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Germanium nanowires sheathed with an oxide layer
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We report how the structural arrangement of germanium nanowires optimizes surface stability and enables
the formation of very thin free-standing crystalline wires. Ge nanowires consisting of a crystalline Ge core and
an amorphous GeSsheath have been formed by laser ablation of a mixture of Ge and. G&® crystalline
Ge core lies in the axidR11] direction and is terminated by tH&11} facets on the surface. The Gg€heath
saturates the surface bonds of the core, adapts to the core surface roughness, and prohibits the growth of the
nanowire in the lateral direction. With such a core and sheath, the surface energy of the nanowire is reduced
and the formation of very thin nanowires is thereby permitted. Phonon confinement in the Ge nanowires has
been observed by Raman scattering.

Quasi-one-dimensiondllD) materials are a burgeoning possesses low surface energy. Recently, we have reported a
and fascinating area of materials research that has significasynthesis of Si nanowires via the laser ablation of a granu-
technological implications? Current interest focuses on lated mixture of Si and Si©*>*®The Si nanowires consist of
several forms of quasi-1D materials, which inclu@eshell g crystalline Si core and an amorphous SkDeath. Here,
structural nanotubes, such as carbon nanotubes, which can g@sing a similar approach we report the successful synthesis
formed from curved graphitic sheets with pentagonal anthf Ge nanowires via the laser ablation of a target made from
hexagonal networks afp?-bonded elemental carbord ii) a mixture of granulated Ge and GgOThe produced Ge
cast-in-tube nanowires, which are fabricated by filling hol-nanowires consist of a crystalline Ge core and an amorphous
low channel templates of porous anodic alumina and carboGeQ, sheath. Semiconductor Ge has long been an important
tubes?® (iii) island-shaped nanowires, which are synthesizegnaterial in high-speed microelectronics and infrared optical
on a substrate surface using various techniques such as mgevices. Because of its small dimension, semiconductor Ge
lecular beam epitaxy electron-beam lithogapHyand scan-  nanowires hold considerable promise in improving the indi-
ning tunneling microscopySTM) pattern writing? and (iv)  rect band-gap structure and optical properties of the material.
free-standing nanowires, which have been grown by laser The apparatus utilized in the present work is similar to
ablation in vapor phase'~'*Nevertheless, the formation of that used previousl§*21>16The production of Ge nanow-
free-standing nanowires is difficult due to the constraint ofires involves the laser ablation of a granulated mixture of Ge
surface problems. and GeQ in a quartz tube to generate a vapor phase of Ge

Surface energy is considered as a major factor that consybdioxide. The targets were composed of a mixture of Ge
strains the formation of nanoparticl€st* For a cylindrical (purity 99.999%; particle size, Bm) and GeQ powder(ob-
bare nanowire with a radiusand lengthL, the surface en- tgined from the oxidation of high-purity Ge powdleiThe

ergy is given by pulse energy of the laser was 450 mJ at a wavelength of 248
nm and a frequency of 10 Hz. The pulse duration was 34 ns.
oS(r)=20V(r t+L7Y, The argon flow rate through the quartz tube was 100 SCCM

(cubic centimeters per minute at STR ~500 Torr. The
where o is the surface energy or surface tension per unitemperature was 830°C at the center of the quartz tube
area,S(r) is the surface area of the nanowire, avids the  where the target was located. Approximately 15 cm down-
volume. For a certain volume of nanowire, there exists astream from the target, Ge deposits formed on the inner wall
reciprocal dependence between the surface energy and tbé the quartz tube and on the($11) substrate positioned
radius of the nanowire. The thinner the bare nanowire, theear the tip of a copper cold finger, which was cooled by
higher the surface energy. The surface energies of shellowing water. Ge nanowires with diameters ranging from 16
structural nanotubes and cast-in-tube nanowires are low bée 500 nm formed in the areas where the substrate tempera-
cause there are no dangling bonds on their surface. The suwre fell within the narrow range of 690-705 °C. The nanow-
face energy of the island-shaped nanowires should be aldees grown at higher substrate temperature areas are rela-
low because there is a large interface area between the islatigiely thinner. The yield of the nanowires is related to the
and the substrate. However, the surface energy of thin freeemount of GeQ@in the target, and the target composed of a
standing nanowires can be very high, especially for bare ancholar percentage of 50% Ge and 50% Gegkelded the
sp®-bonded covalent materials. The high surface energy magnaximum amount of Ge nanowires. The temperature and
result in structural instability, and thus a lower limit may substrate position appeared to be very critical factors as well.
exist such that free-standing nanowires with diameter©utside nanowire-forming areas, films and powders were de-
smaller than the threshold cannot form. posited at the substrate areas where the temperature was

