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Surface Reaction of ZnO Nanowires with Electron-Beam Generated Alumina Vapor
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Single-crystal ZnO nanowires are reacted at-8900°C in vacuum with alumina vapor generated by electron
beam evaporation. The morphology changes after the-sedidor reactions are studied in detail using electron
microscopy and compared to other similar spinel nanostructures. Unlike othergafidr reactions like
MgO—AIl,O3 and ZnG-G&03 where a continuous spinel layer is formed, the reaction of ZnO nanowires
with alumina vapor is unique. The initially smooth surfaces of ZnO nanowires become rugged due to surface
decomposition without the growth of spinel layers. A formation mechanism is proposed that the surface
reaction of ZnO with alumina vapor might constitute a process of a unilateral transport of ZnO and the
associated surface diffusion.

Introduction unilateral transfer of ZnO into the spinel (see Figure S1 in
Supporting Information). This was first pointed out by Bengtson
and Jagitsch® and later readdressed by NavidBransor?°
and Keller et aP! This means that an inert marker plane placed
at the initial interface will be found at the ZnO/spinel interface
for the ZnO-Al O3 reaction, whereas in the case of the MgO
Al,O; reaction, the marker plane is within the spinel layer. In
our recent experiment of soliesolid interface reactions of
core—shell nanowires, hollow spinel nanotubes were developed
directly from ZnO-Al,03, whereas spinel shells were based
on MgO—-Al,03.22 This is consistent with the diffusion mech-
anism and a consequence of the spatial confinement given by
fthe cylindrical symmetry of the reaction.

Depending on whether it is a sotigolid or solid-vapor

The controlled fabrication and assembly has been the
mainstream of the nanowire research driven by their application
potential as building blocks for semiconductor electronic and
optoelectronic circuitd2 On the other hand, nanowires are also
widely used as chemical (reactive) or physical (nonreactive)
templates for nanotubes and ceshell nanowire$=> The ZnO
nanostructure is one of most studied systems, but the main
attention is put to their structural, optical, and optoelectronic
properties. ZnO is also a reactive material. A number of spinel-
type ternary compound nanostructures, for example, Z4&”
Zn,Si04,8ZnyTiO4,2Zn,SnQ,19ZnGa04, 11 ZNFe04,12ZnSh0,, 13
have been synthesized either through solid-state reactions o
g:einZQi% gﬂggmgé precursor with other corresponding oxides reaction,_ the ZnO-based spir_1e| nanostructures l_'nentior_ledﬁab’o\_/e

Spinel oxides have potential applications in sorbents, batteryShOW different morphologies. For the particular interesting
materials, catalysts, humidity sensors, phosphors, and magneti(,zno_AIZO3 system, no report has been made so far for the

data storage. Some recent reptrts1 1D spinel nanomaterials reactio_ns of solid ZnO V‘_’ith alumina vapor. I_n this study, ZnO
indicate an increasing attention to the nanoscale fabrication ang'anowires were reactgd in vacuum with alum_lna vapor generated
characterization of spinel materials. by e-beam evaporation. E-beam evaporation in vacuum is a

Solid-state reactions of type A@ B;Os — AB,O, are a standard method used widely for setidapor reactions on bulk

3,24,25 i i
common way for the fabrication of spinel oxides. Traditional zubstr_at_teé, i dgethto 'tbs tm;srltts of e?sy (iotntrol t_Of Itheﬂ
studies on spinel-formation reactions are usually conducted at eposition rate and the substrate temperature. interestingly, ater

planar interfaces or in form of powder mixture by bringing two ;leactlon, t_t:_e ZnOdnanowwfethsurfgce becom(tesd rtl)Jgged ”dug tol
solid binary oxides, or a solid oxide and a vapor or liquid phase, ecomposition, ahd some ot the WIres are coated by small spine
into contact at high temperatures 1000 °C)15 The growth nanoparticles, a structure dramatically different from that after

process of classical spinel oxides (e.g., Zi@xand MgAbOy) a solid-solid reaction. This provides a route toward single-

involves Wagner’s cation counterdiffusion mechanism, namely, Erystt?llllne Cr;ﬁ'n(lj'ke SZnOh nano¥]V|rZeséwhlch are d'ﬁ'(.:url]tttg grow
cations migrating through the reaction interface in opposite Yy OIh€r metnoas. such rough £n nanowires might bé more

directions and the oxygen sublattice remaining essentially Edvantage?ushf_orh photo]((:atalync and/or gasé ?er;f]mtg ?ehavuzlz
fixed 1617 The reaction of ZnO (wurzite structura,= 3.250 ecause ot a higher surface aréa compared to that ot Smoo

