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A B S T R A C T

Tungsten nanowires were deposited by DC magnetron sputtering onto vicinal sapphire substrates with a specic

geometry in which the entrance angle (solid angle) of the vapor beam relative to the substrate was modied.

Through 2D auto-correlation function analysis, suitable conditions to obtain a nanoscale corrugated surface with

a high-order correlation were determined concerning the annealing procedure (1300 °C for 5 h) of the sapphire

substrates with miscut angle of 0.3°. Depending on the entrance angle of the tungsten vapor beam, dierent

nanoparticles and/or nanowires were systematically produced under controlled conditions. AFM images, from

the samples deposited with an entrance angle lower or equal to the miscut angle (0.3°) on the annealed sapphire

substrates have shown homogeneous, uniform and isolated tungsten nanowires.

1. Introduction

Materials that have, at least, one relevant length scale within the

range of nanometers [thin lms (2D), nanowires (1D) or nanodots/

nanoparticles (0D)] are commonly referred to as nanostructures. Due to

discontinuities of the atomic translational symmetry found at the sur-

faces/interfaces, eects such as the reduction of atomic coordination

and changes in the length and angle of chemical bonds, among others,

are enhanced in these nanostructures, resulting in chemical and phy-

sical properties not found in their bulk states [1,2]. In particular, the

use of nanowires (NWs) has been proposed in dierent technological

applications in distinct areas, such as: optics [3–5], electronics [2,6,7],

magnetism [8–11], and others. However, the production of NWs still

presents a great challenge. Although known to have several shapes and

sizes [3–11], NWs may be identied by two geometries: (i) free-

standing NWs (grown out of the substrate plane), commonly prepared

by the vapor-liquid-solid (VLS) mechanism [12], electrodeposition of

metal on nanoporous matrices [13] or chemical routes [14], and (ii) the

planar NWs (grown parallel to the substrate plane), usually produced

by lithography [15], chemical routes [16] or grazing incidence de-

position on nanostructured surfaces with 1D-ordering [17].

Molecular Beam Epitaxy (MBE) and Ion Beam Sputtering (IBS) are

the two most used experimental methods for preparing planar NWs by

grazing incidence vapor beam in a specic deposition geometry [8,17].

These authors employed the shadowing eect of the nanoripple pat-

terns or vicinal surfaces to favor the deposition of materials at

preferential regions of the substrate surface with the objective of pro-

ducing NWs. Therefore, the growth of NWs follows a periodicity due to

the lateral replication of the substrate’s surface pattern. This procedure

presents a great advantage when compared, for example, to the ran-

domly oriented NWs prepared by chemical routes. Other advantages of

this process are: (i) any type of substrates (oxides, metallic or semi-

conductors) can be used to prepare NWs and (ii) it’s a single step pro-

cess, while the NW fabrication using lithography requires multiple steps

in addition to being a more expensive process.

Among dierent NWs materials, metallic tungsten nanowires (W-

NWs) have recently attracted considerable attention due to their ex-

cellent eld-emission properties [18,19]. Furthermore, tungsten oxide

nanowires (WOx-NWs) have demonstrated eciency when used in

photochemical devices [3], electrochromic or photochromic devices [6]

and photo-electrolysis [14]. Considering (i) the potential application of

tungsten (W) and (ii) that the magnetron sputtering method has not yet

been applied, within our knowledge, for production of NWs due to its

high deposition rate and non-collimated vapor beam as compared with

the MBE setup, an experimental procedure using a sputtering setup is

being proposed here to prepare W-NWs (or naturally WOx-NWs) on

corrugated substrates. Atomic Force Microscopy (AFM) was applied to

study the vicinal surface formation of the sapphire substrates with

miscut of 0.3° as well as the NWs formation on the step-edge of these

vicinal surfaces. We have specically investigated the inuence of the

vicinal surface’s steps/terraces on the NWs arrangements.
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2. Experimental procedures

A sapphire wafer with a diameter of 51mm, cut perpendicular to

the [0 0 0 1] direction and with a miscut angle α=0.3° towards the

[1210] direction, was divided into several small pieces of 3×4mm2.