One possible way to facilitate the growth of free-standinghigher than 705 °C and lower than 690 °C, respectively.
nanowires is to reduce the surface free energy by saturating The Ge nanowires were taken directly from the substrate
the surface bonds of nanowires with a suitable material thaand held between two microscope specimen grids without
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FIG. 1. A TEM image of Ge nanowires and a selected-area
electron-diffraction patterinsey. FIG. 2. A mass-thickness contrast TEM image of a thick Ge

nanowire taken along tr[é)Tl] zone axis and a selected-area elec-

any treatment for transmission electron microscgpgM)  tron diffraction patterriinse?.
observation. A conventional transmission electron micro-
scope(Philips CM20 was used at room temperature with an Ge oxide sheath has a sawtooth contour. The edges of the

acceleration voltage of 200 kV. A TEM image of the Ge (eeth appear to be (011(111), or slightly tilted (100) facets
nanowires is shown in Fig. 1. The sample consists of hanowgs the crystalline core. According to the geometry of the

|rhes V\."th lengths upr;tlo a fewdten.shof m|crohmeters. Mﬁft Ofcrystalline Ge lattice, the lattice plari21l) is not an atomi-
the wires are smoothly curved with some short straig Sec(:ally smooth plane. Significant atomic terraces exist on the
tions, while some of them possess bends and kinks. Th

diameter of each nanowire is nearly the same throughout th 11 facets, and the ratio of the density of broken bonds in
y g the (211) facet relative to thg111) is very high(1.41).17

length of the wire. The smallest diameter is measured to bﬁ“herefore [211] is a direction of high growth rate. The

~12 nm with a core diameter 6f6 nm. Ge nanowires with toothlike text f th f ; turall .
diameters as large as190 nm are found at the place of a ‘CO!N!IKe texture of the core surface IS a naturally occurring

relatively lower temperature. The smooth and regular gé&onfiguration of thef011, {100, and{111 facets when the
nanowires were characterized by selected-area electron dfi@nowire develops along tti211] direction. The amorphous
fraction (SAED). Most of the electron-diffraction patterns G Oxide sheath seems to have the ability to adapt to the
show the discontinuous diffraction rings of crystalline Getoothlike texture of the core surface, and to saturate or pas-
only, which consists of rather sharp spots. This indicates thaiivate at least most of the core surface dangling bonds. This
the nanowires are well crystallizéfig. 1 insel. The chemi- phenomenon has been generally identified by careful mass-
cal composition was determined by micro-aigssitu TEM  thickness TEM observation. The contour of the sawtooth sur-
energy-dispersive x-ray spectroscof®DX), and the result face became dull as the diameter decreased,; it can be clearly
shows that the nanowires only contain Ge and oxygen. Theeen in thicker nanowires but is difficult to observe in thinner
profile lines running along the longitude of the nanowires isnanowires.
due to the Fresnel diffraction under the defocus condition in  Figure 3 shows the morphology of the Ge nanowires at
the TEM system. nucleation and budding stages. The sample was produced on
Figure 2 shows the mass-thickness contrast TEM image Sj wafer at~700 °C after a 2-min laser ablation. The nu-
of a thick Ge nanowire. The inset is the electron diﬁractiondei and budd|ng nanowires can be seen as nanosize hemi-
pattern with the incident electron beam being approximatelypheres and short cylinders, respectively, on the substrate
parallel to the011] direction. The nanowire consists of an surface. The cylinders tilt at random angles with respect to
amorphous Ge©sheath surrounding a crystalline Ge corethe substrate surface. This morphology suggests that the
with the axis in theg[211] direction, with no relation to the deposition involves a much higher mass transport rate of
crystalline direction of the Si substrate. The outside surfacablated materials to the protruding tips than to the lateral side
of the GeQ sheath is very smooth; however, the interfaceof the nanowires. No relations exist between the crystalline
between the amorphous sheath and the crystalline core hd&ection of the nanowire and the direction of thg13il)
an undulant contour, which can be seen more clearly irsubstrate. TEM shows that the Ge nanowires at such a bud-
thicker nanowires. Many nanowires have been investigateding stage also consists of a Ge crystalline core and a Ge
and have all been found to adopt approximately [(B&1l]  oxide surface layetsheath. Since the budding wires could
direction. The profile between the core and the amorphouenly be removed from the quartz tube after a long cooling-
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FIG. 3. A scanning electron microscopy image of the nuclei of
Ge nanowires, which was taken from 413i1) substrate after 2 min
of growth. The typical hemisphere-shaped nuclei and cylinder-
shaped budding of Ge nanowires are pointed by solid and hollow
arrows, respectively.

