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Bismuth thin films are known to exhibit interesting properties that can be explored for new applications such as
optical or electrical sensors and thermoelectric devices. Due to the large anisotropy of the electronic band struc-
ture of Bi, its conductivity and optical functions are largely dependent on the preferred orientation obtained for
the polycrystalline thin films, which are determined by the deposition system and the parameters.

In this study we report on the growth of bismuth thin films deposited by various deposition methods, all of them
starting from the vapor phase but with different energies associated to the impinging species: thermal and elec-
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Bismuth tron beam evaporation, direct and alternating current magnetron sputtering, and pulsed laser evaporation. It is
Sputtering shown that the texture developed in Bi thin films follows a competitive growth texture in which the crystallo-

graphic planes with lower surface energy are favored and this process is dominant unless enough energy is sup-
plied either by substrate heating or high energy bombardment.
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1. Introduction

Studies about the synthesis and properties of bismuth thin films is an
old subject [1-13], however the deposition of high quality films is still a
challenge. Bismuth is a semimetal presenting a small overlap between
the bottom of the conduction and the top of the valence bands, so the
density of states at the Fermi level is negligible. For the semimetals,
both electron and holes contribute to the conductivity, leading to a dif-
ferent conductivity vs. temperature dependence than metals. Particu-
larly, Bi exhibits a strong temperature and magnetic field dependence
of the electrical resistance, which might be useful for magnetic field
sensing applications [14]. Moreover, Bi also presents one of the largest
Seebeck coefficients that has been studied numerous times [15,16]
and nevertheless, there is a serious discrepancy about the temperature
dependence of the Seebeck coefficient of bismuth both in the bulk and
thin-film state [15]. As a thin film, Bi exhibited quantum size confine-
ment effects [16-20], such as anomalous electronic transport properties
[9,17]. As described by Condurache-Bota et al. [21] this is considered to
be due to the quantization of the component of the electron momentum
normal to the film plane, which theoretically should lead to a decrease
and even to the disappearance of the overlap between the valence and
the conduction bands. This predicts that a semimetal-to-semiconductor
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transition should occur for thickness in the 20-30 nm range [1,5,9,22-
24]. However, even after many years of this prediction, the experimen-
tal results are still controversial [24-26]. In a recent paper, one of the
possible explanations for the discrepancies is related to the surface qual-
ity of the films [27], while in another study the differences are related to
the texture (preferential crystal orientation growth) of the films [12,28].

One characteristic of the bismuth band structure is that it is highly
anisotropic [29-31], then most of the electron, optical and thermal
transport properties are also anisotropic [12,32-35]. However, the effect
of such anisotropy has not been considered to explain the discrepancies
in the properties of Bi thin films measured by different groups [15]. This
is even more relevant considering that the Bi thin films present a high
degree of preferential orientation growth into the (003) direction (hex-
agonal crystallographic system, which is equivalent to the (111) direc-
tion in the rhombohedral crystallographic system), such texture has
been observed for different growth systems, deposition conditions and
substrates [12,26,33,36-41]. Nevertheless, few works also report the
growth into the (012) direction [42,43] or random orientation [44,45],
but there is not a clear explanation for the variation in the film texture.

The aim of the present work is to identify different experimental pa-
rameters that lead to variations in the texture or preferred orientation of
bismuth thin films. Such parameters have been investigated for three
deposition systems: evaporation, sputtering and pulsed laser deposi-
tion, aiming to find a fundamental parameter that could explain the
large variation that has been observed experimentally. This texture
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variation in such a high anisotropic material could partially explain the
discrepancies on the electronic and transport properties of the Bi thin
films.

2. Experimental procedure
2.1. Film deposition

Bi thin films were grown on silicon (100) or glass substrates using
three different deposition methods: magnetron sputtering, evaporation
and pulsed laser deposition (PLD). For each technique some variations
were also introduced such as radio frequency or direct current for
sputtering; E-beam or thermal evaporation or the ion energy during
the PLD process.

