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ABSTRACT The controlled fabrication of poly- and single-
crystalline Au nanowires is reported. In polycarbonate tem-
plates, prepared by heavy-ion irradiation and subsequent etch-
ing, Au nanowires with diameters down to 25 nm are elec-
trochemically synthesized. Four-circle X-ray diffraction and
transmission electron microscopy measurements demonstrate
that wires deposited potentiostatically at a voltage of —1.2 V at
65 °C are single-crystalline and oriented along the [110] direc-
tion. By reverse-pulse electrodeposition, wires oriented along
the [100] direction are grown. The wires are cylindrical over
their whole length. The morphology of the caps growing on top
of poly- and single-crystalline wires is a strong indication of the
particular crystalline structure of the nanowires.

PACS 61.46.-w; 81.07.-b

1 Introduction

Gold nanowires have potential applications in
fields such as optoelectronics and sensorics. On the one hand,
for example, recent studies demonstrated the non-diffraction
limited light transport by gold nanowires [1]. Several works
have been devoted to the investigation of surface plasmon po-
lariton (SPP) waves of gold nanowires on a substrate. The
aim is to manipulate and transmit light on the nanoscale by
exciting and guiding SPPs along metal/insulator interfaces,
and finally transforming them back into free-propagating
light [1-4]. A practical implementation of nanowire-based
devices would allow a significant decrease in size of opto—
electronic elements. On the other hand, the chemical stabil-
ity of Au wires and the possibility of selectively attaching
biomolecules to their walls, open up their potential use as
biological sensors [5, 6].

There exist several techniques for the production of gold
nanowires, e.g., chemical vapor deposition and photochemi-
cal, electroless, and electrochemical deposition [7—13]. Elec-
trochemical deposition in combination with templates is both
versatile and suitable for large-scale production of nanowires
with well-defined shape and crystalline characteristics, highly
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needed for nanowire applications [14—16]. Different tem-
plates are available such as porous anodic alumina films,
etched ion-track membranes (EITM), mesoporous silica, and
porous glass. We selected EITM because they make it pos-
sible to independently vary length, size, and geometry of the
wires. Another unique advantage is the possibility of choos-
ing the density of pores from 10'° cm—2 down to a single pore
per membrane, enabling thus the fabrication of large, dense
nanowire arrays as well as single nanowires. Single nanowires
can be reliably contacted by sputtering of a second electrode
to investigate their electrical properties as a function of mate-
rial, shape, and size [17, 18].

As demonstrated earlier, the structure of nanowires can
be tuned from poly- to single-crystalline by carefully vary-
ing the electrodeposition parameters [7, 15, 19]. This article
reports the synthesis of Au wires with controlled crystallo-
graphic characteristics. By varying the deposition conditions,
we systematically fabricated both poly- and single-crystalline
wires. In addition, the preferred crystallographic orientation
of the wire arrays was adjusted by controlling the voltage
signal.

2 Experimental

Polycarbonate foils with thickness 30 wm (Bayer
AG, Leverkusen) were irradiated at the UNILAC linear accel-
erator of GSI with U ions of kinetic energy ~ 2 GeV, applying
irradiation fluences around 108-10°ions/cm?. Nanoporous
track templates were then produced by chemically etching
the ion tracks in a 6 M NaOH solution at 50 °C. Prior to
etching, each foil was irradiated with UV light for 2h to
increase the track-etching sensitivity (track-to-bulk etching
ratio), thus favoring the fabrication of pores with cylindrical
geometry [20]. The diameter of the etched pores was con-
trolled by the etching time. A conductive Cu layer was de-
posited on one membrane side and acted as cathode during
electrodeposition, which was performed in an electrochem-
ical two-compartment cell [17, 18]. During electrodeposition,
the current was recorded as a function of time. The process
was stopped when the wire length reached the desired value,
as calculated from the deposited charge using Faraday’s law.
A commercial gold bath of potassium dicyanoaurate(I) Pu-
ramet 402 (Doduco company) containing 10 g/1 of gold was
employed as electrolyte, and a Au rod acted as anode.
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If the deposition process was continued once the wires
reached the membrane surface, caps grew on top. The morph-
ology of wires and caps was investigated by scanning elec-
tron microscopy (SEM). We studied the crystalline orienta-
tion of the wires by X-ray diffraction (XRD) while keep-
ing the wires embedded in the membrane. This investigation
was performed at a STOE four-circle diffractometer using
Co K, radiation (A = 1.78897 A). In addition, after disso-
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FIGURE 1 (a) SEM picture of 160 nm diameter gold wires. Inset: end sec-