These parts were cleaned following a sequence of baths: acetone, al-

cohol (isopropyl), and nally, deionized water. Subsequently, the

cleaned and dried pieces were inserted in an air atmosphere furnace

kept at temperatures T=1000, 1100, 1200 and 1300 °C, during a

timeτ =5, 10, 15 and 20 h. As reported in literature [20], vicinal sur-

faces of sapphire substrates (terrace-width and step-height) are de-

pendent on the miscut angle of the substrate, the annealing temperature

and time. Thus, the aforementioned procedure was performed to in-

vestigate the kinetics involved in the vicinal structure formation of the

sapphire substrate with α=0.3° and, consequently obtain the suitable

annealing temperature and time to form a regular and homogenous

terrace-width/step-height distribution on the substrate surface. Atomic

Force Microscopy (AFM) technique, using a Shimadzu SPM 9600 mi-

croscope operating at room temperature in contact mode, was applied

immediately afterwards to study the annealed sapphire surfaces in

order to reduce contaminants that could be adsorbed due to the long

aging period. The thermal annealing procedure followed by the AFM

analysis was repeated several times to ensure the reproducibility of the

treatment. After that, the best annealing conditions to prepare W-NWs

by DC magnetron sputtering were selected. A wedge was mounted on

the sample-holder that was kept xed (without rotation) during the

deposition, as schematically shown in Fig. 1. The use of the wedge, with

a suitable angle, enables a grazing incidence sputtered beam from the

W target to reach the annealed sapphire substrate surfaces. Considering

the vapor beam of W has a cone-like shape (Ф-solid angle of approxi-

mately 32°) and the vertical position of the sample can be set (sample

holder relative to incident vapor beam), the entrance angle β of the

deposition beam that reaches the substrate was geometrically estimated

with a precision of± 0.4°. In fact, the β value equal to zero was de-

termined when no material reaches the substrate (seen by AFM), while

dierent β values were obtained by vertical movement of the sample

relative to Ф-solid angle, adjusted by a screw with precision under the

0.1 mm range. Firstly, we placed the substrate at the edge of the Ф-solid

angle of the W vapor beam and one sample was deposited. Afterwards,

we moved down the sample-holder to three predetermined vertical

positions in order to vary β. Once again, a sample was prepared for each

value of β.

When the beam is directed to the step edge of the substrate, the

surface morphology of the deposited material will depend on the β- and

α- angles. For β > α, as shown in Fig. 2a, the vapor deposition occurs

on the terraces and a cluster-like structure may appear at the step-edge

due to the shadowing eect. However, when β≤ α, as displayed in

Fig. 2b, the shadowing eect was enhanced, favoring the growth of

planar NWs structures on the sapphire vicinal surface.

In particular, W-NWs were grown by grazing incident deposition for

dierent values of β-angle at room temperature and under argon

working pressure of 1.6 mTorr. Before the deposition, the base pressure

in the chamber was 3×10−8 Torr. For β=90°, a constant adatom ux

φ of 0.011 nm/s was experimentally determined from the X-ray re-

ectivity curves of a 25 nmW lm. It should be noted that X-ray dif-

fraction patterns, recorded 3months after the preparation of the

25 nmW lm, still display Bragg peaks of metallic W. This observation

indicates that the tungsten oxide layer, naturally formed during the ex-

situ experiments, prevents full oxidation of the W lm. Consequently,

this result may also be expected in the NWs here discussed (no X-ray

experiment was performed in our 3× 4mm2 samples). Considering

that the substrate was mounted in tilted conguration relative to the

sputtered beam, the eective deposition rate (φef ) of W on the substrate

is given by Eq. (1)

=φ φ β·sinef (1)

Thus, the lm thickness (σ) can be estimated as: =σ φ ·tef , where the

t-parameter is the deposition time. Surface morphology and roughness

of the deposited materials were studied by AFM. 2D-Auto-Correlation-

Function (2D-ACF) analysis of the recorded AFM images was also per-

formed.

