
Materials Science-Poland, 33(2), 2015, pp. 381-390
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.1515/msp-2015-0061

Catalyst free growth of single-crystalline bismuth nanorods
by closed space sublimation technique
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In the present study, bismuth (Bi) thin films having thickness of 335 nm have been deposited onto a glass substrate by
closed space sublimation (CSS) technique. Besides this, spontaneous growth of Bi nanorods has also been investigated for the
first time, without template and catalyst assistance in a substrate temperature range of 380 to 430 °C using CSS technique.
X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed to investigate microstructure, morphology
and roughness of the Bi nanorods. The diameter and length ranges of Bi nanorods were 80 to 400 nm and 3 to 5 µm, re-
spectively. Moreover, they exhibited a rhombohedral structure with a dominant peak indexed at (012), (104), and (110). The
mass percentage of Bi, determined by energy dispersive X-ray (EDX), was 99.93 %. The studies of electrical resistivity, Hall
coefficient, magnetoresistivity, hole mobility and carrier concentration of Bi thin films were performed at 300 to 350 K and the
electrical properties were found to be a function of temperature. The basic aim was to investigate the spectacular evolution of
Bi nanostructures on as-deposited thin films and effects of thickness on their structural, electrical and dielectric properties. De-
tailed examination of SEM micrographs eliminated all other growth modes except self-catalytic tip growth by Vapor-Solid (VS)
growth process which is believed to provide the driving force for spontaneous nanorod growth at high substrate temperature.
Deposition of thinner Bi films provided a new possibility for fabrication of Bi nanorods of high quality.
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1. Introduction

Spontaneous growth of nanorods
(nanowhiskers) on soft metal coatings of in-
dium, cadmium and tin has been studied for
a long time [1] but the spectacular evolution
of the nanorods has been highly controversial
based on the judgment of their proposed growth
models. Nanorods having high aspect ratio and
one dimensional (1D) material possess widespread
applications in electronic transport. In this context,
one dimensional (1D) 209Bi isotope is the most
intensively studied material due to the ease of
understanding quantum confinement, magnetore-
sistivity and thermoelectric effect [2]. It belongs
to a group of V semimetals with rhombohedral
crystal structure [3] and band gap (Eg) of 0.038 eV
while a slight variation of band gap energy brings
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large changes in electrical properties. Variability
from a semimetal to a semiconductor by the
size variation makes Bi nanorods very useful in
electronic industry [4]. It also possesses unusual
transport properties (large magnetic resistance)
due to its highly anisotropic Fermi surface, low
carrier density, small carrier effective mass and
long carrier mean free path [5].

Contrary to most metals the small effective
mass of −0.001mo and long mean free path of
0.4 mm at 4 K, makes Bi nanorods ideal to
study quantum confinement effects [6]. Similarly,
the elongated Fermi surface leads to Fermi wave-
length of 600 Å, which is much larger than
that of most metals with a few Å, making it
ideal for electron transport [7]. A lot of re-
search has been done to fabricate Bi nanorods
(nanowhiskers) using different growth modes like
vapor-liquid-solid (VLS) mechanism [8], laser ab-
lation, pulsed laser deposition [9], chemical vapor

http://www.materialsscience.pwr.wroc.pl/


382 Wajeeha Usman, Asghari Maqsood

deposition (CVD) [10], sol-gel based growth [11],
template-based growth [12], physical vapor depo-
sition (PVD) [13].

The history of Bi nanorods fabrication is dated
20 years ago [14]. The first such structures had
a diameter in the range of microns while in the
later ones, a diameter of 200 nm was achieved by
high pressure casting. Template assisted method
with a porous alumina template has been used
to fabricate Bi nanorods with fine diameters [15],
The template-pores were filled with liquid Bi by
high pressure injection technique to get continuous
nanorods with small pore size [18]. Thermally in-
duced stress driven mechanism was employed to
grow Bi whiskers [19].