tions of wires; (b) HRSEM micrograph of a 25 nm wire; (¢) current—time
curves for Au electrodeposition in membranes with 70 nm diameter pores for
different potentiostatic voltages at 65 °C. Arrows indicate the end of zone II,
i.e., the point at which the current starts to increase

U theo Qexp Qexp/theo ]

M © © (%) (mA/cm?)
1.1 0.49 0.33 66.32 0.34

1.2 0.49 0.36 72.89 0.42

1.3 0.49 0.32 64.21 1.03

1.4 0.49 0.23 43.88 2.25
TABLE 1 Data extracted from Fig. lc for electrodeposition of 70 nm Au

wires. Qtheo is calculated using Faraday’s law

lution of the polymer matrix in dichloromethane, transmis-
sion electron microscopy (TEM) and selected-area electron
diffraction (SAED) were employed to investigate the crystal-
lographic structure of the nanowires.

3 Results and discussion

SEM and high-resolution (HR) SEM images in
Fig. 1a and b display Au wires with diameters 160 nm and
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FIGURE 2 XRD patterns for 70 nm Au nanowires. Vertical lines drawn at
the abscissa in Fig. 2a and b represent the reflections from a powdered Au
sample. (a) Potentiostatical deposition at — 1.2V and 65 °C (inset shows
the corresponding rocking curve on (110) reflection); (b) deposition under
reverse pulse condition with different cathodic voltages at 65 °C. In all meas-
urements, U, = —400mV, r, = 1s, . =65; (¢) rocking curves on (100)
reflection for the conditions mentioned in (b)
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25 nm, respectively, grown under potentiostatic conditions.
Independent of diameter, the nanowires possess homogenous
contours and are cylindrical in shape. The inset of Fig. 1a
shows a magnified image of end sections of wires in Fig. 1a
revealing that the wires are cylindrical with uniform cross-
section over the whole length. Since the deposited material
acquires exactly the same shape as the pore, the characteristics
of membranes employed are extremely important for the fab-
rication of nanowires. The shape of the pores in commercially
available membranes is, in general, not cylindrical with a con-
stant cross-section but is rather toothpick- or cigar-like [21].
Resultantly, the wires prepared using the commercial mem-
branes are reported to be up to a factor 2.5 wider in the middle
than at the end [22]. Measurements by SEM and TEM of wires
prepared in our experiments did not reveal any diameter varia-
tion beyond 10% along the whole length. The irradiation with
UV light prior to etching proved crucial in obtaining cylin-
drical wires. Templates fabricated without UV sensitization
were found to contain pores with rather large diameter vari-
ation. In addition, no surfactants were added to the etching
solution, which are also known to considerably influence the
pore shape [23].

Figure 1c displays the current-vs.-time curves recorded
during electrodeposition of Au nanowires of 70 nm diameter
at different voltages and 65 °C. The shape of the curves is
in agreement with the behavior described previously for cop-
per deposition in templates [15]. The higher the voltage, the
larger is the current density and, as expected by Faraday’s
law, the shorter the time needed to completely fill the pores.
In Table 1, Queo is the charge calculated by Faraday’s law,
Qexp 1s the integral of the /(¢) curves from the beginning of
the deposition (¢ = 0) to the end of zone II (see arrows in
Fig. 1c), and j is the current density calculated by taking in
all cases the current value approximately in the middle of zone
II. The ratio Qexp/ Qiheo amounts to 0.6-0.7 for voltages U be-
tween —1.1 and — 1.3 V. Assuming 100% current efficiency,
we find that Qexp/ Ouneo indicates that the maximum percent-
age of pores filled under the conditions employed in this work
ranges between 65 and 72%, which is a reasonably good value
taking into account both the uncertainties included in Qyneo
(namely wire length, wire diameter, and fluence) and the hy-
drophobicity of the polycarbonate. For U = — 1.4V, the ratio

