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Tin nanoparticles (Sn-Nps) were synthesized using the metal vapor condensation technique (MVC) in a metallic atoms reactor. The param-
eters used for synthesis in this study were the following: distance to the metal evaporation center (MEC), metal evaporated moles (MEM),
and frosting and defrosting temperatures of substrates. The Sn-Np depositions were carried out with Sn bulk over glass substrates positioned
vertically at different angles and distances to the MEC. The Sn-Np characterization was performed by TEM, SEM, selected area electron
diffraction (SAED), and UV-Vis. The TEM micrographs evidenced particle sizes of 75 and 25 nm for depositions conducted at 3 and 10
cm above the MEC, respectively. The particle sizes depended significantly on the MEC, the substrate, and the MEM. The SAED revealed
phases corresponding to SnO (tetragonal) andα-Sn in different crystalline orientations. The technique showed good reproducibility in terms
of particle size, and it is an important source of nanostructured materials free of impurities, which are widely used for printing electronic
circuits.
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Nanoparticulas de estaño fueron sintetizadas por la técnica de condensación de vapores metálicos (MVC) en un reactor déatomos met́alicos.
Los paŕametros de śıntesis fueron: distancia de los substratos respecto al centro de evaporación del metal (MEC), cantidad de moles evap-
orados del metal (MEM), tiempo de congelación y descongelación de los substratos antes de la evaporación del metal. El deṕosito de las
nanoparticulas se realizó partiendo de Sn metálico, sobre substratos de vidrio colocados en posición vertical y en diferenteśangulos respecto
al MEC. La caracterización se realiźo por TEM, SEM, difraccíon de electrones déarea seleccionada (SAED) y UV-Vis. Micrografias de
TEM mostraron tamãnos de partı́cula comprendidos entre 75 y 25 nm para distancias respecto al MEC de 3 y 10 cm, respectivamente. El
tamãno de part́ıcula dependío del MEC, el susbtrato y el MEM. La técnica SEAD reveló las fases correspondientes a SnO (tetragonal) y
α-Sn en diferentes orientaciones cristalinas. La técnica empleada presento buena reproducibilidad en cuanto al tamaño de part́ıcula y es
una importante fuente de materiales nanoestructurados libres de impurezas, los cuales son muy utilizados para la impresión de circuitos
electŕonicos.

Descriptores: Nanopart́ıculas; peĺıculas delgadas;́atomos met́alicos

PACS: 68.55.ag; 68.65.-k; 81.16.-c

1. Introduction

The synthesis of nanostructured materials has attracted con-
siderable interest in several fields of chemistry, physics, and
materials science due to their novel physical-chemical prop-
erties, which are significantly different from the correspond-
ing properties of the same materials in the macroscopic
phase [1-3]. Nanostructured materials exhibit many prop-
erties, such as grain size, large surface areas, homogene-
ity and highly reactive surfaces, that have attracted attention
because of the various resulting applications and theoretical
studies [4,5]. The properties of nanostructured materials are
determined not only by the cluster size but also by the manner
in which they are organized. The way that nanoclusters form
nanostructures depends not only on the separation and the
properties of inter-cluster interaction but also on the prepara-
tion method used [6].

To obtain metallic nanoparticles and some oxides, many
techniques have been used, such as sol-gel [7], pulsed laser

deposition [8], mechanochemical [9], wet-chemical synthe-
sis [10,11], chemical liquid deposition (CLD) [12-15], elec-
trochemical [16], thermal decomposition [17], microwave ir-
radiation [18], metal vapor deposition [19], and sonochem-
ical techniques [20]. For MVC synthesis, two types of re-
actions are used: (a) co-deposition with the metal to form
a stabilized colloid by the solvation of clusters with organic
molecules in a frozen matrix at 77 K via a technique known
as CLD [21], and (b) direct deposition of metallic vapors over
frozen substrates. In the latter case, nucleation is determined
by the substrate temperature and by the metal evaporation
speed. In some cases, the substrates are not frozen, and in
others, the vapor deposition occurs with the substrates posi-
tioned horizontally either above or below the MEC.

Motivated to employ the varying properties of nanopar-
ticles, such as non-linear optics, luminescence, electronics,
optoelectronics, and others [22-25], on a technological level
in several fields of science, we aimed to synthesize tin metal-
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lic nanoparticles by MVC over thin glass substrates at the
freezing point of liquid nitrogen. Unlike conventional tech-
niques, our depositions were carried out on vertically posi-
tioned substrates placed at different angles and distances to
the MEC in order to obtain homogeneous samples that were
free of impurities. The Sn-Nps were obtained by controlling
parameters such as MEC, MEM, and the freezing time of the
glass substrates.

