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Epitaxial nickel thin films are prepared via 
atomic layer deposition. These films have 
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by the sapphire substrate. The nickel 
hexagonal phase is metastable at lower 
temperatures. The effect of continuous 
heating of the films to various tempera-
tures is investigated, and the nature of 
phenomena such as phase transforma-
tion and particle formation is discussed. Q5

P. Motamedi,* K. Bosnick, K. Cadien,  
J. D. Hogan ............................... 1800957

In Situ Synchrotron X-Ray Diffraction 
Analysis of Phase Transformation in 
Epitaxial Metastable hcp Nickel Thin 
Films, Prepared via Plasma-Enhanced 
Atomic Layer Deposition

FULL PAPERS

xxxxQ1



U
N

CO
RR

EC
TE

D
 P

RO
O

F

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

www.advmatinterfaces.de

FULL PAPER

1800957 (1 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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thickness and the crystal structure are nec-
essary requirements.[15,16]

Epitaxial growth of magnetic thin films 
enables the precise control of strain and 
crystal orientation, both of which have 
critical effects on the magnetization of 
thin films.[17,18] Another important benefit 
of epitaxial growth is limiting the grain 
boundary diffusion, which is shown to play 
a critical role in interlayer diffusion of the 
multilayer ultrathin films.[19,20] In order to 
fully realize the benefits of the ultrathin 
magnetic films, they need to be grown 
in an epitaxial fashion with a fine-tuned 
crystal structure and orientation. This sub-
ject is explored in the present paper.

Plasma-enhanced atomic layer depo-
sition (PEALD) is a method for the 
deposition of Ni films that offers several 
advantages over more mainstream depo-
sition methods, such as sputtering and 

chemical vapor deposition (CVD). These advantages include 
precise thickness control, relatively low growth temperature, 
and conformality, i.e., the ability to deposit a film with a uni-
form thickness over a non-flat substrate.[21–23] All of these 
benefits make this method suitable for growing ultrathin films, 
where thickness and structure are critical parameters.[24]

The authors have previously reported the plasma-enhanced 
ALD growth and characterization of nickel thin films with 
quasi-epitaxial crystal structure.[25] As reported, increasing the 
deposition temperature resulted in improving the crystallinity 
of the films. At deposition temperature of 360 °C, chemically 
pure nickel films were deposited. Crystal structure analysis 
showed the films had a polycrystalline textured structure with 
a strong out-of-plane orientation relationship with the sapphire 
substrate. However, full epitaxial growth was not achieved. This 
issue has been addressed in this paper.

Apart from the above-mentioned publication, there have been 
other recent reports on nickel deposition. Park et al.[26] recently 
reported on PEALD of nickel thin films using [Ni(dpdab)2] and 
NH3 plasma, with the films reportedly having a fcc polycrys-
talline structure. In a separate study, Suturin et al.[27] demon-
strated the deposition of epitaxial nickel islands on CaF2 at 
600 °C, using an electron beam source. The isolated islands had 
fcc crystal structure and crystallographic orientations dictated 
by that of the substrate. On a related subject, Tarachand et al.[28] 
investigated phase structure and magnetism in nickel nanopar-
ticles grown by thermal decomposition, and reported that the 

Ultrathin metal films have a wide variety of applications, especially in 
microelectronics. A key method to deposit these films is plasma-enhanced 
atomic layer deposition (PEALD), which is known for its ability to deposit thin 
films conformally and at relatively low temperatures. Building on the recent 
work, an improved recipe is reported on for the development of nickel PEALD 
technology, through which fully epitaxial nickel thin films are deposited. The 
effect of continuous heating on the phase structure and agglomeration in the 
metastable thin films is investigated in this paper. The variations of the phase 
structure are monitored via in situ synchrotron X-ray diffraction, as well as 
optical roughness analysis. The temperature windows for phase transformation 
and particle formation are determined. It is noted that, after the hcp-to-fcc 
transformation and particle coalescence processes are complete, the particles 
reshape to acquire the thermodynamically stable shapes dictated by the Wulff 
theorem. Additionally, a crystallographic orientation relationship between the fcc 
particles and the sapphire substrate is observed, i.e., Ni (111)||Sapphire(002).
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1. Introduction

