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here is a great interest in the fabrica-

tion of zero- (0-D, dot) and one-

dimensional (1-D, wire and/or rod)
nanocrystals and the design of their size,
shape, and position on semiconductor sub-
strates for applications in memories, transis-
tors, and sensors.!~®> However, direct fabri-
cation of nanocrystals is a great challenge to
accurately control their size, shape, and po-
sition, which extremely affect the character-
istics of single-electron devices because of
quantum confinement and surface
effects.5”

As potential engineering tools to di-
rectly fabricate position-controlled
nanocrystals,® ' scanning probe tech-
niques such as scanning tunneling micros-
copy (STM) and atomic force microscopy
(AFM) have been intensively employed be-
cause single-atom manipulation has been
demonstrated.’> > However, these tech-
niques have a limit for controlling nanocrys-
tal size and shape because governing
mechanisms of nanocrystal formation still
remain uncertain. Real-time direct observa-
tions required for elucidation of nanocrystal
formation mechanisms at atomic scales are
hardly achievable in current scanning probe
instruments with the serial manner proce-
dure: first prescanning the clean surface,
second transporting and manipulating at-
oms on the surface one at a time, and then
finally postscanning manufactured fea-
tures.'® Furthermore, these techniques have
a principle drawback of repetitive manipu-
lation of individual atoms to fabricate nano-
crystals with desired size and shape, which
is extremely time-consuming (for example,
120 atoms/9 h)."” Therefore, a formidable
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ABSTRACT Zero- and one-dimensional metal nanocrystals were successfully fabricated with accurate control

in size, shape, and position on semiconductor surfaces by using a novel in situ fabrication method of the
nanocrystal with a biasing tungsten tip in transmission electron microscopy. The dominant mechanism of

nanocrystal formation was identified mainly as local Joule heating-assisted electromigration through the direct

observation of formation and growth processes of the nanocrystal. This method was applied to extracting metal

atoms with an exceedingly faster growth rate (~10° atoms/s) from a metal-oxide thin film to form a metal

nanocrystal with any desired size and position. By real-time observation of the microstructure and concurrent

electrical measurements, it was found that the nanostructure formation can be completely controlled into various

shapes such as zero-dimensional nanodots and one-dimensional nanowires/nanorods.

KEYWORDS: nanodots - nanowires - nanorods - nanostructures - in situ
nanofabrication - scanning probe - metal - Joule heating - electromigration - in situ
transmission electron microscopy

method needs to be developed to both di-
rectly form and manipulate desired 0-D and
1-D nanocrystals with fast growth speed in
in situ observation.

In this study, 0-D and 1-D metal nano-
crystals were successfully fabricated with
accurate control in size, shape, and posi-
tion on semiconductor surfaces, accompa-
nied with a much faster growth rate (~10°
atoms/s) than any other conventional scan-
ning probe approaches. The dominant
mechanisms of nanocrystal formation were
clearly identified as Joule heating and as-
sisted electromigration by using a novel in
situ fabrication method with a biasing W tip
as the scanning probe in transmission elec-
tron microscopy (TEM).
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Received for review November 23, 2009

RESULTS AND DISCUSSION and accepted May 06, 2010.
For direct observation of the Zn nano-

crystal formation/manipulation by the scan-
ning probe technique, in this in situ study,

a specially designed holder with a biasing
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Figure 1. Summary of the current density—voltage measurement at the nanoelectrical contact during in situ Zn nanostruc-
ture formation. (a) Schematic diagram of the in situ nanofabrication experiment in TEM. An actual TEM image of the tip and
sample is accompanied. The scale bar represents 20 um. (b) J—V characteristic plot during in situ nanofabrication for extract-
ing Zn ions from a ZnO thin film. Solid and dashed lines indicate a fitting result to a linear function in the voltage range
>11.3 V and an extrapolation to lower voltage region, respectively. (c) Energy band diagram of W/ZnO junction under equi-
librium conditions. A Shottky barrier with height Ep,ier forms in the W side. (d) Ohmic energy band diagram of the Zn/ZnO
junction under equilibrium conditions. The energy levels of conduction and valence bands in the ZnO are denoted by Ec and

Ey, respectively, and the Fermi level by E;.

