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Self-assembly of faceted Ni nanodots on Si  (111)
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We report the formation of Ni nanodots on(BLl). Island density is varied by annealing
temperature and time and is studied using atomic force microstdBi) and magnetic force
microscopy. Activation energies of 0.09+0.02 and 0.31+0.05 eV are observed for the formation of
these islands. These are associated with Ni surface self-diffusion acroskliheand (110 Ni

facets, respectively. For brief 500 ° C anneals, regular nanodots are observed with self-limiting sizes
of height~16 nm and area 180 nm260 nm, while density exhibits a power-law time dependence
with exponent 1.13+0.12. AFM analysis reveals a “truncated hut” shape consisten(tLviyitop
and(111) sidewall surfaces. @005 American Institute of PhysidDOI: 10.1063/1.1880452

Nanometer-scale structures are of interest for applicaeroscopies (AFM and MFM, respectively Root-mean-
tions in electronic, optoelectronic, and magnetic devicessquare(rms) roughness(o,,g was analyzed for the AFM
Self-assembly has drawn considerable attention as an ameasurements according to
proach for producing nanometer-scale structifesie to its 1
relative simplicity when compared with conventional pat- gfmS:— f J (z(r) - 2)%dr
terning techniques, such as focused ion beam, lithography, or A A
template nanoimprinting. Formation of self-assembled struc- N.M
tures generally depends on competition between the surface - ;E (z-2? (1)
and interfacial free energies. Self-assembly of regular struc- (N-pMm-1 7 ™ '

tures has been observed in numerous situations, particular\%h is the heiaht af = . o
for semiconductor heteroepita%y. Similar self-assembled Wherezis the height at=(x,y) coordinate, denoted, j) in

growth has been recently reported for metal on nfesad ~ discretized form, ziniis the mean height. For images ana-
silicide on Si(Refs. 7 and Bnanodot formation. Formation ¥2€d here,N=M=512 in the images spanning aréa

on self-assembled islands of Ni, acting as a catalyst, is of 2 4M>2 um. Scanning electron microscopy was also
interest in vapor-liquid-solid growth of semiconductor used to examine the nanodots, although we do not focus on

nanowire<:10 those images in this letter.
. . 4-8 o ; : AFM measurements of as-deposited Ni films show very
In previous studied;® films were deposited at a high

substrate temperature to self assemble the nanodots. In tl‘ri‘{'oom surfaces, withr,s<1 nm. Figures (a)-1(d) show

letter, we report a simple method for creating Ni nanodots o M analyses of Ni nanodots formed following 500 °C an-

desired density. The approach relies on conventional pos é?glelggwii?hrinsivr? rc?fl ;nur:ggﬁr?s' ;[Z?jieAngﬂhciwgget;eV\éjr?occj)g{s
deposition annealing. We find that Ni nanodots can be[ 9-

formed on Si111) substrates provided a native oxide is o relax from rectangular to approximately circular dome

present. The density can be varied according to anneal ten%\’-hzipes after-1h under ambient conditions. The 500 °C

perature and time, and for initial Ni thickness in a specific

range. Annealing at 500 °C produces nanodots with regular
size and shape. Interestingly, the nanodot formation is self-
limited.

Nickel was deposited on @ill) substrates using an
electron-beam evaporator. The substrate cleaning included
ultrasonically degreasing in acetone and methanol followed
by a rinse with ultrapure water. This process preserves the
native oxide. The Ni deposition was done at a rate of
~1 A/s with a base pressure10™’ Torr with the substrate
at room temperature. The deposition thickness ranges from
1 to 10 nm, with the best nanodot formation occurring at Ni
thickness of 3 nm. After deposition, the samples were an-
nealed at different temperatures and times inside a convec-
tion furnace. Annealing in 1 atm N\or air played no observ-
able role in the nanodot formation. The nanodot evolution

was observed using atomic force and magnetic force mi-

FIG. 1. Postanneal AFM image of nanostructures formed by 500 ° Cafor

35 s, (b) AFM line images across nanodots captured at different stages of

dauthor to whom correspondence should be addressed; electronic maiformation denoted, y, andzin (a), (c) 500 °C for 2 min, andd) expanded
mark.holtz@ttu.edu view of a well-formed nanodot ic). Initial Ni thickness: 3 nm.
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FIG. 3. Time dependence of the island den$®) and rms roughned®).

