
Introduction

The study of nanoparticles has become one of the most
interesting areas in material science due to their unusual
properties, different to the corresponding macro crys-
talline bulk material. These unique chemical and elec-
tronic properties have a potential use in the fields of
non-linear optics, luminescence, electronics, optoelec-
tronics and others [1–7].

The semiconductor nanoparticles also exhibit a
change in their electronic properties relative to that of the
bulk material. Electronic transport and optical excita-
tions across the gap depend strongly on the size [8]. For

example, when the particle size becomes smaller, the band
gap becomes larger. This allows us to change the elec-
tronic properties of the material controlling the particle
size [5]. The investigation on semiconductor nanoparti-
cles, or quantum dots, is one of the most attractive areas
in semiconductor science and technology [9]. A great
interest in group IV nanoparticles stems from reports of
efficient luminescence in these materials and the possi-
bility of newmaterials for optoelectronic applications [10,
11]. The aim of this work is the synthesis and character-
ization of Ge nanoparticles. Several authors report a
strong visible photoluminescence in Ge nanocrystals,
which makes this system of very interesting [12–20].
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Abstract Germanium nanoparticles
were synthesized by the chemical
liquid deposition method (CLD) in
which the Ge atoms, produced
resistively, were co-deposited with
2-propanol, acetone and tetra-
hydrofurane vapors to obtain col-
loidal dispersions. The colloidal
dispersions were characterized by
UV-vis spectrophotometry, trans-
mission electron microscopy (TEM),
high resolution transmission elec-
tron microscopy (HRTEM), selected
area electron diffraction (SAED)
and Infrared Spectroscopy (FTIR)
techniques. The Germanium colloids
are, in general, kinetically unstable.
Strong absorption bands in the UV
region suggest that nanoparticles
obtained by this procedure exhibit
quantum confinement. In the Ge
colloids, the particle size distribution

is highly sensitive to concentration
change. For example, the TEM
measurements revealed for the Ge-
2-propanol colloid, particle sizes
close to 3 nm for a concentration of
10)3 M and 30 nm for a concentra-
tion of 10)2 M. The HRTEM and
SAED showed the high crystallinity
of the nanoparticles, and it was
possible to observe the typical lattice
spaces of a diamond cubic Ge
structure. The FTIR studies revealed
the Ge-organic nature of the parti-
cles surface. Mechanisms and struc-
tures have been proposed for surface
reactions.
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There are several physical and chemical methods to
prepare Ge nanoparticles. Some groups have used the rf-
magnetron co-sputtering of Ge and SiO2 onto Si sub-
strates to produce thin films containing Ge nanoparticles
with diameters between 1 and 14 nm embedded within a
silica matrix [13–16]. Paine and co-workers prepared Ge/
Si thin films on a Si substrate by CVD. A sequential
hydrothermal oxidation, reduction by hydrogen and
annealing at 700 �C produce Ge nanoparticles with
diameters between 3 and 5 nm in a SiO2 matrix [21, 22].
Another method to obtain nanoparticles involves the
preparation of Ge colloids by ultrasonic mediated
reduction of chlorogermanes and organochlorogerm-
anes in an Na–K dispersion followed by a high pressure
annealing at 270 �C [23]. They achieved the synthesis of
Ge quantum dots with three different size distributions
>20, 10 and 6 nm. Another method developed by
Lukehart and co-workers consists in the addition of an
organo germanium compound to a modified conven-
tional sol–gel formulation, yielding a silica xerogel
doped with this molecular species. A subsequent thermal
treatment, under first oxidizing and then reducing con-
ditions, affords Ge nanoclusters of 6.8 nm highly dis-
persed in the xerogel matrix [24]. The metathesis
reaction of NaGe, KGe or Mg2Ge with excess of GeCl4
or GeCl2 in glyme solvents described by Kauzlarich
produces nano crystalline Ge with different alkyl surface
terminations and average particle sizes between 3 and
10 nm [17, 18]. With this technique, Kauzlarich and co-
workers have also prepared Ge/Si-R and Ge/SiO2 core-
shell nanostructures [19]. More recently, Kauzlarich and
co-workers synthesized Ge nanoclusters of 4 nm with
several functional groups like acetals, alcohols, esters
and polymers attached [20].