2.1.1. Sputtering

2.1.1.1. Direct current. Bismuth thin films were prepared at room tem-
perature by a DC magnetron sputtering technique of high purity bis-
muth target (4”) and an inert gas (Ar: 10 sccm) onto silicon Si(100)
and glass substrates. The base pressure of the deposition chamber was
1.4 x 10~* Pa and the working pressure was set at 4 Pa. A thickness-se-
ries was produced; from about 10 nm to 1400 nm by a combination of
increasing the deposition time from 30 to 600 s and the current applied
to the target, as indicated in Table 1.

2.1.1.2. Radio frequency. Bismuth thin films were prepared at room tem-
perature by the RF magnetron sputtering technique of high purity bis-
muth target (4”) and an inert gas (Ar) onto silicon Si(100) and glass
substrates. The base pressure of the deposition chamber was 6
x 10™4 Pa and the working pressure was set at 4 Pa. In order to obtain
films with different thicknesses, the films were prepared using radio
frequency powers of 45 and 60 W and deposition times between 1
and 15 min, as described in Table 2.

2.1.2. Evaporation

For evaporation two different systems were used. One normal ther-
mal evaporator with a fixed filament-substrate distance; 10 films with
different deposition times were deposited at fixed current (20 A) and
vacuum conditions (1.0 x 10~3 Pa). On the other hand, the other system
was an electron beam evaporator with a variable source-substrate

Table 1
Deposition conditions and thickness of the samples deposited by DC-sputtering.

Sample name Current (A) Time (s) Thickness (nm)
+5%
DC1-1 0.1 30 12
DC1-2 0.1 50 27
DC1-3 0.1 70 57
DC1-4 0.1 90 62
DC1-5 0.1 300 186
DC2-1 0.2 50 118
DC2-2 0.2 90 173
DC2-3 0.2 300 449
DC2-4 0.2 600 1394

Table 2
Deposition conditions and thickness of the samples deposited by RF-sputtering.

Sample name RF power (W) Time (s) Thickness (nm)
+5%

RF1-1 45 300 604

RF1-2 45 600 1200

RF2-1 60 600 170

RF2-2 60 900 2262

Table 3
Deposition conditions and thickness for the samples deposited by evaporation.

Sample name Time (s) Distance (cm) Thickness (nm)
+5%
Th1 5 3 71
Th2 15 3 75
Th3 25 3 150
Th4 40 3 287
Th5 80 3 474
Thé 180 3 2029
Ebeam1 100 75 180
Ebeam2 100 25 500
Ebeam3 100 12 850

distance. In such case, three samples were produced increasing the
thickness by varying the filament-substrate distance from 12 to 75 cm,
but keeping all the other conditions fixed (Table 3). Films were deposit-
ed onto glass substrates.

2.1.3. Pulsed laser deposition

Ablation was carried out using a Nd:YAG laser with emission at the
fundamental line, 5 ns pulse duration, 10 Hz repetition rate and
500 mJ maximum output energy. The laser beam was focused on a Bis-
muth target (99.98%) at an incident angle of 30° with respect to the sur-
face normal. The target was rotating at 15 rpm, in order to avoid laser
drilling. The working chamber was evacuated to a base pressure of 1.4
x 10~* Pa. The vacuum chamber was baked at 100 °C for 20 min in
order to reduce the residual humidity, and thus the possible contamina-
tion of the samples during deposition.