FIG. 2. Arrhenius plot of island density®). Activation energies are ob- The dashed lines illustrate the power law behavior with exponents shown.

tained from fits to the data in the low and high anneal temperature rangeghe Solid curve is calculated rms roughn.ess based on the density and uni-
(dashed lings The rms roughness evolution is also sho(@. The solid  form nanodot shapes. Initial Ni thickness: 3 nm.
curve is calculated rms roughness based on the density and uniform nanodot

shapes. .
P a log-log scale. We observe a linear dependence such that

ne«tf, wheret is the anneal time ang is the growth expo-

anneals produced the truncated trapezoidal shapes shownnent. The observed growth is consistent with a power-law
Fig. 1 with lateral dimensions 180+10 nm by 260+14 nmbehavior with island growth exponey=1.13+0.12. This
and thickness 16+5 nm. Uncertainties are standard deviaralue is consistent with 1.29+0.07 reported for ErSan-
tions. An enlarged view of a well-formed nanodot in Fig. odot ripening on silicoff,which was interpreted as illustrat-
1(c) is shown in Fig. 1d). The density is seen to increase ing a direct dependence with time. The growth of our Ni
with anneal time, but the sizes are found to be consistennanodots is likewise interpreted as being in proportion to
suggesting self-limited formation. Figuréh) shows line im-  anneal time, although the formation is not a ripening process.
ages across nanodots at different stages of formation in Fi§Me do not observe the island density saturation expected
1(a) (x, y, andz). We discuss later the morphology of these ~200 s. It is possible that the additional volume apparent in
structures. the nanodots arises from Si diffusion into the region. An

Combined AFM and MFM images were obtained for elevated AFM tip radius could also contribute to the apparent
island formation following 30 min anneals at several tem-volume, the tips used here have a nominal tip radius of
peratures. Results are from images for fully relaxed nani10 nm. We will return to the nanodots volume when we dis-
odots, i.e., more than 1 h at room temperature following thecuss nucleation of the nanodots.
annealing. AFM and MFM images showed the expected Figure 2 includes rms roughness versukTland Fig. 3
agreement. The island densityis found to increase with graphso,,s versus anneal time at 500 °C. rms roughness
anneal temperature, while nanodot sizes are approximatelalues were determined from the AFM images. In each case,
uniform up to the highest temperature studied, with lateralr,,s increases with island density. A direct connection be-
length scale~100 nm and heighbh~ 10 nm. These images tween the island area density ang, is found as follows.
were collected after several hours and thus correspond td/e assume isolated structures having uniform shape with
relaxed nanodots. Nanodots formed by annealing at 600 °@reaA, and heighth. The dimensionless area fill factor is
are substantially smaller, with lateral length scal80 nm.  defined asf,=nA,. Using the definition of rms roughness
Figure 2 shows an Arrhenius plot of island density. The ob<integral form), we obtain by straightforward integration
served dependence is consistent with two activation energies.
In the low anneal temperature range, we obtdiR T
~0.09+0.02 eV, while at higher temperatures the depen- “ms™ \nAg(1 =nAgh. (2)
dence yieldsEo~0.31+0.05 eV. These activation energies Using the island density dependence in the respective graphs
are relatively low, suggesting surface diffusion as a likelyand h from the AFM images, we arrive at the solid curves
mechanism for our Ni nanodot formation. Calculated valuesshown in Figs. 2 and 3. The good agreement between the
of Ni self-diffusion, across major crystal facets &g111)  measuredr,,s and this straightforward analysis supports, on
=0.063 eV,EA(110=0.39 eV, andEA(100=0.68 eV Our  statistical grounds, the uniformity in our nanodot formation.
measuredE, results are in reasonable agreement with thdn Fig. 3, the roughness is also well fit by a linear depen-
calculated values for activated surface diffusion of Ni ondence such that,,s>t?. The exponent obtained from linear
(112) and (110 surfaces. The formation kinetics are thusfit is 8g=0.46+0.08. This value is consistent with what is
consistent with diffusion-driven growth primarily across expected from Eq(2), in the lowf, limit, whennet and Ay
these two crystal surfaces. is constant. It is also consistent with what is expected for