W tip was used in TEM. Positioning of an electrochemi-
cally etched fine W tip onto the surface of a cross-
sectional ZnO thin film enables metal —semiconductor
nanocontact junctions, as shown in Figure 1a.
Through these junctions, we can apply dc voltage
and monitor the electrical current. Figure 1b shows a
current density —voltage (J—V) characteristic curve di-
rectly measured during the in situ experiment. We ad-
just the tip and sample positions to keep taking images
of those areas because there is a lateral drift when the
applied bias voltage was changed. The J—V characteris-
tic curve changes from nonlinear to linear response at
a certain applied voltage (current density J is the elec-
trical current divided by the contact area of tip with the
specimen). This response change can be attributed to
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the formation of Zn nanocrystal at the junctions. Since
the work function of W is 4.55 eV and the work function
and electron affinity of ZnO are 4.45 and 4.29 eV,'8"°
respectively, a Schottky barrier is formed at the con-
tact junction between W and ZnO, as illustrated in
Figure 1c. The nonlinear behavior in the J—V curve
can be explained as a surface breakdown. When the
current density reaches the critical value Jy, elec-
tromigration of Zn ions occurs and a Zn nanodot is
formed. Since the work function of Zn is 3.63 eV,'®
there is no energy barrier at the Zn/ZnO interface;
thus, the contact between Zn and ZnO is likely to be
Ohmic, as shown in Figure 1d, and the J—V curve be-
comes linear. From Figure 1b, the Jr value can be es-
timated as ~1.73 nA/nm?2,
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We can facilitate the Zn nanodot fabrication pro-
cess with a modified method, by establishing the con-
tact with an accordingly bias-maintained W tip, instead
of increasing applied bias voltage after the junction for-
mation, as shown in Figure 2. Once the biasing tip is
physically contacted with the ZnO surface, a Zn nan-
odot is grown by electromigration of positive Zn ions
to the negatively biased tip (see Supporting Informa-
tion, movie S1), which occurs rapidly within 0.25 s of a
limit of typical electrical recording time. Because elec-
tromigration is a very slow process except at higher
temperature,? this fast Zn nanodot growth indicates
that the electromigration process can be accelerated by
local Joule heating in the vicinity of the tip-specimen
contact. For the electromigration phenomena,?' the
force (F) is typically given as a sum of the electrostatic
“direct force”, Fyq, and the electron mediated “wind
force”, F:

F=Fy+F,=eZf+ eZ,E=epZJ+ epZ,)
Mm

where E is the electric field, Zy and Z,, are the effective
valences for the direct and the wind force mediated
processes, respectively, and p is the electrical resistiv-
ity. The direct force is presented if there are charged
particles (with an effective charge Zy) or an accumula-
tion of charge near the particle due to the scattering of
current carriers. For self-diffusion in semiconductors,?'
Z4y may be dominant over Z,,. In this experiment, the Zn
ions act as electron donors (which results in Zy > 0),
and this positive Z4 would lead migration of the Zn ions
in the electric field direction along ZnO surfaces, grain
boundaries, and Zn interstitial sites. Such migrated Zn
ions were condensed at the end of the tip, and the re-
maining oxygen ions were evaporated as oxygen gas in
TEM.

When the biasing tip was withdrawn, a single Zn
nanocrystal (nanodot) was created, which was identi-
fied by high-resolution TEM imaging and electron dif-
fraction (see Supporting Information, Figure S1). In ad-
dition, the created nanodot can be moved to another
region on the ZnO surface or dissociated by attaching
it to the tip with same magnitudes of the positive bias
to induce a molten Zn/ZnO interface as that applied to
the ZnO surface to form Zn nanocrystals.

