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Abstract

Fabrication of different nanostructures based on template-assisted methods has become conventional, due to their numerous
potential applications. In this paper, Fe nanowire arrays (NWAs) were fabricated using a pulsed electrodeposition in porous
anodic alumina (PAA) templates. The effect of alumina barrier layer conditions such as barrier layer temperature (BLT) and
Cu pre-plating at the dendritic sections of pores on the electrodeposition efficiency (EE) and magnetic properties of Fe NWAs
in two pH regimes (2.6 and 4.0) has been investigated. At pH 4.0, BLT was changed from ~4 to ~32 °C, leading to an EE
of approximately 60% for BLT ~24 °C. Moreover, to overcome the problem of low EE ~2% at the pH of 2.6, Cu pre-plating
was performed with deposition current densities of 25 and 35 mA/cm?. This procedure increased the EE up to about 40%,
providing a promising approach to enhance the EE in the fabrication of Fe NWAs. Furthermore, a nearly constant trend of

magnetic properties was observed for highly crystalline Fe NWs.

Abbreviations

NWAs Nanowire arrays

PAA Porous anodic alumina
BLT Barrier layer temperature

EE Electrodeposition efficiency

M, Saturation magnetic moment

1 Introduction

Recently, nanotechnology has become an increasingly active
area of research for scientists because of its tremendous eco-
nomic potential. Among different kinds of nanostructures,
magnetic nanostructured materials have attracted consider-
able attention due to their applications in high-density stor-
age devices, field emission displays, and also biological,
chemical and magnetic sensors [1-4]. Numerous effective
methods have been devised to fabricate magnetic nanostruc-
tures (composed of elements and compounds Fe, Co, Ni,
CoFe, NiFe, etc.) such as electron beam lithography [5-8],
X-ray lithography [9], interference lithography [10, 11],
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nanoimprint lithography [12], sputtering [13], and chemi-
cal vapor deposition [14]. One of the most convenient and
cost-effective methods within the mentioned approaches is
the template-based technique which is widely used to pro-
duce highly ordered magnetic nanowires (NWs) [15, 16].

Porous anodic alumina (PAA) has been raised as a tech-
nically feasible template, because its fabrication process is
not complex and does not need expensive technology [16,
17]. Fabrication of PAA which is performed during a pro-
cess called aluminum anodization leads to a relatively thick
alumina layer between aluminum substrate and the bottom
of nanopores. This dielectric layer named “barrier layer”
(BL) limits the reduction of cations in the electrochemical
solution to form magnetic NWs [18-20]. To overcome this
challenge, various electrodeposition approaches have been
reported including direct current (DC), alternating current
(AC), and pulsed electrodeposition (PED). DC electrodepo-
sition is a complicated and time-consuming process due to
the insulating nature of BL and its high electrical resistivity.
In AC and PED deposition methods which are simple and
industrially scalable, BL is not entirely removed and elec-
trodeposition is performed in the presence of BL. A process
called “barrier layer thinning” is used after anodization to
reduce the high electrical resistivity of BL [16]. Thus, pre-
cise controlling of the BL plays a major role in electrodepo-
sition of different materials into the pores and fabricating
magnetic NWs.
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For this reason, many studies have been performed to
accurately manipulate the BL for optimizing electrodeposi-
tion efficiency (EE) and magnetic properties of NWs. The
effect of BL thickness (J,) on the fabrication of Ni NW
arrays (NWAs) has been reported elsewhere [31]. It was
demonstrated that the best %EE and NW homogeneity are
obtained for 6, ~ 10 nm and slight deviations from this value
lead to abrupt decrease in efficiency of electrodeposition
[21]. In addition, it has been showed that the optimum value
of BL thickness for the fabrication of Fe NWs is between 8§
and 10 nm [22]. Besides BL thickness, the other effective
parameter is BL’s branched-shape structure which influences
the growth of NWs. It was showed that, during BL thinning,
branched-shape (tree-like) porous structures are created at
the end side of each pore, contributing to the electrodepo-
sition process [16, 23]. Therefore, it has been evidenced
that filling the BL’s dendritic structure with Cu (called
pre-plating process) before the growth of Co NWAs has a
substantial effect on the corresponding magnetic properties
[24]. In addition to BL study, the effect of other parameters
such as current density, deposition temperature, voltage,
pH value, electrolyte concentration, pulse shape, and pulse
relaxation time on the growth of NWs has also been investi-
gated [25-34]. Specifically, for the deposition of Fe NWAs,
the effects of the mentioned factors have been optimized,
according to the literature [22, 35, 36].

