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The influence of effective deposition potential on the orientation and diameter, ofSBj alloy nanowire

arrays by pulsed electrodeposition technique was reported. X-ray diffraction, field-emission scanning electron
microscopy, and transmission electron microscopy analysis show that the orientation of §B&Bianowires

can be turned from the [110] to the [202] direction by increasing the effective deposition potential, and the
nanowires fully fill in the pores of the AAM in the lower potential region, while in the higher potential
region the nanowires partly fill the pores of the AAM. The origin of those phenomena and the growth
mechanism of the nanowire are discussed together with composition analysis.

Introduction eters are easier to adjust when used to grow single metals with
a preferential orientation and single crystalline structure, such
as ShiLNi, 17 Bi,1920Au,2! and Co?2 While the growth of binary
or ternary alloy is different from that of single metal, the
diameter, composition, and orientation of alloy nanowires
changes substantially, and depends strongly on the deposition
parameters, such as the pulsed voltage, the pulsed time and the
pore size of the AAM. Different results have been reported about
"the controlling factor of the diameter of the Bsb alloy
nanowire. Martin and co-workers found that the diameters of
Bi1—xShs and Bb—xShTes nanowires are smaller than the pore
Thus, Bi,Sh, nanowires constitute a unique 1D system in diameters of AAM and attributed it to the presence of Sb in the

hich the band struct d oth lated i b nanowires23 and concluded that it is possible to grow wires
\tN.llc q t? an bs" ructure a? 0 erf_reae tpr?fpe: 'es_t%agb €with diameters that are smaller than the pore diameter by
arlored by combining quantum continement ettects with changing the growth potenti&lWhile in our previous study
alloying effects® Calculations of the thermoelectric properties

f the Bi_,Sh. all A em h d that with we found that the diameters of BiSh; nanowires can be
OT IN€ Bh x>k alloy hanowire systém have proved that wi controllably modulated by the pulsed parametérsased on
the variation ofx and/or the diameter of nanowires, a relatively

higher value of figure of merit (ZT) could be obtained in these results, it is considered that the diameter depends not only

; . . . : ) on the electrodeposition potential, but also on the pulse
Bi1—xSh nanowires with a relatively larger nanowire diameter parameters as well.
compared with Bi nanowires, particularly for p-type nanov_v?res. As we know, the effective deposition potential is a very
The_ZT value depends not only on th_e composition and d'a_meterimportant factor in the pulsed electrodeposition technique and
of Bi;—xShy alloy nanowire, but the orientation of the nanowires. can be expressed as
The fabrication of Bi—4Shy alloy nanowires with controllable
com.posmon, diameters, and orientations is thus very significant. Uy = Ty (Tyn + Ty)U 1)
Different methods have been used to fabricate_ by
nanowire arrays, such as pressure injecting the molten &ffoys
and direct current electrochemical deposition from toxic non-
aqueous solutions of dimethyl sulfoxide into anodic alumina
membranes (AAMs§:° The pulsed electrochemical deposition
of Bi;—xSh nanowires into AAMs from nontoxic aqueous
solution has been demonstrated in our previous stfidy.
Recent results show that the pulsed electrodeposition tech-

nique is a most efficient method for the growth of uniform and o5t the influence of the effective deposition potential on the

i ires i 20 \whi ! : ) . '
continuous nanowires in the AAM, 2% which allows better ientation and diameter of Bi,Shy alloy nanowire arrays by
control over the deposition parameters, such as deposition ratg,o pulsed electrodeposition technique.

and ion concentration at the deposition interface compared with
the direct and alternating current deposition. The pulse param-gxperimental Section

Thermoelectric materials can directly convert heat to electric-
ity and can be run in reverse as quiet refrigeration uhits.
Theoretical study has indicated that one-dimensional (1D)
nanomaterials will have more favorable thermoelectric properties
than the two-dimensional thin film or quantum well systems,
due to further increases in the density of stdtasd the study
of thermoelectric structures based on nanowires has bee
extensively increased.

Bi1—xShy alloys form substitutional solid solutions, and their
band structure changes gradually from Bi to Sk axreases:*

where T,y is the pulsed timeTos the delayed timeU pulsed
voltage, andT,/(Ton + Toff) the duty time. One can see that
the effective deposition potential will change by varying any
parameters in this equation. Nevertheless, the study on the
influence of the effective deposition potential on the orientation
and diameter of alloy nanowires is still rare.