Although excellent results can be obtained by
MBE (Molecular Beam Epitaxy) and CVD (Chem-
ical Vapor Deposition) methods, they are not cost
effective; the requirement of expensive precursors
and low growth rate excluded them from our re-
search. CSS method fulfills our major requirements
by maintaining low fabrication costs, crystalline
morphology control, purity control and large area
manufacturing [16]. It provides high crystalline
growth rate as the distance between the source and
the substrate is minimum, thus high quality crys-
talline growth is possible with minimum loss of
source material [17].

Template and catalyst free RF magnetron sput-
tering methods were utilized in the past to get Bi
nanorods on Bi thin films at elevated substrate tem-
perature of 200 °C [8]. Spontaneous growth of Bi
nanostructures by PVD method was studied at high
substrate temperature of 110 °C to 140 °C [18]. So
far, there have been no reports in the literature on
the synthesis of Bi nanorods by CSS method.

In this research, we have used CSS method to
fabricate Bi thin films and have successfully de-
veloped Bi nanorods of different lengths and di-
ameters at high substrate temperature of 380 °C to
430 °C for the first time. Structural characteriza-
tion and exact growth mechanism of Bi nanorods
is also discussed in detail. The growth route of Bi
nanorods by utilizing this simple technique of CSS
will definitely open the doors for its application as
an efficient sensor.

2. Experimental

2.1. Fabrication of Bi thin films

Thin films were obtained using a closed space
sublimation unit (installed at Thin Film Technol-
ogy (TFT) Research Laboratory COMSATS, Is-
lamabad). Soda lime glass slides having dimen-
sions of 25 mm × 75 mm were used as substrates.
The glass substrates were ultrasonically cleaned by
using isopropyl alcohol bath before fabrication of
Bi films for 30 min. Bi powder having (99.98 %)
purity (supplied by Sigma Aldrich) was uniformly
spread in a graphite boat (source) having dimen-
sions of 25 mm × 70 mm. Two halogen lamps of
1000 W and 500 W were utilized to heat the source
and the substrate, respectively. Two temperature
controllers, which were attached to the k-type ther-
mocouples, were used to maintain the source and
substrate temperatures at 580 °C and 450 °C, re-
spectively. In order to transport Bi vapors from the
source to substrate, the source was maintained at a
higher temperature than the substrate. Mica sheet
was used as a source holder and it also acted as a
thermal insulator between the source and substrate.
The distance between the source and substrate was
optimized at 15 mm, and in order to get uniform
film thickness and moderate deposition rates this
optimal distance between the source and substrate
could be varied easily. Vacuum level in the evapora-
tion chamber of 10−3 Pa was attained with the help
of an oil diffusion pump backed up by a rotary-vane
pump.

Before starting the source and substrate heat-
ing, the film fabrication chamber was evacuated
for half an hour. The source with Bi powder was
heated at a temperature of 580 °C and the glass
substrates were kept at three different temperatures
380 °C, 420 °C, 430 °C during five minute deposi-
tion. After the deposition process, Bi films of thick-
nesses 117.65 nm, 226.68 nm, 335.20 nm were ob-
tained, respectively. In order to avoid further de-
position, the source heater was turned off while
the substrate heater was maintained at the depo-
sition temperature for half an hour. To avoid ox-
idation of films, the Bi films were kept in vac-
uum till the source temperature decreased to room
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temperature. The obtained transparent grayish-
white colored thin films were annealed to improve
the crystallinity and assure proper diffusion of Bi
atoms at different temperatures of 350, 400 and
450 °C, in the vacuum of 8.5 × 10−3 Pa. The an-
nealed films had good adhesion to the glass sub-
strate, as tested by squash tape test [19]. After
annealing, crystallite size was not affected much;
more detailed effects were studied through XRD
and SEM.

