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ABSTRACT

The Kirkendall effect has been widely applied for fabrication of nanoscale hollow structures, which involves an unbalanced counterdiffusion
through a reaction interface. Conventional treatment of this process only considers the bulk diffusion of growth species and vacancies. In this

letter, a conceptual extension is proposed: the development of the hollow interior undergoes two main stages. The initial stage is the generation

of small Kirkendall voids intersecting the compound interface via a bulk diffusion process; the second stage is dominated by surface diffusion

of the core material (viz., the fast-diffusing species) along the pore surface. This concept applies to spherical as well as cylindrical nanometer

and microscale structures, and even to macroscopic bilayers. As supporting evidence, we show the results of a spinel-forming solid-state
reaction of core —shell nanowires, as well as of a planar hilayer of ZnO  —Al,0s to illustrate the influence of surface diffusion on the morphology
evolution.

The Kirkendall effect is a classical phenomenon in recently been reported via either a sel&blution, solid-
metallurgy It basically refers to a nonequilibrium mutual  gas, or solié-solid reaction. Although not specified, such
diffusion process through an interface of two metals so that an effect might have also been the driving force for formation
vacancy diffusion occurs to compensate for the unequal of some other hollow nanocrystals, e.g., déldnd AuPt
material flow. In planar metallic bilayers, this effect can give bimetallic® nanoshells synthesized in solution. It is believed
rise to void formation near the bond interface and within that the use of the Kirkendall effect allows a rational design
the fast-diffusion sidé;® thus deteriorating the bonding of nanoscale hollow objects, from metals, semiconductors
strength of the interface. In a spherical material system wheretq insulators, based on the proper choice of materials and

the fast-diffusion phase is enclosed by the slower one, the yjtferent reaction properties known from thin-film diffusion
Kirkendall effect can also apply and manifest itself by couples.

forming hollow crystals composed of a compound shell. This
concept was first demonstrated by Aldingevho obtained
shells of a BeNi alloy after annealing Ni-coated Be micro-
particles (of 33um diameter). Coming to the nanoscale, due
to the structural perfection and wide availability of single- J :

crystal metal nanoparticles, the Kirkendall effect can result turés, Tuand Geele’ considered the GibbsThomson effect

in smooth and uniform-sized hollow compound nanocrystals. IN the thickening rate of the compound layer (i.e., diffusion
This was first demonstrated by the group of Alivisatos for driven by decrease in surface free energy due to curvature
spherical hollow nanocrystdland later on by various other ~ difference) and studied the thermal stability of a hollow
groups?-1t An extension to cylindrical nanotub&s 4 has nanocrystal. In their follow-up work, Yin et &f.dealt with

the kinetics of the volume flux and derived the empirical

In the study of kinetics of the Kirkendall-type diffusion,
the conventional model employs a one-dimensional steady-
state bulk flux governed by Fick’s first law (i.e., diffusion
driven by concentration gradient). For spherical nanostruc-

:Corresponding author. E-mail: hjfan@mpi-halle.de. criteria and time scale for the formation of hollow nano-
Max Planck Institute of Microstructure Physics. - -
# University of Cambridge. structur_es. In all these tref_;ltments, the void groyvth ratfa is
§ University of Paderborn. determined merely by the inward flux of vacancies, which

10.1021/nl070026p CCC: $37.00  © 2007 American Chemical Society
Published on Web 03/24/2007



lower activation energy@) and higher diffusion coefficient

of surface diffusion (index “S”) than those of bulk diffusion
(index “B"). For example, for ZnOQs = 158 kJ/moF2while

Qs = 347405 kJ/mol2 for TiO, (at 800°C), Ds = 6.5 x
10 % (cm?ls), Dg = 3.5 x 1076 (cn¥/s)23 The A material
can redistribute itself at the open surface of the AB layer
via fast surface diffusion. Within the AB shell, the material
exchange mechanism remains the same, viz, bulk inter-
Figure 1. Generalized model for hollow structure formation based diffusion associated with Kirkendall effect. Therefore vacan-
on a “Kirkendall effect+ surface diffusion” process (see text for  jag gre continuously generated and flow inward.