All these techniques have some advantages and dis-
advantages. In some methods, a disadvantage consists in
that the Ge nanoparticles are embedded in a matrix,
which produces difficulties in the analysis; other tech-
niques like CVD produce very small quantities of the
desired material.

In this work, we are focused on the preparation of Ge
nanoparticles by a non-traditional method. The chemi-
cal liquid deposition method (CLD), developed by
Klabunde et al. [25], involves the resistive evaporation of
metal and co-deposition with organic solvents at 77 K to
obtain colloidal dispersions of metal-coated nanoparti-
cles. The main difference with other methods is that Ge�
clusters are obtained in one stage and no further
reduction stages are necessary. By this method, it has
been possible to obtain Pd, Au, Ag, Cd, and Zn
monometallic dispersions, and Au–Pd, Au–Ag, Zn–Cd
bimetallic dispersions [26–33]. The most important
advantage of the CLD technique is that no by-products
of metal salt reduction are present and pure metal col-
loids are formed. Another advantage consists in the
control of the surface composition using different

organic molecules for the covering. Furthermore, the
material obtained is easy to handle for analysis. An
additional improvement of the CLD technique consists
in the synthesis of useful amounts of nanoparticles and
the possibility of scaling up the process.

Experimental section

Synthesis of germanium colloids

Germanium colloids were prepared by the so-called
chemical liquid deposition method (CLD), which in-
volves the physical vapor deposition of metallic Ge in
the presence of organic vapors. The reaction was carried
out in a glass Metal Atom Reactor (Kontes). Typically,
a W-Al2O3 crucible loaded with Ge was assembled in the
glass reactor and the whole system was pumped off. A
glass tube with the organic solvent (2-propanol, acetone,
THF p.a. grade, purchased from Fisher), dried with
molecular sieves and previously degasified three times by
standard freeze-thaw procedure, was attached to a neck
of the glass reactor. The whole system was immersed in
liquid nitrogen (77 K) and evacuated to reach a vacuum
of 10)5 bar. The crucible was heated using 30 A to reach
the Ge boiling point. In the reaction, the Ge and the
solvent were co-deposited over a period of half an hour.
The frozen matrix, obtained in the walls of the reactor,
was allowed to warm slowly over a period of one hour.
Then, extra pure nitrogen gas was allowed to fill the
reactor. After 30 min under nitrogen flow, a colloidal
dispersion of Ge in organic medium was obtained. In a
typical reaction, 7.3 mg (1·10)4 mol) of metallic Ge
(purchased from Aldrich) was evaporated with 100 ml
of dried and degassed 2-propanol to obtain the Ge-2-
propanol 10)3 M colloid.

Characterization techniques

For the UV-vis study, 0.1 ml of the Ge-2-propanol
colloid (1·10)3 mol/l) was diluted in 2-propanol (3 ml)
to decrease the high absorption and prevent the particle
agglomeration. The diluted colloid was placed in a
rectangular quartz cell of 1 cm of optical path length
and analyzed in a Spectronic Genesis 2 Spectropho-
tometer. A blank of pure 2-propanol was examined
before every sample to eliminate solvent absorption.
The UV-vis optical absorption spectra were recorded at
room temperature at appropriate time intervals.

For the conventional transmission electron micros-
copy (TEM) and high resolution transmission electron
microscopy (HRTEM) studies, a drop of Ge Colloid was
dried on a carbon-coated Cu Grid (purchased from
EMS). For the TEM, the samples were analyzed in a
Jeol 1200 EX operating at 120 KeV of acceleration
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voltage and with a point resolution of �4 Å. For
HRTEM measurements, a Jeol 4000 EX microscope,
operated at 400 KeV and with a point resolution of
�1.7 Å, was employed. The pictures were taken at sev-
eral magnifications. Selected area electron diffraction
(SAED) was also performed in the samples with the
HRTEM equipment.