down time, it has not been determined how spontaneously
the phase segregation occurs during the nucleation of the Ge
nanowires. —_—
Chemical composition analysis showed that the atomic (b) 1 pm

ratio of Ge to oxygen in the Ge nanowires was between 0.7 _ )

and 1.3. We propose the following formation mechanism of /G- 4. The morphologies of the earthworm-shaped wires syn-
Ge nanowires. During the initial stage, substoichiometricthes'zéaOI ona &1y SOUbStrate fﬁl h bgllaser ablation of a mixture
germanium oxides (GeQx<2) were formed at the nanow- of 50% Ge and 50% SiD The substrate temperature we

e ti W= 200 °C and(b) 710 °C, tively.
ire tip. The GeQ subsequently underwent reduction/ andb) respectively

oxidation or disproportionation to form Ge and Gzel(mder A few wirelike C|ump3 of GeQ, apparenﬂy due to incom-
high-temperature annealing and subsequent phase separatjfigte phase segregation, were found deposited in the regions
into the Ge core and GeGsheath with a concomitant de- at temperature below 690 °C. Therefore, temperature is be-
crease in the system free energy. This mechanism is sufleved to be an important factor in inducing the phase segre-
ported by the observation that Ge nanocrystals form at 700gation. From thermodynamic consideration, phase segrega-
800°C via phase separation in Ge-rich silicon oxidetion and crystallization of the core of the nanowire are driven
films 182 Moreover, the formation of the smooth exterior by decreasing system free enef‘ay.

surface of the Ge@sheath suggests that a viscous state of = SjO, has a structure similar to GeOhowever, the tem-
nanosize GeQexists at the tips of the nanowires during perature needed to generate a viscous flow of substoichio-
growth at~700 °C, which is much lower than the tempera- metric silicon-germanium oxide should be higher than that of
ture required for generating a viscous flow of GeO GeQ,. A testwas done in conjunction with the above growth
(~850°C). Considering all these, the growth of Ge nanow- mechanism by substituting Sj@r GeG; in the target. Short
ires appears to follow the same oxide-assisted growth mechand thick earthworm-shaped wires were grown or700 °C

nism that we recently advocated for the synthesis of Sgj substratdFig. 4a)]. At the areas of the substrate surface
nanowires=>'® Four stages leading to the formation of Ge where the temperature was higher710°0, a few wires

nanowires are proposed as follows. could also be observed, but they were relatively thirffég.
(1) Laser ablation and chemical reaction: 88e0,  4(b)]. Most wires have very coarse external surfaces, large
—GeQ, vapor. diameters, and significantly low growth rates in length with
(2) Deposition: GeQvapor—GeQ, deposits. respect to the deposition time. This may be explained by the
(3) Redox reaction: Ge@eposits-Ge+GeQ, mixture. possibility that the substoichiometric silicon-germanium ox-

(4) Phase separatiofincorporation of Ge atoms into the ide deposited at the growth tip was less viscous than the
crystal lattice: Ge+GeO, mixture—Ge coretGeQ, sheath.  GeQ,. As a result, the phase separation in stétjeslowed

After a GeQ hemisphere-shaped nucleus is formed on thelown significantly due to the substitution of Si@r GeQ..
substrate surface in stagg), a Ge core will form in the The larger diameter of the wires may be caused also in part
interior and the crystalline lattice of the core via stag®s by the increase of surface energy due to the coarse surface.
and(4). The nanowire will continue to grow along th211] Free-standing Ge nanowires consisting of a crystalline
direction following the deposition of the viscous Ge& the  core and an oxide sheath are suitable for creating relatively
growth tip of the nanowire. The Ge@orms a sheath clad- strong one-dimensional confinement effects on electrons,
ding the crystalline core, saturates the surface Ge danglingoles, and phonons because they can be gathered together in
bonds of the core, and adapts to the surface roughness of thigh density as piles or bundles while each individual wire is
core. The smooth surface of the Ge€heath reduces the electrically and optically isolated. Compared to Si, Ge has
surface free energy and inhibits the growth in the laterakmaller electron and hole effective masses and a lower di-
direction. electric constant, so Ge nanowires may be expected to ex-