As an extension of our previous stutfyin this paper, we
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Figure 1. XRD patterns of the BiSh; alloy nanowires deposited at S LA A AL A A SASE ACA A
potentials of (a) 0.17, (b) 0.185, and (c) 0.19 V. — S B FEVAFEIET ) ¥
i-u SUARS[YCAT
AAM was etched by saturated SnClolution to remove the S8 AR AL A AGA A
remaining aluminum. The alumina barrier layer was then [; o - o _'k' LA LA R k'\."*"'
dissolved h a 5 wt % HPQ, solution at 36°C for 40 min. The T a3 seEia AN A A AR
pore size of the AAM is about 60 nm. Finally, a layer of AU Figyre 2. SEM images of Bi,Sh, alloy nanowire arrays with different
film (about 200 nm in thickness) was sputtered on one side of diameters deposited at potentials of (a and b) 0.18 (nanowire diam-
the AAM to serve as the cathode in a two-electrode plating eter: 60 nm) and (c and d) 0.25 V (nanowire diameter: 28 nm). The
cell, and a graphite plate was used as the counter electrodeinsets are the corresponding TEM image of a single nanowire.
The electrolyte for the deposition of BiSh, nanowires contains
a mixture of 0.05 M/L BIiC}, 0.02 M/L SbC4, 50 g/L tartaric
acid, 100 g/L glycerol, 70 g/L NaCl, and 1.0 M/L HCI. The pH
value of the electrolyte was exactly adjusted to 1.0 by adding
appropriate amounts of 5 mol/L aqueous ammonia after 1 day'g
stability process.
The pulsed electrodeposition was carried out under modulate(
voltage control from—0.68 to—1.40V with a constant pulsed
time Ty, of 12.5 ms and delayed tim&y of 37.5 ms (duty : Ay TR TENES
cycle is 25%). From eq 1, one can see the effective deposition Figure 3. HRTEM image and corresponding SAED pattern of a
potential is from—0.17 to —0.35 V (potential was used and single Bi—Sh alloy nanowire deposited at potentials of (a) 0.18 and
the minus before the potential value is omitted hereafter for (b) 0.25 V.
simplicity). The deposition temperature is maintained at@s8
Power X-ray diffraction (XRD, Philips PW 1700x with Cu
Ko radiation), field-emission scanning electron microscopy (F
SEM, JEOL JSM-6700F), and transmission electron microscopy
(TEM, H-800) were used to study crystalline structures and
morphologies of nanowire arrays. The chemical composition
of the nanowires was determined by energy dispersive spec-
trometry (EDS). For XRD measurements, the overfilled nanow-
ires on the surface of the AAM were mechanically polished
away. For SEM imaging, the AAM was partly dissolved with
0.5 M NaOH solution and then carefully rinsed with deionized
water several times. For TEM observations, the AAM was
completely dissolved whit 1 M NaOH solution and then rinsed
with absolute ethanol.

all. da al

in curve 2 in Figure 1 deposited at a potential of 0.185 V, two
g. Orientations have been obtained. As the potential further
increased to 0.19 V the orientation of the nanowire changes to
the [202] direction, and no changes were found with further
increasing potential even to 0.35 V, as shown in curve 3 in
Figure 1. These results clearly indicate that the orientation of
the Bh—xSh, nanowire strongly depends on the deposition
potential, and when the potential is lower than 0.18 V, the
nanowires preferentially grow along the [110] direction and
when higher than 0.19 V along the [202] direction, and between
0.18 and 0.19 V there is a transition region of the orientation
from the [110] to the [202] direction.

Figure 2 shows the SEM images of the; BBk alloy
nanowire arrays with different diameters deposited at different
potentials (the corresponding inset is the TEM image of a single
nanowire). When deposited at a potential of 0.18 V, the diameter

