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Abstract

Polycrystalline b-rhombohedral boron films mixed with amorphous boron phase have been successfully fabricated on quartz

substrates using pulsed laser ablation in a quartz glass tube chamber placed in an electric furnace. The crystallinity of the films

strongly depended on the temperature of the furnace and the pressure of background argon gas. High temperature and high pressure

in the chamber were suitable for crystallized boron film preparation. The best crystalline films (without B2O3 phase formation) were

obtained at 1000�C, 100 Pa. XPS measurements demonstrated that the major contaminants were carbon and oxygen, and the atomic
ratio of oxygen to boron was 0.05 under the preparation conditions of well-crystallized films. The surface roughness of the films

decreased by lowering laser energy to 150mJ/pulse under the same pressure and temperature conditions.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Thermoelectric energy conversion is a very reliable
way of generating electrical power, for example from
solar heat or from waste industrial thermal energy.
Boron and boron-rich solids are very promising
candidates for high efficiency thermoelectric energy
conversion. The high mechanical strength, and high
melting points allow their use under extreme conditions
that are not accessible by other materials. Previous
research revealed that boron and some boron-rich
semiconductors exhibited very favorable transport
properties such as electrical conductivity of typical
semiconductors and very low thermal conductivity [1–
4]. However, it is difficult to prepare pure, highly
crystallized boron films. An earlier study demonstrated
that films fabricated by the magnetron sputtering
method were amorphous [5]. The chemical vapor
deposition (CVD) method has been the most widely
studied technique for crystallized boron film prepara-
tion, although it generally required high temperature
ing author. Fax: +81-29-861-6355.

ess: koshizaki.naoto@aist.go.jp (N. Koshizaki).

e front matter r 2003 Elsevier Inc. All rights reserved.

sc.2003.12.018
and hazardous chemicals. For example, crystalline
boron films were often fabricated by thermal reduction
of boron trichloride or other boron halides using
hydrogen [6–12], by pyrolysis of decaborane (B10H14)
in vacuum [3,13], or by thermal decomposition of
diborane (B2H6) at low pressure [4,14]. Films grown at
a temperature range of 700–1050�C were amorphous,
while those grown at a substrate temperature of 1150�C
became a mixture of amorphous and polycrystalline
phases [4]. In a substrate temperature range of 1100–
1250�C, a-rhombohedral boron was obtained in a hot-
wire fiber growth CVD reactor [12]. No deposition of
boron was observed below 750�C in the dual impinging-
jet CVD reactor [15].
The laser ablation technique does not require such

gaseous raw materials as in the CVD method, and offers
the advantages of simplicity, versatility, and experi-
mental ease [16,17]. Modest substrate temperatures due
to high energy of the ejected species are also possible for
this technique. Therefore, laser ablation has been widely
used for the deposition of dielectrics, superconductors,
semiconductors, and other materials, despite the poten-
tial production of ‘‘droplet’’ during laser ablation
[16,18–21]. We recently succeeded in preparing crystallized
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Fig. 1. Experiment setup for boron film preparation by laser ablation.
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boron nanobelts using the laser ablation technique [22].
In this case, nanobelts were crystallized in a-tetragonal
structure that is different from the most common
crystalline boron phase of a- or b-rhombohedral
structure. However, we sometimes found a crystallized
boron film during the study of boron nanobelts at
relatively low temperatures of 700–900�C. In this article,
we report the preparation of crystallized boron films by
laser ablation in furnace, especially focusing on the
processing parameter dependence on film crystallinity,
composition, and morphology.
2. Experimental

We used a quartz glass tube placed in an electric
furnace as a chamber for the laser ablation. Fig. 1
schematically illustrates the experiment apparatus. A
compressed pure boron pellet target (about 65% in
relative density, 99.5% pure, purchased from Japan
Pure Chemical Co., Ltd.) was mounted on a rotating
holder in the chamber, and placed at the center of the
tube in the furnace. A quartz glass substrate was
situated perpendicularly at the side of the tube, where
particles or belt-like structures from the target can be
prevented from depositing on the substrate surface. In
our previous study on boron nanobelt fabrication by
laser ablation, the nanobelts were deposited on the
substrate surface placed on the bottom of the tube
during the ablation process [22]. The temperature at the
center of the tube chamber can be controlled up to
1100�C.
Laser ablation was performed using a third harmonic

