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Germanium Nanowire Synthesis: An Example of Solid-Phase
Seeded Growth with Nickel Nanocrystals
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Germanium nanowires were synthesized by thermal decomposition of diphenyl germane in the presence
of nickel (Ni) nanocrystals in supercritical toluene at 27.8 MPa and temperatures ranging from 410 to
460 °C. The growth temperature is well below the lowest-l&ie eutectic temperature (762), and
nanowire crystallization appears to occur by solid-phase alloying of the seed particle. We call this nanowire
growth mechanism supercritical fluigsolid—solid (SFSS) synthesis.

Introduction exceeding the AuSi and Au-Ge eutectic temperature (both
at~360°C), which can be achieved in solvents pressurized
Colloidal routes to nanomaterials synthesis can provide gpove their critical pointswe have called this synthetic
high-quality nanocrystals and nanowires of metals and approach “supercritical fluiliquid—solid” (SFLS) growthis:16
semiconductors that can be dispersed in solvents and gjnce Au forms deep electronic traps in Si and Ge, Au-
deposited onto substrates or incorporated into polymer seeded nanowires are relatively undesirable for electronic
composites for electronic and optical applicatidifowever, applications combining with Si CMOS (complementary-
group IV semiconductors silicon (Si) and germanium (Ge) metal-oxide-semiconductor) technology, and other metals
hqve been extr_emely challenging to synthesize in solution, yould be preferable as seeds. The challenge facing SFLS
with only marginal success for Si and Ge nanocrystals due Ge nanowire growth using alternative metals as seeds is that
to the difficulties associated with the precursor chemistry he liquid metalsemiconductor eutectic temperatures of
and the significant energy barrier to crystallizatfo® In most of the more compatible metals with Si CMOS, such as
20001 we demonstrated a high-yield crystalline Si nanowire Fe, Ni, Ti, and Co, form very high-temperature eutectics with
synthesis in a high-pressure high-temperature organic solvenisj 3nd Gé—well above the decomposition temperatures of
using diphenylsilane as a Si precursor with Au nanocrystals ,ost organic solvents (for example, 630 for toluene)i®
to seed and promote Si crystallization and later extended thisygever, Si and Ge have very higblid solubility in these
approach to G& GaAs;* and GaP* nanowires. Extension  metals, and metal silicides commonly form by seligblid
of the vapor-liquid—solid (VLS) mechanism from the gas gjffusion at relatively low annealing temperatures ranging
phase to organic solvents requires synthetic temperaturesyom 400 to 650°C, depending on the mated#&®—in the
range accessible for supercritical organic solvents.
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Figure 1. SEM images of Ni nanocrystal-seeded Ge nanowires obtained from 80 mM DPG in toluene at 27.8 MPa and@aartb(b) 41C°C. (c) The
pseudo Ni/Ge phase diagram shows the Ge nanowire synthesis temperature (“Ge nws”; dashed 18e)e&36& the lowest eutectic temperature.

crystalline Ge nanowires in organic solvents at growth was pressurized further with toluene to a final reaction pressure of
temperatures approximately 358G below the lowest N 27.8 MPa. The reaction was kept at temperature for 10 min. The
Ge eutectic temperature. These results are consistent witHeactor was then removed from the heating block and allowed to
other recent VLS nanowire growth studies in the gas cool to room temperature. _The_ reaction product_ appears as a dark
phasez for example, Kamins et al. demonsirated i OSTSEbIEN podet hih s stored under nitogen i uee
gs-nvst\;\:lligrzgr;:g\?sIf):g%rgszzjgz?)ﬁgfhznsi Sszr;;ilgsoor:‘ Zna(les using high-resolution transmission electron microscopy (HRTEM),

. - o high-resolution scanning electron microscopy (HRSEM), and
nanowires from Au nanocrystals under certain conditions. energy-dispersive X-ray spectroscopy (EDS). HRSEM images were