Figure 1 shows typical XRD patterns of the;BiSh, alloy of the nanowires is about 60 nm, which is equal to the pore
nanowires deposited at different potentials. It can be seen thatsize of the AAM, see Figure 2a. The fully filling of the
all peaks can be indexed to the Rhombohedral space ¢r@mp nanowires in the pores of AAM can be seen in Figure 2b (after
(to which Bi, Sb, and B+Sb alloys belong). The@values of mechanically polishing away several micrometers of the top
these peaks are between the positions expected for a pure Bsurface of the AAM filled with the nanowires by using alumina
and Sb, indicating the formation of a solid solution. The sharp powders). When deposited at a potential of 0.25 V, the diameter
and narrow peaks indicate that the nanowires have a highof the alloy nanowires is about 28 nm, see Figure 2c. The partial
preferential orientation. We found that the potential strongly filling of the nanowires in each pore of the AAM can be clearly
affects the orientation of Bi Sk nanowires. When deposited seen in Figure 2d, which further proved that the nanowire
at a potential of 0.17 V, a single strong peak situatedfat=2 diameter is smaller than the pore size of the AAM used. It is
40.4 was found, as shown in curve 1 in Figure 1, which shows worth noting that a high filling rate of the nanowires was
a highly preferential orientation along the [110] direction. The obtained for all the potentials used.
same results are obtained at deposition potentials of 0.175 and Figure 3 shows typical HRTEM images and corresponding
0.18 V except for a slight shift of the [110] peak. As the potential SAED patterns of the Bi,Shy alloy nanowires with different
increases, the orientation of the nanowires changes, as showriameters at different potentials. The lattice fringes of (003)

Results and Discussion
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TABLE 1: Potential, Composition of Sb in Bi;—xShy Alloy talline process depends on the potential, and consequently
Nanowires, and Nanowire Diameter resulted in the change of the orientation of, RSh, alloy
potential, V 0.17 0.175 0.18 0.19 0.225 0.25 0.26 0.35 nhanowires from [110] to [202] when the potential changes from

composition of Sb, % 26.7 33.0 30.6 245 25.7 23.6 30.0 17.5 the lower to the higher region. In the lower potential region,
nanowire diameter,nm 60 60 60 22 38 28 37 27 the nanowires fully fill in the pores of the AAM, and in the

higher potential region the diameters of nanowires are smaller
and (110) planes with the interplanar distance of about 0.395 than the pore size of the AAM. FESEM and TEM observations
and 0.228 nm can be clearly seen in Figure 3a, and theindicate that the nanowire diameters of BSh, alloy nanowires
corresponding SAED further confirmed that the alloy nanowires deposited in the intermediate potential region have the same
are single crystals and grow along the [110] direction. The clear feature as those in the higher potential region. The confinement
fringes in Figure 3b correspond to the @)lplane with the of the nanopore structure in the AAM facilitates the formation
interplanar distance of 0.316 nm, and the angle of abo@it 54 of columnar grains and single-crystalline nanowires in the
between [12] and the nanowire axis suggests that the nanowire nanopore®? It was found that the growth rate of the nanowires
is along the [202] direction, which are in good agreement with is low at the lower potential region, and thus the reduced ions
XRD results. have enough time to transversely diffuse and fully fill the pores,

The Bi—xShc nanowires are deposited on an amorphous Au implying that theT,, used in this study can fully satisfy the

film that sputtered on the back of the AAM as electrode, which deposition of Bj_,Sh; in the pores of the AAM and is large
is inert with respect to the growth of the nanowires and has no enough for the recovery of the ions concentration on the front
effect on the nanowire growtH.In the initial growth stage of  of the grown nanowires. In the higher potential region, the
Bi1—xShy, the nuclei is random and a newly coalesced compact growth rate of the nanowires is relatively high, the reduced ions
deposit has a perfectly random orientatimew grains will do not have enough time to transversely diffuse, and further-
grow if the size of an initial cluster exceeds the critical more, the delayed tim&y is not large enough to recover the
dimensionN..?° The larger theNc is, the more favorable it is  jons consumption on the front of the grown nanowires until a
for a crystal to grow from a previously nucleated seed grain  new equilibrium between the reduction and recovery of ions

was established, and thus nanowires with a smaller diameter

8BV, 0" were formed.
N = 27(ze|77|)3 @) From Table 1, one also can see that there is the following
tendency: the higher the Sb content, the larger the diameter of