Two sets of samples were deposited using the mean kinetic Bi ion
energies as the key parameter (Table 4). The first one called PLD1 is a
group of samples deposited using an average ion energy around
110 eV (also called low energy, LE), the second one called PLD2, is a
group of samples deposited using an average ion energy around
270 eV (also called high energy, HE). Different deposition times were
used to obtain different thicknesses (Table 4). The ion energy selection
was done using a Langmuir planar probe. This is a technique currently
used in many facilities working with PLD (see for example [46] and ref-
erences cited there in). The probe is located at the substrate position,
and removed after the plasma parameters were measured. The probe
consisted of a 6-mm diameter stainless steel disk, biased to a fixed volt-
age at — 50V, where saturation of the ion current was evident. The sig-
nal from the probe was monitored through a 15 Q load resistor and
recorded on a fast digital oscilloscope. From the Time of Flight (TOF)
curves it was possible to obtain the mean kinetic ion energy following
the procedure described in Ref [47]. The accuracy of the method gives
us standard deviation around 10%, which is reflected in the small varia-
tion in the ion energy for each group. The ion energy values are the re-
sult of the combination of various experimental parameters; the
substrate-target distance and the applied fluence, therefore the probe
is required to set the conditions that lead to the desired ion energy

Table 4
Deposition conditions and thickness of the samples deposited by pulsed laser deposition.

Sample name  Biion energy (eV) Deposition time (min)  Thickness (nm)

+10eV +5%

PLD1-1 120 4 20

PLD1-2 100 15 54

PLD1-3 103 20 110
PLD1-4 118 30 150
PLD1-5 113 40 200
PLD1-6 110 60 600
PLD2-1 260 15 60

PLD2-2 270 25 100
PLD2-3 280 40 200

PLD2-4 270 60 800
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Fig. 1. Evolution of the Bi photoelectron peak as a function of the erosion time for (a) RF1-1 and (b) PLD1-6 samples.

value. The target to substrate distance was set at 5 cm and the fluence
delivered to the target for the low energy samples was between 0.81
and 0.85 J/cm?, while for the high energy deposition, the fluence was
between 2.7 and 3.0 J/cm?. Bismuth thin films were deposited at room
temperature at the base pressure on 1.5 x 1.5 cm pieces of Pyrex glass.

The values of the ion energy were selected in terms of the aim of the
present study. lon energies far from 110 4- 10 eV or 270 + 10 eV pro-
duced polycrystalline films without a well-defined preferred orienta-
tion, while much higher energies lead to drastic target damage.

2.2. Film characterization

For all the systems, the film deposition rate was evaluated adding a
mask during the deposition, so that the height of the step could be mea-
sured by profilometry (KLA D120 Tencor or Dektak IIl profilometer).
The reported results are the average of at least 10 measurements with
a maximum standard deviation of 5%.

The composition of the films was confirmed using energy dispersive
spectroscopy (EDS) coupled to a scanning electron microscope (SEM)
and X-ray photoelectron spectroscopy (XPS).

The film structure was evaluated using X-ray diffractometer (Rigaku
Ultima IV) using the thin film attachment and parallel beam but in the
0-20 configuration in order to obtain a good X-ray penetration and
study the average structure of the films and not only the outer-layers.
The XRD patterns were normalized to consider the different thickness
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of the samples. The preferred orientation coefficient or texture coeffi-
cients were estimated using Eq. (1) from reference [48].
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where If}j§* is the measured intensity of each (hkl) peak, If is the the-

oretical relative intensity provided by the XRD reference data (JCPDS
85-1331). Finally, N is the number of reflections considered from all
the different samples. The maximum number of reflections used for
the estimation of the texture coefficient was N = 4, since the more com-
monly obtained peaks were: (003), (012), (104) and (101). This means
that the texture coefficient will be between 0 and 4, where 4 indicates a
highly textured sample, 1 a randomly oriented sample and 0 no obser-
vation of that peak. It is important to mention that the pseudo-cubic no-
tation for the Bi structure has been used.