3. Results and discussions

3.1. Sapphire substrate preparation: optimum annealing conditions

In order to study the kinetics of the vicinal surfaces on sapphire

substrates with miscut angle α=0.3°, heat treatments, for dierent T

and τ values, were performed and the AFM results are shown in

Fig. 3(a–q). 2D-Auto-Correlation Functions were obtained from the

AFM images and are plotted as insets in Fig. 3. From the AFM images

(or 2D-ACF), distinct vicinal surfaces (step-and-terrace-like morpholo-

gies) were obtained when T and τ -parameters were varied. As indicated

in Fig. 3e, the facets’ step-edges are parallel to the [1010] direction and

perpendicular to the nominal miscut [1210] direction. An average angle

of these facets was quantitatively measured to be close to 0.3°; a value

about that of the sapphire substrate nominal miscut α-angle. It has also

been conrmed that the main morphological characteristics are re-

producible in all sample areas, indicating the annealed samples are

homogeneous.

Overall, two types of vicinal structures can be observed in the AFM

images. The rst one (Fig. 3b) is formed by a set of single steps with

heights h of 0.216 nm, and that corresponds to a 1/6 of the c-value of

the sapphire unity cell (c=1.299 nm) at the [0 0 0 1] direction [21].

The second vicinal structure, represented in Fig. 3n, displays step bunch

formations or simply macro-steps. The step-bunching process can be

Fig. 1. Schematic picture of the AJA Orion 8 confocal magnetron sputtering

used to deposit the tungsten sputtered beam under grazing incidence angle at

the top of the step-and-terrace surface of the annealed sapphire.

Fig. 2. Scheme for grazing incidence deposition onto vicinal surfaces. α is the

miscut angle of the substrate, while β corresponds to the entrance angle be-

tween the edge of the sputtered beam and the sample surface: (a) β > α and (b)

β≤ α.
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described as local changes of the step densities where two or more

single steps of adjacent vicinal surfaces coalesce during the substrate

annealing, leading to the formation of single macro-steps with heights

multiple of c/6 [20,22,23]. Reported experimental results [20,24]

suggest that step-bunching is a thermally activated process. In addition,

our results indicate that the activation temperature of step-bunching

may depend on the τ -parameter, since the τ -values (where the macro-

steps are observed) reduce as the annealing temperature T increases

[1100 °C/15 h (Fig. 3g); 1200 °C/10 h (Fig. 3j); 1300 °C/5h (Fig. 3n)].

Thus, on the one hand, for samples annealed at T≤ 1200 °C, a

morphological surface with un-concluded kinetics of the step-bunching

process can be observed in the AFM images. As a result, the surface

reveals an alternate sequence of macro-steps followed by a group of

single steps (see the arrow in Fig. 3j). On the other hand, when

annealed at 1300 °C, the step-bunching leads the sapphire surface to a

morphology composed by macro-steps on the entire sample. These re-

sults can be explained assuming what is reported in the literature [24],

where authors consider that step-bunching is an intermediate phe-

nomenon that precedes the step-faceting process, and its disappearing

rate is intrinsically related to the miscut angle of the sapphire substrate

and T-values. Step-faceting is dened as a modication of a step frac-

tion leading to its parallel value with a low crystallographic index di-

rection [22,25]. As can be observed along the longitudinal direction of

the macro-steps, the terraces are often blocked by coalescence junc-

tions, as shown by the circles in Fig. 3p. In other words, surface areas

where several steps are converging, favor steps with higher heights.

