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1. Introduction

According to description, nanowires are one-dimensional materials with size <100 nm in
two out of directions from which various architectures can be organized for recent devices
offering new and sometimes unique oppurtunities. Among numerous methods can be ap-
plied to date for densely packed nanowire (nw) arrays formation the template-assisted elec-
trochemical deposition is attributed to the most widespread allowing simple control on the
geometrical, morphological and crystallographic properties of various nanowire arrays in an
independent manner. Note that in case of formation extremely thin and densely packed
nanowires, demonstrating a significant improvement of their thermoelectric, photovoltaic,
catalytic and optical properties, due to huge surface size and quantum-size effects, this pos-
sibility becomes crucial (Bejenari et al.2011). Besides uniformity in wire diameter, morpholo-
gy and composition, the crystallinity and crystallographic orientation also strongly influence
the properties of metallic and semiconductor nanowires and their arrays (Lan et al.2009; Yan
et al. 2010). However, most works to date have reported the growth of metallic and semicon-
ductor nanowire arrays inside the alumina and polycarbonate (PC) templates with pores
larger than 40 nm, especially in case of polymeric templates, and only few address the im-
pact of pore diameter and deposition regime on the peculiarities of extremely thin nano-
wires growth. For example, variables of the morphology, surface roughness and crystalline
orientation of the Bi,Te; nanowires with the PC membrane channel diameter decrease from
150 nm down to ~10 nm have been right now reported (Pitcht et al. 2012) demonstrating the
possibility of obtaining the nanowire arrays with preferential growth of either {205}, {015}, or
{110} planes perpendicular to the nanowire axis from a same composition of deposition sol-
ution enabling us to tune their figure of merit and to improve the device performance.
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In this chapter, the influence of alumina template barrier layer thickness on the electrochem-
ical growth of copper and cobalt nanowires is demonstrated. Our results obtained investi-
gating the peculiarities of bismuth selenide electrodeposition by alternating current (AC)
treatment in alumina templates varied in pore diameter within 10 to 100 nm range are pre-
sented in subsection 5.1 showing, for the first time, a strong dependency of formed nws com-

position, morphology and their optical properties on the diameter of pores (Jpye)-

2. Filling of porous alumina templates

Porous oxide films (alumina) prepared via anodization of high pure and smooth aluminum
surface in an aqueous solution of sulfuric, oxalic, and o-phosphoric acid at proper concen-
tration, temperature, and voltage are typical templates for fabrication arrays of various
nanowires in quite uniform diameter and spacing with well-defined product dimensions at
packing density of 10? - 10" species/cm? (Masuda & Fukuda 1995; Jassensky et al. 1998; Li et
al. 1998; Nielsch et al. 2002). To date high-ordered structure alumina with broad range of
pore diameters as large as 300 nm (Quin et al. 2005) and as small as 5 nm (AlMawlawi et al.
1991) can be fabricated in unlimited size area. The pore diameter, cell size, and barrier-layer
thickness positioned at the bottom of alumina pores (Fig. 1) are all linearly dependent on the
anodizing voltage (O’Sullivan & Wood 1970), while the depth of pores can simple be con-
trolled by anodizing time (Metzger et al. 2000). According to the final applications, the thick-
ness of alumina templates is usually limited to 20-30 um, but thicker templates (Romer &
Steinem 2004), as well as very thin (Kokonou et al. 2007), are sometimes required for uni-
form filling with various nw arrays. Till now, direct current (DC), alternating current (AC)
and pulsed current depositions have been developed for filling of alumina pores by various
materials. For DC depositions, enabling substantial control over composition and crystallini-
ty of nws, the detachment of alumina film from the substrate, opening the pore bottoms via
voltage decrease and chemical etching and conductive layer formation are usually required.
To remove the barrier-layer only at the bottom of alumina nanochannels or perforate it, vari-
ous etching solutions (Zheng et al. 2002) and different methods (Mardilovich et al. 1995)
have been proposed during last decade. Also, the sputtering of gold (Yoo & Lee 2004), silver
(Sun et al. 2005) and platinum (Panet al. 2005) layer onto the back-side of perforated tem-
plate as a conducting and well-adhesive layer have been applied. On the other hand, there
always exists the possibility of filling alumina pores by AC modes, leaving intact the barrier-
layer at the bottom of pores because anodic aluminum oxides conduct preferentially in
cathodic direction. According to some opinions (Goad & Moskovits 1978; Clebny et al. 1993),
AC electrolysis is an ideal method for deposition of metals and semiconductors, starting
from the bottom of pores. Moreover, AC depositions through the rectifying barrier-layer re-
quire fewer processing steps and are more amenable to scall-up but currently provide far
less control over the structure and the material deposited (Gerein & Haler 2005). As a result,
different groups using this method (Preston & Moskovits 1993; Sheasby & Cook 1974) have
observed interrupted growth of various polycrystalline materials and just partial deposi-
tions, namely only in a fraction of pores. Note that for alumina templates formed at higher
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anodizing voltages and consequently having a thicker barrier-layer, some degree of this lay-
er thinning is essential to enable deposition even under AC treatment. Furthermore, the
chemical composition of alumina films differs depending on the composition of anodizing
solution as well as anodizing conditions due to incorporation of acid anions and water mol-
ecules into the outer part of alumina cells. For example, the sulfuric acid alumina films con-
tained high amount of anion species (12-14 wt.% sulfate), while the phosphate and oxalate
contents in corresponding alumina films are respectively 6-8 and 2-4 wt.% (Thompson 1997).
Note that incorporated anion species produce a negative surface charge of the pore walls in-
fluencing the pore filling process by one or another material. Therefore, the hydrophobic/
hydrophilic pore wall properties could play a significant role for nanowires growth in the
precursor solution.
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Figure 1. Typical top-side SEM view and a schematic diagram of porous alumina template.

3. The influence of porous alumina barrier-layer

Potentially nanowires in the alumina template pores can be synthesized by adsorbing and
decomposing precursor species, high-pressure injection of a melt, electro less and electro
deposition routes. However, the dominant synthesis technique in this area remainsAC depo-
sition of metals and semiconductors copying exactly the pores configuration. However, the
optimal AC electrolysis conditions differ for various solutions and various templates where-
as under others the following phenomena as the alumina barrier-layer spalling (Sheasby &
Cooke 1974), pitting corrosion (Routkevich et al. 1996) and the template peeling off from the
substrate (Doughty et al. 1975) take place. Besides, the filling of alumina templates grown at
higher voltages in the phosphoric or oxalic acid baths is more problematic, since at higher
AC voltages, required in this case for metal ions discharge, the alumina barrier-layer break-
down is inevitable. A few investigations devoted to uniform growth of metallic nanowires
by means of pulse or AC electrolysis deal in this case with requirement to decrease the thick-
ness of the alumina barrier-layer (d), (Forrer et al. 2000; Xu et al. 2002; Sauer et al. 2002).
However, there is much uncertainty about the optimal d for uniform filling of alumina pores
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with metal nanowires. It is still far from clear which barrier-layer thickness and AC voltage
value will be optimal for the uniform filling of one or another alumina template for given
material. Reported in Paulus et al. study (2001) 4 values for deposition of Fe, Ni, and Co
nanowires range from 10 to 20 nm. According to recent study (Sausa et al. 2011), the optimal
barrier layer thickness of alumina templates for homogenous and complete filling of all
pores with Ni by AC treatment approximates 10 nm. It is likely, however, that highly uni-
form deposition of copper into oxalic acid grown pores by AC treatment is significantly
more challenging than deposition into sulfuric acid grown template pores because of the dif-
ferent chemistry and structure of their barrier-layers (Gerein & Haber 2005). Therefore, the
influence of dis still an open issue since the composition and properties of various alumina
barrier-layers are complex and ill defined, especially after thinning through voltage decrease
and chemical etching.