3. Results

The growth rate is strongly dependent on the deposition conditions
of each system, but in comparison to other metallic films, it is relatively
high for all the deposition methods. The films composition analysis indi-
cated the formation of pure Bi films without other contaminants, except
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Fig. 2. X-ray diffraction patterns of the Bi thin films deposited by DC magnetron sputtering.
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Fig. 3. X-ray diffraction patterns for the samples deposited using RF magnetron sputtering.

for a very thin Bi,Os thin layer formed on the surface, as can be observed
in the photoelectron spectra shown in Fig. 1. The XPS analysis was done
for different samples and Fig. 1 shows only two examples for RF-
sputtered and a PLD-LE samples. The surface cleaning was done using
different conditions for the Ar ion beam source; the PLD sample was
cleaned using 3 kV, 10 pA, while for the sputtered sample less energetic
conditions were used: 2 kV, 2 pA. Nevertheless, for both samples the
oxide layer was completely removed. Estimation of the oxide layer
thickness was not done, since the erosion rate is highly dependent on
the Ar ion energy and current and, calculations based on the relative in-
tegrated intensities required knowledge of the inelastic mean free paths
for electron scattering in both Bi and Bi,05 [49]. However, assuming that
the maximum escape depth for photoelectrons is about 10 nm [50], Fig.
1(a) for the sputtered sample suggests that the oxide layer was thicker
than 10 nm since no metallic Bi signal is detected. However, for the PLD
sample (Fig. 1(b)), the spectrum without erosion shows contribution
from both chemical states; Bi® and Bi,0; indicating that the oxide
layer is thinner than 10 nm. Growth of a native oxide layer on Bi thin
films has been observed before by Atkinson and Curran [51], who esti-
mated, by spectroscopic ellipsometry, that the thickness of the layer
after 9 days of exposure to air was about 1.6 nm. A similar work was
done by de Sande et al. [52] comparing the thickness of the Bi oxide
layer on sputtered and PLD deposited Bi films after storage at room tem-
perature and atmospheric conditions for a six month period. Their re-
sults suggest that the oxide layer grows slowly on the PLD films in
comparison to both sputtered and the evaporated films from Atkinson

and Curran [51], nevertheless, the oxide thickness reached about 2 nm
after 2 months, which is much thinner than the estimation given
above for the films reported in the present work. In both papers [51,
52], the estimation of the Bi,O5 thickness was done using the Bi dielec-
tric functions (and also the Bi,O3 refractive index) estimated from pre-
vious works. However, more recently Toudert et al. [33] have shown
that there are many discrepancies between the reported dielectric func-
tions of Bi due to certain artifacts, such as porosity or roughness that
were not properly taken into account, therefore it is likely that the na-
tive oxide thickness estimation was also not correct.

The normalized XRD patterns for the DC sputtered samples are
shown in Fig. 2a, b. For the DC1 series (0.1 A), the same pattern is ob-
served as the thickness increased from 11.6 to 185.6 nm. The samples
show a polycrystalline structure, showing diffraction peaks from the
(003), (012), (104), (110), (015) and (006) planes. The intensity of
the (003) peak is larger or comparable to the (012) peak which is a
clear indication of a (003) preferred orientation since according to the
reference powder data (JCPDS 85-1331) its intensity should be only
5% of the main peak (012). The DC2 thicker samples (0.2 A) presented
also predominantly the (003), (012), (104), (015) and (006) peaks. As
the thickness increased from 118.2 to 448.5 nm, the relative intensity
between (003)/(012) peaks was clearly reversed; the thicker the sam-
ples, the lower the (003) intensity.

Fig. 2 shows the diffraction patterns of the samples deposited on Si
substrates, but identical patterns were also obtained for the glass sub-
strates, suggesting that under the deposition conditions used, the sub-
strate has no effect on the crystalline structure of the Bi films. A
similar behavior was observed by Stanley et al. [45] for sputtered depos-
ited films.

Fig. 3 shows the XRD patterns obtained for the Bi thin films deposit-
ed by magnetron sputtering using an RF power supply. The reflections
(003), (012), (104), (110), (015) and (006) are observed. For these
thicker samples, the intensity of the (003) peak is always lower than
the (012) peak and indeed the (003)/(012) intensity ratio decreases
as the thickness increased. Similar patterns were also reported by Kim
et al. [44] for Bi thin films grown using RF-sputtering.