2. Materials and methods

The Sn-Nps were obtained in a tubular reactor for metallic
atoms with frozen walls at the temperature of liquid nitro-
gen (77 K), which is also used for CLD synthesis. The main
difference is the solvent; MVC does not use a co-deposition
of metallic and organic vapors because only the metal is de-
posited on the substrate. In these reactions, a pressure of
1.013 Pa and a voltage of 35 amperes were used for 1 h, in-
creasing the electric current at a rate of 0.1 A/min. Substrates
were washed with aqua regia, distilled water and 2-propanol
and dried at 50◦C under vacuum for 5 h. Metallic tin pow-
der was used (purchased from Aldrich), which was degasified
by the standard freeze-thaw procedure using liquid nitrogen
and further sonication for 30 minutes. The tubular reactor
was washed with KOH/2-propanol and aqua regia to elimi-
nate metal impurities and high vacuum silicon.

Glass substrates were placed inside the reactor at 3, 6, and
10 cm both above (+) and below (-) the MEC. In all reactions,
the glass substrate was always positioned vertically with the
same angle and distance to the MEC. See Fig. 1.

FIGURE 1. Tubular reactor for metallic atoms showing the posi-
tions and distances of thin glass substrates with respect to the MEC.

Prior to evaporation, the reactor was cooled to 77 K
for 10, 60, and 120 minutes in order to study the effect
of substrate temperature on particle size distribution. In
each reaction, 8.4×10−05(MEM1), 2.1×10−04 (MEM2) and
4.2×10−04(MEM3) moles of Sn0 were evaporated. After Sn-
Np deposition, the system was isolated for 1, 30, 60, 90, and
120 minutes to study the effect of latency time on particle
size. Latency is the time delay after evaporation and freezing
beginning under inert atmosphere. During the latency time,
the reactor is under high vacuum, without liquid nitrogen and
with a Dewar flask to facilitate a slow defrosting. After final-
izing the latency time, the defrosting operation of the reactor
was finished with an extra-pure nitrogen flow for 30 minutes
at room temperature. Substrates were removed from the re-
actor in inert atmosphere and were placed in a dry chamber
to avoid Sn-Np oxidation.

Particle sizes were determined by histogram analysis,
performed with the Jeol-JEM 1200 EXII Transmission elec-
tron microscope with a resolution of 4̊A. Thin glass sub-
strates were reduced to 0.1µm thicknesses and placed di-
rectly under the microscope observation. Particle size mea-
surements were randomly taken and the data obtained were
represented in a histogram, which provided information
about particle size distribution. Additionally, normal distri-
bution curve adjustments revealed the average size; Gaus-
sian curves were also adjusted. Electron diffraction was car-
ried out at 120 kV, 60 cm, K: 4.2̊A. The instrument cali-
bration was performed with an Au film (Aldrich Chemical,
99.99 %). To obtain the UV-Vis spectra of nanoparticles,
a UV-2450 (FIT B1-050) Shimadzu spectrophotometer was
used. A glass substrate of standard thickness was used as a
reference.

3. Results and discussion
The particle size distribution of the deposits was obtained
by analysis of TEM micrographs. Table I summarizes the
particle sizes according to MEC. TEM micrographs showed
that the particle size varied significantly with the distance
to MEC. Large particle sizes were obtained for depositions
close to the metal evaporation center: 75 and 83 nm for sub-
strates placed at (-) and (+) 3 cm to the MEC, respectively.

TABLE I. Particle size of the deposits over thin glass substrates.
(+) Substrates above the MEC. (-) Substrates below the MEC, for
MEM2

MEC Substrate position Average particle

(cm) (-)Below, (+)Above size (nm)

10 (-) 25

6 (-) 33

3 (-) 75

3 (+) 83

6 (+) 61

10 (+) 41
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FIGURE 2. TEM micrographs of Sn-Nps: (a) (-) 3 cm, (b) (-10) cm,
(c) (+) 3 cm, (d) (+) 10 cm. (+) Substrates above the MEC; (-) sub-
strates below the MEC.

These values decrease as the substrate becomes more distant
from the MEC, with particle sizes of 41 and 25 nm at (-)
and (+) 10 cm to the MEC, respectively. For MEM2, smaller
particle sizes were obtained for depositions below the MEC,
whereas greater particle sizes were obtained for depositions
above the MEC. These results differed from those reported by
Cardenaset al., who obtained smaller bi-metallic and metal-
lic tin particles by chemical liquid deposition [26]. Although
MVC generates a greater particle size, this technique does not
produce metal-solvent adducts, as does CLD. These adducts
could modify the electronic properties of a metal, making
them ineligible for usage in electronic devices.