2.2. Characterization

Crystalline structure of pure Bi films was ex-
amined with PAN analytical spectrometer model
(X’pert Pro). X-ray diffraction (XRD) data were
collected at an operational voltage of 40 keV, us-
ing Cu-Kα line (λ= 1.504 Å) radiation at (SCME),
NUST. The surface morphology was examined us-
ing a Jeol scanning electron microscopy (SEM)
with energy variation (10 keV to 20 keV), along
with energy dispersive X-ray (EDX) for elemen-
tal analysis. The surface roughness of the de-
posited films was studied by AFM. The atomic
force microscopy (AFM) micrographs and thick-
ness calculations were performed by using tip-
scratch method. Hall effect measurement system
(ECOPIA HMS 5000) was utilized to measure the
electrical properties such as resistivity, carrier con-
centration and mobility. For ohmic contacts InSn
was deposited on Bi thin films of various thick-
nesses, fabricated by CSS method and the measure-
ment was performed at room temperature by using
van der Pauw method. LCR impedance analyzer
was used to measure dielectric properties that in-
cluded dielectric constant, dielectric loss and AC-
conductivity of Bi thin films.

3. Results and discussion
3.1. Structural properties

The XRD patterns of all the samples are shown
in Fig. 1. Bi films deposited on glass substrates
at different substrate temperatures of 380 °C,
420 °C, 430 °C exhibit a polycrystalline profile
with a dominant peak at (012). The dominant
crystallite face is (012) plane, parallel to that of

substrate. The diffraction patterns correspond to
rhombohedral crystal structure having lattice pa-
rameters (a = b = 4.55 Å and c = 11.86 Å and
α = β = 90° and γ = 120°), which is in agree-
ment with the previously observed results [25].
The (014) and (011) small intensity peaks reveal
the preferential crystallite grain growth towards the
rhombohedral crystal structure [26].

The crystallite size was determined by Scherrer
formula:

D = 0.9λ/(β cosθ) (1)

where λ – X ray wavelength, θ – Bragg’s angle
and β is the full width at half maximum inten-
sity (FWHM) of the peak which was found to be
30 nm. The average crystallite size dependence on
substrate temperature was also studied. The XRD
data clearly reveal that when the substrate temper-
ature increases the peak intensity for (012) plane
gets more intense. The dominant peak texture can
be clearly observed for (012) plane at Ts = 430 °C.
It has also been observed that the mean crystal-
lite size increases as the substrate temperature in-
creases due to coalescence of small particles. Sim-
ilar results have been reported in [20]. The strain
and dislocation density decreased causing an im-
provement in crystallization and decrease in de-
fects as shown in Table 1.

Fig. 1. XRD revealing the effect of substrate tempera-
ture on the crystallinity of Bi thin films.

3.2. Surface morphology
The structural characterization of the Bi films

by SEM reveals nanorods formation (Fig. 2a, 2b
and 2c) which has never been reported before at
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Table 1. Structural parameters of pure Bi films deposited at different substrate temperatures.

Samples Substrate Lattice Crystallite Dislocation Strain
temperature(°C) constant (Å) size (nm) density(×10−4 nm−2) (×10−4)

Bi-1 380 3.2800 24.48 16.68 14.14
Bi-2 420 3.2720 25.70 15.14 13.99
Bi-3 430 3.2680 32 9.765 6.193

such high substrate temperature of 380 °C using
CSS method. The average diameter of the nanorods
is between 80 to 400 nm and the length is 3 to
5 µm. The elemental composition and mass/atomic
percentage has been confirmed by EDX analysis.
The rhombohedral structure can be observed in the
SEM image which shows that during the nanorods
formation the rhombohedral symmetry was not dis-
turbed. Bi films were annealed under vacuum at
temperatures of 350, 400, and 450 °C but the
nanorods again appeared in SEM images and the
thickness of the rods has increased after anneal-
ing without disturbance of the structure. Diffused
nanorods for bismuth oxide thin films obtained by
using thermal deposition had been reported before
but no clear morphology was observed [20]. Re-
garding the growth mechanism there are many the-
ories about spontaneous Bi whiskers formation; (a)
the stress driven mechanism [13], (b) screw dislo-
cation model [21], (c) tip grown catalytic VLS/VS
growth [22], (d) self catalytic VLS/VS growth
mechanism [23], (e) root growth for spontaneous
nanorod formation [13].