Fig. 4a, b shows the diffraction patterns for the thermal and E-beam
evaporated samples. For the thinner (70-287 nm) thermal evaporated
samples, the films presented a purely (003) oriented diffraction pattern
(only (003 and (006) reflections are observed), as has been reported
previously for evaporated Bi films [12,15]. However as the thickness in-
creased, other diffraction families are shown (012), (101), (104) and
(110). So, for the thicker sample (2029 nm), both (003) and (012)
peaks presented comparable intensities and nevertheless, the high
value for the (003) peak indicates yet a preferential (003) orientation.
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Fig. 4. X ray-diffraction patterns of the Bi thin films deposited by evaporation (a) Thermal evaporator as a function of the deposition time; the patterns were not normalized and (b) E-beam

evaporator as a function of the source-substrate distance.
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Fig. 5. X-ray diffraction patterns of the Bi thin films deposited by pulsed laser ablation using (a) low ionic energy (~110 eV) and (b) high ionic energy (~270 eV).

A similar trend is also obtained for the E-beam samples; the thinner
samples shows only (003) family peaks, but as the thickness increased
the (012) signal grows-up.

Fig. 5a, b shows the XRD patterns for the PLD samples, where a large
difference between the two sets can be observed. The low energy sam-
ples have a pure (003) orientation, which has also been shown for other
PLD films [33], while the high energy presented a (012) preferential ori-
entation, not so commonly observed.

The XRD patterns were analyzed to estimate the (003) preferred ori-
entation using the texture coefficient defined in Eq. (1). Fig. 6 shows the
(003) texture coefficient for the different samples as a function of the
films thickness.

Fig. 6 clearly showed that for evaporation and low energy PLD, it is
possible to keep the (003) as the preferred orientation for thickness
above 600 nm; for E-beam, it was possible to grow a 2 um thick film
showing the (003) texture. However, when sputtering is used, either
DCor RF, the trend indicates that the purely preferred (003) orientation
can be maintained only at thickness below <200 nm or equivalent short
deposition times. As the films become thicker, the TCoo3) decreased and
the texture coefficient reaches unity, meaning a random orientation.
The high-energy deposited PLD films showed a completely different be-
havior. None of the films showed a preferred (003) orientation (TC(go3)
<4) and as the thickness increased the presence of the (003) reflection
is completely lost. The XRD patterns shown in Fig. 5 indicated that the
texture changed to a predominantly (012) orientation. Using PLD and
high ion energy (~280 eV), it was possible to obtain nearly pure (012)
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Fig. 6. Value of the texture coefficient for the (003) orientation as a function of the film
thickness. TC(go3) equal to 4 means unique orientation, TC(gp3) = 1 means random
orientation as in a powder samples and TC(gp3) = 0 indicates that no (003) peak is
observed.

preferred orientation, not attained with any of the other deposition
systems.

The differences in surface morphology and texture were also evident
by observing the films by SEM, as can be observed in Fig. 7. The evapo-
rated-pure (003) oriented sample shows an ordered arrangement of the
crystals, where a high fraction of them present a triangular shape, char-
acteristic of an hexagonal crystal oriented with the c-axis perpendicular
to the substrate, as has been observed by other authors using atomic
force microscopy [53-55].

The DC and RF sputtered films showed large crystals (>100 nm)
without a predominant orientation, such large crystals induce enough
surface roughness so that the films do not look shiny but opaque. On
the other hand, the low energy PLD films were shiny and very smooth,
so it was difficult to obtain good SEM pictures at higher amplifications.
Such smoothness is typical of highly oriented films presenting what is
called a fiber texture [56,57].

4. Discussion

Important materials properties, such as remnant polarization, di-
electric constants, electronic transport and elastic moduli, are typically
anisotropic, therefore, controlling the texture of the film is a key param-
eter for their applications. For this, it is important to identify the condi-
tions leading to texture in the specific thin film material, so to
understand the mechanism responsible for the development of the tex-
ture growth. The present paper compared the crystallographic orienta-
tion obtained for Bi thin films deposited using three different deposition
methods; evaporation, sputtering and laser ablation. The changes in the
crystallographic preferred orientation were analyzed as a function of
the film thickness, which is greatly defined by the time-length of the
deposition.