A, ¢ = 5207 A) with AbO; into ZnAl,O, spinel (cubic ~ Wires:
structure,a = 8.088 A) is special: the growth mechanism

involves the diffusion of both Zn and O and an effective Experimental Section

Vertically aligned ZnO nanowires on GaN/Si substrates were
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Figure 1. SEM images of the ZnO nanowires after reacting witkOpl
vapor. Thick wires £100 nm) retain their vertical alignment (a) and
those thin ones<50 nm) become curved (b).

was generated in a high-vacuum chamber by electron-beam
evaporation of pressed AD; powder tablets. The samples were
hanging over the electron-beam evaporator with the nanowires
facing the alumina source. The distance between evaporator and
the substrates isx20 cm, which is quite large. This minimizes
the heat load on the sample and thus prevents a rise in samplgigyre 2. TEM images showing the general structure after the initially
temperature during deposition. The sample was heated t6 800 smooth ZnO nanowires were subjected to alumina vapor at8Gor
900°C in a tube furnace directly by thermal irradiation, before 80 min. Inset in (a) is a close-up view.

it was subjected to the vapor beam. The base pressure of the

system was<2 x 107> mbar. During deposition pure oxygen
was introduced to establish a pressure of 10~4 mbar. The
reaction time was in the range of @60 min. For comparison,
one ZnO nanowire sample was annealed under similar condi-
tions except that no alumina vapor was generated. After
deposition, the samples were kept in the vacuum chamber an
allowed to cool to room temperature.

far below the stoichiometric percentrage of Zn spinel, which
might come from a thin alumina layer on the surface. Further-
more, the reacted wires also contain a large amount of defects
visible as lines across the diameter. Figure 3a gives an example
of such defects in a thin nanowire. The nature of these defects
dis unknown at present stage, but is most likely due to
consumption of the near-surface Zn and O atoms by the reaction
with alumina vapor.

Experiments were also conducted at 8UD for various

The ZnO nanowires stand vertically to the GaN surface before periods of time ranging from 10 to 160 min (see Figure S2 in
being subjected to the alumina vapor at 800 or 900 After Supporting Information). The nanowire surface was slightly
reaction, thick nanowires retain the vertical alignment (Figure rugged at early reactions and the surface roughness appeared
1la) whereas those thin ones generally lose their alignment andunchanged for reactions until 160 min. Again no outer layer of
become randomly oriented (see Figure 1b). Detailed transmis-spinel was observed.
sion electron microscopy (TEM) investigation reveals that the  When the reaction temperature was raised to ¥0spinel
initially smooth nanowires transform into a rugged morphology formed by the solietvapor reaction on the nanowire surface.
with necks on the surface. The degree of decomposition dependg=igure 4a-c gives an overview of the reacted wires after
mainly on the temperature. Elongated reactions at°@fesult reaction at 900C for 160 min (some unreacted wires are also
in more-rugged surface than reaction at 8@ In addition, present as will be discussed later). A SEAD pattern recorded
the nanowires after reaction at 90C have tiny particles  from one of the rugged wires is shown in Figure 4d. In addition
attached at the necklike thinner parts of their surface. In contrast,to the dominating wurtzite ZnO spots in [1@] transmission
the nanowires after the 80TC reaction regardless of their direction, weak spots fitting to ZnAD, spinel can be identified.
thickness have no attachment of such nanoparticles and theThe maximum depth of the necks4s42 nm. Again, the ZnO
whole wires become chainlike. We will examine the structures crystal lattice body was preserved from the initial nanowire.
after reaction at the two temperatures separately. Spinel nanoparticles were attached to the wire surface, mainly