Metallic ultrathin films have a wide variety of applications in 
microelectronics,[1–3] energy storage,[4,5] catalysis,[6,7] and other 
areas. Specifically, multilayered structures of magnetic/non-
magnetic ultrathin films are being increasingly researched 
for their potential applications in next generation information 
storage devices,[8,9] magnetic sensors,[10,11] magneto-optical 
devices,[12] thermoelectric devices,[13] and diluted magnetic sem-
iconductors.[14] In all of these applications, the deposition of a 
relatively defect-free film and an atomic-level control over the 
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particles are hcp/fcc mixture below 6 nm, but pure fcc above 
that size. A similar trend on the instability of hcp nickel had 
been reported earlier by Tian et al.[29] This was shown to have 
significant effects on the magnetism of the particles, which 
underscores the importance of crystal structure control in 
nickel thin films.

A review of these works and other earlier reports[30–33] related 
to nickel growth reveals a great interest in epitaxial growth of 
nickel on nonmagnetic and nonmetallic substrates, as well as 
in stabilizing hcp nickel for spintronics. Further to our previous 
work on nickel ALD,[25] we report the first successful deposition 
of epitaxial nickel using atomic layer deposition. This is, to the 
best of our knowledge, also the first time that direct epitaxy of 
hcp nickel films is reported using any deposition method.

Considering the fact that hcp nickel films are metastable, a 
complete understanding of the phase structure and its conse-
quences on potential applications necessitates a comprehensive 
study of the behavior of the films at higher temperatures. 
Given the small thickness of the films, i.e., 20 nm, it is chal-
lenging to conduct a real-time analysis of isothermal annealing, 
since the films tend to undergo a certain amount of annealing 
during the heating stage. On the other hand, fast heating rates 
would expose the films to thermal shock. Therefore, an in situ 
study of the annealing process of the films is offered under  
the continuous-heating regime, which provides the most reli-
able results. X-ray diffraction and optical roughness analyses 
were conducted simultaneously to analyze the phase transfor-
mation, agglomeration, and particle shape transformation in 
the films. The in situ analysis combined with the postannealing 
characterization of the particles using microscopy and X-ray 
diffraction provides a general understanding of the behavior of 
the metastable nickel thin films at high temperatures.

2. Results and Discussion

2.1. Preannealing Characterization of the Epitaxial Film

The crystal structures of the as-deposited films are analyzed 
using both a regular Bruker X-ray diffraction (XRD) instrument 

(Figure 1) and synchrotron XRD in a θ–2θ geometry (Figure 2). 
A 2D XRD frame of the nickel films is shown in Figure 1a. In 
this frame, 2θ increases from right to left, while ψ, an out-of-
plane rotation angle, increases upward along the denoted arc. 
The geometry of this setup has previously been explained in 
detail in refs. [32,33]. In a 2D XRD frame, any diffraction in 
the form of a concentrated spot indicates preferred orientation 
for that particular plane. A diffraction in the form of an arc, 
on the other hand, shows random orientation of the plane. A 
2D frame of a polycrystalline sample without preferential ori-
entation will consist of arcs with even intensity distribution for 
every allowed Bragg reflection. In the case of quasi-epitaxy, a 
subset of these arcs will show uneven distribution of intensity 
along ψ, and some allowed reflections may disappear.