Considering the possible mechanisms of
whiskers growth, the root growth occurs during
longer periods of time with residual stress as a
driving force. The compressive stress calculated
here to be 12 mPa is not sufficient as a possible
driving force, in our case. Thus, stress which is
believed to be the major cause of nanorods origin
is excluded. Similarly, no cracks were observed
since the films were of good crystallinity, so in our
case intrinsic stress did not play a significant role,
contrary to other evaporation methods [14].

SEM micrographs shown in Fig. 3a, 3b clearly
reveal the nanorods morphology. After anneal-
ing the particle size increases as the thickness of
the nanorods increases; the diameter grows up to

560 nm. The rod morphology can be observed
after annealing although their alignment is not
uniform and the nanorods are highly disoriented.
The crossing over the feature in Fig. 3b clearly re-
veals that the growth of nanorods did not occur at
the same time. Such crossover is important in elec-
tronics specially in Josephson junctions [24].

Template and catalyst assisted nanorod growth
was quite commonly used, and an early report re-
garding Bi thin film whiskers obtained using evapo-
ration technique involved deposition of Bi thin film
on an as-deposited manganese film which acted as
a catalyst. The following post-deposition heating
lasted for 3 to 4 h so the growth of the nanorods
was in the presence of Mn layer [25]. In our case
we have neither used a template nor a catalyst for
nanorod growth. One thing is established that our
case is based on non-catalytic approach.

Two famous growth approaches like Vapor-
Liquid-Solid (VLS) and Vapor-Solid (VS) nor-
mally involve catalytic growth of semiconductors
and elemental nanowires. In VLS, pre-doped gold
is assembled to nanodots which catalyze the growth
of semiconductor nanowires and float at their ends.
Similarly, our Bi nanorods have shown the growth
from their own elemental Bi, so a self-catalytic be-
havior was observed. Likewise, there is a natural
tendency in certain materials to grow in the form
of prismatic crystals with hexagonal whiskers as
reported earlier for zinc oxide (ZnO) [27], so it
might be believed that Bi has such tendency since
its hexagonal crystals have a faster growth rate
than other crystal systems. SEM results showed
hexagonal tips, however, uniaxial symmetry has
not been observed in our work. VS growth pro-
cess, which involves deposition of an element by
evaporating it directly, could be considered as the
growth process in our case, since the films were
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(a)

(b)

(c)

Fig. 2. SEM micrographs of Bi thin films deposited at
different substrate temperatures (a) 430 °C, (b)
420 °C, (c) 380 °C, revealing nanorod morphol-
ogy of “tip growth process”.

deposited by sublimation process. Screw disloca-
tion model, such as in VS or VLS, could not be
applied in our case since temperature in thermal
evaporation was not as high as in sputtering, sec-
ondly, no evidence of screw dislocations was found
in SEM, as reported before [18].

(a)

(b)

Fig. 3. SEM micrographs of Bi thin films (a) and (b)
revealing tip growth and hexagonal and semi
spherical facets with the length exceeding 5 µm.

After detailed examination of all micrographs
and growth conditions it has been established that
Bi nanorods are favored due to tip growth by a
self-catalytic VS mechanism. It is also evident that
Bi seeds are used as catalyst to grow nanowires
of semiconductor material as well as catalytic
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(a)

(b)

Fig. 4. (a), (b) SEM micrographs indicating nanowires
with thickness of 40, 50, 75, 80 nm.

ability is truly enhanced with Bi. In our case,
hexagonal crystal growth rate was faster than in
other tip growth modes, which is also confirmed
by the presence of a particle or crystal at the tip
of our nanorods. A typical shape of these faceted
tips is clearly hexagonal. This is supported by the
SEM micrographs in Fig. 3a, 3b, 3c as well. Film
deposition with decreasing thickness and utilizing
a cheap technique of CSS leads to a new route of
Bi nanorods fabrication. EDX analysis supports the
presence of Bi as well as the absence of oxides.

