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Ge/Si—R and Ge/SiO, core—shell nanoparticles have been synthesized by a solution route
from the stepwise reactions of the Zintl salt, Mg,Ge, with SiCl, and subsequently either
RLi (R = butyl) or H,O,. High-resolution transmission electron microscopy (HRTEM) images
show that the core part of these Ge/Si—R and Ge/SiO, nanoparticles is crystalline and the
d spacing of lattice fringes agrees with the {111} crystal plane (3.27 A) of Ge. The average
sizes (diameter) are 5.8(2.3) and 6.8(2.8) nm for Ge/Si—R and Ge/SiO,, respectively. Fourier
transform—infrared (FTIR) spectra are consistent with alkyl groups bonded to the silicon
surface in Ge/Si—R nanoclusters. Off-axis holography was performed for several Ge/SiO,
nanoparticles. The characterization of the ratio of radii and geometry between the core part
and the outer sphere of Ge/SiO, is presented. The reconstructed phase image from the
hologram offers detailed information concerning the ratio of the shell thickness (R — r) to
the radius of the core (r), Rr = (R — r)/r, by measuring the phase shift and the resultant
phase contrast. The Rr value from the deconvoluted phase image of a 16 nm spherelike
Ge/SiO, is 0.264 (0.065). Photoluminescence (PL) spectra of both Ge/Si—R and Ge/SiO;
nanoclusters show a strong UV—blue PL with a peak centered between 400 and 410 nm.
These results suggest that the UV—blue PL may be attributed to the core part of these

nanoparticles.

Introduction

Semiconductor nanoclusters have received much at-
tention in recent years, because of their potential
applications in the fabrication of optoelectronic de-
vices.1?2 Solid-state lasers, flat panel displays, light
emitting diodes, and optoelectronic sensors using nano-
scaled electronic circuitry are some examples of current
applications of semiconductor nanocluster research. The
bulk of research on semiconductor nanoclusters focuses
on the I1-VI and 11—V binary semiconductors due to
the direct-gap band structure.3~¢ Recently, silicon and
germanium nanoclusters have attracted a great deal of
interest because of the surprising discovery that nano-
particles of silicon and germanium can be made to
luminescence in the visible region.”~2! There has also
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been significant interest in understanding how quantum
confinement effects will be manifested in indirect-gap
semiconductors.??~27 Unlike the intense research on
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nano-Si, there has been much less on Ge nanoparticles.
This is rather surprising considering that bulk Ge has
a larger dielectric constant and smaller carrier masses
compared to bulk Si. In addition, Ge barely misses being
a direct gap semiconductor. Because of these facts, one
might expect that the quantum confinement effect
would appear more pronounced in Ge than that in Si.

Synthetic approaches to Si and Ge nanoparticles have
recently been reviewed.2® There are only a few solution
routes, and none of them, so far, have yielded the size
control that can be demonstrated with the 11-VI nano-
clusters. However, solution methods have the potential
for high yields, size control, and control of surface.20.29-32
In this paper, a study of the newly synthesized Ge/Si—R
and Ge/SiO; core—shell nanoclusters is reported. The
Ge/Si core/shell provides an effective capping of the Ge
surface, similar to CdSe/ZnS core/shell nanoparticles.33
The further termination with alkyls protects the Si
surface from oxidation and allows these Ge nanopar-
ticles to be soluble in a variety of organic solvents, thus
making them amenable for polymer blends in device
applications. The SiO, termination provides a different
surface modification that allows us to probe the photo-
luminescence (PL) of these nanoparticles with different
surfaces. The SiO; termination also provides an alter-
nate surface that can be further modified to make more
complex arrays of nanoparticles attached to surfaces or
polymers. The synthesis of these two types of core—shell
nanoparticles illustrates that complex core—shell struc-
tures are obtainable by solution synthetic methods with
group IV semiconductors similar to what has been
reported for silica-coated metal nanoparticles.3* These
core—shell nanoparticles are new materials with poten-
tial use in structural and functional applications for the
next generation nanophase or cluster-assembled nano-
structured materials.

Experimental Section

The nanoclusters were synthesized via a solution synthesis
route developed by this group.20:3235-38 The reaction of SiCl,
with Mg,Ge is performed under a Schlenk line Ar atmosphere
in tri(ethylene glycol) dimethyl ether (triglyme). This reaction
produces nanometer-sized Ge/Si—Cl crystallites with a chloride-
passivated surface. The reaction was allowed to reflux for 6
h. Further reaction with alkyllithium (RLi) provides a stable
surface terminated with alkyls (Ge/Si—R). The resultant
crystalline particles can be suspended in organic solvent, such
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Figure 1. HRTEM image showing the Ge/Si-n-butyl core/shell
nanoclusters. D spacing of the lattice fringes for the central
part measures 3.27 A, consistent with germanium {111}
crystal planes.