In contrast, greater particle size and wide size distribu-
tions of Sn-Nps (50-300 nm) have been obtained by high-
intensity ultrasound irradiation [27], as well as by solution
dispersion techniques, which have produced Sn-Np sizes of
30-40 nm [28].

The main advantage of the MVC technique with respect
to wet methods, as mentioned above, is the absence of impu-
rities and co-reactants in the reaction system. This is the case
of chemical reduction methods, chemical liquid deposition,
chemical vapor deposition, and precursor thermal decom-
position. Some of these techniques produce particles with
a wide size distribution, uneven shapes and in many cases,
fractal aggregates formed. Figure 2 (a-d) shows TEM micro-
graphs for (-) 10, (-) 3, (+) 3, and (+) 10 cm to the MEC, for
MEM2. For all deposits, regularly shaped spherical particles
were an indicator of the efficiency of MVC for the production
of metallic Nps.

In other metal evaporation techniques, such as ionized
cluster beam (IBC) [29] and physical vacuum deposition
(PVD) with charged cluster model (CCM), smaller and
uniform size metallic particles (2-10 nm) have been ob-
tained [30] over glass, Si and metal foil substrates. By MVC,
it was possible to obtain particle sizes on the order of 10 nm,

FIGURE 3. Behavior of particle size with respect to the distance to
the MEC.

only decreasing the MEM (Fig. 8). It was also shown that
the Sn-Nps agglomerated for substrates close to the MEC.
The agglomeration is mainly due to (1) the large number of
atoms in the gaseous state that increases the number of non-
elastic collisions and (2) the short displacement of atoms in
the MEC at the substrate. These characteristics produce the
increase in the particle population and particle size in zones
close to the MEC. Figure 3 illustrates the trends in particle
size varying with distance to the MEC.

The atoms evaporate in all directions and angles, includ-
ing the vertical direction, with high kinetic energy. In the
gaseous state, atoms collide with one another, losing part of
their initial kinetic energy and forming deposits on the sub-
strates close to the MEC. The atoms and particles formed that
have greater kinetic energies will be deposited onto substrates
above the MEC, and only particles that reach the evaporation
without colliding are deposited below the MEC.

Diffraction patterns with concentric sets of rings, diffrac-
tion points or both were obtained in the electron diffrac-
tion studies for all systems studied. Ring diameter mea-
surements allowed us to determine the interplanar distance.
An Au standard was used to determine the K constant in or-
der to perform calculations corresponding to interplanar dis-
tances (phases were assigned by comparison with reference
data (JCPDS) [31] for SnO orthorombic and tetragonal, SnO2

tetragonalβ- andα-Sn. Table II summarizes the values ob-
tained for some representative samples, as well as crystalline
plains that justify the interplanar distances from the diffrac-
tion patterns shown in Fig. 4 (a-d).

It may be noted that the most crystalline phases corre-
spond to metallic tin and tetragonal SnO.

Particles above the MEC presented the same tetragonal
SnO (101),α-Sn (311) and (422) crystallographic phases,
and it is probable that the formation of SnO produced by the
oxygen absorbed on the metal surface (powder) that was used
in the MVC reaction.
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TABLE II. Crystalline spaces and assignments for Sn-Nps de-
posited on glass substrate.

Distance d(hkl) Crystalline d(hkl)

MEC Determined phases and Experimental

(cm) planes assigned

(-)10 2.980 SnO(Tetragonal) (101) 2.989

2.290 α-Sn (200) 2.294

2.679 SnO(Tetragonal) (110) 2.688

2.287 α-Sn (220) 2.294

(-)3 1.614 α-Sn (400) 1.622

1.486 α-Sn (331) 1.489

2.994 SnO (Tetragonal) (101) 2.989

(+)3 1.940 α-Sn (311) 1.956

1.322 α-Sn (422) 1.325

2.991 α-Sn (101) 2.989

(+)10 1.944 α-Sn (311) 1.956

1.331 α-Sn (422) 1.325

FIGURE 4. Diffraction patterns of deposits corresponding to the
following distances from the MEC: (a) (-) 10 cm (b) (-) 3 cm,
(c) (+) 3 cm and (d) (+) 10 cm

Synthesized nanoparticles were mainly polycrystalline
and formed by very small crystallites oriented randomly,
which provide few diffraction rings.

Tetragonal SnO has also been reported in studies in-
cluding thermal treatment of films and Sn metallic parti-
cles [32,33]. For particles deposited below the MEC, (311)
and (422)α-Sn phases were the preferential orientations.
These orientations would explain the deposition mechanism
and further nucleation on the substrate surface.

Figures 5a and 5b show the dark field TEM micrographs
of the first and second ring observed with the electron diffrac-
tion pattern for Sn-Nps deposited at (+) 10 cm to the MEC,,
where the white spots correspond to particles ofα-Sn and
SnO, respectively.