Figure 1a features one heavily-concentrated reflection corre-
sponding to sapphire (006) and nickel (002) planes. The shape 
of the (002) reflection, combined with the absence of nickel 
(100) and (101) reflections indicates that the nickel thin film has 
an epitaxial crystal structure with a strong crystallographic ori-
entation relationship with the sapphire substrate, in such a way 
that the (002) nickel plane is parallel to the (006) plane of sap-
phire. Pole figures were used to further explore the orientation 
of the nickel crystal planes. Figure 1b shows the stereographic 
projection of hcp (002) pole figure of the as-deposited nickel 
film. This represents the overall distribution of (002) plane 
normals, with respect to the normal to the specimen surface. 
The concentrated intensity at the center clearly shows that the 
(002) plane normal vectors stand perpendicularly to the thin  
film, i.e., basal planes of the hcp nickel are parallel to the thin 
film surface. This is further confirmation of the epitaxial nature 
of the films.

Figure 2 shows the results of the XRD analysis performed at 
the synchrotron facility in the form of a 3D surface color map 
and its projection on 2θ-intensity and ω-intensity planes. The 
purpose of Figure 2 is to serve as a benchmark, against which 
the crystal structure of the annealed samples will be compared 
and analyzed. Figure 2a shows a 3D intensity graph, with a 
peak corresponding to nickel (002) and sapphire (006) planes. 
The projection of this graph on the 2θ-intensity plane shows a 
single peak, which is likely to be the sum of sapphire (006) and 

Q6
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Figure 1. a) 2D XRD frame of the preannealing hcp nickel film, and b) pole figure obtained for (002) reflection of the same sample.
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nickel (002) peaks. In order to distinguish between the two, 
the projection on ω-intensity plane can be used (Figure 2c). 
Here it is clear that the peak is composed of a wide subpeak 
and a sharp one. Given the fact that the atomic order in the 
substrate is practically perfect, the sharp peak can be assigned 
to the substrate (sapphire (006)), and the spread-out peak to 
nickel (002). This notion will be experimentally verified and 
exploited in Section 2.2.1, where a slight deviation from the 
θ–2θ symmetrical setup allows for elimination of the sapphire 
peak, and isolation of nickel (002) peak.

One important factor to consider before studying the 
annealed films is to rule out the possibility of nickel carbide 
deposition. The Ni3C phase, with the space group R-3cH, has 
a crystal structure very similar to that of metastable hexagonal 
nickel with the P63/mmc space group.[34,35] Nickel carbide is 
known to decompose to fcc nickel and graphite upon heating 
under inert gas.[36] The existence of graphite on our sample sur-
faces after annealing is checked for experimentally by Raman 
spectroscopy. Figure 3 shows the Raman spectra for the sap-
phire substrate, as well as the preannealing and postannealing 
films. As observed, the absence of peaks normally associated 
with the graphite D- and G-bands confirms that graphite is 
either not present or is present in amounts lower than the 
detection limit of this test. Based upon this observation, the 
deposition of rhombohedral Ni3C (instead of hcp Ni) can  
be ruled out. scanning electron microscopy (SEM)/EDX anal-
ysis (data not shown) further confirms the absence of gross 
graphite deposits on the surface after annealing.

2.2. Characterization of the Annealed Films

2.2.1. Phase Transformation Analysis

In order to observe and analyze the changes in the crystal struc-
ture of the nickel film during the annealing process, it is impor-
tant to be able to isolate the (002) peak of the hcp nickel from 

Adv. Mater. Interfaces 2018, 1800957

Figure 2. a) 3D graph of synchrotron θ–2θ XRD scan of the preannealing 
nickel film, b) the projection of the graph on 2θ-intensity plane, and  
c) the projection of the graph on ω-intensity plane.

Figure 3. Raman spectra for the sapphire substrate, the as-deposited and 
the annealed nickel films.



U
N

CO
RR

EC
TE

D
 P

RO
O

F

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800957 (4 of 9)

www.advmatinterfaces.de

the overlapping (006) peak of the sapphire substrate. Since the 
sapphire peak showed a lower full width at half maximum,  
a slight deviation from the perfectly symmetrical θ–2θ geom-
etry successfully isolates the signal from the nickel hcp peak. 
Positioning 2θ at 45.0° and θ at 21.2° allows for simultaneous 
monitoring of hcp (002) and potential fcc (111) and (200) peaks 
of nickel without significant interference from the (006) sub-
strate peak.