Qexp/ Otheo 18 lower. This is due to the very fast and inho-
mogeneous deposition taking place at higher voltages. In this
case, the current increases very rapidly as soon as the first wire
reaches the surface, while the other pores remain partially or
completely empty.

Figure 2a displays the X-ray diffractogram of a gold
nanowire array deposited under potentiostatic conditions, ap-
plyingU = — 1.2V atT = 65 °C. The reflections were identi-
fied and compared with those of a polycrystalline Au sample,
drawn as vertical lines at the abscissa of the Fig. 2a [24]. It is
obvious from the diffractogram that the nanowires grown with
cyanidic electrolyte under these conditions have a very high
degree of crystalline orientation. To quantitatively determine
the degree of orientation, we used the texture coefficient (TC):

I(hkl),;
Iy(hkl);

1 I(hkD), ’

N 5 To(hkl),

TC(hkl); =

where I(hkl); is the observed intensity of the (hkl); plane and
Io(hkl); is the intensity of the (hkl); reflection of a polycrys-
talline Au sample. N is the total number of reflections taken
into account. TC values larger than 1 would indicate a pre-
ferred orientation of the wires in the array. TC = N is the
highest possible value and would indicate that all wires pos-
sess the same orientation.

For nanowires created under the above mentioned con-
ditions, TC[110] = 4.8 (N =5), indicating a nearly perfect
orientation of the nanowires along the [110] direction. The
rocking curve measured on the (110) reflection (inset Fig. 2a)
possesses a FWHM of only 1.5°, once again demonstrat-
ing the high degree of texture of the wires. Figure 2b shows
the XRD patterns of the nanowires fabricated under reverse
pulse conditions by applying cathodic voltages U, = —1.3,
—1.4, and —1.5V. In all cases, the anodic voltage U, was
fixed at 0.4V, while the cathodic . and anodic #, cycles
had a length of 6 and 1 s, respectively. In all cases, the Au
nanowires possess a preferred orientation in the [100] direc-
tion, TC[100] amounting to 3.8, 2.7, and 1.6 for cathodic
voltages —1.3, —1.4, and — 1.5V, respectively (N = 5). The
FWHM of the rocking curve of [100] reflection correspond-

002

FIGURE 3 HRTEM image of a sin-

gle-crystalline gold nanowire. (a) Low
magnification; (b) enlargement of the

framed area in (a), zone [—1 1 0];

(¢) Fourier transform of (b)
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a
FIGURE 4

(a) SAED pattern of a (111)-twin. Black and white arrows point
to reflections of the respective orientations. The wire is tilted by ~ 30° from
the horizontal position. (b) Dark-field images with reflection 1 1 —1 (top) and
—1 —1 1 (bottom)

ingly increases at higher voltages. It amounts to 3.2°,2.8°, and
8.6°at U, = —1.3, —1.4,and — 1.5V, respectively (Fig. 2c).
On the other hand, while TC[100] decreases, TC[110] in-
creases with higher cathodic voltages, being 0.7, 0.9, and 2.6
for voltages —1.3, —1.4,and — 1.5 V. The reason for different
preferred orientations for potentiostatic and reverse pulse de-
position is not yet clear, but similar results have been reported
recently for Bi nanowires [19]. As in the case of Bi nanowires,
we expect that the orientation of wires grown with longer ca-
thodic cycles and lower anodic potentials also approaches that
of wires grown by potentiostatic deposition.