FTIR was performed in a Nicolet Magna 5PC
Spectrophotometer. The colloids were dried and the
samples were prepared in a KBr pellet (�2% w/w). The
spectra were carried out between 400 and 4,000 cm)1,
with an accumulation of 128 scans, collected and pro-
cessed with the Omnic 5.2a software package.

Results and discussion

The reaction carried out by the method outlined in the
experimental section produced Ge colloids at different
molar concentrations and in different solvents, such as 2-
propanol, acetone and THF. A general scheme of the
reaction can be represented by Eq. 1, where L represents
the organic solvent molecule. After condensation at
77 K, the solid Ge-organic matrix was warmed to obtain
the colloid.

It was found that the stability of Ge colloids in the
organic solvents employed have the following tendency:
2-propanol > acetone ‡ THF. For lower concentrations
(10)3 M), after a fraction has flocculated, the Ge-2-
propanol colloid reached a stability of several weeks,
whereas the Ge-acetone and Ge-THF colloids floccules
quickly before 48 h, even under nitrogen atmosphere. At
higher concentrations (10)2 M), all colloids coagulate
before 24 h due to the bigger particle size. Qualitatively,
the colloids synthesized are transparent, but they turn
whitish when the Ge particles are flocculating. The Ge
colloids obtained by these methods are, in general, ki-
netically unstable. This instability is due to the high
reactivity of Ge nanoparticles. In these particles, the
motion is brought by the action of the Brownian motion
and the rate of coagulation is largely controlled by the
magnitude of the van der Waals interaction. The high
reactivity is performed since nanoparticles have a great
fraction of atoms localized on the surface. These surface
atoms have low coordination states, making them more
reactive than bulk Ge atoms. The Ge nanoparticles are
also more reactive than metal noble nanoparticles. Then,

the Ge nanoparticles react between them, growing and
making the gravity effect stronger, and afterwards they
coagulate. Another factor that affects the colloid sta-
bility is the contact with reactive atmospheres. For
example, the contact with the wet air accelerates the
flocculation process especially in particles with a defi-
cient protective shell.

Figure 1 shows the absorption spectra of the Ge-2-
propanol 1·10)3 M colloid, exposed to the air, in the
200–400 nm range recorded at different times. We can
see a maximum close to 204 nm in which the absorption
decreases quickly by time. In Fig. 2, a graphic of the
peak absorbance as a function of time is shown. This
tendency reveals a quick loss of the absorbance in the
Ge-2-propanol colloid during the first 24 h. The Ge
particles are flocculating and there is a smaller particle
concentration each time. This produces a monotonous
absorbance decay.

Quantum size effects have been experimentally ob-
served on several nanocrystalline semiconductors [1, 3,
4, 8, 34, 35]. The optical absorption spectrum of a
nanocrystalline semiconductor provides an available
and straightforward method for the evaluation of
quantum size effects. Experimentally, quantum size ef-
fects are observed as a shift toward higher energy values
for the band edge (a blue shift), as compared to the
typical value for the corresponding macrocrystalline
material. Quantum confinement results in optical prop-
erties that are highly size-dependent, e.g., smaller
nanoparticles absorb and emit light at higher energies
than larger nanoparticles and have larger oscillator
strengths. Such effects were clearly demonstrated in a
study of CdS nanoparticles with different and well-de-
fined particle size distributions [36]. In our case, while
bulk Ge absorbs weakly in the infrared region, the Ge

Fig. 1 The UV-vis absorption spectra of diluted Ge-2-propanol
10)3 M as a function of time
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nanoparticles produced by the CLD method absorbs
strongly in the ultraviolet region, near to 200 nm (see
Figs. 1 and 3). This observation allows us to suggest that
these Ge nanoparticles are probably quantum confined.

