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Abstract

In this first year of our Quantum Nanowire project, we have accomplished the following
tasks. (1) We have successfully grown several kinds of nanowires, including metal oxide,
semiconductor, and high-temperature superconductor nanowires. We have performed HRTEM
studies of the crystal structures on the nanowires. The dependence of plasma frequency on the
diameter of nanowires has been investigated, using Electron Energy Loss Spectroscopy. (2)
Utilizing electron-beam lithography technique, we have successfully fabricated sub-micron
electrodes onto the nanowires. The contact resistances are very low and highly reproducible. (3)
We have achieved four-probe measurements of the resistances, magnetoresistances, and
current-voltage characteristics on the nanowires down to liquid-helium temperatures. The
intrinsic electrical-transport properties of various nanowires have been studied. (4) We have
performed magnetic property measurements on diluted-magnetic semiconductor nanowires. The
correlation between thermal annealing conditions, crystal structures, and the magnetic properties
are clarified. In addition, we have developed and set up two novel systems for nanowire
measurements: (1) an STM/TEM system for conductance measurements on individual nanowires,
and (2) a low-temperature scanning probe microscope.

Keywords: quantum nanowires, HRTEM, low-temperature electrical-transport properties,
ferromagnetic properties, low-temperature scanning probe microscopy
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Structure effects on ferromagnetism in Zn; ,Co,0O nanowires
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Diameter controllable crystalline ZnQ nancwires, with the [0001] growth direction in the plane,
have been fabricated by using the thermal evaporation method. The as-grown nancwires with di-
ameter of ~ 40 nm were implanted with various amounts of Co ions. The as-implanted Zn_.Co.O
{# < 0.11) nanowires exhibited paramagnetic, but not ferromagnetic, behavior, and possessed high
density of radiation induced orientation variations and stacking faults. After annealing the strue-
tural defects largely disappeared, and noticeable hysteresis in the magnetization loops revealed
apparent ferromagnetic ordering in the nanowires. This work supports the idea of carrier-mediated
ferromagnetism in diluted magnetic semiconductors having a long transport mean free path.

Not only high Curie temperature but also the mecha-
nism of carrier-induced ferromagnetism in diluted mag-
netic semiconductors (DMS) has recently drawn much
experimental and theoretical altention. It has been pro-
posed that the ferromagnetism in ITI-V based DMS mate-
rials, (In,Mn)As and (Ga,Mn)As, is mediated by the mo-
bile holes originating from the magnetic Mn-dopants[1-
3]. The ferromagnetic p-type (Ga,Mn)As with a high car-
rier density (10"—10?" em~*) could possess Curie tem-
perature as high as 110 K.[3] It has also been argued
that the Curie temperature of the p-type Mn-doped ZnO
semiconductor, with a carrier concentration of 3.5 x 1020
em ™%, could be as high as the room temperature. Re-
cently, these theoretical propesals have stimulated nu-
merous experimental works in an effort to search for high
Curie temperature DMS ferromagnets. [4-6] In particular,
ab initio theoretical caleulations predicted a stable ferro-
magnetic phase in the n-type ZnO with Co doping.[7, 8]
Experimentally, sienificant discrepancies have been re-
ported among different groups and befween the mea-
surements and theoretical calculations. The widely pro-
posed mechanism of carrier-induced ferromagnetism in
Co-doped ZnO nanowires has not been clarified in the
experiment.

7ZnQ is an oxide semiconductor with a room tempera-

*Authors to whom correspondence should be addressed; electronic
mail: whjian@mail netu.edutw; jjlin€mail netn.edu.tw

ture energy gap of 3.37 ¢V, In contrast to the other II1-VI
compound semiconductors, ZnQO can be heavily doped
with electrons to form a transparent conductor. Since
nanostructures are potentially ideal functional compo-
nents in the future nanometer-scale electronics and op-
toelectronics, the study of ZnO nanowires iz currently
of high interest. Realization of spintronic devices from
the bottom up would be feasible by adopting the DMS
Co-doped ZnO nanowires.[9, 10]

In addition fo the carrier concentration, it is theoreti-
cally accepted that crystalline quality and structural de-
fects should play an important role in the occurrence
and stability of ferromagnetism.[11-13] Thus far, there
has been no clear experimental observation to discern
this conjecture. In this work, we use natively doped
crystalline n-type[14] ZnO nanowires, implanted with Co
ions, to investigate the correlations between the strue-
tural defects and the strength of ferromagnetism.