detalls). Such bridges have been observed in the intermediate
reaction stage of colloidal cobalt sulfide sub-20 nm nano-
crystals® and in the 166-500 nm diameter CdS hemispheres
by solid—vapor reactior? as well as the 3&m sized BeNi
alloy cages after complete sofidolid alloy formation’
Kirkendall-type diffusion occurs in all these experiments.
In particular, a time-sequenced reaction in ref 8 revealed
evidently the evolution of a bridge structure. For ZnO itself,
zinc diffuses roughly 2 orders of magnitude faster than
oxygen in single-crystal Zn®. Our previous report on
formation of hollow ZnO cages through an in situ oxidation
of micron sized (3-5 um) Zn particles’® as well as those
subsequently reported by similar methgéis$é might also

be examples of Kirkendall voids combined with strong

exclusively depends on the concentration gradients of both
phasesVC;, across the compound shell and the difference
in their bulk diffusivity D;.

On the other hand, pores could also grow via surface
diffusion'® on an existing or early established channel. In
fact, surface diffusion is an important mass transport mech-
anism in powder sintering of metals and ceramics, which
gives rise to coarsening and enhancement of pore griSvéth.
Furthermore, it has been recognized that surface diffusion
can be the main mechanism accounting for the elongation
of carbon nanotube®;?® and inorganic nanowire/tubés°
when the characteristic diffusion lengtbss)*? > | (length
of a nanowire or tube). In the study of carbonization of a e .
crystalline Si substrate, Scholz et®abbserved micropipes transporf[ by surface diffusion, especially when cracks are
extending inward from the Si surface. According to the present in the shell. o .
authors, a self-adjusting process was involved in which Si Here we provide more explicit evidence using Zs2y
out-diffuses over the wall of the pipes to the wafer surface, s & model system, where hollow spinel Zs3J nanowires
where Si finally reacts to form SiC. Even in the extreme Were formed through a soligsolid reaction of ZnG Al;0,

Kirkendall process for BeNi spherical particle the self-  core-shell nanowires. Details of the fabrication were

In this letter, we propose a conceptual extension for the therefore represents a case of an extreme Kirkendall effect.

growth process of voids in Kirkendall-diffusion systems, In this report, the ZnO nanowires have diameters in the range
particularly in nanoscale materials, which involves surface ©f 10-60 nm, while the thickness of the A); shell was
diffusion via the pore surfaces as an essential transport pathfixed around 10 nm. Conformal coating of the alumina layer
To support our hypothesis, we will show experimental Was realized by atomic layer deposition at 2UD using
evidence using the ZnAD, spinel-forming reaction as a  [Al(CH3)s] and water as the aluminum and oxygen source,
model and discuss the influence of surface diffusion on the respectively:*#*Such formed Zn©-Al.Os core-shell nano-
structural evolution. wires were then annealed in an open tube furnace at00

In a nanoscale system, due to the finite volume and spatial]cor 3h.
confinement, a high vacancy supersaturation can readily be Figure 2 shows the transmission electron microscopy
reached so that void formation is enhanced compared to the(TEM) images of structures after annealing under identical
bulk counterparts. In this light, the voids have a high chance conditions. Complete hollow spinel nanotubes were formed,
to touch the compound outer layer. Figure 1 shows schemati-as seen in Figure 2a, when the thickness of the initial ZnO
cally our generalized model. For the diffusion flux, we nanowires is close to 10 nm. In Figure-2t, all the ZnO
assumel, > Jg. In the initial stage (Figure 1a), Kirkendall nanowires are thicker than necessary<{16 nm) for a
voids are generated near the A/AB interface during vacancy-complete reaction with the 10 nm thick alumina shell. The
assisted exchange of material via bulk interdiffusion. The morphology details of the remaining ZnO core can represent
voids are the sinks for subsequent inward flux of vacancies intermediate states of a hypothetical thorough reaction with
(Jv = Ja — Jg) and thus grow in size. The voids coalesce a thicker ALOs layer. In Figure 2b, where the initial ZnO
into bigger ones and touch the compound layer AB, in one nanowire thickness is in the range of-121 nm, interrupted
sense breaking the connection for lattice diffusion and in tubes with segmented voids sandwiched by the remaining
the other sense establishing new bridges as fast transporZnO are shown. This is because of the preferential enlarge-
paths for the remaining material A (Figure 1b). At this stage, ment of some early established voids by losing surface atoms.
diffusion of adatoms of the remaining material A along the In Figure 2c, where the initial ZnO nanowires are-3&7
bridges, i.e., the pore surface, to the reaction front becomesnm thick, the main feature (especially in the off-tip parts) is
the dominant material transport process because of a mucta cellular ZnO remainder. Big voids are observed in contact
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Figure 2. TEM images of structure formed after a Zn@l, spinel-forming reaction on the ZnO nanowire surface. The diameters of the
initial ZnO nanowires are<10 nm in (a), 19-21 nm in (b), 32-37 nm in (c), and 3951 nm in (d). The conditions for atomic layer
deposition of A}O; are identical and the ADs thickness is about:10 nm in all cases shown. The dashed line is a guide for the eye to see
the void size variance.