To shed light on this problem, in this study we focused on the use of the dependency the
plots of the quantity of copper deposited within the template pores on the alumina growth
and subsequent AC deposition conditions expressed as AC electrolysis and the template
forming voltages ratio.

The amount of copper was determined after the complete dissolution of Cu’ nanowires from
a 4.5 cm? template surface in HNO;: H,O (1:2) solution (2 cm?®) for about 3 min. All solutions
used for nanowires dissolution, sample rinsing and further double soaking in triply distilled
water for 3 min were mixed together, diluted to constant volume and analyzed quantitative-
ly using a Perkin Elmer Lambda 35 UV/Vis spectrometer. To increase absorbance detection
sensitivity of copper analyte at 450 nm, 1 % sodium diethyldithiocarbamate (2.0 cm?®) was
used as a complexing agent. Reproducibility of the analysis was checked by 3 repeated ex-
periments. Standard solutions were made from 99.999 % grade copper.

The electrochemical impedance spectroscopy (EIS) was utilized to characterize the alumina
barrier-layer properties upon the anodizing bath voltage decrease. The EIS spectra were re-
corded using a VoltaLab 80 (Radiometer Analytical, France) electrochemical system for fre-
quencies between 1 and 10° Hz with ten measurements and are presented in the complex
capacitance form, that is, the plots of ImY/w versus Re Y/w, where Y is the admittance and w
is the angular frequency [w = 27tf, and f is the frequency in hertz (Hz)]. These plots allow
simple models of the interface to be readily inferred when the electrochemical response ex-
hibits capacitive behaviour. The amplitude of the applied AC signal was set to 10 mV. The
spectral data were analyzed/fitted with Z View software (Scribner Associates, South Pines,
NC, USA). High-frequency stray capacitance cross-talk was eliminated from the EIS spectra
as described earlier (Vanderah et al. 2003).

3.1. Peculiarities of the alumina barrier-layer thinning

It is well-documented that the thickness of the barrier-layer of alumina templates is propor-
tional to the voltage applied in the anodizing process (Diggle et al. 1969). Going through the
voltage drop, at the end of anodizing, one could expect the decrease in the barrier-layer
thickness due to the field-assisted ejection of Al* from the oxide lattice to the solution
(Harkness & Young 1966). However, this process can proceed only in some pores if a large
voltage decrement is applied in a single step (Furneaux et al. 1989) causing the increased
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heterogeneity in the physical properties of the films. Therefore, one might expect the con-
comitant changes in the EIS spectra reflecting these phenomena.

Figure 2 displays a set of the EIS spectra obtained for the alumina films of different anodiza-
tion end-voltage values. As seen, all the spectra possess a typical semicircular shape, which
suggest simple capacitive behavior (Vanderah et al. 2003). This indicates the dielectric film
that can be modeled as an equivalent circuit of a series of R,C elements, where R; is the solu-
tion resistance and C is the capacitance of the alumina barrier-layer. Though being similar in
shape the spectra in Fig.2 show several trends and differences. First, as the final anodizing
voltage decreases the diameter of the semi-circles increases, signaling about the increase in
capacitance of the barrier layer. Second, the plots of ImY/w versus Re Y/w of the films ob-
tained using high end-voltage values (10 - 40 V) tend to approach the limit:limReY /w — 0 at

0—0

the low frequency edge of the EIS spectra indicating nearly perfect capacitive behavior.
While, the films obtained using low final anodizing voltages do not. This observation sug-
gests that the low end-voltage films exhibit significant micro-heterogeneity of the physical
properties, while the opposite is true for the high end-voltage films. Taking into account
these observations, for fitting the experimental EIS spectra data to the R,C model, we re-
placed the capacitance with the constant phase element (CPE) as Macdonald (1987) suggest-
ed. The CPE reflects the deviation of alumina impedance from the ideal behavior. In the
presence of a CPE, the film impedance exhibits a law frequency dependence: Zg,, = (1/C’)
(iw)*®, where C” is the constant CPE’s coefficient, « is the CPE’s exponent and i is the imagi-
nary unit. The results of the fitting to this model are summarized in Table 1.As seen from
Table 1, the numerical values of C" and a are consistent with the qualitative features of the
Re Y/w vs. ImY/w spectra, i.e., the gradual lowering of the anodizing end-voltage yields to
the increase in the CPE’s coefficient and concomitant decrease in the CPE’s exponent value.
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Figure 2. A) Cversus 1/d plots of alumina in the range of the final anodizing voltages from 40 to 5 V calculated accord-
ing to the impedance spectra of alumina layers grown in 0.2 mol/L H,C,0, at 40 V for 70 min with the subsequent
lowering of the anodizing voltage in a step-by-step manner to U,, (V): (1) 40 (no lowering), (2) 20, (3) 10, (4) 5, (5) 1,
(6) 0.2 V, shown as ImY/w vs. Re Y/w plots. Inset shows the elements of the equivalent model circuit.

399



400 Nanowires - Recent Advances

Final anodizing voltage, V

C’, uF a
(approximate thickness of the barrier in nm)

40 (40) 0.065 +0.001 +0.002
20 (20) 0.139+0.002 +0.002
10 (10) 0.288 +0.004 +0.003

5 (5) 0.560 +0.006 +0.004

1(1) 0.762 +0.010 +0.005
0.2(0.2) 1.440+0.032 0.943 +0.005

Table 1. EIS fitting data for alumina films grown in 0.2 mol/L oxalic acid bath at 18 °C and different end-voltage
values. The electrode surface geometric area is 0.33 cm?2. The standard error is indicated next to the values in columns.