Zn0 powder was placed in a crucible situated at the
center of a quartz tube in a furnace heated to 950°C.
A glass substrate at a temperature of 500°C with gold
nanoparticles (~ 40 nm in diameter) as catalysts pre-
deposited on it was located at the downstream end of
the quartz tube. The chamber was maintained at 200
Pa with a constant flow of argon. After 8 hours, ZnO
nanowires with an average diameter of 40 nm was formed
on the glass substrate. The as-grown Zn0O nanowires
were implanted by Co ions with doses of (1-6)x10
em~2. The implantation was performed at room tem-
perature with an accelerating energy of 40 keV by using
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FIG. 1: (a) A typical SEM image of the as-implanted
Znio.04Co0.0s0 nanowires. (b) The inverse magnetizations
of Zni-2Coz0 nanowires taken at a field of 1000 Oe. The
nanowires reveal paramagnetic behavior, and the paramag-
netism enhances with increasing Co doping. Insets: An TEM
image of a nanowire (left) together with its corresponding
EDX mapping image (right) shows an uniform distribution of
Co ions in the nanowires,

a tandem accelerator (9SDH-2). The beam current was
kept at 150 nA/em? to avoid beam heating. Annealing
of the as-implanted “ZnO nanowires was then performed
at 600°C in a tube furnace under an argon flow of 150
scem at 1 atm for 12 hours, This annealing tempera-
ture would not cause segregation and clustering of the
implant jons, as was established previously for ZnO[15]
and was confirmed by our HRTEM studies. The an-
nealing at 1 atm prevented any significant change in
carrier concentration.[13, 16, 17| Both the as-implanted
and annealed ZnO nanowires were characterized by us-
ing field-emission scanning electron microscope (JEOL
JSM-6330F) and high-resolution transmission electron
microscope (JEOL JEM-2010F). Magnetic properties of
the nanowires were studied by using a Quantum Design
SQUID magnetometer. All the magnetizations as a func-
tion of applied field were taken at 2 K.

Most of the ZnO nanowires lay on the substrate with
[0001] growth direction in the plane. The high energy Co
ions were bombarded on one side of the ZnO nanowires
to form DMS nanowires. Computer simulation SRIM
code[18] enabled us to estimate the distribution of Co
ions in the ZnO nanowires. The Co-ion density distribu-
tion as a function of penetration depth showed a peak
at 20 nm. The SRIM simulation predicted a range of
Co ions about the diameter (~ 40 nm) of our nanowires.
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FIG. 22 An HRTEM image of as-implanted Zno s0Co0110
nanowires with white triangles indicating stacking faults. In-
set: A typical diffraction pattern revealing a rotation of re-
ciprocal lattice points.

Figure 1{a) shows an SEM image of representative as-
implanted nanowires. We found that the morphology and
dimension of the ZnO nanowires did not change appre-
ciably after implantation, except some slight bending of
the nanowires. The energy dispersive X-ray spectroscopy
(EDX) compositional map shows Co distribution in the
right image of the inset in Fig. 1(b), in comparison to
the bright field TEM image in the left. The estimated
thickness of a layer of DMS nanowires on the substrate
was about 110 nm which was ~ 2 times larger than the
estimated ion range by using SRIM code simulation. Fig-
ure 1{b) shows a plot of the inverse magnetizations of our
Zny_»Co, O nanowires with several concentrations x as
indicated. These as-implanted nanowires display param-
agnetism closely obeying the Curie law. As x increases,
the paramagnetism is enhanced, being in accord with the
Clo concentrations determined from the EDX spectra.

The as-implanted nanowires exhibit paramagnetism,
whereas they vaguely reveal ferromagnetic ordering (see
squares in Fig. 3(a)). The structural defects produced
during the high energy Co-ion bombardment were ex-
pected and inspected in detail. The HRTEM image
shown in Fig. 2 displays one type of structural defects,
i.e., stacking faults, as indicated by the many small tri-
angles. Another type of structural defects is orientation
variations., The inset of Fig. 2 shows a typical diffrac-
tion pattern of which for the representative as-implanted
7Znp 5aCop.110 nanowires, One sees that the lattice planes
along the [0001] direction are fairly ordered while there
is orientation variation between the (1120) lattice planes.
The latter leads to appreciable disorder in the other di-
rections.