The results of in situ X-ray diffraction of the hcp nickel 
film while heating from room temperature at the rate of 
1 °C s−1 is shown in the form of a color map in Figure 4. 
Three regions can be distinguished on this map. No notice-
able phase transformation occurs below 390 °C. In this tem-
perature region the metastable hcp structure survives. The 
first signs of phase transformation are observed at ≈390 °C, 
where the hcp (002) peak begins to become diffuse and 
higher intensities are observed where the fcc (111) peak is 
expected to be observed. This indicates the beginning of 
disorganization in the hcp atomic structure of the epitaxial 
film. With increasing temperature, the hcp atomic order is 
further diminished, and the interatomic distances associ-
ated with the fcc (111) peak increases in intensity, which 
translates into a higher density of these planes. Eventually, 
when the temperature approaches 600 °C, the hcp (002) peak 
disappears completely, leaving only a diffuse fcc (111) peak, 
which later sharpens up. Another phenomenon which fur-
ther validates the nature of this phase transformation is the 
formation of the fcc (200) peak at ≈52°.

In order to gain a better understanding of the crystal struc-
ture, four different samples were heated at the same heating rate 
of 1 °C s−1 to preset temperatures, and immediately quenched, 
upon reaching the target temperatures. The maximum tem-
perature readings of the chamber pyrometer were 390, 563, 
752, and 985 °C. The first three samples fall in each of the 
three temperature regions explained above, and the intention  
behind testing the fourth sample at 985 °C was to observe the 
further changes in the atomic structure, after the phase trans-
formation was completed at ≈600 °C.

The results of the symmetrical θ–2θ coupled scans are 
shown in Figure 5. The insets show the projection of the graphs 

on 2θ-intensity plane. When compared with the as-deposited 
sample (Figure 2), the sample annealed to 390 °C shows a 
slight diffuseness of the peak toward the higher angles, which 
causes a slight asymmetry in the cross-section of the graph 
(inset of Figure 5a). The sample annealed to 563 °C (Figure 5b) 
shows signs of fcc (111) and (200) peaks, as clearly visible in 
the inset. However, the 3D graph in Figure 5b shows that the 
peaks are spread out along ω, which indicates the planes are 
not well-aligned. At 752 °C (Figure 5c), a well-shaped fcc (111) 
peak has formed, which indicates the completion of the hcp-to-
fcc phase transformation. Further increase of the temperature 
in the fcc region leads to significant improvement in the align-
ment of the fcc lattice planes. This is manifested in much nar-
rower distribution of the diffraction intensity along ω = 0 line 
(Figure 5d).

2.2.2. Agglomeration and Particle Formation

Transmission electron microscopy was employed to obtain a 
better understanding of the overall structure and crystallog-
raphy of the samples in the two-phase region. Figure 6a shows 
the overall structure of the film cross-section, on which different 
layers are marked. As seen, the morphology of the nickel film is 
that of a continuous film covered by sporadic islands. Figure 6b 
shows the intersection of one these of particles at a higher mag-
nification. As seen, the continuity of the film has been disrupted 
and a particle has nucleated at this location. The observable 
diffraction contrast indicates a difference in crystal structure 
or orientation. This can be explained by the tendency of the 
thin films to minimize the total surface energy.[37] The surface 
energy in this system consists of two components: the nickel/
sapphire interfacial energy and the free nickel surface energy. 
Both components can be minimized by transformation of  
the continuous film into discrete particles. This process hap-
pens through surface diffusion and migration of atoms towards 
dispersed nucleation sites.[38]

In order to better understand the transformation from a 
film to particles, the variations of the surface roughness were 
monitored via an in situ optical roughness measurement 
apparatus. The normalized results are shown in Figure 7. 
Three distinct regions can be identified on this image, based 
upon variations of the slope. In region I, the continuity of the 
original film is intact, and particle formation has not com-
menced. Particle coalescence and agglomeration occurs in 
region II. As seen, the rate of increase in roughness decreases 
with increasing temperature. This is expected, as the growing 
particles slowly run out of the continuous film, which acts 
as the source to feed nickel atoms to the particles. Finally, 
when particle growth is complete, particles start transforming 
toward their equilibrium shapes. This is discussed in detail in 
Section 2.2.3.