It is well documented, that aluminum anodizing voltage and the thickness of alumina barri-
er-layer are related through the equation 6, = kU, s, where « is the “anodizing ratio” coeffi-
cient close to 1 nm V'(Diggle et al. 1969). The estimated thickness values are tabulated in
Table 1, column 1(numbers in the brackets). On the other hand, the capacitance and thick-
ness of the barrier-layer are related through the following equation:

A . A
C=€0€E,B Yij :sosgﬂ (1)

where: ¢, is the vacuum permitivitty, 8.85 10'* F/cm, ¢ is the dielectric constant of alumina,
hereinafter, the value 9.8 is accepted (Harkness & Young 1966), A is the surface area of the
electrode, 0.33 cm?, d — is the thickness of the barrier-layer and B’ is the factor that accounts
for the fraction of the surface occupied by the alumina pores (0 <" < 1), and p” is the rough-
ness factor of the aluminum surface (§” > 1) (Saif et al. 2002); g =’8”. Using Eq.(1) and as-
suming the approximate equality C=C" it is possible to verify whether or not the
experimental capacitance (constant phase element) values follow the expected barrier-layer
thickness sequence. Figure 2A shows the experimental dependence of the C vs.d", which is
linear in the range 40 to about 5 nm. The slope of the line is 2.81 10® F cm, which yields a
quite realistic value of = 0.98. However, below 5 nm there is a clear deviation from linearity
(not shown). These results imply that during re-anodizing the barrier-layer thickness linear-
ly decreases with (U, 4,)" only down to about 5.0 nm. The further decrease in U, g, results in
slower reduction of d because the thickness of Al native oxide film exceeds 5 nm at room
temperature (Saif et al. 2002). In other words, at U, ;,< 5.0 V, the chemical interaction be-
tween aluminum and the ambient changes the relationship between the U, g, and d. In addi-
tion, it is likely that the constant phase element decrease from 0.98 to about 0.94 reflects the
enhanced fluctuations of d from pore to pore, yielding more heterogeneous distribution of
the physical and chemical properties of the barrier-layer.

3.2. The m¢, versus U,/U, 4, plots for copper nanowires growth

Our experimental data suggest that a broad range of AC voltages can be used for deposition of
copper within the alumina template pores if a suitable composition of the solution is chosen.
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Unfortunately, thisis applicable only for alumina grown in sulfuric acid bath where AC voltag-
es U, 6.0t018.0 V canbe successfully applied (Fig. 3, curve 2). All attempts to fill more complete-
ly alumina templates grown in oxalic and phosphoric acid solutions varying AC voltage and the
deposition time have failed since only limited voltages can be used in these cases. At higher AC
voltages or somewhat longer electrolysis durations the barrier-layer breakdown of these tem-
plates was found to be inevitable (curves 1in Figs. 4 and 5). As seen from curve 1 in Fig. 3, itis al-
so a common practice for alumina grown in sulfuric acid bath if d is increased at the end of
anodizing process up to about 20 nm by an increase of U, 3, to 20 V. On the other hand, it was es-
tablished that the deposition of copper proceeds easier in the same Cu(II) solution if the barrier-
layer thickness of alumina is decreased by lowering U,. These results are in line with former
findings by other investigators while depositing Au (Forrer et al. 2000), Ag (Xu et al. 2002; Sau-
er etal. 2002) and Fe, Ni, Co (Paulus et al. 2001). The m, against U, /U, g, plots for alumina tem-
plates grown in oxalic and phosphoric acid solutions are shown in Figs. 4 and 5, respectively.
From these plots one can see that the behavior of alumina templates in acidic Cu(II)solution
manifests itself through parabolic m,vs.U,/U, 4, dependencies. Moreover, we have found that
a range of AC voltages at which deposition of copper nanowires proceeds within the alumina
pores strongly depends on the U, ;,, decreasing with the alumina barrier-layer thickness. It
should be also noted, that at AC voltages higher than mc,vs.U,/U, s, curve peak, (U,/U, n)peais
the alumina spalling and peeling off from the substrate becomes critical, especially when U, ;>
20 V.Therefore, attention was focused on the range of AC voltages suitable for Cu’ nanowires
growth without the barrier-layer breakdown. As clearly seen from the experimental results de-
picted for various templates in Figs. 3 to 5, the range of voltages suitable for copper deposition
shifts to the higher ratio of U,/U, g, the lower U, z,. On the other hand, despite the fact that a
much wider range of AC voltages can be used for copper deposition within the pores of alumi-
na with a quite thin barrier-layer, it seems impossible to completely fill such a matrix even at the
U,/U, 4, ratio 3.0 when d<5 nm (U, 4,,<5 V). This is due to a sharp decay in the current strength
even during first 10-20 s of AC electrolysis up to a few mA cm?; characteristic feature for films
with d lower than 5.0 nm. In these cases only imperceptible quantity of copper can be deposited
within the alumina pores at the electrode edges since the gas bubbles evolved at the Al | oxide
interface push away the alumina film from the substrate. The appearance of the gas bubbles at
the Al | oxide interface was clearly observed by the naked eye. It is also common for alumina
templates having thicker barrier-layers if prolonged AC electrolysis and higher AC voltages are
used. Consequently, it seems difficult to estimate one optimal U, /U, g, for Cu’ nanowires depo-
sition within the pores of different templates. Evidently, the optimal AC voltage is lower (U,/
U, sin)peak @nd the final choice is up to uniformity and completeness of the filling of the alumina
pores. On the other hand, it has been found that the range of AC voltages suitable for copper
nanowires fabrication depends also on the composition of Cu(Il) solution. The mc,vs.U,/U, g,
plots presented in Fig. 6 show that an increase in the solution pH widens the range of AC voltag-
es suitable for copper deposition. Although the reasons of such behavior are unclear yet, we be-
lieved that this is most probably accomplished by a sharp decrease in the gas quantities evolved
simultaneously with copper deposition from neutral and alkaline Cu(Il) solutions at the
Al | oxide boundary (Jagminas et al. 2002).
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Figure 3. m.vs.U,/U,;, plots for copper nanowires growth for 3 min within the pores of alumina with various barrier-
layer thickness attained by increasing (1) or lowering (3) anodizing voltage in 1.53 mol/L sulfuric acid bath at the end
of the template growth to U, 4, (V): (1) 20, (2) 15, (3) 7.0. An acidic solution of 0.1 CuSO, + 0.05 mol/L MgSO, + H,50,

down to pH 1.50 was used for Cu® nanowires growth. The alumina thickness,6 = 10 um. The dashed lines correspond
to the obvious damage of alumina template.
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Figure 4. The same as in Fig. 3 for alumina grown in 0.2 mol/L oxalic acid bath for 70 min (6=5.0 um) with reduced d
by lowering U, 40 Vto U, 4, (V): (1) 30, (2) 20, (3) 10, and (4) 7.0.
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Figure 5. The same as in Fig. 3 for alumina grown in 0.4 mol/L phosphoric acid bath at 80 V for 1.5 h (6=5.0 um) with
reduced d by lowering U,to U, (V): (1) 80, (2) 40, (3) 20, (4) 13, (5) 10, (6) 7.0.
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Figure 6. mvs.U,/U,, plots for copper nanowires growth within the pores of alumina for 3 min AC electrolysis in the
solution containing: 0.1 CuSO, + 0.05 mol/L MgSO, + H,SO, down to pH 1.0 (1), 1.50 (2), and 6.0 (3) adjust by adding
0.2 M TEA. The alumina was grown in 0.4 mol/L phosphoric acid bath at 80 V for 1.5 h. U4, 20 V.
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3.3. Concluding remarks