Nd:YAG laser (wavelength=355 nm, pulse width=5–
7 ns, repetition=10Hz). The laser energy for ablation
was 50–250mJ/pulse, with a spot size of 3.2mm2. The
target surface was irradiated through a quartz glass
window of the chamber. The ablation chamber was
evacuated by a rotary pump before the experiments, and
Ar gas was introduced at five standard cubic centimeters
per minute (sccm) in a pressure range of 20–300 Pa.
We measured the thickness of obtained films by a

profilometer (Tencor alpha-step profiler 300) and a field
emission scanning electron microscope (FE-SEM, Hi-
tachi S-4800). The films were about 5 mm thick after
60min deposition, though the thickness was not uniform
throughout the entire film. The crystal structure of the
films was analyzed by X-ray diffraction (XRD, Rigaku
RAD-C) using CuKa radiation. High-resolution trans-
mission electron microscopic (HR-TEM, JEOL JEM-
2010, 200 kV) observation was performed for detailed
structural characterization of the boron films. Boron
powders peeled from the substrate were dispersed
ultrasonically in acetone, and the resultant solution
was dropped on a copper grid covered with holey
carbon film for TEM observation. The surface mor-
phology of the films was observed by FE-SEM. We also
characterized the compositions of the films and the
chemical state of constituent elements by X-ray photo-
electron spectroscopy (XPS, PHI 5600ci), after sputter-
ing for 15min to remove surface contamination.
Chemical state analyses were performed by taking
binding energy of B1s main peak as 187.3 eV for
charge-up correction [23].
3. Results and discussion

3.1. XRD analysis

Fig. 2 depicts the typical XRD spectra of films
deposited at 100 Pa with 250mJ/pluse under different
temperatures. The broad hump seen at the lower angle
near 22� was from the amorphous quartz substrate. The
strongest peak, observed at 17.6�, corresponded to the
(1 0 4) peak of b-rhombohedral boron. The peak
intensity and the number of peaks observed in the
spectra increased with the ambient temperature from
600�C to 1000�C. However, the peak width did not
significantly change, indicating no crystallite size in-
crease with temperature.
We adopted the intensity ratio IB=Ig of the XRD peak

from crystallized boron, IB; to that of SiO2 substrate, Ig;
as a measure to evaluate the film crystallinity, as
depicted in Fig. 3. This value is a convolution of
crystallization of the film and the film thickness, since
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Fig. 3. Procedure for estimating crystallinity of b-boron and boron

oxide from the XRD spectrum of the film deposited on quartz

substrate under various conditions. Intensity ratios of IB=Ig and IBO=Ig
were used as measures of crystallinity and oxidation of films.
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Fig. 2. XRD spectra of boron films deposited at 100Pa using 250mJ/

pulse at various temperatures.
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the thick film reduces the signal from the substrate and
increases the ratio. We sometimes observed a peak at
28� from B2O3 (310) peak under specific conditions, and
we also calculated the XRD peak intensity ratio IBO=Ig
in a similar way.
Fig. 4 presents the IB=Ig XRD peak intensity ratio for

various temperatures and pressures. Large dots in Fig. 4
correspond to the large peak intensity ratio IB=Ig: The
films deposited at low temperatures and low pressures
(below 700�C at 50 Pa, and below 1000�C at 20 Pa) were
amorphous boron, as indicated by ‘‘� ’’ marks, while
those at higher temperatures and pressures were crystal-
line in b-rhombohedral phase. Film crystallinity in-
creased with substrate temperature irrespective of the
difference in pressure. Crystalline films could be
obtained at lower substrate temperatures by increasing
the background argon gas pressure. However, a well-
crystallized boron oxide peak was observed only at
temperatures higher than 900�C, and the pressures lower
than 100 Pa. The peak intensity ratios IBO=Ig were 0.80
at 1000�C, 20 Pa, and 1.86 at 1000�C, 50 Pa. Thus,
boron and boron oxide coexisted under these prepara-
tion conditions. The range of preparation conditions for
crystallized boron films, amorphous boron, and coex-
istence of boron and boron oxide are illustrated in
Fig. 5. The best fabrication condition for the crystallized
b-rhombohedral boron film (without crystallized B2O3