Figure 2 shows the representative chainlike morphology of in the necks (Figure 5a). The measured lattice plane distance
those thin €50 nm) nanowires after being subjected to alumina perpendicular to the wire axis correspondsiigoz = 0.26 nm
vapor at 80°C. TEM analysis and the selected area electron of wurtzite ZnO. High-resolution TEM examination of the
diffraction (SEAD) pattern in Figure 3 revealed that the wires particles on the wire surface verified the phase of the wire body
are not spinel ZnAlO,, as anticipated from soligsolid reac- and the surface particles to be wurzite ZnO and cubic ZDAl
tion 8 or the reaction of vapor Zn with a solid alumina matfix.  respectively. The lattice images of two representative particles
Instead, they contain mainly ZnO lattice without obvious growth are shown in Figure 5b,c from which the lattice spacings are
of a spinel layer. The scanning EDX spectrum along the length measured: 4.04 and 4.67 A, fitting to thespacings of (002)
of such chainlike wire (Figure 3c) shows a small amount of Al and (111) ZnAdO, planes, respectivel/.Figure 5d-f displays

Results
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Figure 3. (a) HRTEM image of the wire surface (Figure 2) showing the necks and corresponding defect lines. (b) Electron diffraction pattern of
a rugged wire verifying the absence of lattice spots from Zn spinel. (c) Typical spectra of atomic percentages of Zn, Al, and O along the dashed
line in the inset image determined by EDX. The atomic ratio of oxygen is not real because of the characteristics of the instrument.

the fast Fourier transformation (FFT) patterns from two surface composite wires with an outer smooth spinel shell of about 3
particles, as well as that from the wire body. Both particles are nm2° Therefore, a continuous and uniform covering of alumina
in [—110] transmission, and the ZnA, (111), (002), and (220) is the key to the formation of a smooth spinel layer.

spots can be easily indexed. Second, for comparison we also conducted the sajab
. _ reaction to MgO nanowires (thickness50—100 nm) under
Discussion identical conditions as the ones described above. Generally, a

continuous spinel-type compound layer was formed surrounding
the remaining MgO core. An example of such structure and its
corresponding composition analysis is shown in Supporting
?nformation, Figure S4. The result is qualitatively the same as
that through a soligsolid interface reaction of MgOAI,0O3
core—shell nanowires that we reported previsodyt is also

in consistence with the result of soliglapor reactions on single-
crystal MgO substratésand with solid-solid reactions between
sapphire substrates and MgO thin filds.

The change in surface structure is not caused by thermal
evaporation of the ZnO nanowifedue to vacuum annealing.
This is because, as shown above (Figure 4a), some smooth wire
were also found in the sample subjected to vacuum reaction.
These smooth wires were intact due to blockage from the
alumina vapor by the sample holder during the reaction. If
vacuum annealing were the cause, all the wires should be
transformed. Furthermore, we annealed one ZnO nanowire
sample under the same conditions without introducing alumina ! - ) ) )
vapor. The surfaces of these nanowires remained intact (see Finally, in the experiment by Li et ak>ZnO nanowires were
Supporting Information, Figure S3). The equilibrium total vapor N Situ reacted with GaO vapor at 500°C for 30-60 min,
pressure of ZnO near 90C is about 4.0x 10-5 mbar28which formmg an outer shell of ZnGe, spln_el._ No hollow mtt_eru_)r
is close to the background pressure in the chamber. ThereforeOF ippled surface was observed. Similarly, our preliminary

evaporation of the solid ZnO nanowires is insignificant and esults show that an interfacial sotigolid reaction of ZnO core
cannot explain the formation of the necks. nanowire with a 20 nm thick BE®s shell resulted in Zn©

Let us now make a comparison to other spinel 1D nanostruc- ZnFe0, core—shell nanowires. This indicates that a diffusion

tures. First, our previously reported Zn@, spinel nanotubes ~ Process different from the Zn@AlOs system had occurred in
were obtained via a soligsolid interface reaction of Zn© the ZnG-G&0; and ZnO-Fe,0; reactions.

Al,O; core—shell nanowire$. In this case, the unilateral The above comparison leads to the suggestion that the
(outward) transport of ZnO into spinel resulted in hollow tubular formation of the necks might be correlated to the unilateral
nanowires, as a result of spatial confinement given by the transfer of ZnO into the forming spinel particles during the
cylindrical symmetry of the reaction. Moreover, control experi- surface reaction between ZnO and the impinged alumina. On
ments were conducted in which the ZnO nanowires were coatedthe basis of this, a model is proposed as follows.

with a 3 nmthick ALD alumina shell (to compare the results The alumina vapor species (&) impinge the ZnO nanowire

of solid—vapor and solietsolid reactions with a comparable surface and locally react with ZnO due to the substrate
spinel particle size). The resulting structure is internally porous temperature (900C). Because of a slow evaporation process,
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Figure 5. (a) Surface structure of the initially smooth ZnO nanowires
after reacting with alumina vapor at 900 for 160 min. (b,c) HRTEM
pictures of two particles, showing the wire body is ZnO and particles
are ZnAbO, spinel. (d-f) FFT patterns taken from the wire body
particle in panels b and c, respectively (The indexes sit above the spots).