The postannealing surface profiles of the samples were ana-
lyzed using atomic force microscopy. The tapping mode images 
of the samples are shown in Figure 8, and the surface profile 
parameters of the samples obtained through image analysis 
are listed in Table 1. At 390 °C (Figure 8a), which is around 
the deposition temperature, the films are extremely smooth, 
and no signs of particles are observed. In the two-phase 
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Figure 4. In situ variations of offset θ–2θ diffraction intensities as a func-
tion of the temperature; different zones are marked on the graph, which 
determine the phase structure of the film.
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region (Figure 8b), there is a relatively low density of parti-
cles. However, after increasing the temperature by 190 °C, and 
completion of the hcp-to-fcc phase transformation, the con-
tinuous film no longer exists (Figure 8c). The film has now 
completely transformed into particles with a mean diameter of 
≈280 nm.

Up until this temperature, the effect of increasing the tem-
perature was mainly on the nucleation of new particles, and 
the growth of the existing particles at the expense of the film. 
After the film-to-particle transformation is complete, further 
increase of the temperature leads to the second stage. At this 
stage the mean particle volume is conserved, but the particles 
reshape into a more symmetrical form (Figure 8d). At 985 °C, 
the particles show ≈21% decrease in the mean diameter and 
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Figure 5. Post-annealing θ–2θ scans of the nickel films annealed to a) 390 °C, b) 563 °C, c) 752 °C, and d) 985 °C; the insets show the projections of 
the graphs on ω-intensity plane.

Figure 6. a) Transmission electron microscopy images of the cross-sec-
tion of the nickel film annealed to 563 °C showing the overall structure, 
and b) the onset of particle formation.
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≈60% increase in the mean height (Table 1). Observation of this 
second stage necessitates a closer examination of the sample 
annealed to 985 °C. It is also noteworthy that the coefficient of 
variation for particle height and diameter generally decrease 
with increasing temperature. This is indicative of intraparticle 
atomic migration.

2.2.3. Particle Shape Transformation and Alignment

Figure 9a shows, at a higher magnification, a 3D reconstruc-
tion of the surface profile of the sample annealed to 985 °C. As 
seen, the particles have a faceted outline and what looks like a 
common orientation. This can be further verified using scan-
ning electron microscopy (Figures 9b,c). SEM images verify the 
fact that the particles have a polygonal footprint, close to that of 
a hexagon. Interestingly, the facets seem to be oriented parallel 
to common directions (Figure 9b).

In order to better understand the equilibrium shape of the 
nickel particles grown on sapphire, a simulation tool developed 
by Zucker et al.[39] was utilized. The software takes the values 
for the surface energies of various crystallographic planes and 
calculates the equilibrium shape of a free-standing as well as 
attached particle, based on the principles of the Wulff theorem. 
This theorem builds upon the concept that any solid has a nat-
ural tendency to minimize its Helmholtz free energy. Given the 
fact that for a given volume of a crystal with a specific crystal 
structure the bulk energy is constant, the equilibrium shape is 
determined in such a way as to minimize the total integrated 
surface energy of all crystal facets.[40]

The surface energy values used for the simulation are listed 
in Table 2. The ratio of the average nickel particle surface free 
energy to the nickel/sapphire interfacial energy does not affect 
the top-view outline of the particle or the ratio of the surface 
occupied by each crystallographic plane. Alternatively, it affects 
the contact angle of the particle on the surface. Since this 
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Figure 8. Tapping mode atomic force microscopy images of nickel thin films annealed to a) 390 °C, b) 563 °C, c) 752 °C, and d) 985 °C.