Returning to the anneal time dependence at 500 °C, twinterface evolution in the presence of random pinning
aspects are interesting. First, the island density increasdsrces’? In the current context, the randomness is related to
with anneal time. Second, the size and shape of the structuréise nucleation sites where the nanodots form, while the pin-
does not appear to depend strongly on anneal time, withing is attributed to Ni atoms being trapped by nanodots
slightly taller nanodots formed by the longest anneal duraeonce they arrive by surface diffusion. This interpretation is

tion. Figure 3 shows the island density versus anneal time ooonsistent with the fact that we do not observe ripening.
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We now discuss the self-limiting behavior. Figurea)l compares with the observed nanodots. Application of the
shows an AFM image following a very brief anneal at Tersoff and Tromp modélrelating surface and interface en-
500 °C. Some islands are already well-formed, resemblingrgies to optimal conformation, suggestsl% mismatch
the islands formed after longer annegdfég. 1(c)]. Addition-  strain between the Ni and the underlying material. The ob-
ally, we capture several islands in the early stages of formaservation that relaxation into dome shapes occurs after sev-
tion [denoted by scan lines y, andz in Fig. 1(a)]. In Fig.  eral hours indicates that the surface and interface energies
1(b), we show representative AFM line profiles across is-are comparable. That is, the Ni nanodots formed at 500 °C,
lands at different levels of development. Each island exhibitshown in Fig. 1, are close to the maximum size achievable
a similar lateral extent. For fully formed structures, the topwith a rectangular shape. For comparison, the stable Ni nan-
surfaces are flat, and the sidewalls make an angle ®f°  odots formed on TiN are~25 nm acros$, considerably
with the base. This shape is highly repeatable. In the spirit o§maller than what we report here. In contrast, the EiSef.

Ref. 6, we also include in Fig.(h) a sketch of the “truncated 7) and TiSj, (Ref. § nanodots on $111) substrates are elon-
hut” shape we propose based on the AFM images. The shaggted. It was concluded that the mismatch strains, in these
of our fully formed structures is consistent with a top surfacetwo cases, were smaller than expected due to the formation
with Ni (110 facet and(111) sidewalls. This assignment is of extended defects. Given the anistropic nature of the sur-
also in accord with the two surface diffusion activation en-face used in preparing our nanodots, it is possible that ex-
ergies obtained from our kinetics studies, which were consistended defects are important here as well in mitigating the
tent withEx(111) andEA(110). This agreement suggests that mismatch strain between Ni and NjSi

the formation process involves diffusion across these sur- In summary, we have prepared magnetic Ni nanodots
faces. Because thd11) surface has lower surface enejr@y using a straightforward, postdeposition annealing approach.
and lower surface diffusion activation eneféyit forms  Activation energies are determined and related to surface dif-
more rapidly than th€110) surfaces, which only fully form  fusion of Ni acrosg111) and(110) Ni facets. Detailed stud-

in the final stages. ies in the 500 °C anneal temperature range reveal regular

The presence of the native oxide plays a key role in theshapes with self-limited sizes. The structures are found to
nanodot formation. We have attempted to form Ni nanodot$ave regular truncated hut shapes consistent (itl)) top
using the same procedures but orf1%$1), which has been and(111) sidewall surfaces. These structures are observed to
stripped of oxide, and on @i11) with a thermal oxide relax into stable dome shapes aftef h in ambient condi-
(100 nm. In both cases, uniform properties are obtained andions, suggesting that stress plays a role in the shape along
Ni nanodots are not observed. Native oxides are known to bwith the formation diffusion kinetics and Ni reservoir deple-
nonuniform in coverage. Since Ni can diffuse through voidstion. The nanodots do not coalesce. This can be attributed to
in Si0,,***°a patchy native oxide layer will permit this dif- the Ni depletion, and also, in the regular structures, the pres-
fusion, and subsequent Nj_ﬁjrowth.l We suggest here that ence of strain-field repulsi&ﬁ which will be greater near
formation occurs where the native oxide is thin. In thetheir bases’

500 °C temperature range, Ni diffusion through the oxide  he guthors acknowledge support of this research by the
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