During film deposition of thinner films, just be-
low 100 nm, SEM micrographs (Fig. 4) revealed
extremely thin nanostructures. Detailed study also
showed that the films below 100 nm, deposited
by CSS unit, produced films with both whiskers
(nanorods) and nanowires. Bi film deposition in
changing growth conditions and thicknesses can
provide controlled way to grow nanorods and
nanowires of high quality. The nanowires appear
to be long, straight with crossing over features as
shown Fig. 4a. The deposition temperature has also
affected the growth of the nanorods but the deposi-
tion time played a major role. Thinner films with
a clear cross-section were obtained for the films

deposited for 15 minutes than for 5 minutes; slow
growth of nanostructures enhanced their length in
this technique. Thus, by controlling deposition time
and thickness, nanowires of high quality can be
obtained.

The profilometric analysis carried out by us-
ing tip-scratch method revealed the roughness of
Bi films. AFM topography of as-deposited Bi thin
films did not reveal any porous films and the aver-
age height of extended needles was 100 nm. Sub-
strate temperature effect on the roughness of Bi thin
films was also studied; with an increase in substrate
temperature the films became more uniform as the
roughness of the films decreased [28]. Among the
three different substrate temperatures, the films de-
posited at 430 °C had the smoothest surface with
the rms (root mean square) value of 22.9 nm as
shown in Fig. 5.

3.3. Elemental composition

The elemental composition of pure Bi nanorods
deposited on glass substrate was determined from
EDX measurements with an accelerating voltage of
20 keV and probe current of 1.00 nA, in the energy
range of 0 to 20 keV. The quantitative analysis re-
vealed the presence of dominant amount of Bi with
a mass of 99.93 % and remaining 0.07 % traces of
bismuth oxide as shown in Fig. 6. Bi enriched thin
films were our basic requirement indicating better
adhesion.

3.4. Electrical properties

Samples of all Bi thin films with various thick-
nesses of 110 to 340 nm, prepared in this study,
showed positive Hall coefficient and revealed p-
type conductivity. Substrate temperature and film
thickness affected the electronic properties: a de-
crease in resistivity with an increase in mobil-
ity and carrier concentration was observed in Bi
thin films obtained at higher temperature as shown
in Table 2. Electrical resistivity was also found
to be a function of film thickness as shown in
Fig. 7. When film thickness increased, electri-
cal resistivity decreased due to crystallinity im-
provement in the thicker films. Compared to RF
sputtered Bi thin films having hole mobility of
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(a)

(b)

(c)

Fig. 5. AFM top surface morphologies and roughness
profiles of Bi films on glass substrate, (a) Bi film
at Ts = 380 °C (b) Bi film at Ts = 420 °C (c) Bi
film at Ts = 430 °C.

Fig. 6. EDX analysis of Bi nanorod based thin films.

0.44 × 102 cm2/Vs [29], we obtained higher hole
mobility which was in a range of 3.664 × 101 to
9.107 × 102 cm2/Vs for Bi thin films deposited by
CSS. The electrical resistivity of as-deposited Bi
films was very high, in the range of 2.85 × 106 to
3.89 × 107Ω·cm at a temperature of 300 K, so fur-
ther research is required to reduce the high resistiv-
ity of the films. Compared to the low resistivity of
bulk Bi, the thin films have high resistivity which
is a direct consequence of finite size effects. The
mean free path for electrons is limited by the re-
duced diameter of the nanowires made on Bi thin
films, making them more resistive than bulk bis-
muth in our case.

Fig. 7. Resistivity as a function of film thickness.