In Fig. 1 we can see a narrowing of the peak on the
right side and an apparently slight shift in the maximum
to higher energy as the time goes on. This narrowing of
the bandwidth in the Ge-2-propanol 1·10)3 M colloid
spectra means that when the flocculation process occurs
the larger particles coagulate first, producing a narrow-
ing in the size distribution. This fact allows us to suggest
that the larger Ge particles are kinetically more unstable
than smaller particles of the same system. For example,
the Ge-2-propanol 1·10)2 M colloid is kinetically more
unstable than the 1·10)3 M colloid, and absorbs at
lower energy (207 nm); it is possible to expect that the
particles have larger sizes. Figure 3 shows the spectrum
for both Ge-2-propanol 1·10)2 M and 1·10)3 M fresh
colloids, which exhibit a maximum (kmax) at 207 and
204 nm, respectively. Moreover, the 1·10)2 M colloid
have a broader absorption band as compared with the
1·10)3 M colloid, which indicates also a broader size
distribution.

Another important fact in the absorption spectrum is
the effect of the solvent. For both colloids synthesized in
2-propanol and THF (the acetone colloid cannot be
studied due to instrument limitation), the initial optical
spectra were similar and almost featureless. This indi-
cates that the nanocrystalline core is mainly responsible
for the absorption and that surface effects do not con-
tribute significantly.

The nanoparticles were analyzed under the trans-
mission electron microscope and the micrographs were
taken at several magnifications. Making a statistical
analysis, around 500 particles were measured in pictures
on different places of the grid. The results were repre-
sented in a frequency Histogram (with Microcal Origin
4.00, Microcal Software Inc.) to obtain the particle size
distribution. Figure 4 shows a typical TEM micrograph
of a Ge-2-propanol colloid of 1·10)3 molar concentra-
tion. This micrograph reveals that the Ge particles have
several particle sizes and the shape is predominantly
spherical. The nanoparticles are randomly dispersed
over the amorphous carbon support of the coated grid,
and do not exhibit self-organizations. Figure 4 shows
the particle size distribution found in the Ge-2-propanol
1·10)3 M colloid. The particle sizes are distributed
mainly between 2 and 5 nm with an average particle size
of 3 nm and a standard deviation of 0.7 nm. This size
distribution is narrower than that obtained with other
experimental methods of Ge-nanoparticle synthesis [13–
15, 37]. This result makes the CLD synthesis of Ge
nanoparticles more suitable to obtain materials for
electronic purposes. CLD synthesis of Ge nanoparticles
with other solvents, such as Acetone and THF, leads to
similar particle size distributions (less than 10 nm for
10)3 M colloids) compared with the Ge-2-propanol
ones. Although the size distribution is not largely
sensitive to a solvent change, this is very sensitive to
Ge-molar concentrations. For example, in the case of

Fig. 2 Kinetic behavior of the 204 nm peak for the Ge-2-propanol
10)3 M colloid

Fig. 3 The UV-vis absorption spectra of Ge-2-propanol 10)2 and
10)3 M fresh colloids
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Ge-2-propanol colloid, it is possible to obtain a size
distribution around 3 nm for lower concentrations
(1·10)3 M, 7.3 mg/100 ml), whereas at higher concen-
trations (1·10)2 M, 72.6 mg/100 ml), the particle size
increases considerably with a distribution between 10
and 50 nm and an average of 30 nm (see Fig. 5 for the
micrograph and the histogram).

This methodology is well reproduced if the conditions
of evaporation rate, metal concentration and warm-up
are kept constant [36].