Figure 3 shows the HRTEM image of a single-crystalline
wire grown at U = — 1.2V and T = 65 °C. Low-and high-
magnification images, a and b, as well as the Fourier trans-
form c of Fig. 3b evidence the (110) orientation. Generally,
no grain boundaries were observed by TEM. Analysis with
SAED confirmed the single-crystallinity and [110] growth
direction as found by XRD. Growth of Au nanowires with
[111] orientation during electrodeposition in track-etched
polymeric templates has been reported [7]. The authors used
acommercial orotemp electrolyte diluted in water with gelatin
addition. The different commercial electrolyte and the pres-
ence of gelatin may influence the growth direction. Indeed, the
authors reported that gelatin had a strong influence, no single-
crystalline nanowires being obtained without the addition of
gelatin. Within similar studies, Wang et al. reported that only
wires oriented along the [111] and [1 12] directions contained
twinned crystals, while no twins were found for wires growing
along the [110] or [100] directions [25]. In our case, using the
puramet cyanidic electrolyte, without gelatin addition, under
potentiostatic conditions at 65 °C, (111)-twins oriented along
the [110] direction were found. Figure 4 shows the diffraction
pattern (a) and two oriented dark-field images (b) of a wire
containing a lengthwise twin. The micrographs in b were ac-
quired using reflections [11 — 1] (top) and [—1 — 11] (bottom).
The extension of the wires in these images seems to be along
(112), because the specimen had to be tilted by =~ 30° to re-
ceive the zone [011]. The angle between [011] and [112] is
30°. Twins have been found also for copper nanowires with
[110] orientation [26].

It was found that the cap growing on top, when a wire
protrudes from the template, strongly evidences a particular
crystallinity [27]. A great variety of faceted caps is formed
during deposition. Figure 5a shows a cap grown on a single-
crystalline wire deposited at — 1.2 V, and 65 °C. The caps of
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FIGURE 5 SEM images of caps grown on top of a Au nanowire.
(a) Facetted single-crystalline cap formed during deposition of nanowires
at — 1.2V and 65 °C; (b) hemispherical polycrystalline cap deposited with
cyanide electrolyte at — 1.5V and 65 °C; (c¢) polycrystalline cap deposited
with a commercial ammonium sulphite gold (I) electrolyte at —0.6 V
and 50 °C

polycrystalline wires are hemispherical. A polycrystalline cap
formed at — 1.5V and 65 °C is shown in Fig. 5b. The higher
voltage favors the formation of new nuclei, thus promoting the
growth of polycrystalline structures. The shape and morph-
ology of both the wires and caps depend also strongly on
the electrolyte. Potentiostatic deposition of gold nanowires
with a commercial ammonium sulphite gold (I) electrolyte
(Metakem) (gold content = 15 g/1), as shown in Fig. 5c, re-
sults in fine-grained caps, in contrast to coarse-grained caps
formed with cyanidic electrolyte in Fig. 5b. Therefore, the
structure of a cap provides indirect information about the wire
crystallinity also in cases in which XRD and TEM analyses



KARIM et al. Synthesis of gold nanowires with controlled crystallographic characteristics 407

are not possible, or where dissolution of the templates is not
desired.

4 Conclusions

Both the potentiostatic and reversed pulse de-
position of Au nanowires in polymeric templates together
with different voltages and temperatures provide a suitable
way to manipulate the crystallographic orientation of the
nanowires. The wires can be varied in a well-controlled
way from poly- to single-crystalline as well as generated
with different crystallographic orientations. XRD and TEM
analyses prove that the nanowires fabricated potentiostati-
cally with potassium dicyanoaurate(I) electrolyte at 65°C
and — 1.2V are single-crystalline and oriented along the
[110] direction. The nanowires deposited with reverse pulse
have preferred orientation along the [100] direction, the tex-
ture coefficient being maximum at U, = — 1.3V and de-
creasing with increasing U.. All wires are cylindrical and
no cigar- or tooth-pick-like geometry was found. The cap
morphology strongly depends on the wire crystallinity and
provides indirect information about the crystalline structure
of nanowires.
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