The above results show that in order to grow copper nanowires within the pores of alumina
template obtained by Al anodizing at higher voltages the alumina barrier-layer thickness
should be lowered. Using the acidic anodizing baths, a linear dependence of d on the final
anodizing voltage, U, 4, is observed down to 5 V. The linearity was verified by impedance
spectroscopy data, so, this technique might be used to monitor the parameters of the alumi-
na template formation. However, further U, 5, decrease below 5 V results in significant barri-
er-layer thickness fluctuations, which are possibly due to uneven native oxide formation at
the bottom of the pores. Spectrometric analysis of deposited copper content has shown that
the range of AC voltage suitable for copper nanowires growth within the alumina pores
sharply increases with decrease in U, g, and hence d. The most favourable U, g, range for
uniform copper nanowires growth is 15to 7.0 V.

4. Alumina template-dependant growth of cobalt nanowire arrays by AC
deposition

4.1. Depositions into as-grown templates

In this study, different electrochemical regimes and porous alumina fabricated by aluminum
anodizing in either sulphuric or oxalic acid solutions were applied for template synthesis of
cobalt nanowire arrays, revealing several peculiar cases. By this way, we found that the
growth of cobalt nanowires depends much stronger on the conditions for fabricating the
alumina template than other metals like copper, silver or tin. For example, only sulfuric acid
alumina templates can be successfully filled in the optimized deposition solutions by Co nws
using AC, while the use of the same solution for uniform growth of Co nws in oxalic or
phosphoric acid alumina pores is problematic. Therefore, in this study we focus on the in-
vestigation the peculiarities of the Co nws electrochemical growth using oxalic and sulfuric
acid alumina templates at different regimes.

In this study, the composition of solution for Co nws electrosynthesis within the alumi-
na pores was organized using CoSO,, as a precursor for cobalt ions, and H;BO,, as a buf-
fering ingredient, to prevent any pH variation within the alumina pores and to inhibit
the formation of cobalt hydroxide species, as a result of hydrogen evolution (Zech &
Landolt 2000). Furthermore, MgSO, was added as Mg* source to prevent the break-
down of alumina barrier-layer (Jagminas et al. 2003) during AC depositions. To adjust
the pH of solutions, H,SO, and triethanolamine(TEA) 1:1 solutions in water were used.
From a review of patent’s literature (Herrman 1972), arises that these components have
been frequently used for AC coloring of anodized aluminum in the Co*-containing baths.
To optimize the concentration of components and the solution pH, 15 um thick sulfuric
acid alumina templates were applied. All depositions in this setup were performed us-
ing 50 cm? specimens, a 50 Hz frequency AC and constant peak-to-peak voltage of 32 V,
for 15 min. Observation of the alumina color uniformity and the amount of deposited co-
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balt were the main criteria adopted in the search of the optimal composition. Conse-
quently, the solution composed of 0.2-0.25 CoSO,, 0.65-0.7 H;BO,, 0.005-0.05 mol/L
MgSO, and TEA, to adjust a pH at 5.5-5.75, was determined as optimum for AC filling of
alumina templates with Co nws, having average J,,. of 15 nm. The XRD patterns (not
shown herein) of Co nws deposited from this solution demonstrated the polycrystalline
nature of cobalt in hexagonal closely packed lattice. For any of the used AC deposition
conditions no phase modification in the XRD patterns was observed. Figure 7 demon-
strates typical variation of the amount of Co assembled inside the alumina pores (m1,)
with the deposition time and AC current frequency (f) used for depositions. As seen, the
amount of deposited Co increases linearly during the first 10-20 min of AC treatment at
constant voltage. However, with further processing the rate of deposition inside the alu-
mina pores progressively decreases. Moreover, it was observed that this solution allows
the growth of cobalt nws within a wide range of AC frequencies, ca. from 10 to 200 Hz,
coloring the template uniformly from bronze to deep black. A further increase in fre-
quency, up to 1000 Hz, results in a smaller amount of deposited cobalt and therefore in
a lighter template color intensity. As seen from the inset of Fig. 7, the maximum amount
of cobalt can be deposited using 100 Hz frequency. The bath temperature within 10 to
40°C range was found to have negligible effect on the amount of deposited cobalt as well
as on the uniformity of depositions.
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Figure 7. Variation of the amount of Co (m,) inside the alumina pores for the deposition solution made of 0.2 CoSO,,
0.7 H;BO5 and 0.01 mol/L MgSO, and TEA up to pH 5.7, at a constant AC voltage U,, of 32V, 50 Hz and 20 °C, as a
function of the deposition time. &, 15 nm; template thickness (6,,0) 15 um. In the inset: variation of mc, versus AC
frequency () for the same deposition solution and U, , value for 15 min of deposition.
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Figure 8. Cross-sectional FESEM images of sulfuric acid alumina templates grown at 25 (A, B) and 15 V (C) following
the template etching in 2 mol/L H,SO, for 15 min and deposition of cobalt nw arrays by AC (50 Hz) treatment in a
same as in Fig. 7 solution at a constant current density of 0.3 A dm and room temperature for: 5 (A), 15 (B) and 60
min (C). pn0 =18 UM, F,,,.~28 (A,B) and ~20 nm ().

In order to visualize the uniformity of Co nws growth by AC deposition, cross-sections of the
alumina templates were investigated using field emission scanning electron microscopy
(FESEM). Figures 8A-C show the arrangement of Co nws deposited inside the pores of sulfu-
ric acid alumina templates at the same AC frequency (50 Hz) and peak-to-peak voltage (U,,.,)
during 5, 15 and 60 min, respectively. The obtained data show quite uniform growth of Co
nws from the bottom of almost all pores only at the onset of the process. The pores filling
rate depends on AC voltage and of the pores diameter, J... In case of sulfuric acid alumina
templates formed at 25 V (I

sponds to a filling rate ve,~ 6 um/h for the first 10 min of deposition at a constant U, ,of 32

pore*

bore 25-30 nm after pore widening), the uniform growth corre-
V. Processing further, v, decreases due to an increase of the template resistance, causing a

reduced AC current. A smaller @, results in a faster growth of cobalt nws under the same

pore

AC treatment conditions. For example, v¢,~ 9.3 um/h was detected at U, ,0f32 V for alumina

templates with average &, of 15 nm. It can be observed from Fig. 8B that some cobalt nws

grew faster than nws froni. For prolonged AC treatment, this progressively leads to the for-
mation of more and more uneven lengths of Co nws emerging onto the template surface in
cobalt caps ( Fig. 8C). The nws height uniformity was found to be independent on the f. Typ-
ical morphology of cobalt nw arrays assembled inside the sulfuric acid alumina pores by
short-term AC deposition after template etching is presented in Figure 9. As seen, in case of