To improve the visibility of the obtained HRTEM
images, they were FFT filtered and reconstructed (with
the Crisp 1.5f software, Calidris) to subtract the back-
ground generated by the grid support, and the noise
produced during the image acquiring process. The
HRTEM results revealed the high crystallinity of the Ge
nanoparticles. Figure 6 shows a high resolution image of
a Ge-2-propanol 1·10)3 M nanoparticle, where we can
clearly discriminate that the atoms (white spots) are
ordered in pseudo-hexagonal arrangements. The lattice

spacings obtained from the picture are d=2.02 and
1.75 Å. These spacings, attributed to (220) and (311)
lattice fringes, are typical of a diamond cubic Ge
structure.

Selected area electron diffraction was performed in
the samples with the Jeol 4000EX microscope. For Ge-2-
propanol nanoparticles (10)3 M colloid), a rings pattern,
shown in Fig. 7, was obtained. The rings in the diffrac-
tion picture were measured and then, the lattice spaces
dhkl (Å)=K/D were calculated. K=kl is the microscope
camera constant with a 2.8313 Å cm value for the
microscope used (wavelength, k, in angstroms by camera
length, L, in centimeters). D corresponds to the ring
diameter in centimeters. The lattice spaces dhkl obtained
(see Table 1) were compared with the crystallographic
data of Ge (diamond cubic, tetragonal) and GeO2

(orthorhombic, tetragonal, cubic, hexagonal) [38]. It was
found that the crystallographic data is in agreement with
a diamond cubic Ge structure, with an error smaller
than 5% with respect to the reference data. These results

Fig. 4 The TEM micrograph
and histogram of Ge-2-propa-
nol 1·10)3 M colloid

Fig. 5 The TEM micrograph
and histogram of Ge-2-
propanol 1·10)2 M colloid
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are in agreement with the HRTEM results. Another
information deduced from the rings pattern is that the
crystallites (Ge nanoparticles) are randomly oriented
over the carbon support and as a consequence rings
appear in the diffraction pattern.

Another important aspect that must be resolved is the
surface structure of the Ge-organic particles. For this
purpose, FTIR was performed in the Ge nanoparticles
synthesized with the different solvents: 2-propanol,
acetone and THF. The FTIR spectra of the solids ob-
tained from dried colloids are shown in Fig. 8. By
comparison of the Ge colloids spectra with the pure
organic solvents, we have clearly seen that new vibration
modes appeared in the finger-print zone corresponding
to organo-germanium modes. The spectra of Ge pow-
ders have also been compared with GeO2 [39, 40],
(CH3)2Ge=CH2 [41], and Ge-tetraalkyls [42, 43]. It was
found that the presence of Ge=C (near 860 and
810 cm)1) and Ge)C (near 570 cm)1) stretch vibrations,
which in the 1,1-dimethyl-1-germene appear close to 850
and 820 cm)1 for the double bond and 570 cm)1 for
single bond. These values are consistent with a previous
work in which the FTIR and CIMS of Ge-acetone
powders prepared by the same methodology were re-
ported [44]. The presence of Ge=O bonds is almost
discarded since such vibration should appear between
960 and 980 cm)1.

With all the previous evidences, we can postulate
possible structures of the manner in which the molecules
are inserted in the Ge surface. For example, the reaction
mechanism of acetone over a Ge (100) surface has re-
cently been reported in the literature [45]. In that work,

Fig. 6 The HRTEM micrograph of a Ge-2-propanol 10)3 M
nanoparticle

Fig. 7 Selected area electron diffraction pattern of Ge-2-propanol
10)3 M

Table 1 Lattice spaces, dhkl exp, calculated from diffraction pat-
tern of Ge-2-propanol 10)3 M. The error was calculated with re-
spect to the reference crystallographic data, dhkl ref, of Ge diamond
cubic structure

D (cm) dhkl exp (Å) dhkl ref (Å) Error (%) hkl

1.451 1.951 2.000 2.45 2 2 0
1.789 1.583 1.633 3.06 2 2 2
2.025 1.398 1.414 1.13 4 0 0
2.295 1.234 1.298 4.93 3 3 1
2.666 1.062 1.089 2.48 3 3 3
2.936 0.964 0.956 0.84 5 3 1
3.274 0.865 0.863 0.23 5 3 3