formation) was 1000�C, 100 Pa out of various condi-
tions we examined. We have to note that the crystallized
boron films were generally grown above 1200�C by the
CVD method [4,12], and more than 1100�C was
required for crystallized nanowire preparation by CVD
method [24]. The crystallized boron nanobelt formation
range in our previous study is also presented in Fig. 5,
although the target-substrate configurations differed
from each other. The well-crystallized a-tetragonal
boron nanobelts were fabricated at 20 Pa in a tempera-
ture range of 700–900�C. The yield of nanobelts greatly
decreased below 700�C or above 900�C [22] even at
20 Pa. Thus, the formation ranges of crystallized b-
rhombohedral boron film and crystallized a-tetragonal
boron nanobelts were almost exclusive with each other.
We also performed similar experiments for boron film

preparation using conventional UHV chamber (base
pressure less than 10�8 Pa) with the same target-
substrate configuration for comparison. In this case we
used neither alumina tube nor silica substrate. However
we hardly obtained the films without B2O3 XRD peak
under the same pressure, or even UHV, and under the
same temperature range, indicating that oxygen came
possibly from residual gas or water molecule adsorbed
on the inner wall of chamber. In contrast, our laser
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Fig. 6. HR-TEM image of typical products obtained at 800�C, 200Pa,
clearly indicating that the amorphous grains were mixed with crystal

grains.
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Fig. 5. Summarized preparation conditions for crystallized boron

films, amorphous boron, and coexistence of boron and boron oxide.

Nanobelt formation condition in our previous study is also indicated.
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ablation technique in furnace brought less oxide films
without using UHV chamber.

3.2. TEM analysis

Fig. 6 presents an HR-TEM image of the typical
products obtained at 800�C, 200 Pa, indicating that the
amorphous grains were mixed with crystal grains. These
crystalline grains were b-rhombohedral boron, as
identified from XRD and transmission electron diffrac-
tion. Additionally, we also observed some grains
consisting of amorphous and crystal parts. Thus the
boron films were not fully crystalline, but composed of a
mixture of amorphous and crystalline phases. However,
the fraction of crystallized boron in the films increased
with process temperatures.

3.3. XPS analysis

Boron is a very reactive material, and hence impurity
inclusion in the film is inevitable. Minimizing impurities
in the prepared films is an important issue for further
applications. Therefore, we analyzed the content and
chemical state of impurities in the films by XPS. Fig. 7
presents a typical XPS spectra of the boron film
prepared at 1000�C, 100 Pa. The inset of Fig. 7 depicts
B1s peak consisting of a single component of boron.
Carbon, oxygen, nitrogen, and silicon (apart from
boron) were observed on the film surface. The content
of these minor components, especially carbon and
oxygen, was decreased by Ar sputter etching, and
became almost constant after 15min sputtering. There-
fore, we determined impurity contents by XPS analyses
after 15min sputter etching. Tables 1 and 2 present O/B
and C/B atomic ratios obtained under various deposi-
tion conditions. Relatively higher values of O/B atomic
ratio were obtained at higher temperatures with lower
pressure range where a B2O3 peak was observed in the
XRD spectra. XPS B1s peak from B2O3 correspond-
ingly appeared at 192–194 eV under these conditions
[25]. However, the low oxygen content in the boron film
was obtained under the conditions where the well-
crystallized films were obtained, although the deposition
conditions were very close to the above oxide-coexisting
region. The C/B atomic ratio was high at lower
deposition temperatures, and gradually decreased with
the deposition temperature increase. The low carbon
content in the boron film was also obtained under the
same conditions for which the well-crystallized films
were obtained. The chemical state of carbon contami-
nant can be attributed to carbide components. Nitrogen
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Table 1

Atomic ratio O/B in boron films deposited under various conditions

Temperature (�C) Pressure (Pa)

20 50 100 200 300

1050 0.18

1000 0.05 0.12 0.05 0.09

900 0.04 0.03 0.05

800 0.13 0.08 0.06 0.08 0.08

700 0.08 0.08

600 0.05 0.06 0.06 0.06

Table 2

Atomic ratio C/B in boron films deposited under various conditions

Temperature (�C) Pressure (Pa)

20 50 100 200 300

1050 0.06

1000 0.02 0.03 0.02 0.04

900 0.02 0.02 0.05

800 0.08 0.07 0.05 0.08 0.11

700 0.11 0.10

600 0.05 0.11 0.11 0.12

Fig. 8. Laser energy dependence on the surface morphology of boron

films deposited at 900�C, 50Pa by laser ablation.
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and silicon contents were small, and atomic ratios of
N/B and Si/B did not exceed 0.03 under all temperature
and pressure conditions for deposition. The main
component of N1s peak had a peak at 397.2–398.0 eV
that could be assigned to be Si3N4 or BN [23]. A silicon
component was detected only above 800�C, and the
peak position was at 99.3–99.6 eV of metallic silicon.
The source of silicon was probably the quartz glass
substrate or the tube.