1-2 um length of Co nws they are densely packed and quite uniform.
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4.2. Depositions through a reconstructed barrier-layer

The key feature of AC deposition process of the densely packed Co nws is that only sulfuric
acid alumina templates can be successfully applied. Fabrication of Co nws in the nanochan-
nels of alumina template formed in the oxalic or phosphoric acid anodizing baths, however,
is problematic by AC deposition way. One possible explanation for this effect is the adsorp-
tion and incorporation of acid anions at some depth of the alumina barrier-layer, changing
the state of alumina/solution interface at the bottom of pores (surface charge, free energy,
etc.) and preventing the discharge of Co* ions. Besides, highly ordered oxalic and phos-
phoric acid alumina templates are usually formed at higher voltages (Masuda & Fukuda
1995; Masuda et al. 1997; Li et al. 2000) and, therefore, present much thicker barrier-layers at
the metal | oxide interface. To use these templates for AC deposition of various materials,
the step-wise voltage decreasing at the end of anodizing process has been proposed (Fur-
neaux et al. 1989) and successfully used in several works. We found herein that this is help-
ful also for the Co case, however, only for short-time processing. The Co nw array produced
by longAC treatment, i.e. longer than 15 min, viewed nonuniform from pore to pore with
some mushroomed Co fragments (Fig. 10) outgrowing from the breakdown sites of the alu-
mina barrier-layer. The modification of alumina barrier-layers through (i) the decreasing of
anodizing voltage (U, ) at the end of oxalic acid alumina growth down within 13 to 5V, (ii)
the cathodic treatment in the same anodizing bath for 3 min at various potentials and (iii)
the chemical etching in the solution of sulfuric acids inhibit the uniformity of the deposi-
tions (see Fig. 11). The most uniform alumina color was obtained after decreasing U, and
chemical etching in the solution of sulfuric acid. Nevertheless, in this case the SEM cross-
sectional observations of templates revealed the formation of Co nws tufts in random areas
of template (Fig. 12A). It is worth to note that these tufts were found to arise from cobalt
balls (Figs 11B and 12 C) formed at the metal/template interface.

N2E-Co NWs Tum
Mag= 3000KX |

EHT = 5.00 KV Signal A= RBSD  Date :14 May 2008 EHT =10.00 kv
WD= 9mm Time 15:42:21

JJ58 )
{ Mag = 4449 KX |———] WD = 10 mm

Figure 9. Top view FESEM images for fragments of Co nw arrays fabricated under the optimized AC deposition condi-
tionsin the sulfuricacid alumina template pores after the template etching in 0.5 mol/L H;PO, for 70 (A) and 100 min (B).

407



408 Nanowires - Recent Advances

N e

_L5-NaOH 200k %5000 Zum —

Figure 10. Typical top view SEM images of Co ‘mushroom’ grown by AC treatment of oxalic acid alumina template in
the solution of this study. Before deposition the thickness of alumina barrier- layer was reduced by lowering the anod-
izing voltage down to final value (U, ;,) equal to 15 V.

Figure 11. Top view FESEM image for fragments of Co nw arrays fabricated in the oxalic acid alumina pores by AC (50
Hz) deposition from the optimized solution at j, ~ 0.5 A dm (U,,, from 18 to 32 V) and room temperature for 10 (A)
and 20 min (B). Before depositions, the barrier-layer of the as-grown templates was thinned by decreasing anodizing
voltage down to 20 V and etching in 0.5 mol/L H;PO, at 30 °C for 32 min. Following depositions the template was
etched in the same 0.5 mol/L H;PO, solution.

Variations in the conditions of cathodic treatment and chemical etching of the oxalic acid
template as well as variations of the deposition potential were found to be ineffective for
rod-like Co formation by AC deposition through the remained barrier-layer. Moreover, in
case of DC deposition, the detachment of alumina template from the substrate even after
several minutes of treatment took place.

4.3. Galvanostatic DC deposition

An alternative approach for Co nws deposition was further examined for oxalic acid alumi-
na templates by a DC constant current density deposition, after removing or perforating the
barrier-layer on the pores bottoms. In this setup, we used either an electrochemical/chemical
method for the barrier layer perforation, or we detached the alumina from the substrate, re-
moved the barrier layer and made a subsequent evaporation of Cr/Au layer, acting later as a
conducting pad. The resulting Co nws released from the as-filled templates are shown in im-
ages A and B of Fig. 13. We found here that by applying a low current density during the
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entire deposition process, ca. < 0.2 mA cm?, well-ordered, densely packed, continuous and
highly aligned Co nw arrays, faithfully reproducing the shape of the pores and with height
up to several tens of micrometers, can be synthesized by this way. Furthermore, after alumi-
na dissolution these nws seems not to collapse and stuck together, as in the case of AC syn-
thesis, implying an easier their application in future nanoelectronics and novel efficient

sensors.

JL93-B3-NaOH-10s 20.0kV x9600 1pm ——

_JL85 20.0KV_x22800 0.5pm +———

Figure 12. SEM images of reconstructed oxalic acid alumina templates after deposition of Co nws by AC treatment in
the solution as in Fig. 7 at U, , 32 V and room temperature for 20 min. 6,0 13 um, @y~ 45 nm, 1, 30 min in 0.5 mol/L
H5PO,. (A) top-side view after dissolution some part of alumina; (B) in plane view; (C) cross-sectional view.

A typical XRD profile of a template filled with Co nws via DC deposition at a constant cur-
rent density of 0.12 mA cm? for 5 hours is shown in Figure 14. Only a single peak is observa-
ble at 20 =41.59. According to the XRD library patterns for bulk Co (PDF 89-4308), this peak
corresponds to the (100) reflection of the hexagonal closely packed Co lattice. Further, some
additional weak signal situated at 20 = 75.89, ascribed to hexagonal Co phase in (110) direc-
tion, can be observed. This weak feature probably inferred that Co nws are not single crys-
tals but consist of oriented polycrystals with a preferred (100) growth direction
perpendicular to the substrate. We note that the preferential growth of hexagonal Co phase
in (100) direction is not a trivial case and differs from the growth of Co nws inside the alumi-
na pores via AC and potentiostatic depositions reported by Kartopu et al. (2008) where the
formation of Co nw arrays with a preferred (110) orientation has been demonstrated.
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Figure 13. Top-view FESEM images of Co nw arrays after dissolution of oxalic acid alumina template fully (A )and in
part (B). Template fabrication: anodizing 3 hours; U, 4, 5.0 V; 1, 30 min in 0.5 mol/L H;PO,. Following the detachment
of aluminafrom the substrate and a back-side evaporation of a Cr/Au layer, the deposition of Co was conducted in the
solution: 0.45 CoSO,, 0.7 mol/L H;BO; and TEA up to pH 5.7 at a constant DCcurrent density of 0.12 mA cm for 5
hours.
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Figure 14. Typical X-ray diffraction spectrum for a Co nws array fabricated inside the oxalic acid alumina pores by DC
deposition under the same galvanostatic conditions as in Fig. 13.

