 1. XRD spectra from milled Ge wafer (a) and milled Ge
powder (b).

Figure 2. HREM image of milled Ge wafer showing nanoparticles.
The interplanar distance is indicated by arrows.

with the typical size of 100 to several hundreds of nanometres
(figure 3).
Figure 4 shows the CL spectra of as-received and the
milled GeO2 powder. These samples are used as reference to
investigate the possible presence of oxide in the milled Ge.
Untreated GeO2 shows at 90 K a single CL band peaked at
2.43 eV (figure 4(a)). Increasing the temperature causes
broadening of the emission band as well as a complex
behaviour of the peak, which reaches a lower energy value
of 2.35 eV at 230 K and shifts then towards higher energies.
Figure 4(b) shows the spectrum at room temperature with an
intense band at 2.54 eV and a weak one at 2.99 eV obtained
by deconvolution of the broad emission. The spectrum at
90 K of milled GeO2 (figure 4(a)) shows the main component
at 2.49 eV while at room temperature the main emission of the
complex band appears at 2.61 eV (figure 4(b)).
As-received Ge powder and wafer did not show any visible
luminescence. All milled Ge samples showed luminescence
with the main bands in the range 2.4–3.1 eV. Figure 5 shows
the CL spectra of samples obtained by milling the wafer. At
90 K a dominant emission at 2.39 eV is observed and at 295 K
the spectrum consists of an intense band peaked at 3.07 eV
and a less intense component at 2.49 eV. The spectra of milled
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Figure 3. (a) Secondary electron image (SEM) of milled Ge
powder. (b) Higher magnification SEM image showing detail of the
particles.
Table 1. Summary of the CL peaks reported in this work at 90 and
295 K. The units are eV and bold numbers indicate dominant
transition.

90 K
295 K

GeO2

Milled
GeO2

Milled
Ge wafer

Milled
Ge powder

2.43
–
2.99
2.54

3.02
2.49
3.02
2.61

2.86
2.39
3.07
2.49

3.14
2.47
3.10
2.70

Ge powder are shown in figure 6. At 90 K a high-energy
band, which is not resolved in the spectra of the milled wafer,
is observed. At room temperature the spectra are similar to
those of the milled wafer. Table 1 summarizes the position of
the main peaks observed at 90 K and 295 K in the investigated
GeO2 and Ge samples. These transitions have been determined
from the best fits to experimental CL spectra using a sum
of Gaussian line distributions obtained by Jandel Scientific
Peakfit program. In fact the spectra show a non-continuous
evolution between 90 K and 295 K, as mentioned above for
GeO2 at 230 K. However, the behaviour of different samples
can be compared by considering only the luminescence data
at the two limit temperatures.
XRD and TEM results show the presence of a
nanocrystalline structure in the ball-milled germanium
samples, which agrees with the results of Whelan [17]. In

Figure 4. CL spectra of untreated GeO2 and milled GeO2 at (a)
90 K and (b) room temperature. Dashed lines show the
deconvoluted bands that best fit the experimental results.

[17] a series of milling times up to 200 h were used, with
the aim of obtaining not only nanocrystals but also nanosized
particles. However, even after the long milling times a range
of particle sizes from tens to hundreds of nanometres was
observed by SEM. These particles formed agglomerates with
sizes of several microns. In this work a milling time of 30 h
has been found appropriate to produce nanocrystals, which, as
shown by TEM and SEM, are part of particles with sizes of the
same order as that reported in [17] . Previous work on silicon
[21] showed that, under our experimental conditions, the effect
of ball milling on nanocrystal and particle size, saturates after
milling times of 30 h.
Luminescence from GeO2 has been previously
investigated and its relationship with the observed
luminescence in Ge nanocrystalline structures has been
discussed. Negishi et al [23] studied the emission of oxygen
deficient germanium oxide clusters prepared from laser
ablation of GeO2 , and observed strong photoluminescence
at about 2.5 eV which appears as weak emission in the
oxidized samples. Fitting et al [24] used CL to investigate
GeO2 and found an emission peaked at 2.25 eV in quartzlike crystals that was attributed, according to Skuja model
[25], to the presence of oxygen deficient centres. An intense
violet luminescence in tetragonal GeO2 crystals was related
to twofold-coordinated Ge, possibly generated by oxygen
vacancies. They related the same band observed in Ge-doped
silica samples to different Ge phases including GeO2 and
Ge nanocrystals. The CL spectrum at 90 K (figure 4(a))
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Figure 5. CL spectra of milled Ge wafer at (a) 90 K and (b) room
temperature. Dashed lines show the deconvoluted bands that best fit
the experimental results.

Figure 6. CL spectra of milled Ge powder at (a) 90 K and (b) room
temperature. Dashed lines show the deconvoluted bands that best fit
the experimental results.

of the untreated GeO2 powder shows a green single band
in the energy range reported in the above-mentioned works.
Milling causes a spectral broadening that, as deconvolution
shows, is mainly due to the growth of a component at about
3 eV. This violet component could be related to the partial
formation of an amorphous phase during milling. It has been
pointed out in [24] that glassy GeO2 resembles in a short-range
order sixfold-coordinated germanium in tetragonal structure
which shows violet emission. In the spectra of GeO2 at room
temperature, the same effect, increase of the 3 eV component
after milling, is observed. If milling causes the formation of
GeO2 nanocrystals the growth of a 3 eV band agrees with the
observation reported in [11] of this band in samples containing
GeO2 nanocrystals attributed to a Ge/O related defect.
The CL emission of the milled Ge samples is discussed
by considering the presence of a nanocrystalline structure and
the influence of oxide species at the crystallite surface. As
mentioned above, the existence of visible luminescence from
Ge nanocrystals has been previously reported. In general
the technique used has been PL and the nanocrystals were
embedded in a matrix, often of SiO2. In this work we
have different experimental conditions: CL in the SEM has
been used, which implies a high excitation density, and the
nanocrystals were not embedded in a matrix. In fact an
objective of this investigation is the study of the properties of
Ge nanocrystals obtained by mechanical milling. Kanemitsu
et al [7] reported broad PL spectra with a band peaked at
2.2–2.3 eV, related to the presence of Ge nanocrystals in a SiO2
matrix. PL in the range 2.1–2.3 eV in the system Ge–SiO2 has
been observed by other authors [9, 11]. Maeda [8] found