From regions close to these “fusions”, the parallel steps change their

directions, causing the faceting phenomenon; a process that

Fig. 3. AFM image (4×4 um2) of the annealed sapphire substrates for 5, 10, 15 and 20 h at the temperatures of 1000 °C (a)–(d), 1100 °C (e)–(h), 1200 °C (i)–(m) and

1300 °C (n)–(q). The calculated 2D-ACF of the AFM images is inserted.
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schematically follows a zipper-like movement [21,26]. Thus, the time-

evolution of the sapphire morphology is conducted by total surface free

energy minimization that is associated with the formation of new facets

with dierent orientations and/or with uctuation of the step-edges, as

indicated by the arrow in Fig. 3q [27]. For longer annealing times,

terraces with smaller lengths were observed. It seems that this ob-

servation is a characteristic of the annealed sapphire substrate prepared

with miscut angle α smaller than< 0.6°, according to results reported

in the literature [22,28].

Quantitative information on the order-degree and topographic sur-

face anisotropies can be obtained by the analysis of the 2D-ACF in AFM

images. As reported in the literature [29], any surface undulations with

approximately uniform spacing will give rise to oscillations in 2D-ACF.

Thus, the period of oscillations observed in the 2D-ACF prole, taken

along the [1210] direction, corresponds to the lateral periodicity (L) of

the step arrays. The lateral dispersion can be dened as Z= (σ/L).100,

where L is the average lateral periodicity and σ is the standard devia-

tion, so that Z shows the extent of variability of the lateral periodicity in

relation to an average value. In addition, the rst maximum in the 2D-

ACF prole, taken along the [1010] direction, allows extraction of the

characteristic lateral correlation length (ε-parameter is obtained by

tting the decay of the rst maximum of the 2D-ACF prole). There-

fore, the ε-parameter is a quantitative length parameter to distinguish

between short and long-range ordering in the surface morphology.

Thus, it denes an average lateral distance along the [1010] direction

from an arbitrary point in the sample, until the correlation in the ar-

rangement of the structural units is lost [30]. Therefore, a large ε and

low lateral dispersion indicate a vicinal structure with large-order-

correlated periodic faceting. Fig. 4(a–c) displays the main parameters

obtained from the analyses of the 2D-ACF recorded by the AFM (10 x 10

um2): lateral correlation length (ε), lateral periodicity (L), and lateral

dispersion (Z) as a function of time. In general, samples annealed for

T≤ 1100 °C present low values for the epsilon and L-parameters; as

expected if one considers that the vicinal structures are mainly formed

by single steps. On the other hand, for T= 1200 °C, larger values for the

epsilon and L-parameters were calculated. For samples annealed at

1300 °C (Fig. 3n–q), the ε-parameter reduces as the time increases. With

step-faceting activation on these surfaces, ε-parameter can be asso-

ciated with coalescence junctions, once the macro-step order is lost in

these places along the [1010] direction. Then, this behavior can be

understood as an intensication of the step-faceting process that favors

the increase of the junction densities as well as an increase of the

uctuations at step-edges that are related to the high values of the

lateral dispersions Z, as displayed in Fig. 4c. As mentioned above,

samples annealed at 1200 °C have shown large values for ε and L at

τ =10 h and 15 h; a fact that can be attributed to the step-bunching

process. Therefore, it can be associated with the lateral periodicity L of

the terraces once they promote the formation of macro-steps with larger

widths. However, for these conditions (1200 °C and 10 and 15 h) of

annealing, a lateral dispersion is relatively high (about 40%), because

the step-bunching process is not complete over the entire sample sur-

face. Finally, for an annealing at 1300 °C lasting 5 h (Fig. 3n), the 2D-

ACF parameters indicate vicinal structures with macro-steps strongly

correlated with low lateral dispersion. Such result conrms the long-

range 1D uniformity of the periodic surface corrugation and, conse-

quently, the suitable annealing condition for sapphire substrate with a

miscut of 0.3°. The annealing procedure was repeated ve times to

conrm the reproducibility of the kinetics responsible for the step-and-

terrace formation.