with the spinel shell. In Figure 2d, the thicknesses of ZnO especially for coreshell nanowires when the inner core
nanowires, 3351 nm, are even larger than necessary. After exceeds the available shell material: the uneven flux of inner
reaction, characteristic voids are seen mostly in the proximity constituent in the cylindrical coordination easily gives rise
of the spinel shell, similar to a planar interface, as we will to segmented tubes, as exemplified by Figure 2b. Neverthe-
see below. Some voids are significantly large, e.g., see alongess, one might still eventually obtain complete nanotubes
the dashed line in Figure 2d. If the reaction were a pure bulk by further etching away or dissolving the remaining skeletal
diffusion-controlled process, it is expected that a chain of core, for example, dissolving ZnO in diluted HCI acid.
Kirkendall voids of similar size existed near the inner surface. ~ Our model also applies to the growth of Kirkendall voids
Hence, Figure 2d implies the occurrence of a “Kirkendall at a bilayer planar interface. Figure 3 shows the result from
— surface diffusion” process as proposed above. an experiment (same conditions for @8k deposition and
Surface diffusion can be enhanced by specific conditions, annealing as above) on a sufficiently thick ZnO film. A string
for example, higher annealing temperatures (e.g., MgO andof voids are clearly seen at the interface and mainly within
Al,0z%), higher gas pressure (e.g., 5€), and ambienttype  the ZnO surface layer, characteristic of Kirkendall-type
(e.g., Ru@ and Pt243. On one hand, the surface diffusion diffusion. Some of the voids are much larger than the rest,
process should accelerate the reaction and thus reduce thehich is most likely because of a locally enhanced growth
time for the formation of a complete single hole inside the accompanied by surface diffusion of ZnO rather than
AB shell. On the other hand, it enhances the local growth coarsening. A closer view of one of the big voids, as well
of voids and results in structural irregularities like a skeletal as the crystalline spinel film, is given in Figure 3c. This
interior. As a consequence, an intentional fabrication of provides strong evidence that the void was formed during
complete hollow nanocrystals or nanotubes using the Kirk- the reactive annealing process, rather than being an initial
endall effect becomes more complex. This is a problem surface defect of the ZnO, which would otherwise have a
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Figure 3. Kirkendall voids at a Zn® Al,0; planar interface. (a,b) Cross-section TEM image of the interface area after annealing, showing
a distribution of random-sized Kirkendall voids. (c) Close-up view of one big void and the single-crystal top spinel layer.

uniform covering of the spinel layer along the step edges. It of complete hollow structures, as experimentally demon-
is noteworthy that the spinel layer above this big void is 3 strated in several publications, is faster than that computed
atomic layers higher than its surroundings. This could be a by considering only bulk diffusion. Furthermore, we believe
result of enhanced reaction above the void. It is worth that the “Kirkendall effect- surface diffusion” mechanism
mentioning that the void size distribution as well as the shape should also apply to macroscopic cetghell structures as
in Figure 3 is qualitatively the same as those examined by well as to planar bilayers.
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