FIGURE 5. Dark field micrograph of (+) 10 cm to MEC, for MEM2
evaporated. (a) First ring, (b) second ring.

FIGURE 6. Variation in latency time according to the size of the
deposited particles.

On the other hand, the effect of latency time after Sn-
Nps depositions did not significantly affect the particle size.
Figure 6 shows the trend in particle size according to time.
This graph indicates that the particle size is not affected by
variations in latency time. Quite the opposite occurs with
the variation in latency time in CLD technique, producing a
modification of structure and nanoparticle size [21].
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FIGURE 7. Metal evaporated moles (MEM) for (-) and (+) 6 cm,
according to particle size.

FIGURE 8. Metal evaporated moles (MEM) for (+) 6 cm depending
on particle size. Micrographs for MEM1 (a), MEM2, (b-c) MEM3,
(d) and electron diffraction of MEM2.

In CLD, the particles are trapped with solvent in a frozen
matrix. When the defrosting of the matrix begins, particles
collide and form clusters. This nucleation process is domi-
nated by metal-solvent interactions and metal diffusion in the
frozen matrix. Nucleation kinetics also depend on the de-
frosting speed of the matrix, producing smaller particles at
greater latency times.

In MVC, particle size is not affected by variation in la-
tency time because Nps are formed at the time that atoms are
deposited on the substrate surface at 77 K. In the absence of
solvent within a frozen matrix, such as in MVC reactions, the
variation of latency time does not affect particle size because
these particles lack mobility on the substrate.

The nucleation probabilities during the film formation of
nanoparticles in the thermal evaporation system have been
very controversial. The experimental evidence proposed by
Barneset al. [34] is only applicable to the charged cluster
model grown by CVD.

Particle size is also affected by the MEM, due to the large
number of atoms in the gaseous state that increase the colli-
sion probability.

TABLE III. %T of Sn-Np films atλ800nm (-) 3, 6, and 10 cm to the
MEC and (+) 3, 6 and to the MEC for MEM1

MEC Substrate Position T (λ800 nm)

(cm) (-)Below, (+)Above %

3 (-) 22

(+) 20

6 (-) 16

(+) 11

10 (-) 8

(+) 3

FIGURE 9. UV-Vis spectra of Sn-Np films on glass substrates for
(-) 3, 6 and 10 cm to the MEC and (+) 3, 6 and 10 cm to the MEC
for mem1.

Figure 7 shows the MEM for (-) and (+) 6 cm to the MEC,
depending on particle size. Regular spherically shaped parti-
cles with an average size of 10 nm were obtained for MEM1,
and irregularly shaped particles with an average size of 125
nm were produced for MEM3. For MEM3, crystalline phases
corresponding to tetragonal SnO andα-Sn were observed, as
well as for mem1 and mem2. See Fig. 8.

Sn-Nps on glass substrates were studied by UV-Vis spec-
troscopy; the corresponding spectra are shown in Fig. 9.
Spectra were recorded for MMM1 at distances of (–) and (+)
3, 6 and 10 cm to the MEC.

Table III summarizes the transmittance percentage (%T)
of the deposits. The deposits below the MEC presented lower
%T than the deposits above the MEC. For mem1, at (-) 3 and
(+3) cm, the %T atλ800 nm were 22 and 11, respectively.
Mem1 shows a similar pattern of transmittance, with 16 and
12 at (-) and (+) 6 cm, respectively. The differences in trans-
mittance values are due to the formation of multi-layer metal-
lic films with different thicknesses before the creation of real
nucleation sites. For (+), (-) 6 and (+), (-) 10 cm, deposits
are less transparent because the layers formed are thicker.
Figure 10 shows the TEM micrographs of multi-layer Sn-Np
films.
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FIGURE 10. TEM micrographs of Sn-Np films (a) (-) 3 cm to the
MEC, zones without particles can be observed. (b) (+) 10 cm to the
MEC, shows layer formation.

4. Conclusions

Metallic vapor condensation is an effective technique to ob-
tain different sizes of Sn-Nps. The distance between the sub-
strates and the metal evaporated center is the main parameter
affecting the particle size, producing regular spherical parti-
cles. Nanoparticle shape varies significantly with the metal
evaporated moles. Deposited nanoparticles are formed by
tetragonal SnO andα-Sn in all deposits obtained. Varia-
tion of latency time neither affected the size nor the shape
of nanoparticles. UV-Vis analysis evidenced multi-layer film
formation, with thickness depending on the distance to the
MEC. MVC permits the synthesis of thin metallic films that
can be oxidized in order to produce semiconductor films with
electronic applications.
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