Here, we present (1) calculations of the expected diameter-acquired on a LEO 1530 SEM equipped with a field emission gun
dependent melting point depression showing that the Ni operating between 1 and 5 kV accelerating voltage with working
nanocrystals in the size range used for the Ge nanowiredistances ranging between 2 and 7 mm. The nanowires were drop
synthesis should be in the solid phase; (2) evidence that thecast on silicon substrates for SEM imaging. HRTEM imaging was
quality of the nanowires depends sensitively on the NiGe performed on a JEOL 2010F TEM at 200 kV accelerating voltage.
seed particle diameter with increased extended defectThe JEOL 2010F is equipped with an Oxford INCA ED spectrom-
concentration with increasing diameter, which contrasts with €ter, which was used to acquire EDS data from nanometer-scale
the case for Au-seeded Ge nanowire synthesis: (3) measure €91ons in the sample. TEM samples were prepared by drop casting
ments of the nanowire diameter distribution, revealing that nNanowires from Chloroform d'Spers'.on onto lacey carbon-coated
L . . . TEM grids (Electron Microscopy Sciences).
it is shifted to smaller diameters relative to that of the Au-
seeded synthesis due to much slower growth of larger Results
diameter nanowires; (4) measurements of the nanowire
growth rate, which relates inversely to the nanowire diameter;
and (5) estimates of the solid-state diffusion rate that show
that nanowire growth could proceed by either core or surface-
enhanced diffusion.

Ge Nanowire Characterization.Figure 1a shows an SEM
image of Ge nanowires obtained by decomposing DPG in
the presence of Ni nanocrystals in toluene at 460and
23.4 MPa. The nanowires are crystalline Ge with diamond
cubic structure with few extended defects, as revealed by
extensive TEM images such as those in Figure 2. The average
nanowire length in a preparation is greater thanOwith

Ge Nanowire Synthesis.Anhydrous toluene, hexane, and diameters ranging from 5 to 30 nm, with most nanowires in
chloroform were purchased from Sigma-Aldrich. Diphenylgermane the 5-15 nm diameter range.

(DPG) was purchased from Gelest. All chemicals were used as  Nanowires could be produced at reaction temperatures as

received. Organic monolayer-coated Ni nanocrystalst5066 nm low as 410°C (Figure 1b), although the product yields drop

in diameter were prepared using established metffods. ~ off rapidly as the reaction temperature decreases. These
Ge nanowires were synthesized in a semibatch 1 mL titanium o4 qion temperatures are several hundreds of degrees below

grade-2 high-pressure reactor, heated in a brass block as describe{ine lowest Ni-Ge eutectic temperature, as seen from the

in detail by Hanrath and Korgé?. An cleaned Si wafer (4 30 . - . . .
mn?) was placed in the reactor to help collect the nanowires. The phase diagram in Figure $€The Ni/Ge mole ratio required

reactor was filled with toluene and sealed, then attached to a high-for the h!ghest qual'ty Ge nanoyVIres (1:100) is about an order
pressure liquid chromatography (HPLC) pump to increase the Of magnitude higher than what is needed for Au-seeded SFLS
pressure and control the precursor injection rate. The reactor wasgrowth of Ge nanowires (1:1000) at the same DPG reaction
flushed with anhydrous toluene for 3 min at a flow rate of 1.5 mL/ concentration, and the optimum reaction temperature8ié
min. Prior to precursor injection, the reactor was pressurized with °C higher for Ni seeding compared to that for Au seedihg.
more anhydrous oxygen-free toluene to a pressure of 3.4 MPa. ThenThe need for these reaction conditions seems to indicate
350uL of toluene was injected from a 6-way valve injection loop  sjower nanowire growth kinetics by Ni seeding compared
containing 80 mM DPG and Ni nanocrystals at a Ge/Ni mole ratio {4 that of Au seeding; however, the difference in optimum
of 100:1, at a flow rate 0.25 mL/min into the toluene-filled reactor synthesis temperature could simply relate to differences in
at reaction temperatures ranging from 410 to 460 The reactor Ni/Ge and Au/Ge phase compositions and temperatures, and
(22) Kamins, T. |.; Williams, R. S.; Basile, D. P.; Hesjedal, T.; Harris, J. the increased DPG decomposition rate at higher temperature
S.J. Appl. Phys2001, 89, 1008-1016. ' T ’ may simply require a higher metal nanocrystal concentration
(23) Perssoln. A.LI._;mbaﬁsi%n,r M.L Vym; tSt'\e/Inftrrog%4Sé;6(;t71l_sgg?, B. J; to prevent homogeneous Ge particle formation.
(24) f/latjnrqu;?/,sgr.]‘B..;,Su?\,eS.;eD%yIé, Hf'Bet?e;'MRs Bull. 2001 26, The nanowire growth direction was found to be either
985-991. [110or [111010n approximately equal proportions, with about