3.2. Self-organization of nanowires on step-and-terrace sapphire substrate

As mentioned above, AFM image of the sapphire annealed at

1300 °C for 5 h (Fig. 5a) presents an organized and well distributed

step-and-terrace feature, with the steps’ height within the range of

0.4–0.9 nm, a lateral periodicity (L) of 323 nm and an average surface

root-mean square roughness (Rrms) of about 0.1 nm. Dierent

morphologies (obtained by AFM) of the W deposited for 1 h on the

annealed sapphire, are shown in Fig. 5(b–e). The depositions were done

by varying the amount of W atoms that reach the substrate by setting

the entrance β-solid angle [according to Eq. (1)] in values of 57°; 5°; 2°;

0.3°, as indicated in Fig. 5. Line proles of the AFM images (regions

indicated in images) are plotted at the right-hand side of Fig. 5. It is

important to note that the lateral broadening of the NW proles, due to

the tip-sample convolution [31], was evaluated. By means of con-

siderations reported in Ref. [32], the convolution error was estimated

to be ∼3 nm. This result is consistent since the height of NWs is small

and the working tip has steep edges (nominal angle of ∼82°), conse-

quently the foremost apex of the AFM tip is involved in imaging [31].

Therefore, the widths of NWs that will be presented in this work were

corrected by this value. For the deposition with β=57° (Fig. 5b), it can

be noticed that the deposited W “layer” shows a surface with a vicinal

structure L of 320 nm and a roughness similar to that of the substrate,

i.e., the Rrms value of 0.1 nm, and steps at the interval of 0.4 to 0.9 nm.

These results may indicate a non-equilibrium growth mechanism due to

a high deposition rate and relatively low substrate temperature [33].

When β=5° (Fig. 5c), the surface morphology starts to present the

formation of quasi-spherical W nanoparticles (NPs) on the terraces and

with a roughness of 0.7 nm, indicating that the growth mechanism

leads to the formation of islands on the terraces (the surface energy of

the sapphire\vacuum interface is smaller than the sapphire\W inter-

face). In other words, according to Eq. (1), when the β-solid angle value

reduces, there is a decrease of the deposition rate, favoring the atomic

relaxation process to positions corresponding to the minimum potential

energy; a mechanism that is characteristic of this deposition growth

[33]. For β=2° (Fig. 5d), it can be observed that the surface formed by

W NPs on the terraces has a Rrms value of 0.5 nm. In addition, there is a

formation of atomic clusters due to the shadowing eect [34], clearly

seen in the respective height prole. Considering that the W sputtered

beam is oriented, there is a geometric interaction among the incident

Fig. 4. (a) Lateral correlation length (ε), (b) average lateral periodicity (L) and (c) lateral dispersion (Z) obtained through ACF analysis in AFM images (10×10 μm2).
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adatoms and the step-edges of the sapphire surface that favors the for-

mation of W-clusters; in this case, with a height of 4.5 nm and average

width of 35 nm along the step-edges. Finally, when the angle is β=0.3°

(condition of β≤ α), the deposited W goes mainly to the step edges,

resulting in a planar nanostructured material (nanowires) along the

sapphire vicinal surface (Fig. 5e). From Fig. 5 (right-hand side), the W-

NWs have their heights at 1.3 nm and a width of 27 nm.

In order to understand the eect of deposition time on W nanowire

formation, we prepared additional samples where the W deposition was

done for β=0.3°, during 0.5 h (a) and 2 h (b). The results are displayed

in Fig. 6. From this gure, it is clear that the change in the deposition

time modies the W-NWs sizes, as shown in Figs. 5e and 6(a-b). More

precisely, when the W is deposited during 0.5 h and 2.0 h, the average

height and width of the formed NWs are, respectively: 1.2 nm and

24 nm or 2.2 nm and 36 nm. These values are dierent from those ob-

tained with deposition of 1 h, as previously described. Thus, we can

control the NWs sizes by performing deposition with DC sputtering

under the condition of β≤ α and changing the deposition time. It is

worth noticing that the relationship between the eective deposited

thickness (σe) and the NW’s volume is not linear. This fact can be at-

tributed to the self-shadowing eect of NW, since the increase in height

of the NWs leads to an intensication of the barriers where the incident

W atoms is deposited. Finally, Fig. 6e presents a comparison of the

height prole of the W-NWs with the sapphire substrate, where a pre-

ferential deposition of W on specic regions of the substrate vicinal

surface can be observed. This phenomenon can be attributed to some

factors: (i) the enhancement of the shadowing eect, because the step

shadowing produces areas where the incident W atoms cannot reach;