In this paper, we introduce a fabrication parameter named
“barrier layer temperature” (BLT) which highly affects the
BL conditions of PAA template. We report the effect of this
parameter and also Cu pre-plating at the dendritic sections
of pores on the EE and magnetic properties of Fe NWAs.
In two pH regimes, an experimental setup was applied to
change BLT ranging between ~4 and 32 °C.

2 Experimental details

Before performing a two-step anodizing process (mild
anodization) for fabrication of PAA template, ultra-pure
(99.999% purity) aluminum disc purchased from Alfa Aesar
with a working area of 0.78 cm® was degreased and rinsed in
acetone, ethanol, and distilled water and then electropolished
with the mixture of perchloric acid and ethanol (volume ratio
1:4). All the chemicals were analytical grade and used as
received without further purification. The electropolishing
process was performed with the aforementioned solution at
10 °C under the voltage of 20 V during 180 s [37, 38]. Next,
mild anodization was accomplished using 0.3 M oxalic acid
and a constant voltage of 40 V at 17 °C with an accuracy of
+0.1 °C, so that the duration of the first and second steps
was 5 and 4 h, respectively [30].

During the anodization process, the oxide BL is formed
and separates parallel hexagonal-close-packed nanopores
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(perpendicular to the Al surface) from aluminum metal.
The porous structure evolution results from the dynamic
equilibrium between the film growth at the aluminum-alu-
mina interface and the field-assisted oxide dissolution at
the oxide—electrolyte interface. Both AI’** and 0%~ are
passed through the BL under the driving force of the elec-
tric field [39]. To make BL suitable for PED, it must be
thinned, because BL is a rather thick and dielectric layer
(thus allowing quantum electron tunneling to occur lead-
ing to a current flow through the alumina). Therefore, the
mild anodization is followed by BL thinning in which ano-
dization voltage V, is exponentially decreased from 40 to
10 V based on the equation Vi;,uin, (1) =V, exp (=n1),
where Viinning 15 the thinning voltage and # is the param-
eter by which the rate of exponentially decreasing voltage
is controlled (7=0.001 s~ . It has been showed that BL
thickness is dependent on V, [24, 40].

After preparing PAA template with thinned BL, the elec-
trodeposition method was applied to fill the nanopores. In
this study, two sets of samples have been fabricated. In the
first set, the branched-shape structure at the pore bottom
of each sample has been filled by Cu (pre-plating process)
before electrodeposition of Fe NWAs. The electrolyte for Cu
pre-plating and Fe electrodepositing into PAA was the mix-
ture of 45 g/l boric acid (H;BO;) and 0.3 M CuSO,.5H,0
and FeSO,.7H,O0, respectively. Acidity (pH) value of Fe
electrolyte solution was adjusted to 2.6 and 4.0 [41, 42]. In
other words, the electrodeposition of Fe NWs was performed
in two acidity regimes, while the acidity of electrolyte for
Cu deposition was constant to 3.5. The temperature of the
electrodeposition solution was 30 °C and remained constant
during the process, whereas the barrier layer temperature of
each sample was mainly set into three different temperatures:
8, 16, and 24 °C.

An experimental setup was designed and built to control
both BLT and electrolyte temperature at the same time. Fig-
ure 1 displays the operation of this system schematically.
The BL cooling mechanism is based on the high conductiv-
ity of aluminum which is about 205 W/(m K) at room tem-
perature. Therefore, cooling of aluminum by a temperature
controller leads to the cooling of Al/BL interface, as well.
In fact, the cooling process occurred using circulating water
as described in [43]. Briefly, water was first cooled to the
different temperatures. Then, it was sprinkled onto the back
side of the Al samples where Al substrate interfaces with the
BL [43]. On the other hand, while the electrochemical cell
was continuously stirred, its temperature was set to ~30 °C
using circulating heating water.