Experimental Details
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Figure 2. TEM images of Ni nanocrystal-seeded Ge nanowires revealing beth) (d10Jand (d-f) (111 growth directions that are independent of

diameter.
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Figure 3. Histogram showing the relative occurrence®i0and [(111] 8 ;4 ‘ N’i ..J
oriented Ge nanowires as a function of diameter. oG G
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a 5% occurrence dfl12Joriented wires (3 of 83 imaged). 0 5§ 10 0 5 40
The TEM images in Figure 2ac show[110oriented Ge Energy (kev) Energy (kev)

nanOWir_es With 15.8, 10, and 13'7_ nm diameter_s’ and_ partsFigure 4. (a) TEM image of a Ni-Ge alloy seed particle at the end of a

d and f in Figure 2 show GEL11oriented nanowires with  14.5 nm Ge nanowire. Nanometer-scale EDS reveals (b) only Ge in the
12.6, 6.5, and 5.9 nm diameters. The observed 0.325 nmcore _of thg wire and (c) Ge and Ni in _the particle at the na_nowire tip. The
(Figure 2a) and 0.328 nm (Figure Zd) lattice spacings in the Cu signal is from background scattering off the copper grid.

TEM images agree with the (11}spacing for bulk Ge  exhipit 1100 growth directions with>90% occurrence,
(0.327 nm). Figure 3 shows a histogram of nanowire growth regardiess of diametét.

direction as a function of diameter obtained from HRTEM  NjGe, Seed Particle Composition.Ni/Ge alloy nano-

images of 80 nanowires. There is a slightly higher occurrence crystals are found at the tip of most nanowires, as shown in
of [111oriented nanowires in the small size range and the example in Figure 4. Nanobeam EDS (Figure 4, parts b
slightly more [110Joriented wires with diameters greater and c) from the nanowire core shows only Ge, whereas EDS
than 15 nm; however, the difference in occurrence is from the particle at the tip of the wire shows a mixture of

marginal and does not appear to be statistically significant Ni and Ge. EDS measurements of more than 30 NiGe

for the larger wires. These results sharply contrast SFLS-
grown Ge nanowires from Au nanocrystal seeds, which (25) Hanrath, T.; Korgel, B. ASmall2005 1, 717-721.
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Table 1. Parameters for Ni Used to Calculate the Diameter
Dependence of the Melting Temperature Using Eq 1

symbol
parameter (units) solid phase  liquid phase

density? o (kg/m?) 8908 8700
surface tensidh y (JIm) 2.28 1.78

dyloTe —55x 104 —1.2x 1073
linear expansion coefficieht o (K1) 1.75x 105 5.26x 107
latent heat L (J/kg) 2x 1P
melting temperature To (K) 1728
72 (1fy) (3y/0T) 2.41x 10* 6.74x 1074

aRef 29.P Ref 30.

exhibit a melting point depression due to the Kelvin effect.
Since the nanowires are growing from seed particles in this
size range, the eutectic temperature is most likely depressed
making it a possibility that nanowire growth could be
occurring from liquid seed droplets rather than solid seed
droplets. This kind of behavior has been proposed in Au-
seeded Ge nanowire growth; for example, Wang and Dai
grew Ge nanowires from Au nanocrystal seeds 280 °C,
apparently as a result of size-dependent depression in the
Au—Ge eutectic temperatufé,and Hanrath and Korgel
observed Au-seeded SFLS Ge nanowire synthesis at tem-
peratures slightly below the bulk AtGe eutectic temper-
ature at 300°C.*? In the case of Ni nanocrystal-seeded Ge
nanowire growth, however, the NiGe eutectic would need
to decrease by more than 35@. The melting point
depression for Au and Ag nanocrystals is well-known and
has been measurédiThe size-dependent melting point of
Ni nanocrystals has not been measured but can be estimated
using the modified Pawlow theo#:

m 2

?) -l

2T 2 2 (p 5)2/ (1 Tm)—o 1
[Vs(ns— ag) — i — OL.);I 1 —7/=0@

T

polre o

In eq 1,r. is the particle radiusT, is the bulk melting
temperature, T, is the melting temperature of the metal
Figure 5. HRTEM of two NiGe seeds at the ends of (8)110and (b) particle, and the other parameters are defined in Table 1.