5. Compositional, structural and optical properties of bismuth selenide
nws synthesized by template approach

Bulk bismuth selenide, Bi,Se;, is a V/VI semiconducting material with a band gap of ~ 0.35
eV and belongs to semiconductors group with a set of optical and physical properties which
permits their use in photosensitive, photoelectrochemical and optoelectronic devices. In one-
dimensional structures, especially when the nanometric dimensions turn down to Bohr radi-
us (BiSe;rg,~ 8 nm: Hillhouse & Tuominen 2001), these properties can be drastically
enhanced due to quantum confinement effects (Li & Wang 2005). In the past decade, these
effects have stimulated extremely active investigations on creating methods for fabrication
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of densely packed arrays of semiconductor species varied in composition, nm-scaled dimen-
sions, shape and spacing.

Chemical deposition (Pejova & Grozdanov 2002; Gracia et al. 1997), electrodeposition (Tor-
ene et al. 1998), vapor deposition (Giani et al. 2002), reactive and compound evaporation
(Augustine et al. 2005) and others (Sankapal et al. 2002) have been employed to date for the
formation of Bi,Se; thin films demonstrating their different optical properties and band gap
values varied up to 2.3 eV.

During the last decade, several methods have also been proposed for the synthesis of nm-
scaled bismuth selenide products. Yang et al. (2005) reported a solvothermal procedure for
nanotubes and nanorods fabrication. Bi,Se;nanosheets and nanotubes have also been syn-
thesized by hydrothermal co-reduction (Cui et al. 2004a) and nanorods(Cui et al. 2004b) and
nanobelts(Xu et al. 2005) by a photochemical and sonochemical routes, respectively. The
preparation of Bi,Se;nanocrystals has been also reported by Wang’s group (2003). Recently,
we have proposed a simple way for electrochemical formation of crystalline Bi,Se; nanowire
arrays inside the alumina template pores with an average pore diameter, J,,.= 40-50 nm
(Jagminas et al. 2008). By this way, densely packed nw arrays from quite pure Bi,Se; nws at a
high aspect ratio can be successfully fabricated.

In this article, we report the results of investigation on peculiarities of bismuth selenide elec-
trode position by AC treatment in different alumina templates varied in pore diameter, ..,
within 10 to 100 nm range demonstrating, for the first time, a strong dependency of formed
nws composition, morphology and their optical properties on the @J,,..

Porous alumina templates, 5.0 to 10.0 um thick, were grown via two-step direct current (dc)
anodizing of specimens for 0.5 to 20 hours in thermostated and vigorously stirred solutions
under conditions indicated in Table 2. First anodization lasted two hours following the alu-
mina film stripping in 0.2 M CrO; + 0.7 M H,PO, at 60 °C for 5 hours, while the second one —
as indicated in Table 2. The barrier layer of alumina films after the second anodizing was set
to about 15 nm by reduction of the anodizing voltage step-wise (2-1 V per 30-60 s) as in the
study of Furneaux et al. (1989). All depositions of bismuth selenide nws within the alumina
template pores were performed at room temperature in a glass cell where two graphite rods
were used as the auxiliary and Al/alumina as a working electrode. The solution containing
0.02Bi,(SO,); and 0.024 mol/L of H,SeO; as the sources for Bi,Se, nws growth and two chelat-
ing agents for Bi*, e.g. 0.25 [TEA] and 0.07 mol/L [EDTA], kept at pH between 5.0 and 5.3 by
addition of H,SO, (1:1) was used in this study. The ratio of selenious acid to bismuth salt
concentration was approximated to 1.2. This value has been recently determined by us as
optimal for stoichiometric Bi,Se;nws synthesis inside the pores of oxalic acid alumina tem-
plates with @, = 40-50 nm (Jagminas et al. 2008). For depositions, an alternating current, 50
Hz in frequency, centered at 0 V, under constant AC current density (j,.) control of 0.3 + 0.02
A dm? was applied. Reagents for the preparation of deposition solutions were: bismuth(III)
sulphate, Biy(SO,);, triethanolamine, N(C,H,OH); — TEA, ethylendiaminetetracetic acid,
,(HOOCH,C)NCH,CH,N(CH,COOH), - EDTA, and selenious acid, H,SeO,, of analytical re-
agent quality, purchased from Aldrich, and water from Milli-Q water system.
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Average  Bath composition

No. Anodizing conditions Pore widening conditions
D porer (NM) (M)
1 10 1.2 H,S0, 5V dc; 5.00+£0.01°C; 20 h
2 13 1.2 H,S0, 10V dc; 10.00+0.01°C; 3 h
3 25-28 0.5 H,S0, 25V dc;3.00+£0.01°C; 2 h 2 M H,SO,; 30 °C; 15-25 min
4 45-50 0.3 H,C,0, 40V dc;17.00+0.02°C; 1 h 0.5 M H3PO,; 30 °C; 20-30 min
5 100 0.04 H,C,0, 90V dc; 1.00 +0.02°C; 1.2 h

Table 2. Summary of anodizing and post treatment variables employed for fabrication and etching of alumina
templates.

To increase crystallinity of the final-products, samples were annealed for 3 hours in vacuum.
The optimal annealing temperatures (T,,,) for various alumina templates were found in this
study experimentally and approximated to: 250 °C for 100 and 50 nm, 200 °C for 28 and 13
nm and 170 °C for 10 nm J,,,,. templates. The different values of T,,, were chosen due to the
well-known dependency of melting and crystallization temperatures of nanomaterials on
their size (Noh et al. 2007).

The alumina templates intended for XRD and UV-vis-IR investigations were separated from
the electrode surface by one-side sequential etching of the electrode window in a solution of
1.5 mol/LNaOHand then in 10 wt% HCI and 0.1 mol/L CuCl, followed by thorough rinsing
and drying in a nitrogen stream. X-ray diffraction studies were performed with a diffrac-
tometer D8 (Bruker AXS, Germany) equipped with a Gobel mirror (primary beam mono-
chromator) for CuK, radiation. A step-scan mode was used in the 20 range from 18 to 55°
with a step of 0.04° and a counting time of 15 s per step.

A FESEM (model FESEM LEO 1530) and a FEI Helios NanoLab Workstation were used for
cross-sectional observations of mechanically fractured samples and their surfaces chemically
etched in 0.5 mol/LNaOH as well as nw arrays freed up from the templates.