The results have shown that the Bi thin films presented either ran-
dom or textured crystalline microstructures, where in textured samples
there is a preferred growth plane parallel to the substrate. Although not
a careful texture analysis was done, for example, measuring Pole figures,
just by looking the normalized XRD patterns and the value of the TCgo3)
coefficient, it is possible to envision some of the most relevant deposi-
tion parameters involved in the texturing of the Bi films. One of these
parameters is clearly the energy deposited at the growing film, admin-
istrated either by the energy of the impinging species or by the in-
duced-substrate temperature. The texture (preferred orientation) in
thin films can be thermodynamically and/or kinetically driven and not
necessarily the final texture is the same. From the thermodynamic
point of view, the texture (in non-epitaxial growth conditions) can be
achieved when the properties of the individual crystals depend on the
crystallographic directions or the shape of the crystals. The origin of tex-
ture in thin films can be classified as [58]: activated nucleation texture
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Fig. 7. SEM pictures showing the large differences in the films microstructure as a consequence of the preferred orientation (a) Thermal evaporated film showing a clear (003) preferred
orientation, the triangular shape correspond to the projected view of the (003) planes. (b) DC-sputtered sample showing large Bi crystals. (c) RF-sputtered samples showed slightly

smaller crystals and (d) PLD-HE (high energy) sample which shows a granular structure.

or evolutionary growth texture; the latter can be divided into
restructuration or competitive growth. The mechanisms responsible
for the texture include surface diffusion and grain boundary migration,
which both strongly depend on the substrate temperature, angle of in-
cidence of the species, impurities and surface-energy-driven recrystalli-
zation. On the other hand, the texture obtained by kinetic factors
depends on differences in the deposition and growth rates of certain
facets, which actually depend on the relative sticking coefficients [59].
On the other hand, energy-driven process such as ion bombardment
which provides energy to increase the chemical reactivity between
adatoms and the substrate, can also affect the texture by modifying
the bonding and therefore the energetics of the growth process [59].
However, these parameters are not easy to determine and so the further
analysis is presented in terms of the experimentally controlled
conditions.

From Fig. 6, it could be argued that the change in the preferred orien-
tation is related to the films thickness, as has been observed for metal
nitrides [60]. However, for the E-beam sample, the TC(qo3) texture pre-
dominated even for thick samples, so we think that the variation in tex-
ture for the sputtered films is related to the heating of the substrate due
to the longer deposition times, while a different mechanism define the
texture in the PLD films.

Since different authors have shown that during deposition of Bi
films, the primary Bi crystals are randomly oriented [53,61] and the
fact that texture develops even on amorphous substrates; the mecha-
nism of texture cannot be explained in terms of activated growth. Dur-
ing the competitive growth texture; initially a random orientation of the
crystals is formed, however when the coalescence stage is reached and
if the substrate temperature is below 0.3 Ty, (T, is melting point of the
material, 271.4° for Bi), then competitive growth of certain orientation
is established. The driving force is to achieve the minimum energy by
preferentially growing the crystals which have the lowest surface ener-
gy crystal facet parallel to the substrate. Therefore, there is a preferred
migration of adatoms to the low surface energy face [58,62,63]. Typical-
ly, for lamellar structures, like the rhombohedral Bi phase, the plane of
minimum energy is indeed the basal plane, so this could explain that

during low energetic deposition growth condition, the films showed
the (003) preferred orientation. On the other hand, reconstruction
growth occurs at higher growing energies (substrate temperature
above 0.4 Ty, or high deposition rates or high ion energies); according
to Lee [62], the deposit assumes the orientation that places the higher
surface energy facets or the orientations with the faster growth rate par-
allel to the substrate. This surface correspond to the (120) or (012)
planes in the hexagonal systems. However, Adamik et al. [58] describes
this reconstruction growth texture as a consequence of the grain bound-
ary migration, which allows certain orientation to grow laterally at the
expenses of the others, such phenomena requires energies above a cer-
tain threshold.