[(110Coriented Ge nanowires. Insets: fast Fourier transform (FFTs) of the \,: : : :
HRTEM images. The FFTs index to orthorhombic Niand the visible With the use of parameters found in the literature for Ni

lattice spacings of (a) 0.25 nm and (b) 0.271 nm also match the NiGe (listed in Table 1), the melting temperature was calculated
(112) and (400)p-spacings, respectively. as a function of size and plotted in Figure 6. The melting

particles found at the tips of nanowires gave NiG#oy temperature depression for Ni is also compared to that of
compositions ranging between 15x < 2.8. Metal seed Au.?8 Finite size effects begin to deviate from this classical
alloying definitely occurs during nanowire synthesis. In all approximation of the surface energy only at very small
cases where lattice structure could be observed in theSizes-less than~2.0 nm diametef?

nanocrystal at the nanowire tip (the tip needs to be oriented ~The melting point depression for Ni nanocrystals is not
with the proper zone axis), as in Figure 5, parts a and b, for &S Severe as that for Au. For 2 nm diameter particles, the
example, showing crystalline NiGearticles at the tips of ~ Melting point is depressed by80% for Au but only~20%

two Ge nanowires with different growth direction, the crystal for Ni. Clearly, the Ge nanowires produced by D&i'and
structure (FFT pattern) and lattice spacings matched those/<0rgel’s’? groups at temperatures about 10% below the bulk
of orthorhombic NiGe? It is worth noting that there was Au—Ge eutectic temperature are possible from Au nano-
no apparent correlation between growth direction and Ni/ crystals as large as12 nm in diameter. Five nanometer

Ge composition in the seed particle. diameter Ni nanocrystals are expected to have a melting point
Discussion (26) Takizawa, H.; Uheda, K.; Endo, J. Alloys Compd200Q 305, 306—
310.
. . . . (27) Wang, D.; Dai, HAngew. Chem., Int. EQR002 41, 4783-4786.
Melting Point Depression of Ni Nanocrystals.Nano- (28) Castro, T.; Reifenberger, R.; Choi, E.; Andres, RPRys. Re. B:

meter diameter particles (smaller tha20 nm in diameter) Condens. Mattefl99Q 42, 8548-8556.
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Figure 6. Size-dependent melting temperaturegy,)( of Ni and Au

nanocrystals (from ref 28) normalized by the bulk melting temperaise (
calculated using the modified Pawlow theory (eq 1).

depression of~10%, which would drop the NiGe eutectic
temperature by~100 °C, which is still over 200°C higher
than the nanowire growth temperature. Furthermore, many
of the nanowires are larger than 10 nm in diameter, which
have to be growing from seeds with even less of a melting
point depression. It is highly unlikely that Ni-seeded Ge
nanowires grow from a liquid alloyed seed droplet at 410 to
~460°C.

NiGex Seed Particle ShapeThe shape of the NiGe
particles at the tips of the wires was observed to depend
strongly on the nanowire diameter. NiGearticles at the opaul 50nm
ends of small diameter Ge nanowires1b nm) were p—
hemispherical with diameters corresponding close to the Figure 7. (a) TEM image of a Ni nanocrystal. (b, d, f) TEM images
starting Ni nanocrystal size (Figure 7, parts a and b). In showing the NiGeseed particles at the tips of Ge nanowires with increasing
conurast, partcles at the tps of large diameter nanovires SETEIE: 15,52 16 67 . () TE0 image of Ay seecs at e ence o
(>25 nm) were irregularly shaped, with the appearance of a of seed particle aggregation that occurs during nanowire growth.
partially coalesced aggregate of nanocrystals. For example,
the NiGeg particle in Figure 7d at the tip of a 32 nm diameter seeded nanowires. The Ni-seeded wires have an average
nanowire has an irregular cubic-faceted shape, and the,NiGe diameter of 14.5 nm with more than 80% of the Ge
particle in Figure 7f at the end of a very large 67 nm diameter nanowires smaller than 20 nm. The Au-seeded nanowires
nanowire (which incidentally is very rare) has a very irregular on the other hand are polydisperse and larger, with an average
shape. Nanobeam EDS showed that both the smaller diametediameter of 54.8 nm. Seed particle aggregation occurs to
regularly shaped, and larger diameter irregularly shaped,some extent in both reactions; however, the Au nanocrystal
NiGe, particles at the tips of the nanowires had a Ni/Ge ratio aggregation appears to be much more significant. The Au
in the range of 1.52.8. Slow coalescence of large Ni particle particles form liquid Au-Ge droplets during nanowire
aggregates is consistent with solid-phase seed particles. Thegrowth that are highly susceptible to aggregation with other
NiGe, seed particle morphology contrasts the-A&e seed Au seed particles (note that this seed aggregation process
particles observed at the tips of Ge nanowires in the SFLS must occur at the very early stages of growth since the
growth process. In a batch SFLS process, a very largediameters do not increase noticeably along the length of the
diameter distribution can occur; for example, 2 nm diameter nanowires), whereas Ni nanocrystals form a solid-8g
Au nanocrystals can produce Ge nanowires ranging from alloy that is much less susceptible to aggregation.