Figure 7. Variations of surface roughness during annealing; three distinct 
regions can be identified: continuous film (I), particle coalescence (II), 
and particle transformation (III).
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parameter is unknown, it is adjusted in such a way that the 
height-to-diameter ratio of the particles would match the exper-
imentally observed value.

The top-view and side-view results of the simulation are 
shown in Figure 10 It can be observed that when the (111) 
plane is attached to the substrate, the top-view outline of the 
particle resembles those observed experimentally. The top-view 
profile (Figure 10b) is similar to the top-view outline of the 
particles observed under SEM (Figure 10c). It is important to 
note that the shapes depicted in Figure 10 are only expected to  
be realized under the condition that enough atomic mobility 
exists, and a sufficient amount of time has passed. In the case 
of rapid heating processing, higher index planes are kineti-
cally less likely to form, and therefore the final shape will 
mainly consist of low-index planes with sharper edges.

In order to further investigate the alignment of the crys-
tallographic planes in the particles, the (111) pole figure for 
the sample annealed to 985 °C was obtained (Figure 10). As 
seen, there is a high concentration of intensity at the center, 
which shows the fcc (111) plane normals are standing perpen-
dicularly to the substrate surface. In addition, there are three 
reflections at ψ ≈ 70°. The three reflections are 120° apart in φ, 
which denotes a threefold symmetry. This describes the geom-
etry of {111} plane family in fcc crystal structures. The inset 
of Figure 11 shows the calculated shape of a particle for com-
parison, and demonstration of the symmetry. This pole figure 
confirms the SEM observations that showed the particle facets 
are aligned along the same common directions.

In summary, the shape of the nickel particles shows that {111} 
family of planes are situated at the nickel/sapphire interface, 
and the parallelism of the particle facets is a strong indicator that 
the particles and the substrate have a crystallographic orientation 
relationship. The obtained pole figures confirm this hypothesis. 
In other words, the atomic order in the particles is dictated by 
that of the top layer of the substrate. Considering the fact that 
the magnetic behavior of nickel nanoparticles is affected by their 
crystal orientation, this structure could be utilized in any applica-
tion that requires fine-tuning of magnetism in metallic nanopar-
ticles. This concept will be explored in our future studies.

3. Conclusion

The successful growth of epitaxial hcp nickel thin films on sap-
phire substrate via plasma-enhanced atomic layer deposition 

was demonstrated. The metastable films were then annealed up 
to ≈1000 °C, while their crystal structure and roughness were 
continuously monitored. It was shown that two processes occur 
during annealing: hcp-to-fcc phase transformation, and film-
to-particle transformation (agglomeration). The temperature 
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Table 1. Surface profile parameters of annealed nickel samples.

Tempera-

ture [°C]

Roughnessa) 

[nm]

Particle diameter Particle height

Mean 

[nm]

Sigma 

[nm]

Coefficient 

of variation

Mean 

[nm]

Sigma 

[nm]

Coefficient  

of variation

390 0.8 NA NA NA NA NA NA

563 3.6 142.6 28.8 0.20 37.3 10.2 0.27

752 27.6 281.2 71.6 0.25 87.1 19.7 0.23

985 34.9 221.3 40.1 0.18 139.9 18.8 0.13

a)The arithmetic average of the roughness profile (Ra).

Figure 9. a) An AFM 3D reconstruction of nickel particles annealed to 
985 °C and b,c) scanning electron micrographs of the particles from the 
same sample; the color lines highlight the parallelism of nickel particle 
facts.
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windows for the two processes overlap at ≈550–600 °C. After 
the agglomeration was complete, the particles continued their 
transformation toward the thermodynamically stable shapes 
predicted by the Wulff theorem. The final particles featured 
identical top-view profile and smaller height and diameter 
variation. The particles show parallel facets and the obtained 
postannealing pole figure shows the particles have a common 
crystallographic orientation.