Fig. 8 The FTIR spectra of dried Ge colloids. Spectra a, b, c
correspond to Ge-2-propanol, Ge-acetone and Ge-THF colloids
(10)3 M), respectively
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the authors propose, according to FTIR evidence, that
acetone undergoes attachment at the carbonyl oxygen
with the loss of an a hydrogen on the Ge (100) surface to
form an enol-like adduct. They detect in the FTIR
spectrum the loss of the C=O band (1,710 cm)1), and
the formation of a new band at 1,640 cm)1 corre-
sponding to a C=C bond. In our case, with the synthesis
of Ge-acetone colloid there is no loss of the carbonyl
band, but there is formation of germanium–carbon
bonds. We postulate that Ge reacts with a Ca of the
acetone, forming Ge)C bonds (single and/or double), as
can be seen on Scheme 1. The bands for pure acetone are
mC=O at 1,715 cm)1 and mC-O at 1,092 cm)1. For the
Ge-2-propanol colloids, two mechanisms seem to be
involved, since the presence of Ge=C and C=C bonds
is detected. For this case, we propose two possible kinds
of adducts (see Scheme 1c, d). In Scheme 1c, Ge would
be reacting with a primary carbon of the 2-propanol to
form an adduct similar to the acetone (Scheme 1a) but
with an O)H group instead of a C=O group. The other
possible Ge-propanol adduct would be the one when Ge
reacts with the 2-propanol oxygen; this is supported by
the evidence of a C=C band at 1,630 cm)1. This adduct
is the same proposed for the acetone Ge (100) surface
reaction. For the Ge-THF reaction, we propose that Ge
reacts with a carbon adjacent to the oxygen of the THF,
causing a ring opening and a subsequent formation of a
C=O bond supported by the presence of a band close to
1,729 cm)1, and the absence of the C)O stretching. The
adduct structure is presented in Scheme 1b. All mecha-
nisms and structures proposed for the anchoring of the

organic molecules over the Ge surface are tentative and
need further studies. A relationship between colloidal
stability and the FTIR studies can be carried out to
conclude that the stability is a consequence of the pro-
posed adducts in the Ge surfaces. The Ge-2-propanol
adduct with the superficial O)H group could provide a
more efficient protective shell, forming hydrogen bridges
with the 2-propanol and due to this fact the Ge-2-pro-
panol colloid is the most stable.

Conclusions

The CLD synthesis allows us to obtain successfully Ge-
2-propanol, Ge-acetone and Ge-THF colloids in a range
of Ge/solvent concentrations between 10)3 and 10)2 M
(mol/l). The UV spectroscopy shows that Ge colloids are
kinetically unstable. The UV results also show that the
nanoparticles absorb strongly in the 200–220 nm region;
this is an evidence that supports their quantum con-
finement. The particle size distribution depends on the
initial colloid concentration and increases drastically
from 3 nm to about 30 nm in average for Ge-2-propanol
when the concentration increases from 10)3 to 10)2 M.
These results are consistent with UV-absorption bands.
For colloids with broader size distributions, the UV
absorption are also broader when compared with nar-
row size distribution colloids. The HRTEM results for
Pd-2-propanol 1·10)3 M show the high crystallinity of
the Ge nanoparticles, and the electron diffraction con-
firms that we are in the presence of zerovalent Ge in-
stead of Ge oxide. The FTIR study reveals the Ge-
organic vibration interactions, allowing us to suggest a
tentative mechanism of how the organic fragments are
anchored in the Ge surface. Finally, it is important to
remark that this synthesis yields Ge nanoparticles in
useful amounts and it is very suitable for the design of
tailored semiconductor nanoparticles with potential
electronic applications, being able to control partially
the particle size ranges and their surface composition.
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