10 to 100 nm in diameter. The Au partiCles at the tlpS of the There also appears to be a Strong correlation between
wires, however, are all spherical regardless of the nanowire nanowire growth rate and diameter, which tends to shift the
diameter, like those shown in Figure 7f. The-A@e particles  Nj-seeded Ge nanowire size distribution to smaller diameters.
at the tips of the wires are much more prone to aggregateTEM images of the larger Ge nanowires showed large
and coalescence than the Nj(articles, apparently because concentrations of extended defects and poor wire morphol-
they are in the liquid phase. ogy, as in Figure 9, consistent with slow growth. Narrow
Diameter Distribution of SFSS-Grown Ge Nanowires. diameter Ni-seeded Ge nanowires1b nm), however, are
Figure 8 compares the Ge nanowire diameter distributions straight and crystalline and are much longer than the larger
obtained using Ni and Au nanocrystals as seeds under thediameter nanowires. Larger diameter Au-seeded Ge nano-
same reaction conditions. The Ni-seeded wires have awires—as large as 100 nm in diametetdn the other hand
narrower size distribution and are much smaller than the Au- are straight with very few extended defects (Figure 9d). Ge

=




5710 Chem. Mater., Vol. 17, No. 23, 2005 Tuan et al.

100 (@) Ni:Ge

d=14.5nm
80 -

60
40

20 -

.(b ' . '
d=54.8nm
80 1

60 1

Frequency
o
I

40 -

20 1

0 20 40 60 80 100
Nanowire diameter (nm)
Figure 8. Diameter distributions of Ge nanowires synthesized in toluene

at 460°C, 23.4 MPa, and a Ge/metal mole ratio of 100:1 using (a) 5.6 nm
diameter Ni nanocrystals and (b) 2 nm diameter Au nanocrystals as seeds.

diffusion through a liquid Au-Ge seed is fast, whereas solid-
state diffusion limits the nanowire growth rate from NiGe
seeds when the diameterl5 nm.

Diffusion-Limited Growth. Several investigators have
predicted for VLS nanowire growth that the growth rate
should decrease as the diameter decreases as a result of the
Kelvin effect, which lowers the supersaturation in smaller
diameter nanocrystaté3?Ni-seeded Ge nanowires, however,
exhibit slower growth for larger diameter nanowires, indicat-
ing that semiconductor diffusion through the metal seed
particle is limiting crystallization. From the observed
nanowire growth rates, one can estimate a lower limit for
the solid-phase diffusion coefficient of Ge in Ni needed for
solid-phase seeding of the wires. On the basis of the observed
lengthsL, obtained from the reactor (consider it with .
10 min reaction time), the linear growth ratel(dt) must -
be at least um/min (0.017um/s). The Ge flux supplied to Figure 9. TEM images of Ge nanowires seeded by ¢ Ni and (d) Au
the tip of the solid nanowire surface, Fluace by diffusion nanocrystals.
through the seed metal tip to maintain this growth rate is be estimated &%

dL Fluxlsurface: kmACGe,aIon

FIuX|sirtace™= P Gegit whereky, is the mass transfer coefficient (cm/s) a@ge aioy
is the concentration gradient of Ge in the alloyed metal tip
wherepce is the density of Ge. The mass transfer rate at the from the solvent/metal interface to the metal/semiconductor
solid nanowire surface interfaced with the metal particle can interface. If nanowire crystallization kinetics are assumed
to be much faster than the rate of Ge diffusion through the
(29) CRC Handbook of Chemistry and Physiésth ed.; Lide, D. R., Ed.; metal seed particle, then the “free” Ge concentration at the