This work highlights the capabilities of PEALD in growing 
high-quality epitaxial metallic films with substrate-induced 
crystal structures and crystallographic orientations. Upon rapid 
annealing, these films transform into dispersed particles, which 

acquire the same shape and orientation with respect to the crys-
tallographic directions of the substrate. Both the preannealing 
and postannealing films have great potentials to be exploited in 
magnetic structures, where fine-tuned magnetism is important. 
The general findings of this article can be also used to develop 
similar technologies for other transition metal thin films and 
nanoparticles.

4. Experimental Section
Nickel thin films were deposited using a Kurt J. Lesker (ALD 
150-LX) plasma-enhanced atomic layer deposition system. 
Bis(ethylcyclopentadienyl)-nickel (Ni(EtCP)2), provided by Strem 
Chemical and N2/(5%)H2 plasma were used as precursors. The 
precursor was heated to 100 °C, and the substrate temperature was 
kept at 385 °C. The pulse lengths for the organometallic and plasma 
were 10 and 30 s, respectively, and both purge times were set to 10 s.  
Depositions were carried out on c-plane sapphire. A growth rate of 
≈0.5 Å per cycle was recorded for these parameters. The substrate was 
plasma cleaned for 120 s prior to the start of each deposition. Films 
with 20 nm thickness were chosen for characterization and annealing, in 
order to provide sufficient X-ray diffraction signal intensity.

The annealing was carried out under helium gas at the Ideas beamline 
of the Canadian Light Source synchrotron facility. The films were heated 
at the rate of 1 °C s−1 to the set temperatures and immediately cooled 
afterward. The films were monitored during the annealing via XRD in 
offset θ–2θ geometry and optical roughness analysis. The energy and the 
wavelength of the X-ray source were 8.02 keV and 1.546 Å, respectively. 
The detector was a HERMES-based photon-counting silicon microstrip, 
fabricated in-house at Brookhaven National Lab (BNL). A 655 nm pulsed 
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Table 2. Surface energy values used for the calculation of the equilib-
rium particle shape for fcc nickel.[42]

Crystallographic plane Calculated surface energy [ergs per cm2]

(100) 2434

(110) 2383

(111) 2035

(210) 2489

(211) 2335

Figure 10. a) Side-view and b) top-view of the simulated equilibrium 
shape of a nickel fcc particle attached to a sapphire substrate via its (111) 
surface; various crystallographic planes are color-coded.

Figure 11. Pole figure of (111) fcc nickel, obtained from the sample 
of nickel particles annealed to 985 °C; the inset shows the calculated 
equilibrium shape of the fcc nickel particles with the threefold symmetry 
function.
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laser beam was used to assess the surface roughness. The angular 
distribution of the scattered monochromatic light was used to estimate 
the power spectral density of the surface topology.

2D XRD frames of the preannealing films were acquired using a 
Bruker D8-Discover machine, equipped with a Vantec 500 detector. The 
beam source was Cu kα, and the machine was set to 50 kV and 1000 µA.  
The same setup was used for acquiring pole figures. Pole figure data 
analysis was carried out using Bruker DIFFRAC.TEXTURE software, as 
well as MTEX toolbox for MATLAB.[41] Atomic force microscopy (AFM) 
was conducted using a Bruker Dimension Edge instrument, with tips 
from Bruker. All images were acquired in the tapping mode. Data 
analysis was carried out using the Nanoscope Analysis 1.5 software 
package. A Hitachi S-4800 field emission instrument was used for SEM. 
The secondary electron detectors were used for imaging. Transmission 
electron microscopy was accomplished using a Hitachi H9500 TEM and 
the data were analyzed with Gatan Digital Micrograph software.
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