PL bands between 2.13 and 2.3 eV in Ge nanocrystals in a
glassy SiO2 matrix and concluded that the emission properties
seemed to be more consistent with a quantum confinement
model in Ge than with other models. Discrepancies with a
QC model were explained by the presence of non-radiative
channels at the nc-Ge surface. A peak at 3.1 eV was observed
when a 325 nm laser was used as excitation source but
was not detectable under 488 nm excitation. A PL band at
3.1 eV was also reported in [11] for nc-Ge in SiO2. The
authors proposed a Ge/O related defect as the origin of this
band. More recently, Choi et al [12] described a 3.0 eV
emission from Ge introduced in a SiO2 matrix and considered
unlikely that germanium oxide is responsible for this band.
In [15], colloidal Ge nanocrystals showed luminescence in the
2–2.6 eV range and also at about 3 eV. The latter band becomes
dominant when high-energy (350 nm) photons were used for
excitation. Oku et al [14] reported 2.6 eV and 3.1 eV PL bands
in Ge nanoparticles encapsulated in oxide layers and proposed
that the 2.6 eV band originates from the Ge/GeO2 interface
and the 3.1 eV was believed to be due to quantum size effects
of the Ge clusters.
As figures 5 and 6 show, milled Ge presents luminescence
in the range reported by other authors for Ge nanocrystals in the
SiO2 matrix and for nanocrystals encapsulated in oxide layer or
in the form of colloidal nanoparticles. On the other hand, the
spectra of milled Ge show marked differences with the spectra
of untreated and milled GeO2 . With the exception of the CL
work on oxides, of [24], the above-mentioned results of other
authors refer to PL measurements and the comparison with
our CL results is not straightforward due to the more selective
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character and the lower excitation energy of PL as compared
with CL. We refer first to the emissions about 3.1 eV observed
in milled Ge. This band is dominant at room temperature
and appears well resolved at 90 K in the milled powder. In
contrast, the blue-violet luminescence in milled or untreated
GeO2 is in all cases a relatively weak unresolved component
of the spectra. The peak in GeO2 observed by deconvolution
appears at about 3 eV while the CL band in milled Ge is centred
at about 3.1 eV. These differences indicate that the 3.1 eV band
cannot be directly attributed to the presence of GeO2 in milled
Ge but the mechanism of emission should involve the presence
of Ge nanocrystals. The fact that the 3.1 eV band appears
intense or dominates the spectra under the high excitation
conditions of the SEM suggests that this emission is similar
to the PL band reported in [15], in colloidal nanocrystals, and
[8], in nanocrystals in SiO2, which were intense only under
excitation with high-energy photons. As summarized above
the origin of the PL band at about 3.1 eV observed by other
authors is not well determined and quantum size effects in the
Ge clusters as well as Ge/O defects have been suggested. Our
results show that the 3.1 eV is related to the presence of Ge
nanocrystals but do not enable to confirm that the luminescence
is related to a quantum size effect and recombination in the
nanocrystal core. Comparison of the 90 K spectra of both
milled Ge samples, milled powder and milled wafer, shows
that the 3.1 eV component is more intense in samples prepared
from Ge powder. These samples contain more oxygen than
those prepared from the wafer which suggests that the presence
of oxide in the nanocrystalline structure, in particular states
at the nanocrystals/oxide interface, could contribute to the
3.1 eV emissions.
Luminescence emission in the range 2.1–2.5 eV has been
observed in this and in previous works to be a property of Ge
nanocrystals and germanium oxide. In the latter case the
emission is related to oxygen deficient centres [24]. The
green-orange emission has been observed in nanocrystals
embedded in oxide matrix and colloidal nanocrystals [15]
where the samples are free of oxygen and an oxide layer.
Some authors, e.g., [8, 15], attributed emission in this range
to the existence of quantum confinement. The presence of
oxide on the nanocrystal surface has been also considered to be
involved in the emission mechanism [11, 14]. Our results show
that the nanocrystalline structure produced by mechanical
milling leads, as in the case of other systems containing
Ge nanocrystals, to luminescence at about 2.4–2.5 eV.
The CL data do not enable, however, to relate the observed
band to a nanocrystal size range or to determine the influence
of surface states on the photon energy. As described in the
size selected study of [15] a distribution of nanocrystal sizes
contributes to a wide luminescence band and in addition it
appears that broad PL peaks are characteristic of nanocrystals.

4. Conclusions
Nanocrystalline germanium has been produced by mechanical
milling of germanium single crystals and germanium powder.

The obtained samples consist of particles with sizes in the
micron and submicron range, formed by nanocrystals. The
milled samples show two CL bands at about 2.4–2.5 eV
and 3.1 eV, respectively. Both bands appear related to the
presence of nanocrystals. It is suggested that the emission
mechanism of the high-energy band involves the presence of
oxide at the crystallites surface. Comparison with CL of GeO2
enables to rule out that the emission of milled Ge is generated
in oxide.
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