In the second set, the pores in PAA were filled with just
Fe (i.e., without Cu pre-plating) using the same Fe electro-
lyte conditions as mentioned above. It is obvious that, in this
case, the branched-shape structures at the bottom of pores
are also filled with Fe atoms. Figure 2 shows the fabrication
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Fig.1 Schematic of setup for controlling of BLT used in this study

Fig.2 Schematic diagram of PAA fabrication and electrodeposition
of Fe NWs with/without Cu pre-plating: a first anodization in which
the fabricated pores are disordered, b removal of oxide layer, ¢ sec-
ond anodization leading to highly ordered pores, d BL thinning pro-
cess and creating branched-shape (tree-like) structures. Fabricating
Fe NWs: e with Cu pre-plating and f without Cu pre-plating

of PAA with mild anodization (the two-step method) and
electrodeposition of Fe NWs with/without Cu pre-plating.
Electrodeposition of Cu and Fe into the PAA was imple-
mented by PED process. A sequence of pulses was applied
using a precise modulated signal generator. Each pulse with
the sine waveform had negative and positive polarities. The

negative part is responsible for depositing metal inside the
PAA pores (the reduction pulse). The positive pulse (the oxi-
dation pulse) discharges the capacitance of the BL and inter-
rupts the electric field at the deposition interface after each
deposition pulse. It has been further reported that this pulse
repairs discontinuities in the BL and improves its homoge-
neity [19]. Time duration between two pulses is called off-
time (i.e., relaxation time) and was set to be 48 (ms) with
I=0mA and V=0 V. This slight time delay is helpful for
repositioning Fe atoms and better crystallization, because
a homogenous concentration along each nanopore before
a new reduction pulse (the deposition pulse) is guaranteed.
The current density for electrodeposition of Cu was chosen
to be 25 or 35 mA/cm?, while that of Fe electrodeposition
was 25 mA/cm? [44]. In addition, the deposition charge was
set to 2 °C for all NW samples.

The morphological properties of the PAA templates and
Fe NWs were investigated by an atomic force microscope
(AFM; NT-MDT) and a field-emission scanning electron
microscope (FESEM; MIRA2 TESCAN). Fe NWs with/
without Cu pre-plating in different BLTs were magnetically
analyzed using a vibrating sample magnetometer (VSM;
MDKSB, Iran) at room temperature with a magnetic field
applied parallel to the NWs’ axis. To remove the remaining
aluminum from NW samples, a saturated solution of copper
sulfate and hydrochloric acid (CuCl,) was initially diluted
with distilled water (1:5 in volume) in a petri dish. Then, the
Al substrate of NW samples was progressively dissolved in
the solution during 1 h. Afterwards, X-ray diffraction (XRD)
patterns were obtained by a Philips X-ray diffractometer
using Ni-filtered Cu K, radiation with A=0.154 nm.

3 Results and discussion
3.1 Morphological properties

Figure 3a shows a cross-sectional FESEM image of the PAA
template with parallel nanopores. The inset shows a top-
view atomic force microscope (AFM) image of the highly
ordered nanopores with a diameter of approximately 35 nm
after the second anodization. Moreover, the cross-sectional
FESEM image of fabricated Fe NWs embedded in the PAA
is shown in Fig. 3b. The diameter of each Fe NW is found to
be about 35 nm and the length of NWs exceeds 2 um.

Figure 4a shows voltage—time and current—time curves
of the thinning process. This shows that the total process of
BL thinning lasts about 1600 s. Consequently, with expo-
nentially reducing voltage from 40 to 10 V [45], the passed
current throughout the sample decreases from 4 to 0.5 mA.
Figure 4b shows two sequential pulses with oxidation and
reduction voltages and also off-time used in this study for
depositing the metals inside PAA pores.
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Fig.3 a Cross-sectional FESEM image of the PAA template with a pore diameter of approximately 35 nm. The inset image shows a top-view
AFM image of the highly ordered nanopores. b Cross-sectional FESEM view of Cu pre-plated Fe NWs embedded in PAA template
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Fig.4 a Voltage—time and current—time curves during the thinning process. The voltage is decreased exponentially from 40 to 10 V. b Applied
sine waveform voltage versus time with off-time of 48 ms and reduction/oxidation voltage of 11/10 V in the electrodeposition process

3.2 Effect of pH at different BLTs on magnetic
properties

The magnetic properties of Fe NWs fabricated in two pH
regimes using BLTs of ~8, 16, and 24 °C were measured
by VSM at room temperature. The corresponding hysteresis
loops for Fe NWs without pre-plating at pH 2.6 and 4.0
using BLT ~24 °C are shown in Fig. 5. As can be seen, pH
has a significant impact on the saturation magnetic moment
value (M; in terms of emu [46]). Our results show that the

@ Springer

maximum M, enhancement in the three different BLTs is
obtained for the sample fabricated using BLT ~24 °C at pH
4.0, so that the increase is up to approximately 20 times
compared to that of pH 2.6 (Fig. 5).