3.4. Surface morphology

All data presented above was from the films deposited
with laser energy of 250mJ/pulse. High laser energy is
thought to introduce good crystallinity of the films,
although splashing of the melt created by laser irradia-
tion on the target often degrades the film surface
morphology. In fact, we often observed micrometer-
sized splashes or particles at laser energy of 250mJ/
pulse. Therefore, we studied the laser energy effect on
the surface morphology to obtain crystallized boron film
with a smoother surface.
Fig. 8 represents laser energy dependence on the

surface morphology of boron films deposited at 900�C,
50 Pa by laser ablation. With the decrease of laser
energy, the film morphology changed from films with
irregular coarse particles on the surface (at 250mJ/
pulse), to smooth surfaces with a few embedded
particulates (at 150mJ/pulse), and aggregated particle
structure (at 100 and 50mJ/pulse). Fig. 9 depicts the
corresponding XRD spectra of the films deposited under
various laser energies. Films were kept in the crystallized
form by decreasing laser energy from 250 to 100mJ/
pulse, though the films became amorphous when
deposited at 50mJ/pulse. Thus, crystallized boron film
with a smoother surface was obtained at 150mJ/pulse.

3.5. Growth mechanism

Crystallized boron films were fabricated at tempera-
tures of 700�C to 1000�C and pressures of 50–300 Pa.
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We first studied the substrate effect on the crystallinity
of the boron films to clarify the growth mechanism. The
crystalline films were always obtained irrespective of
whether the substrate was single crystalline silicon,
single crystalline sapphire, or amorphous quartz glass.
This result suggested that gas phase nucleation was the
main growth mechanism for the crystalline boron films.
Previously, we studied preparation of nanoparticle-

aggregated films by laser ablation in the same pressure
range as this experiment and found similar pressure
dependences for cobalt oxide under the same configura-
tion for deposition, without any substrate heating. The
products were amorphous at low pressure of 1.33–
6.65 Pa. With pressure increase, a crystalline film of
Co3O4 (the same composition as the target) formed
concurrently with nano-sized particulates at 13.3–
266 Pa. Further pressure increases resulted in products
with mixtures of Co3O4 and CoO, i.e., a less oxidized
composition [26]. Such pressure dependence was true
not only for simple oxides such as Co3O4, Fe2O3, and
TiO2, but also for complex oxides like BaTiO3, LaFeO3,
SrFeO3-x [27,28], indicating that such pressure depen-
dence is a general trend for laser ablation under off-axis
configuration. However, the boundary pressures of the
products and the particle size differed from material to
material. The pressure range we examined for boron
crystallized film preparation corresponded to the range
where the product changed from amorphous to crystal-
line state, despite substrate temperatures being higher
than in the previous studies. The background gas
pressure affects the kinetic energy of the flying species
in the plume due to the collision of ablated species
including atoms, ions, molecules, particles, and clusters
in the gas phase [18,20]. Above 10 Pa, most of the kinetic
and internal energy of the ablation species is quenched
by multiple collisions with the ambient gas on their
journey from target to substrate [19]. Thus, the mobility
of the atoms arriving at the substrate surface is
effectively reduced at high pressure compared to that
in low pressure [29] and vacuum [30]. The fabrication
mechanism of crystallized boron films could mainly be
based on the formation of crystalline nuclei or clusters
of boron in the gas phase in the laser ablation plume.
The cluster growth occurs only during the collisional
expansion between the ablated species [31], and the
collision processes play an important role in improving
the crystalline nucleus/cluster formation in the laser
ablation plume under suitable pressure conditions.
Furthermore, the formation of Bn gas phase clusters
(with n41) might play an important role for promoting
crystalline nucleus formation, if we take into account the
many studies for carbon cluster formation at the initial
stage of laser ablation and the strong tendency for boron
to form icosahedral cluster unit of B12. In fact, b-
rhombohedral structure of boron is composed of these
icosahedral cluster units, and thus the clusters could be
the basic units to form the nuclei of the crystalline boron
in the plume.
However, collision processes become less important at