(ii) the mobility of the adatoms is relatively low at room temperature,

inhibiting surface atomic diusion that could occupy possible surface/

interface vacancies; (iii) the low deposition rate for β=0.3° favors the

atomic relaxation process to positions corresponding to the minimum

potential energy, then the atomic step edges, possessing several regions

of high bonding degree, induce the nucleation. Hence, W atoms will

preferentially be deposited on the step-edges of the sapphire surface, as

displayed in Fig. 7.

4. Conclusion

We have studied the surface morphology of the (0 0 0 1) sapphire

substrates [with miscut of 0.3°] submitted to annealing over a broad

temperature range (from 1000 to 1300 °C) and dierent annealing time

(5, 10, 15 and 20 h). Considering the 2D-Auto-Correlation Function of

the AFM data, it has been established that annealing the sapphire at

1300 °C during 5 h results in a suitable vicinal surface structure; where

the data show reproducible well-distributed and homogenous step-and-

terraces (the procedure was repeated 5 times and the results were si-

milar). Thus, a suitable annealed substrate to prepare controlled and

auto-organized W-NWs using DC magnetron sputtering with a relatively

high deposition rate was used. Based on the shadowing eect [35], an

experimental procedure to deposit nanowires in magnetron sputtering

setups that operate in confocal geometry has been developed (one is

Fig. 5. Left-hand side: AFM images (4× 2 μm2) (a) of the sapphire substrate annealed at 1300 °C for 1 h and with tungsten deposited during 1 h but with dierent β

solid angles (β=57°; 5°; 2°; 0.3°, respectively) (b–e). Right-hand side: transversal line prole of heights as detached in the AFM images of the left-hand side.
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able to change the deposition rate that reaches the substrate, just by

varying the entrance angle β of the deposition beam). Through this

procedure, either W-NWs of dierent sizes (height and widht) or W-NPs

(or a mixtures of NPs and NWs) were prepared. The NWs with dierent

sizes were obtained when, in experimental conditions, the β-value was

close to, or smaller than, the miscut α-angle of the sapphire substrate

while concomitantly changing the deposition time. During the NWs

depositons, the substrate atomic steps shadow subadjacent terraces,

limiting the W sputtered beam that will preferencially be deposited

alongside the step edges. Therefore, we have demonstrated that an in-

cident vapor beam of the DC magnetron sputtering can restrict the

deposition to a certain substrate region by basically changing the

substrate position relative to the β-angle. Overall, our results are similar

to those found when the nanowires were produced by IBS and MBE

setups [17,8]. On the one hand, in an MBE setup a highly collimated

molecular beam can be achieved by using a large working distance

between the substrate and the evaporation source [17]. The molecular

beam is then directed to the ascending step direction of vicinal surfaces,

consequently the atoms form a NW structure on an open area along the

step edges, at a deposition rate of the 10−3 nm/s order [17]. On the

other hand, in an IBS setup [8] periodic NW structures can be deposited

at a rate of about 10−2 nm/s by glancing-angle codeposition of Fe and

Pt with a xed angle of 5° on alumina nanoripple patterns [8]. How-

ever, in our work, a magnetron sputtering setup, operating in a specic

deposition conguration (placing the substrate at the edge of the vapor

beam cone), allowed to limit the amount of atomic vapor that reaches

the vicinal surface, enabling the deposition of NWs with a relative low

rate, similar to MBE conguration with an oriented beam [17]. In the

present work, NWs were prepared with W deposited in a condition of

β=0.3°, with the following dimensions: heights of 1.2; 2.3 and 2.2 nm

and average widths of 24; 27 and 36 nm, from deposition times of 0.5; 1

and 2 h, respectively.
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