To prepare TEM samples, deposited species were liberated by dissolving alumina template
in 0.1 mol/L sodium hydroxide at 40 °C. The released products were then rinsed many times
and finally dispersed in ethanol. At each stage, solvent exchange was carried out by centri-
fuging, extracting the supernatant and adding fresh solvent. Finally, free-standing nanospe-
cies were re-dispersed in ethyl alcohol. For TEM observations, specimens were prepared by
placing a drop of suspension on a Lacey carbon grid and left overnight at room temperature
to evaporate the solvent. Nanostructured products were examined with a TEM microscope
(model MORGAGNI 268) operating at 80 kV.

Optical properties of bismuth selenide arrays fabricated inside the alumina template pores
were studied by recording the transmittance spectra within the 190 to 3150 nm wavelength
range with respect to pure alumina template using a Shimadzu UV-3101PC spectrophotom-
eter. The transmission data were manipulated for calculating the absorption coefficient de-
pendency on the photon energy.
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Figure 15. A typical cross-sectional FESEM view of alumina templates with average @,..: 10 (A), 13 nm (B), 25 (C) and
50 nm (D) after AC treatment in the solution containing 0.02 Bi,(SO,);, 0.15 TEA, 0.07 EDTA and 0.024 mol/L H,SeO;
and H,S0O, to adjust pH to 5.0atj,=0.3 A dm for 3 min.

5.1. Results

Uniform filling of alumina pores by densely packed Bi,Se;nws with an average pore diame-
ter J,,,.= 40-50 nm in the solution and conditions adopted in this study were demonstrated
by us in (Jagminas et al. 2008). Figurel5 presents typical FESEM images of the final products
encapsulated within the alumina template pores with average diameter 10, 13, 25 and 50 nm
showing that the diameters of nws grown inside the alumina pores by ac deposition are in
agreement with the nominal pore diameter of templates while the height of deposited prod-
ucts depends on the current density, j,, deposition time, 74, and &J,,.. Under the same dep-
osition conditions, an increase in the @, resulted in filling of pores of a lower height.

Furthermore, variations in J,,,. do not noticeably altered the completeness of the pore fill-
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ing; for all cases most of the pores, especially at the metal/oxide interface with heights up to
1 um, seem nicely filled. On the other hand, the dispersity of nws lengths increases with 74,
especially at higher j,., and AC voltages. Surprisingly, the pitting of alumina films, frequent-
ly observed in other solutions as a result of the alumina barrier-layer breakdown and crys-
tallization of salts (Jagminas 2002), was not observed for the solution of this study under a
wide range of deposition conditions: j,. up to 0.5 A dm?, 74, up to 45 min, and &, up to
100 nm. The influence of the solution temperature on the composition of products was also
investigated here. In all cases increase in the solution temperature higher than 40 °C led to
non-uniform depositions within the alumina pores of products in the lower quantity most
likely due to alumina pore sealing, as could be expected.

Figure 16 shows XRD patterns of porous alumina templates with average Doore 100, 50, 25, 13
and 10 nm filled with Bi,Se ,Nw arrays by AC electrolysis in the same optimized solution at
the same constant j,, ca. 0.3 A/dm?, for 25 min. From the patterns, it has been found that
under the same electrolysis conditions Bi,Se;, Bi;Se, or both phases of selenides can be de-
posited. As seen from Fig. 16a, a quite pure, Se-rich phase, Bi,Se;, grows when templates
with @, 50 nm are used. However, Bi-rich phase, Bi;Se,, appears to form more readily
when fine structure templates with @J,,,,.< 13 nm are employed (Fig. 16b). Moreover, the Nws
array grown under the same conditions within extremely tiny pores, with @,,,.= 10 nm, was
found to be composed of Bi;Se, and some Bi’ inclusions while in the case of .= 28 nm the
nws are composed of Bi,Se; with some amount of Bi;Se,. In the case of tiny pores (J,,.= 13
and 10 nm), increase in the molar ratio of the selenium and bismuth precursors (o) from
1.0 to 2.0 results in the formation of BiSe (a5 = 1.5) and finely grained Bis;Se, (as.s = 2.0)
without Bi’ inclusions. Also, with ag.g; increase a somewhat slower bath voltage growth has

been determined during the deposition process at a constant AC current density.

The influence of the solution temperature on the composition of products was also investi-
gated here. In all cases increase in the solution temperature higher than 40 °C led to non-
uniform depositions within the alumina pores of products in the lower quantity most likely
due to alumina pore sealing, as could be expected. For the same &, however, no changes
in the phase composition of deposited products have been observed within 5 to 35 °C. The
compositional variations of deposited nws with the size of alumina template pores can be
explained as follows:

It is known that Se-rich thin films of bismuth selenide, namely Bi,Se;, may be electrodeposit-
ed only when enough Se is present in the reaction zone. However, as it has been shown ear-
lier by us (Jagminas et al. 2005), the discharge of SeO;? ions from aqueous solutions of
selenious acid at the bottom of tinny pores under ac bias is hampered. As a result, the size of
a-Se species that can be deposited drastically decrease with &, shrinking. Surprisingly, the
increase in the ac current density and electrolysis time influenced the content of deposited a-
Se in these pores only negligible. In contrast, the content of selenium deposited in wider
pores, ca. 40-50 nm, under the same conditions increased many folds. Thus, the formation of
Se-rich bismuth selenide nanowires in the oxalic acid alumina pores (J,.> 40 nm) can sim-
ply be released. Again, only Bi-rich phases can be deposited in the sulfuric acid alumina
templates with &< 13 nm.

pore—
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Figure 16. a) XRD patterns for various alumina templates filled by AC treatment at j,. 0.3 A dm for 30 min in the
solution containing 0.02 Bi,(SO,);, 0.15 TEA, 0.07 EDTA and 0.024 mol/L H,SeO; and H,SO, to adjust pH to 5.0 after
annealing in vacuum for 3 h. (b) The same as in part (a) within the 26-—32 260 range.

In this study, the optical properties of bismuth selenide Nw arrays fabricated within the
pores of various alumina templates were investigated by recording the transmittance UV-
vis-NIR spectra using the same pure alumina templates as reference. In this set-up, the
thickness of alumina templates varied between 5.0 and 7.5 + 0.5 um and both as-grown and
annealed in vacuum at 170, 200 and 250 °C templates with various 0, were studied. To
achieve more precise results, the working and reference samples were anodized, post treat-
ed and annealed together. Again, the optical band-gap, E,, for as-grown and annealed ar-
rays was calculated using a well-known Tauc’s relation:

a(hv) = A(hv—Eg)”/z, (2)

where a is the absorption coefficient, A is a constant, hv is the photon energy, E, is the band gap,
and n depends on the nature of transition, being equal to 1 or 3 for direct-allowed or direct-for-
bidden and 4 or 6 for indirect-allowed or indirect-forbidden transitions, respectively. The ab-
sorption coefficient was calculated from the transmittance spectra using a simple relation:

a= —InT /[y, 3)
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The average height of bismuth selenide nws, hy;s., was determined from the FESEM observa-
tions of cross-sectioned templates after the optical measurements. By this way, the predomi-
nant direct band-to-band transition across the gap of different wavelengths was verified for
all bismuth selenide nw arrays fabricated in this study. Typical plots of a*versus the corre-
sponding values of photon energy, hv, for Bi,Se, nws deposited inside the alumina pores
with different &
light absorption region from NIR to UV. In case of alumina templates with average .. of

pore

pore are given in Fig. 17. As seen, variation of a vs. hv demonstrates a wide
100 nm (curve 4) extrapolating the straight line part of the curve a’vs. hv to the energy-axis,
the value of E, 4, equal to 0.4 eV was obtained for as-formed Bi,Sesnw arrays that is close to
E,= 0.35 eV of bulk bismuth selenide. Note that with decrease in the diameter of Bi,Sesnws,

the absorption of higher energy light increases. In case of @, = 25 nm, the shape of a?vs. hv

plot implied two absorption edges, perhaps due to the zleposition within such alumina
pores of species composed of a Bi,Se; and Bi;Se, mixture, as it has been shown above by
XRD investigations. For Bi;Se,nanoscaled products encased within the alumina template
pores with .. 10 and 13 nm, the a’vs. hv plots demonstrate similar shapes (see curves 1
and 2). However, we found that the straight parts both in a vs. hv and a?vs. hv plots are not
clear and thus numerous tangents can be extrapolated to the energy-axis from these plots
indicating, for example, that E, value for 13 nm nws could be between 0.9 and 1.7 eV, while
for 10 nm nws E, approximated to from ~2.2 to 2.7 eV. Consequently, the effective band gaps
of these arrays cannot be precisely distinguished from the absorption spectra. Notice that
these results are in line with the results presented in the recent publication (Sun et al. 2008)
where the same problem raised analyzing the absorption spectra of CdTe quantum wires.
Nevertheless, an obvious blue shift of a*vs. hv plot is observed for 10 nm nanowired prod-
ucts, e.g. when the diameter of alumina template pores approach to the Bohr radius of bis-
muth selenides (see Inset in Fig. 17).
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Figure 17. Variations of absorption coefficient, a?, with photon energy, hv, for bismuth selenide nw arrays fabricated
by AC deposition from the solution as in Fig. 15 atj,.0.3 A dm= for 3 min (hgs. 0.75 = 1.0 um) within the alumina tem-
plate pores differing in pore diameter: (1) 10; (2) 13; (3) 25; (4)100 nm.
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Figure 18. High resolution FESEM (A,B) and TEM (C) views of the Bi,Se; product encased inside the alumina template
pores by AC deposition as in Fig. 15 atj,. 0.3 A dm= for 3.0 (A) and 30 min (B,C) before (A) and after template dissolu-
tion (B,Q). @ = 50nm. In the Inset high magnification (250,000x) Bi,Se;Nw FESEM fragments acquired at 1 kV using a
concentric BackScatter detector are shown.

To understand absorption variables of bismuth selenide arrays fabricated herein, we further
studied the morphology of products, deposited within the alumina templates with . 50
nm and 13 nm using modern high-resolution FESEM and TEM techniques. Shown in Figure
18 are the high resolution panoramic (A) and top-side (B) FESEM images of alumina films
encased with Bi,Se; species before (A) and following the template etching with a drop of 0.5
mol/LNaOH, while (C) depicts the TEM image of the same product disengaged from the
template through the template dissolution and collection of the remained species by centri-
fugation and several washings. As seen from images B and C, Bi,Se; deposited within the 50
nm pores has a granular shape. This granular structure can be also visualized from the high
magnification FESEM observation of nanowired product (see Inset). Through the TEM ob-
servation the size of granules varied within the 17 to 40 nm range implying that 50 nm nws
of Bi,Se; are composed of weakly connected nanocrystals. A similar morphology was also
observed for disengaged species of bismuth selenides deposited within 25-28 nm pores. In
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the case of tiny pores, however, the structure of the deposited material after dissolution of
alumina matrix was found to differ significantly from the 50 nm products in that it consists
of short and tinny nw fragments in length of from 0.2 to 1.0 um (see Fig. 19) even after the
template etching and liberation from the matrix procedures. It is some confusing knowing
that in the case of J,,,.= 13 nm the deposited material is not a phase pure material but ac-

cording to XRD results consists of a Bi;Se, and Bi,Se; mixture.

5.2. Discussion

Bi,Se; is reported as a direct band gap semiconductor material. Of special note is that the
band gap (E,) values of the Bi,Se; crystals determined from the optical measurements by dif-
ferent scientists disagree strongly both for bulk materials and nanomaterials. For example,
for bulk Bi,Se, Novoselova(1978) reported E, = 0.35 eV, while Lide(1991) only E, = 0.16 eV. In
the case of Bi,Se; films fabricated by electroless deposition, the presence of two edges corre-
sponding to E, = 0.354 eV and E, = 1.03 eV has been reported by Bhattacharya and Prama-
nik(1980). Moreover, for thin Bi,Se; films the band gaps as high as 2.3 eV has been reported
by Pejova and Grozdanov (2002) linking such high values with a nanocrystalline film na-
ture. The great E, variations have been also reported for nm-scaled Bi,Se; including 1.59
eV(Jiang et al. 2006) and 2.25 eV(Ota et al. 2006). Noteworthy that the reported variations in
the band gap values of bismuth selenide thickfilms and nanomaterials frequently are ascri-
bed more to the morphology and purity of this semiconductor than to the size quantization
effects. Consequently our findings of high E, of bismuth selenide species deposited within
alumina pores under conditions of this study cannot be considered as surprising.

Figure 19. A top-side FESEM view of alumina surface chemically etched by a drop of 0.5 mol/LNaOH for a case when
alumina template with average @,..= 13 nm is encased with bismuth selenide nws by AC deposition as in Fig. 15. In
the Inset, 13 nm in diameter a product fragment acquired at 1 kV using a concentric BackScatter detector is shown.
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5.3. Concluding remarks

We initiated this study to show for the first time that the composition and morphology of
bismuth selenide deposited within the alumina template pores by means of alternating cur-
rent deposition depend on the diameter of pores. Under the same electrolysis conditions nw
arrays from Se-rich (Bi,Se;), Bi-rich (Bi;Se,) or both phases can be successfully fabricated if
the templates with average J,,.> 50 nm, J,,,= 28 nm, and &,,.< 13 nm, respectively, are
used. Also, the optical properties of bismuth selenide nws differing in size and phase com-
position, differ significantly. The band-edge absorption at 0.4 eV, characteristic to bulk E, of
Bi,Se; was clearly evidenced only for bismuth selenides deposited within the alumina pores
approximated to 100 nm. With decrease in &J,,, and diameter of bismuth selenide nws the
blue shift of absorption edge is obvious although in the case of very tiny pores, when @,
approaches the Bohr radius, the determination of effective band gaps for deposited BiSe,
nw arrays was found to be somewhat problematic using only the experimental transmission
spectra perhaps due to at least dual composition of nws.
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