Precise volume control of Zn nanodots was also pos-
sible at any designated locations on the surface, as
shown in Figure 3a, because both the extracted amount
and moving direction of Zn ions strongly depend on
the external electrical drive as expressed in eq 1. Mul-
tiple contacts with the biasing tip were performed re-
peatedly and readily on the surface of ZnO thin film by
controlling the tip position and distance with in situ TEM
observation. This contact method enables extraction
of metal ions from oxide films in a highly reproducible
manner in comparison with any other conventional
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Figure 2. In situ creation of a Zn nanodot. J characteristics plotted as
a function of the processing time, recorded during the in situ Zn nan-
odot formation. Inserted four video captured TEM images show a se-
quence of the in situ Zn nanodot formation from the ZnO thin film.
While the tip is contacted with the ZnO surface, the tunneling current
is constant at ~16.5 nA/nm?, which is much greater than J; for extract-
ing Zn ions from the ZnO thin film. The scale bar represents 10 nm.

noncontact approach, where reproduction rates are
relatively limited.??

Figure 3b exhibits how the Zn nanodots grow on
the ZnO thin film as a function of J. The volume of Zn
nanodots was controlled from 1592 = 122 to 3123 =
104 nm? by electromigration force depending on the
current density at the tip with extracting speed of ~10°
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Figure 3. Volume-controlled Zn nanodots created on designated loca-
tions. (a) TEM image of an array of six Zn nanodots (A—F) fabricated se-
quentially. The shapes of A and B are hemispheres, and those of C—F

nanodots are spheres. Two different bright-field TEM images including
A—D and E and F nanodots are combined because of the TEM image

capturing problem. The scale bar represents 50 nm. (b) Volume of Zn

nanodots as a function of J. The line represents a fitting result to a lin-
ear function.
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Figure 4. In situ fabrication of 1-D Zn nanocrystals. (a) Video captured image of a Zn nanowire in TEM. When the tip was
pulled with the withdrawing rate of ~4.5 nm/s, a nanowire indicated by arrow was formed. (b) Bright-field TEM image of an-
other Zn nanorod, which was formed with the withdrawing rate of ~0.7 nm/s. The inserted selected area electron diffrac-
tion pattern shows {1010} and {0002} planes of hexagonal Zn. The scale bars in (a) and (b) represent 20 nm. (c) Energy-filtered
TEM image acquired by using a three-window method at Zn L, 5 (green), O K (yellow), and Si L (red) edges. (d) Result of
FEM simulation showing temperature gradient from the biasing tip through the Zn nanorod to ZnO thin film.

atoms/s. The linear dependence of the Zn volume
against J shown as a fitted line in Figure 3b represents
that the Zn volume can be controlled by ~180 nm? with
an increment of 1 nA/nm? in J. Therefore, within the de-
tectable range of the present in situ experiment, Zn
ions can be extracted from the ZnO thin film until a pre-
selected nanodot size is achieved above J;. From this
linear relationship, the initial Zn volume can be esti-
mated as ~440 nm? by extrapolation.

Furthermore, in the same fabrication conditions for
0-D Zn nanodots, 1-D Zn nanowires and nanorods
could also be fabricated by controlling the dragging
speed of the tip perpendicular to the ZnO surface, as
shown in Figure 4a,b (see Supporting Information, mov-
ies S2 and S3). These fabrications directly exhibit that it
is possible for the electromigration to continuosly ex-
tract the Zn ions from the ZnO thin film in the bias du-
ration. It was confirmed that the nanorod consists of
pure Zn by energy-filtered TEM, as shown in Figure 4c.

The sufficiently high atomic mobility and driving
force (i.e., current density for electromigration) are re-
quired to apply the electromigration phenomenon to
the nanostructure fabrication in practice. The atomic
mobility is strongly influenced by the local tempera-
ture T, which can be enhanced due to Joule heating af-
ter the Ohmic contact is established. Therefore, in prac-
tice, electromigration-induced nanostructure formation
can be enhanced by controlling the local temperature.

To determine the temperature gradient from the bi-
asing tip through the Zn nanorod to the ZnO thin film,
finite element modeling (FEM) simulation was em-
ployed to solve a heat-transport equation in this fabri-
cation condition for the Zn nanorod. The simulation re-
sult is shown in Figure 4d. Since the electrical resistivity
of ZnO (4.50 X 1072 Q m)* is much higher than that
of Zn (6.01 X 1078 Q) m)'® at 298 K, T could be increased
up to ~833 K by the Joule heating in a narrow region,
where the Zn nanorod is fully contacted with the ZnO
thin film. The FEM result indicates that the local temper-
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ature can be elevated higher than the Zn melting point
in bulk (692 K) at the contact part of the tip with the
Zn nanorod due to the Joule heating. The phase trans-
formation of the Zn from liquid to solid status was ob-
served as contrast modification in simultaneous TEM
imaging with the Zn formation (see Supporting Infor-
mation, movie S3). If the local temperature of the mol-
ten region of the nanorod is lower than the Zn melting
temperature by departing from the Zn/ZnO interface
due to the tip manipulation, the molten part is crystal-
lized (see Supporting Information, Figure S2).