CRC Press: Boca Raton, FL, 2005. _ metal/semiconductor interface will be zero. If we assume
(30) Murr, E. L. Interfacial Phenomena in Metals and Allgyaddison-
Wesley: Reading, MA, 1975.
(31) Wu, Y.; Fan, R.; Yang, PNano Lett.2002 2, 83—86. (33) Bird, R. B.; Stewart, W. E.; Lightfoot., E. NTransport Phenomena
(32) Givargizov, E. 1.J. Cryst. Growth1975 31, 20—30. 2nd ed.; Wiley: New York, 2002.
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Scheme 1. Schematic of Two Possible Mechanisms for SFSS Growth

(a) (b) % © e (d) e
I|-I Ge
O e — ol — e
I’ core & surface Ni:Ge
’ diffusion solid alloy
+ \
(9)
(e) () (h)
o G- ) — ~Go- ) — ~co- 18] —-co- I I
Ni nanocrystal Ni diffuses
inversely

aSteps b-d: surface-enhanced solid-state diffusion process. Steps solid-state volume counterdiffusion process.

the highest possible concentration gradient and take the GeGe clearly saturates the Ni seed particle as evidenced by the
concentration at the metal/solvent interface as the concentraNiGe;, particles at the tips of the nanowires.

tion of pure Ge so thaACege alioy ~ Cgepure= pce then we

see thatk, >(dL/dt) in order to sustain nanowire growth. Conclusions

For simplicity, we can estimate, for transport to the center Ni nanocrystals are effective seeds for growing Ge
of a sphere of radiuBsphere Which giveskn = D/Repnere WheTe  nanowires at temperatures well below the lowest eutectic
D is the diffusion coefficient® Although the metal seed  temperature on the Ni/Ge phase diagram. Evidence indicating
particle is not exactly spherical and Ge is diffusing from the that the nanowires grow via a solid-phase seeding process
seed particle/solvent interface to a flat crystal surface thatincludes model calculations, which showed that a size-

cross-sections the sphere, this assumption provides a goo@ependent melting temperature depression would not be
order of magnitude estimate for mass transfer of Ge from gyfficient to induce melting of the NiGeseed particles; a
the metal/solvent interface to the metal/nanowire interface. significant decrease in growth rate with increasing nanowire
Taking the smallest diameter nanowires observed Rifiee  diameter; and diffusion rates of Ni into Ge that are orders
= 2.5 nm, a Ge in Ni diffusivity 0Dge-ni 24.25 x 10713 of magnitude faster than those required for nanowire growth.
cn¥/s is needed to maintain wire growth. This is about 6 |n contrast to VLS nanowire growth, the slower growth rates
orders of magnitudtasterthan the measured bulk diffusivity  for |arger diameter wires focuses the diameter distribution
of Ge in Ni at 460°C (Dge-ni =1.79 x 107%° cn?/s)**  to smaller sizes. In VLS growth, careful control of the
However, the bulk diffusivity ofNi in Geis extremely fast ~ processing parameters is needed to maintain a narrow
with Dyi—ge = 1.79 x 1077 cn?/s3> As DPG decomposes,  diameter distributioR® and this represents one potential
Ge adsorbs to the surface of the Ni seed particles, and themdvantage of SFSS over SFLS. The wide range of alternative
Ni can counterdiffusento the Ge to promote nanowire metals with high Si and Ge solubility makes SFSS a
growth as illustrated in Scheme -tb. Another possibility  promising route for greatly increasing the number of metals
is a surface-enhanced diffusion process, as shown in Schemgyailable for seeded semiconductor nanowire growth at lower
1b—d, in which adsorbed Ge diffuses around the surface of {han expected processing temperatures, which is an important

the solid Ni nanocrystal to incorporate in the nanowire. This factor in the future integration of nanowires in devices.

type of surface diffusion growth mechanism appears to occur
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