Thermal annealing was performed on our nanowires
and magnetizations were then remeasured. Figure 3(a)
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FIG. 3: (a) Magnetization as a function of applied field at
2 K, squares and circles represent as-implanted and annealed
Znp ssCo0.11 0 nanowires, respectively. (b) Magnetization as
a function of applied field at 2 K for annealed Zn,_,.Co, 0O
nanowires with different Co concentrations as indicated. The
magnetization for each concentration has been scaled by di-
viding the factor of its concentration.

shows the field dependent magnetizations of the repre-
sentative Zng s0Coq 110 nanowires. The open and closed
circles, respectively, stand for the forward and backward
sweeping of the magnetic field. For all Co concentra-
tions, the as-implanted nanowires revealed negligible hys-
teresis while the annealed nanowires displayed distinct
ferromagnetism as evidenced in the hysteresis loop (cir-
cles in Fig. 3(a)). This comparison study of the as-
implanted and annealed samples enable us to identify
the mechanism for the enhanced ferromagnetism, i.e.,
structural defects are detrimental to the occurrence of
ferromagnetic ordering. Figure 3(h) shows the magneti-
zations of ZHU.UU(-"(’O.UJ(): ZI’U.U‘.’(:DU.UB(); znulw(.‘-fu_lu()‘
and ZnpgaCo 110 nanowires divided by a factor of 4,
8, 10, and 11, respectively, for comparison. One sees
that the hysteresis loops become more profound with in-
creasing Co concentration, implying the formation of do-
mains as well as the enhanced exchange interactions he-
tween Co ions. Meanwhile, the magnetization increases
with increasing Co-ion implantation, confirming the ex-
istence of ferromagnelic, but not previously reported
antiferromagnetic|12], order among Co ions.

The structure of the annealed Zny_.Co,O nancwires
was then inspected by HRTEM. The diffraction pattern

(0170)

{ooo1)

Zone axis [1 12 0]

[0001]

—_——

FIG. 4 An HRTEM image of annealed ZngaaCop 1O
nanowires with white triangles indicating stacking faults. In-
set: A typical diffraction pattern showing regular reciprocal
lattice points.

in the inset of Fig. 4 clearly shows disappearance of ori-
entation variations. The lattice points along the [0110]
direction are now well crdered. Mareover, the HRTEM
image of the annealed Zng g5Cog 110 in Fig,
a significant reduction in the density of stacking faults.
Therefore, it is clear that the improved lattice order in
the annealed DMS Co-Zn0O nanowires leads to enhanced
ferromagnetism. Before annealing, ferromagnetic order-
ing was deprived due to the presence of a high density
of orientation variations and stacking faults. This result
strongly suggests that the electron transport with a long
mean [ree path is crucial to the carrier-induced ferromag-
netism in Co-Zn0 nanowires,

To summarize, 40-nm diameter Zn;_.Co,O (z <
0.11) nanowires were synthesized by thermal evapora-
tion, followed by high energy Co-ion implantation. The
implanted Co ions were uniformly distributed in the
nanowires and they produced many orientation varia-
tions and stacking faults as structural defects, After an-
nealing the crystalline lattice aorder was essentially recov-
ered. The magnetizations then indicated apparent ferro-
magnetic behavior. This observation is strongly support-

4 shows

ive of the current idea of the carrier-mediated ferromag-
netism in DMS Zng -, Co, O nanowires.
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Abstract
The Zny 5 Co, O nanowires with an averaged diameter of ~40 nm have been prepared by thermal
evaporation method and then being ion implanted. The as-implanted nanowires were inspected
in detail by X-ray diffraction, mapping of electron energy loss spectroscopy, and high resolution
transmission electron microscope to make sure that no second phase exists down to a spacial limit
of ~1 nm. Two kinds of annealing processes, including annealing under an 1-atm argon flow and
that in high vacuum at 600°C, were performed and their effects on ferromagnetism in Zny_.Co,O
nanowires were studied. The annealing in an argon flow at 1 atm recovers structural defects of
stacking faultz and orientation variations, and increases ferromagnetic order. The recovery of
crystalline structure has been approved again in the analysis of electron energy loss spectra of Co
element in Zn;_;Co,O nanowires. The gecond kind of annealing process in high vacuum largely
enhances ferromagnetism in Znj »Co,O nanowires, It is suggested that the annealing in high
vacuum not only removes structural defects but also increases oxygen vacancies as well as carrier
concentration. Both the two kinds of annealing processes enhance ferromagnetic properties of

Co-implanted ZnO nanowires.