Hall effect was also studied for thin films of var-
ious thickness between 110 to 340 nm in the tem-
perature range of 300 to 350 K using the four probe
point method with the magnetic field strength of
0.55 T. Magnetoresistance was studied as a func-
tion of temperature (Fig. 8) [30] revealing a de-
creasing trend with an increase in temperature due
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Table 2. Carrier concentration, resistivity and mobility of Bi films deposited at three substrate temperatures (380,
420 and 430 °C).

Substrate Carrier Resistivity Mobility
temperature °C concentration (cm−3) (Ω·cm) (cm2/Vs)

380 −5.479 × 10+8 3.953 × 10 +7 3.664 × 10+1

420 −1.441 × 10+9 1.5737 × 10 +7 1.096 × 10+2

430 −1.688 × 10+9 2.851 × 10+6 9.107 × 10+2

to an increase in carrier concentration. Hall coeffi-
cient decreased as the temperature increased.

Fig. 8. Magnetoresistance as a function of temperature.

Hall coefficient is an important parameter to
explain the type of semiconductor material. Hall
coefficient shown in Fig. 9 was calculated using re-
lation 2 and its sign was found to be positive, which
showed that holes were the majority charge carriers
in the Bi thin films.

Fig. 9. Hall coefficient as a function of temperature.

For p-type semiconductor, Hall coefficient fol-
lows the relation [31]:

RH =
1

(ne)
(2)

where n is the carrier concentration and e is the
charge of electron.

Hole mobility values shown in Fig. 10 were cal-
culated from the conductivity measurements from
the relation 3:

µ=
6
ne

(3)

Fig. 10. Hole mobility as a function of temperature.

Fig. 11. Carrier concentration as a function of tempera-
ture.

It was also found to increase as the tem-
perature increased which is a favorable property
for high temperature Hall effect sensors [33].
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The plot of carrier concentration vs. temperature
shown in Fig. 11 shows an increasing trend with
temperature.

Fig. 12. Dielectric constant as a function of film thick-
ness.

Fig. 13. Dielectric loss as a function of film thickness.

3.5. Dielectric properties
LCR impedance analyzer was used to measure

the dielectric properties of the Bi thin films at room
temperature in the frequency range of 100 Hz to
5 MHz. The dielectric constant (ε) revealed thick-
ness dependence, showing an increasing trend with
the film thickness (Fig. 12). This behavior agrees
well with dielectric properties of Bi oxide thin
films [34]. The dielectric loss (ε“) as a function of
film thickness was almost constant for all studied
films up to the thickness of ca. 325 µm, then it rose
abruptly, as shown in Fig. 13. AC conductivity did
not exhibit a linear relationship with film thickness,
as shown in Fig. 14, but a gradual rise and fall were
observed.

Fig. 14. AC conductivity as a function of film thickness.

4. Conclusion

Single crystalline Bi nanorods having diameters
of 80 to 400 nm were fabricated by CSS method.
The spectacular evolution of nanorods at high sub-
strate temperature has never been reported before.
Structural analysis by XRD confirmed rhombohe-
dral crystal structure and development of nanorods,
oriented along (012) direction, whose growth was
controlled by the self-catalytic tip growth mecha-
nism due to VS process. The variation in morphol-
ogy is highly sensitive to substrate temperature as
it affects the nucleation and controls the crystal-
lization kinetics. The crystallite size has increased
from 24 to 32 nm with an increase of substrate
temperature, producing high quality films, but the
real driving force behind spontaneous growth of
nanorods was the self-catalytic tip growth mech-
anism due to VS process. SEM micrographs re-
vealed nanorods and nanowires (heterostructures)
as well. An increase in electronic mobility from
3.664 × 101 to 9.107 × 102 cm2/Vs and a decrease
in magnetoresistivity was observed with an in-
crease in substrate temperature as well as thickness
reduction. In contrast to conventional template, cat-
alyst assisted and thermal evaporation methods,
CSS provides a novel and cost effective technique
to grow nanorods of high quality which opens the
doors for Bi nanorods fabrication and their appli-
cations in magnetic, electronic and thermoelectric
devices.
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