Figure 4. (a—c) TEM images of general morphology of the rugged layer of ZnAl 2037 in our experiment is small because of the
wires after reaction with AD, vapor at 900°C for 160 min, showing  following reasons: first, our higher growth temperature of 900
the etching-like surface necks and attachment of particles. Note alsooc ghoyld enhance the growth of Zn spinel and bypass the

some smooth nanowires collected from the same sample but not reacteqranSitiOn phase. Second, our growth was limited by amount of

with AlOy vapor. (d) Selected area diffraction pattern recorded from . ! X
one reacted wire. The 4-digital indexes are spots from ZnO, while @lumina, in contrast to Wang's case where the growth was
3-digital ones fit ZnAO, spinel. limited by the volume diffusion of Zn into the solid alumina.

Therefore, the reaction in our experiments did not favor the

discontinuous ZnADy islands are formed, similar to the early ~occurrence of the Zn-deficient phase (Za©Al20s)1..
stage of the soli¢tvapor reaction on a planar substrateit In the case of other systems like Mg@l,O3; and ZnG-
the reaction interface, nanogaps analogous to the Kirkendall-G&0Os, the cations counterdiffuse during the setiapor
type voids are generated as a result of the outward diffusion of reaction so that a layer of spinel shell, or polycrystalline islands,
ZnO into the spinel particlésAt this stage, diffusion of ZnO  is grown around the remaining core. No pits on the nanowires
along the surface of the necks to the reaction interface (namely,are formed. Therefore, the deposition of,@§ atoms on the
bottom of the clusters) might become the major material delivery surfaces of the MgO nanowires is relatively continuous. Volume
mode, compared to the volume diffusihThe subsequent  diffusion is the sole material exchange mechanism for the
AlLO, atoms, which do not diffuse into the volume of the reaction because a continuous solid interface is maint&fhed.
nanowires, stay preferably at the surface necks or around the )
ZnO/spinel cluster interfaces, which are low-energy sites Conclusion
compared to the smooth surfaces. With the enlargement of the  |n summary, a soligvapor reaction of ZnO nanowires at
gaps by losing surface ZnO atoms, deeper necks as seen iMOQ °C in vacuum with alumina vapor does not result in the
Figure 3 are developed. It is noteworthy that this process is anticipated ZnAlO, spinel nanowires, but rather in rippled wires
similar to the reaction of Ti@substrate with e-beam generated of g preserved ZnO phase. By comparing to the result of a
BaO vapor, as reported by some of the autfiéttn the latter  similar experiment on MgO nanowires, as well as other spinel
case, voids were observed on top of the substrate as a result opxide 1D nanostructures like Zn@&as, the morphology change
surface diffusion of TiQ during the solid-vapor reaction, s correlated to the unilateral transport of ZnO into alumina
roughening the original smooth TiGurface. during the ZnA}O4-forming surface reaction and the associated
In the experiments conducted by Wang effakhere anodic development of gaps at the interface. Moreover, we propose
alumina membranes reacted with Zn vapor, a tkid m) layer that surface diffusion of ZnO is the dominating mass transport
of Zn,Al,,037 phase was detected after reaction at 660for process enhancing the formation of necks and thus of the rippled
<600 min, whereas a15 nm thick ZnApO, spinel layer was morphology of the wires.
obtained at higher temperatures for longer reaction time (800 As a general conclusion, it appears that both the details of a
min). The ZnAl,,037, with an hcp crystal structure, is a spinel forming reaction on nanowires (used as substrate and
transition phase of the final spinel phase. In our experiments, one reactant) and the morphology of the growing spinel phase
the small nanoparticles were determined to be Zn spinel basedcritically depend on the kind of diffusion mechanism (unilateral
on HRTEM images and the diffraction patterns (Figure-§b or counterdiffusion) and on the state of aggregation (vapor or
The possibility of the formation of a similar thin transitional solid) of the second reactant.
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