For a better understanding, a previously established
approach was used to evaluate EE, providing insights from
magnetic properties of NWAs. In fact, EE can be obtained
through the ratio of actual amount of deposited magnetic
material into the PAA (m,) to that of expected amount (7,
[31]. In this study, m, was obtained based on magnetometry.
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Fig.5 Hysteresis loops of Fe NWs without Cu pre-plating fabricated
in the electrolyte with pH values of 2.6 and 4.0 using BLT ~24 °C

In other words, by comparing M, (in terms of emu) with the
saturation magnetization of Fe NWs (~ 180 emu/g [47]), m

(g) is found to be: m,(g) = %.

a

On the other hand, since the deposited charge was con-
stant to 2C for all samples, m, is found to be approximately
1.04x 10° mol or 5.808 x 10™* g for Fe NW samples. As
mentioned before, the exposed deposition area was kept
constant, thereby making a reasonable comparison. In
Table 1, EE% and magnetic properties (including coerciv-
ity H_ and remanence ratio M /M,) are represented for the Fe
NW samples without Cu pre-plating. As seen, m, increases
with increasing pH while also enhancing EE%. It is well
known that, for higher pH values, the hydrogen concentra-
tion becomes smaller. In turn, this may cause the deposition
possibility of Fe ions in competition with hydrogen ions to
be increased, thus improving the growth rate of NWs [44].

From magnetic properties’ point of view, the resulting
35 nm-diameter-electrodeposited Fe NWAs with a few
microns in length in this study have considerably higher H,
(ranging between 1600 and 1800 Oe) and M /M, (~0.8—0.9)
than those of obtained in the recent reports [47-49]. For
example, using a DC electrodeposition method followed by

Table 1 Fabrication and magnetic parameters for Fe NW samples
without Cu pre-plating in two pH regimes

BLT(°C) pH  m,(ug)  EE% H.(Oe)  MJM,
~8 4 326 56.21 1640 0.792
26 731 12.58 1590 0.915
~16 4 323 5562 1590 0.803
26 574 9.87 1530 0.857
~24 4 349 60.09 1610 0.821
26 157 27 1820 0.826

an annealing process, Fe NWs with maximum H_ and M /M
of 576 Oe and 0.18 were fabricated into the PAA template
[48]. By a combination of electrospinning and sol-gel pro-
cesses, Han et al. [49] synthesized Fe NWs with diameters
between 30 and 40 nm, thereby obtaining H, =479 Oe.
Moreover, Goncharova et al. [47] fabricated oriented arrays
of Fe NWs with a diameter of approximately 40 nm and a
length of up to a few dozens of microns via an electrodepo-
sition process into the PAA template. In this case, H, was
found to be 815 Oe despite the polycrystalline structure of
the Fe NWs. Consequently, the higher H, measured in the
present study may indicate the fabrication of highly crystal-
line Fe NWAs, enhancing the magnetocrystalline anisotropy
[50]. Alternatively, it is worth noting that, while magnetic
properties of the Fe NWAs remain almost similar as a func-
tion of pH, EE% significantly increases when increasing pH.
Based on a previous report [36], changing the fabrication
parameters led to significant variations in H, of Fe NWs. In
this regard, increasing the deposition frequency from 50 to
700 Hz enhanced H, from 1010 to 1810 Oe [36]. Therefore,
regardless of fabrication parameters (including BLT and
pH), the constant trend of magnetic properties in this study
may be a helpful feature, providing applicability in the fab-
rication of perpendicular magnetic data storage devices [51].