It is difficult to determine the speed of formation of GeO hibit more pronounced quantum confinement characteristics
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Because no stress-induced lattice parameter change of the
Ge core has been detected, the profile and shape of the Ra-
man peak may be mainly attributed to the quantum confine-
© ment of optical phonons in the Ge nanowires. The small
physical dimension of the scattering crystalline nanowires
leads to a downshift and broadening of the first-order Raman
® line through a relaxation of thg=0 selection rule. Because

JL the nanowires are long and thin crystals, there is a momen-

Intensity

tum g=0 along their axis direction. Hence, the zone-center
@ phonons allow for the Raman scattering to occur at 298.5
N T I cm™ L. However, in the direction perpendicular to the axis of
200 250 300 350 400 450 500 nanowires, the crystal sizkis small with the corresponding
Raman Shift (cm™) momentumqg= *=2x/d. Therefore, nonzerg phonon dis-
persion, which includes the optical phondh®© and TO of
FIG. 5. Room-temperature Raman spectra far a single-  Ge, may participate in Raman scattering and lead to both a
crystalline Ge wafer, and Ge nanowires with nominal diameters oheak broadening and an extension of the Raman peak to-
(b) 36—-83 nm andc) 12—-28 nmcorresponding core diametets)  wards low frequencies. Raman scattering is very sensitive to
20-51 nm,(c) 6-17 nn. the lattice microstructure and crystal symmetry of microcrys-
talline materials. When the core diameter of a Ge nanowire is

than that of the Si nanowire at a similar diameter. Ramarym;a)|, the Raman peak width increases and becomes more
spectroscopy is a suitable tool for investigating the phono%symmetric with an extended tail at low frequencies. Be-

confinement effect of nanomateridfs.The peak-position  cayse the diameters of Ge nanowires and thus the finite crys-
shift, broadening, and asymmetry of the Raman bands havg sjze d have a wide distribution, an extended tail at low
been observed in Ge nanocrystdlaVe performed Raman frequencies thus arises in the Raman spectrum.

scattering measurements of Ge nanowires at room tempera- | conclusion, Ge nanowires have been synthesized by an
ture using a micro-Raman systefRenishaw 2000with 1 gyide-assisted growth technique in a laser ablation system.
cm ! resolution and 0.4 cit reproducibility. The excitation The Ge nanowire consisted of an amorphous Gsl@ath
source was a _514.5-nm argon-ion laser line with a spot sizgq 5 single-crystalline Ge core with{211] axis. Ge oxide

of 10 um in diameter and a power of 2 mW. The Ramanyas needed in the target for the formation of Ge nanowires.
spectrum was recorded on a sample spot that was predomihe proposed growth mechanism of Ge nanowires is con-
nantly flat and uniform in content. The Raman spectra of Wasemed mainly with the deposition of substoichiometric ger-
Ge nanowire samples with different nominal diametersmaniym oxide and subsequent phase separation into Ge and
(1228 and 36-83 njmand a single-crystalline Ge{Ge)  GeQ,. The GeQ sheath played an important role in the for-
wafer were recorded. The first-order Raman peak-@e at  mgation of Ge nanowires through reducing the surface energy
298.5 cm - is symmetrical with a full width at half maxi- -y saturating the surface bonds and terminating the growth in
mum (FWHM) of 7 cm"* [Fig. 5@)]. Raman scattering from  ne |ateral direction with a smooth Gg®urface. The pho-

the Ge nanowire sample with diameters of 36-83 (@OT- 5 confinement effect has been revealed by Raman scatter-
responding core diameters 6f20—51 nm shows a peak at jng jn Ge nanowires with core diameters of 6-17 nm.

298.5 cm ! that is slightly broadene@ FWHM of 10 cm %)
and asymmetri¢Fig. 5(b)]. Figure Hc) is a typical Raman The authors wish to thank Professor F. H. Li for useful
spectrum of Ge nanowires with diameters ranging from 12 taliscussions. This work was supported in part by the Re-
28 nm (corresponding core diameters6—17 nm. The Ra- search Grants Council of Hong Korigroject No. 9040459
man peak at 293 cnt is asymmetric with a FWHM of 21 and the Strategic Research Grant of the City University of
cm ! and has an extended tail at low frequencies. Hong Kong.
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