Evaporation is the less energetic deposition method of the three sys-
tems. During evaporation, the atoms are ejected from the solid phase at
low energies and at the point they arrive to the substrate, they have
been completely thermalized. Thermal evaporation provides energy in
the 0.1-0.25 eV. Under these conditions, a large preferred (003) orien-
tation was observed for the thin films, even when relative thick samples
were produced. Moreover, during evaporation, the substrates are essen-
tially unheated and the maximum temperature attained by the sub-
strate due to the radiation from the source is about 50-100 °C [64].
This explains that most of the evaporated thin films without substrate
heating present a predominant (003) texture and nevertheless, the
fast growth leads to rough films with average roughness around
20 nm and peak-to-peak exceeding 100 nm, as has been shown by
Kokorian et al. [37], who were looking for an interesting application
based on the one of the unique properties of Bi. Bi has the largest dia-
magnetic constant of all elements and at the micro-scale (200-
500 nm thick) Bi thin films could be used for diamagnetic levitation in
micromechanical systems. However, the roughness needs to be reduced
to average values below 0.5 nm.

On the other hand, in magnetron sputtering, it has been shown that
the neutral atoms ejected from the cathode have energies in the 0-
20 eV range [64]. These atoms are expulsed with an excess kinetic ener-
gy and depending on the pressure and plasma conditions, they are usu-
ally arriving at the substrate at energies between 0.1 and 5 eV. For such
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system, it was observed that the film structure showed a major pre-
ferred (003) orientation at low thickness (<200 nm) but as the thick-
ness increased, the structure changed to a more random orientation
showing (012), (003) and (104) peaks. It is also important to take into
account that sputtering is well-known for the strong substrate heating
caused as a consequence of the impingement of the growing species,
but also of the recoiled Ar ions to the substrate. Therefore the strong de-
pendence between the orientation and the thickness for the sputtered
samples could be related to an increment in the substrate temperature
as the thickness was increased; i.e. longer deposition times. The sub-
strate temperature was not measured during these experiments, but
previous analysis indicated that substrate can easily reach 150-250 °C.
These temperature values mean that the homologous temperatures
(Tsubstrate/Tm) for Bi deposition are in the 0.5-0.9 range, where strong
changes in the microstructure can be produced. Moreover, such high
homologous temperatures correspond to a high energy source for the
adatoms, so that there is no longer need to retain the minimum equilib-
rium conditions. Stanley et al. [45] have measured the electrical trans-
port properties of Bi films deposited by pulsed DC sputtering finding
that the sheet resistance depend on the film structure, i.e. the texture.
In good agreement with the present paper, they found that the (012)
orientation was promoted as the film thickness increased above
200 nm from a range between 20 and 500 nm and also when substrate
temperature was above 125 °C, while the (111) orientation was pre-
dominant (but not as strong as in evaporated films) at lower thicknesses
and substrate temperatures, other more complexes correlations were
found for the sputtering power and deposition pressure. An interesting
feature that has been observed only on Bi films grown by sputtering is
the formation of Bi whiskers [38,65], which appears as an interesting
method to produce high quality Bi nanowires. Another interesting ap-
plication of the Bi films produced by sputtering is as an electrochemical
sensor to detect heavy metals in water [66], substituting the mercury
electrodes commonly used.