3.3 Effect of BLT variation on electrodeposition
efficiency (EE)

As indicated in the previous section, M, increased up to 20
times when using the electrolyte with pH 4.0 compared to
that of pH 2.6. Herein, the effect of BLT variation on M
of Fe NW samples has been investigated at pH 4.0. In this
regard, BLT was changed from ~4 to ~32 °C while the elec-
trolyte temperature was fixed to ~30 °C. In Fig. 6, M, as a
function of BLT is demonstrated, indicating that under the
same electrochemical conditions, BLT has a considerable
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Fig.6 Saturation magnetic moment (M,) of Fe NW samples without
Cu pre-plating as a function of BLT at pH 4.0
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effect on M, of NW samples. In other words, increasing BLT
from ~4 to ~24 °C increases M up to approximately 45%,
thereby enhancing the corresponding EE.

Therefore, according to Table 2, the maximum EE% in
the fabrication of Fe NWAs was found to be about 60% when
there is a 6 °C temperature difference between BLT and the
electrolyte temperature. This result distinguishes between
this study and a recent report in which the optimum electro-
lyte temperature was found to be ~ 12 °C (according to Ein-
stein—Stokes equation) for highly homogeneous filled PAA
templates [22]. In this regard, for electrolyte temperatures
below 5 °C, solution precipitation occurred, thereby cover-
ing the PAA template and inhibiting the electrodeposition
[32]. Alternatively, for electrolyte temperatures above 40 °C,
strong hydrogen evolution hindered the electrodeposition
of Fe NWs, thereby decreasing the filling percentage [32].
Thus, our proposed approach is capable of providing a high
EE up to 60% for electrodepositing Fe NWs in the PAA
templates based on the low temperature difference.

To understand the mechanism of BLT effect, we take into
account pulse conditions during the electrodeposition pro-
cess. According to the literature [51, 52], the oxide layer

Table 2 Electrodeposition efficiency (EE) and magnetic properties of
Fe NW samples without Cu pre-plating as a function of BLT at pH
4.0

induced during the anodization (i.e., the BL) can act as a
semiconductor and has rectifying features, thereby enabling
us to use AC pulses in the electrodeposition [52, 53].

Figure 7 shows voltage—time and current—time curves
simultaneously recorded during the electrodeposition pro-
cess. These pulses were applied in sequence for the elec-
trodeposition of Fe NWs. In an AC pulse, the current is
expected to increase when enhancing the voltage. However,
the BL represents resistance to the current increase due to
its rectifying feature. This can be manifested at the onset
of reduction voltage pulse. In this respect, while Fig. 7a
shows a weak BL behavior for the NW sample fabricated
using BLT ~4 °C, Fig. 7b indicates a typical BL when using
BLT ~24 °C for electrodepositing Fe NWs. In this way, the
variation behavior of EE follows that of BL when using
BLT ~4 and 24 °C (see Table 2).

3.4 Effect of Cu pre-plating

As known, the precise control of BL and electrodeposition
in branched nanopores is of extreme importance [54, 55].
According to Sect. 3.1, reaching a high M (thus correspond-
ing to a high EE) in the fabrication of Fe NWAs at pH 2.6
presents a challenge. Herein, we investigated the effect of
Cu pre-plating at the bottom of PAA pores on M of Fe NW
samples using BLT ~ 8, 16, and 24 °C at pH 2.6 and 4.0.
Initially, however, the effect of two different current densi-

BLT (°C) EE% H, (Oe) MM, ties (j=25 and 35 mA/cm?) on M, of NW samples was also
investigated for Cu pre-plated Fe NWs.
~4 42.1 1660 0.7905 . .
Figure 8 shows hysteresis loops of Fe NW samples
~8 56.21 1640 0.792 . . . . .

6 6 1590 0.803 fabricated with/without Cu pre-plating process using
- ' ' BLT ~8 °C and j =25 and 35 mA/cm? in two pH regimes.
~24 60.09 1610 0.821 . . .