This nanofabrication method can be applied to
other metallic nanostructure fabrications from metal or
metallic compound systems if the thermally assisted
electromigration is triggered in combination with the
applied current density with elevated local tempera-
ture. In other material systems, electromigration direc-
tion of metal ions should be considered because domi-
nant force between direct and wind forces is different
in every material. In the case of fabricating a metallic
nanostructure from metal systems, higher current den-
sity than that for semiconductor systems is essential be-
cause metals can dissipate enormous power densities
without melting.

CONCLUSIONS

In summary, the present study indicates that the
mechanism of metallic nanostructure fabrication by
the biasing probe is a thermally assisted electromigra-
tion. Utilizing this mechanism, the practically rapid
nanostructure fabrication was demonstrated to create
0-D Zn nanodots with desired sizes at designated loca-
tions by extracting Zn ions from ZnO thin films. Further
manipulation enables fabrication of 1-D Zn nanowires
and nanorods, as well. The method and condition dem-
onstrated here can be applied in STM and AFM for cre-
ating a diverse range of artificial two-dimensional nano-
structures, which are constructed by arraying 0-D and
1-D nanocrystals, as templates for the implementation
of nanoscale devices.
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METHODS

Specimen Preparations and /n Situ TEM Experiments. ZnO thin films
with a thickness of ~20 nm were deposited on n-Si (001) sub-
strates by radio frequency magnetron sputtering. The detailed
growth procedure of the ZnO thin film deposition is described
elsewhere.?” For the formation of pure metal Zn nanocrystals,
ZnO was chosen as a base material because of its relative stiff-
ness, in contrast to other metallic and organic materials. Addi-
tionally, it has an excellent thermal stability and resistance
against chemical degradation and oxidation.?® Therefore, the
synthesized nanocrystals do not react with the ZnO thin film.
Cross-sectional TEM specimens for in situ experiments were pre-
pared by cutting with a diamond saw, polishing with diamond
films, dimpling to a thickness of ~10 wm, and then final Ar-ion
thinning at a liquid nitrogen temperature. The in situ experi-
ments were performed in a JEM-2010 LaBg instrument (JEOL
Ltd.), equipped with a piezo-driven nanomanipulation stage
(Nanofactory Instruments AB). We use the acceleration voltage
of 100 kV to reduce irradiation damage on the specimen. In TEM,
the specimen was approached with an electrochemically etched
W tip mounted on the nanomanipulator side, and physical con-
tact was made between the tip and the surface of the ZnO thin
films. By applying a bias voltage at the tip, an electrical circuit is
established in the holder including the ZnO specimen. The W tip
was changed to a clean one whenever the tip was severely con-
taminated. Moreover, contaminated tips could be cleaned by
field-induced dissociation of Zn from the tips. The nanofabrica-
tion process was recorded using real-time TEM video imaging
with electrical data, which were recorded with ~4 Hz acquisi-
tion speed.

FEM Simulation of Temperature Gradient. It is supposed that the
Zn nanorod as a one-dimensional system with length L obeys
the classical heat equation with Joule heating:

VVT) + oV¥/L* =0 )

where « is the temperature-dependent thermal conductivity, T
the temperature, o the temperature-dependent electric conduc-
tivity, and V the applied voltage across the nanorod. The
temperature-dependent parameters of k(T) and o(T) of Zn?"2®
and Zn0?3° are well-known. Equation 2 was solved by apply-
ing FEM to the entire system with appropriate boundary condi-
tions at a given applied bias of 30 V.3! Full contact was assumed
at both the tip/nanorod and ZnO/nanorod interfaces for this
FEM simulation.
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