lower pressure (20 Pa), and the surface growth mechan-
ism dominates the growth process, since the energy of
deposits is not sufficiently dissipated. The boron oxide
formation at low pressures with higher temperature
(1000�C, 20 and 50Pa) was assumed due to the reaction
between energetic boron components spread on the
substrate after landing, and residual oxygen molecules in
the flowing gas. In fact as mentioned in Section 3.1, we
performed similar experiments under UHV conditions
with the same temperature range by substrate heating
and found that it was extremely difficult to avoid boron
oxide formation.
The temperature was another important parameter

governing the crystallization of the boron film deposi-
tion from Fig. 4. We estimated the crystallinity of the
boron films from the IB=Ig XRD peak intensity ratio.
Therefore, the ratio may increase with the film thickness.
However, in our case, the proportion of crystallized
phase increased with temperature based on TEM
observation as described in Section 3.2. The most
typical temperature effect is substrate temperature, if
the crystallization process on the substrate governs the
growth process [32,33]. However, this might not be true
in our case, since the major crystallization process was
considered to be governed by the gas-phase condensa-
tion. Another possibility is target temperature effect on
ablation yield. In fact, ablation track on the target
surface became deeper when the temperature was high,
suggesting that the amount of ejected species was large.
This leads to the increase in film thickness and the total
amount of crystallites created in the gas phase. By this
effect, we might be able to explain why the crystallite
size of boron derived from XRD spectra did not increase
with the temperature.
We also have to note that the crystallization

temperature was relatively lower than that in the film
preparation by the CVD method (generally above
1100�C). A crystallization temperature range of 700–
1000�C in this study was similar to the case of
crystallized boron nanobelt formation by laser ablation
[22], and amorphous boron nanowire formation by
sputtering [34]. Interestingly, all three cases were using
physical deposition processes. Furthermore, oxygen
contamination of these three products was relatively
small, though the base pressures of the deposition
chambers in these three studies were not UHV-grade,
and oxygen leakage from the ambient was inevitable,
leading to oxide formation. Boron is very reactive with
oxygen, and forms B2O3 in equilibrium even with
oxygen partial pressure of 6.8� 10�22 Pa [35]. There
should have been a removal process of B2O3, if once
formed. The melting point of B2O3 is 450

�C, and hence
B2O3 exists in liquid phase within the temperature range
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we tested. However, vaporization as a removal process
will not proceed in this temperature range (equilibrium
B2O3 vapor pressure is 9.7� 10�8 Pa at 700�C, and
1.4� 10�2 Pa at 1000�C [35]), especially after B2O3 is
deposited on the substrate. The temperature in the
plume could be much higher than the furnace tempera-
ture, and the vaporization might proceed in the plume.
Furthermore, gaseous atomic boron produced by
impinging ions or irradiating laser light could play an
important role in B2O3 removal. Melted B2O3 would
evaporate with the help of gaseous B in the following
exothermic reaction (DG�E� 200 kJ/mol) [35], and
probably be removed from the system with simultaneous
formation of solid boron:

BðgÞ þ B2O3ðlÞ-BðsÞ þ B2O3ðgÞ: ð1Þ
Thus, boron films with less oxygen content were
fabricated at relatively lower temperature using physical
deposition processes.
4. Conclusion

Crystalline boron films were successfully fabricated by
pulsed-laser ablation in temperatures from 700�C to
1000�C and pressures of 50–300 Pa. The crystallinity of
boron films depended on the temperature and Ar
pressure in a furnace. The films deposited at low
temperature and low background gas pressure (below
700�C at 50 Pa, and below 1000�C at 20 Pa) consisted
mainly of amorphous boron. The films were almost
crystalline above 600�C at 50 Pa and the best crystal-
linity could be obtained at 1000�C, 100 Pa. The major
contaminants in the deposited films were carbon and
oxygen in crystalline films. A smoother surface can be
obtained at 150 mJ/pulse. Film crystal structures
exhibited no substrate dependence, suggesting that gas
phase nucleation was the main mechanism for crystal-
lization of boron films. The possible explanation for the
effect of deposition conditions on the products was
described.
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