0 sio1 1650 0.85 As inferred, while the Cu pre-plating and current den-
- : ) sity have no considerable effect on M, at pH 4.0, the Cu
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Fig.7 Voltage—time and current—time curves recorded during the electrodeposition of Fe NWs using pH 4.0: a BLT~4 °C and b BLT~24 °C.
The marked areas show the onset of reduction voltage pulse
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Fig. 8 Hysteresis loops of Fe NW samples fabricated with/without Cu pre-plating process using BLT~8 °C and j=25 and 35 mA/cm?® at pH

values of a 2.6 and b 4.0

pre-plated Fe NW sample fabricated at pH 2.6 has an
enhanced M, of up to 70%. In this case, increasing the
current density to 35 mA/cm? has further increased M,
compared to that of using j =25 mA/cm? (see Fig. 8a).
Therefore, apart from the current density, performing the
Cu pre-plating at the branched nanopores could provide an
improved EE in the fabrication of Fe NWs at pH 2.6. It is
worth noting that, according to Table 1, the electrodepo-
sition of Fe NWs at the lower pH value was hindered in
different BLTs, most likely due to the hydrogen evolution
and BL breakdown [32]. Thus, using the Cu pre-plating
may improve the performance and durability of BL when
electrodepositing Fe NWs as evidenced with the higher
M, (Fig. 8a). On the other hand, the increase in current
density up to 35 mA/cm? in the Cu pre-plated samples
can provide finer nucleation sites for the subsequent
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electrodeposition of Fe NWs, thus limiting the hydrogen
evolution and enhancing M [56].

Using the current density of 35 mA/cm?, Fig. 9 evidences
the effect of BLT on magnetic properties of Cu pre-plated
Fe NW samples at pH 2.6 and 4.0. Noticeably, M, consider-
ably increases with reducing BLT regardless of pH value,
so that it is maximized for BLT ~8 °C. Therefore, it may
be stated that the cooling of BL in Cu pre-plated samples
has nearly neutralized pH involvement in M, giving rise to
an efficient electrodeposition without BL breakdown at the
lower pH value.

3.5 XRD analysis

Figure 10 depicts the XRD patterns of Cu pre-plated Fe
NWAs fabricated using BLT ~ 8 °C in the two pH regimes.
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Fig.9 Hysteresis loops of Cu pre-plated Fe NW samples fabricated using BLT ~ 8, 16, and 24 °C for a pH 2.6 and b pH 4.0
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Fig. 10 XRD patterns of Cu pre-plated Fe NW samples fabricated using BLT ~8 °C at pH values of a 2.6 and b 4.0

As observed, both samples show a bcc-Fe structure oriented
along the [110] direction, indicating highly crystalline Fe
NWs. Most of the earlier reports on Fe NWs were focused
on the shape anisotropy as a key factor in magnetic proper-
ties [57, 58]. In other words, more attention should be paid
to crystalline properties of Fe NWs by which to reinforce the
total anisotropy. In this respect, the easy direction for single
crystals of Fe is along [100]. In most cases; however, the
preferential direction of Fe NWs is [110], so that the ratio of
(110) to (200) peak is very high [36, 54, 59-61]. Therefore,
efforts have been on the increase of (200) peak intensity,
which can provide applications in nanosensors and perpen-
dicular high-density recording media [29]. Here, (200)/(110)
ratio has increased from 3.81 to 30.04% when decreasing
pH from 4.0 to 2.6. Furthermore, using Scherrer’s equation
[35], the mean crystallite size was estimated along the crys-
tallographic planes. It was found that, while the crystallite
size along the [110] direction decreases from approximately
37.5 nm (pH 4.0) to 31.5 nm (pH 2.6), it remains almost
constant to 25.5 nm along the [100] direction. It should be
noted that fcc-Cu reflections including Cu(111), Cu(200),
and Cu(220) in the XRD patterns indicate the presence of
branched nanopores filled with Cu.

4 Conclusions

In conclusion, highly ordered Fe NWs (exceeding 2 pm in
length) were fabricated in PAA templates using the pulsed
electrodeposition method. We performed a study on the
influence of BL conditions including BLT (ranging between
~4 and 32 °C) and Cu pre-plating at the dendritic sections of
pores on EE and magnetic properties of Fe NWAs in two pH
regimes (2.6 and 4.0). For the pH value of 4.0, a maximum
EE of 60% was obtained using BLT ~24 °C in the fabrication

@ Springer

of Fe NWs without Cu pre-plating. In the case of pH 2.6,
we found low EEs (< 13%) which were improved up to 40%
after performing the Cu pre-plating and avoiding BL break-
down. Hysteresis loops showed a nearly constant trend of
magnetic properties under different fabrication parameters,
arising from a bcc-Fe structure highly oriented along [110]
direction.
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