whereVy, o, z, 7, andB are the volume occupied by one atom _Bilfxst;_( nanowires in the higher potential region. This result
on the surface of the nucleus, the surface energy, the effectivelS considered due to the competitive relationship between the
electron number, the deposition potential, and a constant, Uncomplexed Bi* and SB* ions, and their chloride complexes
respectively?® Low-surface-energy grains will grow faster than ions at different potentials, resulting in a different Sb content
high-energy graind3! and the rapid growth of low-energy deposited at different potentials. The exact value of the standard
surface at the expense of the high-energy surface results in arpotentials of the uncomplexed Biand SB* ions ¢y;.,, and
increase in grain size, favoring the formation of columnar that of their chloride complexegc, s, Where M= Bi or
grain?8 That is, only the plane whose direction is parallel to Sb, can be found in our previous stutywhich showed that
the alumina pores can grow up, and it certainly should satisfy the standard potentials for different chloride complexes of both
the energy minimized principal under the outer conditions. elements are very close, indicating that bismuth and antimony
After the initial nucleation and enlargement of the nucleus, will co-deposit as an alloy. Nevertheless, because there are many
the growth changes to a 2D-like model. The critical dimension different chloride complexes, the sensitivity of each chloride

N for a 2D-like nucleus can be expressed as complexe on the potential is different, and thus the total co-
deposition rates of Bi and Sb are different, resulting in a different
N, = bSEZ/(ZQﬂ)Z (3) diameter at different deposition potentials.

From the above discussion one can see that the potential also
wheres, €, Z, 57, andb are the area occupied by one atom on determines the diameter of the alloy nanowires. To further prove
the surface of the nucleus, the edge energy, the effective electrorthis conclusion, we keep the potential at a constant 0.25 V and
number, the overpotential, and a constant, respectie8o change other parameters: (1) decrease the pore size of the AAM
based on the 2D growth mechanism, the cations move to theto 45 nm, (2) increasekn to 25 ms, and (3) decrea3g, to 5
surface of the plane that the 3D nuclei mechanism has ms. In the later two cases the duty cycle is still 25%. The results
constructed, are deoxidized, are adhered, and then diffuse. Theshow that the diameter of the nanowires has almost the same
texture of thicker Bi—Shy deposits is a result of competitive  value as that shown in Table 1. So, the diameter of the nanowire
growth between adjacent grains occurring in a stage of growth depends on the potential rather than the pore size of the AAM.
after the coalescence staf§eSo in this process, the nanowires But when we maintained the pulsed voltage at 1.0 V, the pore
will keep their original growth direction because of the two- size of the AAM at 60 nm, and the pulsed tirfig, at 12.5ms,
dimensional nucleation layer-by-layer growth méée** From and changed the delayed tirfigs to either 12.5 or 87.5 ms,
the above discussion, it can be concluded that the growth ofi.e., the potential was changed to 0.5 and 0.125 V, respectively.
the Bi—xShy alloy nanowires follows the 3D to 2D model. The results showed that no nanowires were formed at a potential

Table 1 shows the composition and diameter of the,Bib, of 0.5 V because the delayed time is too short to recover the
alloy nanowires deposited at different potentials in the AAM ions concentration on front of the growth nanowires despite very
with the pore size of 60 nm. On the basis of our previous XRD high potential. But wherTy+ was increased to 87.5 ms, the
results and this table, we can divide the potential into three nanowires have a preferential orientation along the [110]
regions, i.e., the lower potential regiog@.18 V), the inter- direction because of a very low potential of 0.125 V, as shown
mediate potential region (0.18 ¥ U < 0.19 V), and the higher  in Figure 4. The TEM observation also confirmed that the
potential region £0.19 V). It is obvious that the electrocrys- diameter of the nanowire is 60 nm, and it has the same value
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Figure 4. XRD pattern of the Bi_,Sh alloy nanowire arrays deposited
at a potential of 0.125 V witf,, of 12.5 ms andly of 87.5 ms. The
inset is the corresponding TEM image.

as the pore size of the AAM used, as shown in the inset in
Figure 4. Our result indicates that the orientation and diameter 79, 81.

of Bi1—xSh alloy nanowires depend on the effective deposition

potential, and the proper selection of the pulse parameters is

also an important factor in determining the growth of the
nanowire. The reduction and recovery rate of uncomplexét Bi
and SB* ions and their chloride complexe ions and the

competitive deposition rate of Bi and Sb determined by the
effective deposition potential are considered responsible for the
transition of nanowire orientation and the change of nanowire L-

diameter.

Our results demonstrate that the orientation and diameter of

the Bh_,Sh, alloy nanowires with proper composition are

controllable through proper selection of the effective deposition L. D.

J. Phys. Chem. B, Vol. 110, No. 43, 20081575

parameters, the orientation and diameter of the Bt alloy
nanowires can be controllably grown into the AAM, which will
favor the fabrication of Bi-xSh-based superlattice nanowires.
Further work is underway.
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