In evaporation and sputtering, most of the film-growing species are
neutral atoms and not ions. Meanwhile, for the PLD system, most of the
species arriving at the substrate are energetic ions. As described in the
deposition conditions, the energy of such ions can be changed and
controlled in a range (100 to 300 eV), which is much higher than for
sputtering or evaporation. Therefore, the texture attained by PLD is
more probably energetically-driven instead of thermodynamically.
Nevertheless, despite the higher energy of the ions for the PLD-LE con-
ditions in comparison to the other deposition techniques, the results in-
dicated that the films grew oriented in the (003) direction
independently of the thickness and therefore the deposition time. For
PLD, substrate heating is not a problem and despite the energy-input
from the ions, the film texture was the (003), i.e. the minimum surface
energy facet. The texture was obtained through a competitive growth
mechanism and the ion energy served as a source for adatom mobility,
which will also explain that the PLD films were smoother than the evap-
orated or sputtered films (data not shown), but the energy deposited at
the substrate was not enough to allow the growth along other
directions.

At the high energies (~280 eV), the PLD films did not show a (003)
texture since the maximum TC(go3) coefficient was about 2.3 and it de-
creased drastically as the thickness increased from 60 to 200 nm. Finally,
for the thicker film (800 nm) the (012) direction was predominant.
Since again there is not substrate heating, this change must be related
to the energy-enhanced growth of the films. It is possible that a
restructuration growth mechanism is established since the grain
boundaries have enough mobility induced by the excess energy of the
impinging ions.

Boffoue et al. [67] deposited Bi films using PLD and reported a
change in the preferred orientation from (012) for discontinuous films
with thickness below 26 nm to the (003) for the continuous and thicker
films. However, no information about the ion energy is provided.
Dauscher et al. [43] reported strong variations in the texture of Bi thin

films deposited by PLD as a consequence of the substrate or post-an-
nealing temperature. Their results indicated that the (012) texture is
obtained when the temperature is increased in agreement with the
idea that more energetic growth conditions are required to obtain the
(012) preferential growth. Toudert et al. [33] used the PLD deposited
Bi thin films oriented along the (003) orientation to determine properly
the optical properties of Bi films without changing the deposition condi-
tions or film thickness. Moreover, for this group, calculation of the opti-
cal properties for the (012) oriented films might be interesting. On the
other hand, Yao et al. [68] demonstrate the efficiency of the PLD-depos-
ited Bi films as an ultra-broadband and high responsive detector. In that
work, the films thickness was varied from 100 to 600 nm and a drastic
change in the photocurrent was observed around 240 nm, which is ex-
plained in terms of the topological insulator properties of the films.
However, nothing is mentioned about the effect that the film texture
might have on the conductivity; only the diffraction patterns from sam-
ples thinner than 240 nm are shown, showing (003)-oriented films.
However, the degree of texture is slightly lower than that the PLD-LE
films, since the (012) reflection is also observed. If their deposition con-
ditions are similar to those used in the present paper, then the results
indicate that the (003) orientation might be retained for Bi thickness
up to 600 nm.

5. Conclusion

Bismuth thin films with thickness ranging from a few nanometers to
2 um were deposited by DC and RF sputtering; thermal and electron-
beam evaporation and pulsed laser deposition. The analyses of the
XRD data suggest that films presenting a predominantly preferred ori-
entation with the c-axis of the hexagonal crystal perpendicular to the
substrate, i.e. (003) preferred orientation can be achieved by limiting
the energy supplied to the growth process. For the PLD deposition,
this could be achieved by selecting the ion energy of the impinging
ions; values below 120 eV lead to (003) orientation independently of
the film thickness. Similarly, both electron-beam and thermal evapora-
tion, which are intrinsically low energy deposition systems, were able to
produce (003) oriented films within a large range of thicknesses. On the
other hand, the sputtering method produced significant heating of the
substrate and such increment in the homologous temperature tends
to produce randomly oriented crystals. Finally, we have demonstrated
that PLD films presenting a nearly 100% (012) orientation are possible
by setting the ion energy of the impinging ions about 270 eV.

The development of the (003) texture on the Bi thin films is ex-
plained in terms of the competitive growth texture in which the lowest
energy crystal facets grow faster than the others. Meanwhile for the
(012) growth, the mechanism is more probably restructuring growth
texture, dominated by a large mobility of the grain boundaries as a con-
sequence of the energy provided by the impinging ions.
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