as hexane or cyclohexane, or isolated as a powder. The Ge/
SiO; nanoclusters are synthesized in ethylene glycol dimethyl
ether (glyme). The synthesis route is similar to that of Ge/
Si—R nanoparticles. After the reaction of SiCl, with Mg,Ge in
glyme for 72 h, 30% H,0, is added and the solution is allowed
to reflux for one more hour. The pale-yellow crystalline
particles can be precipitated and dried as a powder or
suspended in ethanol. X-ray powder diffraction data were
obtained on an Inel 3000. Data were collected at room
temperature using Cu Ka; radiation with a position-sensitive
detector. High-resolution transmission electron microscope
images and electron holograms were collected using a 300 keV
Philips CM300 UT/FEG TEM equipped with a Schottky field-
emission source. Samples were prepared by evaporation of
colloids onto lacy carbon-coated 200 mesh grids. Fourier
transform—infrared (FTIR) spectra were obtained at room
temperature by dropping the hexane colloid onto a Csl plate
and allowing the solvent to evaporate. The spectra were
collected on a Mattson Galaxy series FTIR 3000 spectropho-
tometer. Photoluminescence spectra were obtained with a
Perkin-Elmer LS 50B luminescence spectrophotometer.

Results and Discussion

The HRTEM image in Figure 1 of Ge/Si—n-butyl
shows that the core part of the nanoclusters is crystal-
line and is consistent with Ge lattice fringes of the {111}
crystal plane (3.27 A). However, the outer sphere layer
(Si) could not be confirmed on the basis of HRTEM.
Characterization of the Ge/Si interface in these nano-
particles would require specialized techniques such as
spatially resolved EELS (electron energy loss spectros-
copy),® or QuantiTEM (quantitative TEM) methods,*°
because the d spacing lattice mismatch for {111} crystal
plane between Si (3.1340 A) and Ge (3.2667 A) is only
0.1327 A (4.23%). The resolution limit of conventional
HRTEM cannot resolve such a subtle lattice mismatch
at the interface of these small nanoparticles. Therefore,
evidence for a Si—R surface on Ge is inferred based on
HRTEM showing that the core part is Ge, FTIR spec-
troscopy showing alkyl stretches, and the subsequent
synthesis of Ge/SiO; nanoparticles. FTIR spectroscopy
is used to verify the surface termination while photo-
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Table 1. Characteristic Infrared Stretches Observed in
Ge/Si-n-Butyl Nanoclusters

wavenumbers
cm 1 (intensity)2

2970—2960 (m)

functional group®

C—CHg3 terminal,

--«CH3 asymmetric stretching
CHj3 stretching
C—CHgj terminal,

--«CH3 symmetrical stretching
Si---CHj3 scissor,

or C—CHgs deformation
C---H deformation or bending

2920-2890 (s)
2860—2840 (s)

1460—1450 (m)

1360—1340 (w)

as = strong, m = medium, and w = weak. ® From Lin et al. 46
and Socrates*’

Figure 2. Micrograph with some typical sizes of Ge/SiO, core/
shell nanoparticles.

luminescence spectroscopy is employed to investigate
the optical properties of the core. Five characteristic IR
peaks were observed in Ge/Si-n-butyl spectrum: 2970—
2960, 2920—2890, 2860—2840, 1460—1450, and 1360—
1340 cm™1. These peaks are assigned to the functional
groups shown in Table 1. The results obtained from the
FTIR spectrum suggest that the surface of Si capped
Ge nanoclusters is alkyl-terminated and oxygen-free.

Figure 2 shows a micrograph for Ge/SiO, that con-
tains some typical sizes of nanoparticles. Similar shapes
and variety of sizes were observed in other preparations.
The histogram of size distribution of Ge/Si-n-butyl and
Ge/SiO;, derived from nine TEM images is shown in
Figure 3. The average size of nanoparticles (diameter)
is 5.8 nm with a standard deviation of 2.3 nm for Ge/
Si—R and an average diameter of 6.8(2.8) nm for Ge/
SiO,. This reaction does not employ the use of micelles
to control size, and therefore the size distributions show
rather large standard deviations. Figure 4 shows a
typical X-ray powder diffraction pattern obtained from
the Ge/SiO, preparation. The (111) and (220) reflections
of Ge are clearly observed. The full width at half-
maximum of the peaks is narrow, reflecting the diffrac-
tion of the larger particles in the sample.

A HRTEM image for an approximately 31 nm diam,
oval-like Ge/SiO, nanoparticle is shown in Figure 5.
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Figure 4. X-ray powder diffraction pattern of the Ge/SiO;
core/shell nanoparticles.

Figure 5. HRTEM image for a 31 nm diam, oval-like, SiO;
capped Ge nanoparticle. Both the outer shell and core part
are clearly shown.

Nanoparticles of this size are rare, with most observed
in the TEM being between 1 and 10 nm; see Figure 3.
This type of image offers the best opportunity to study
the geometry of a core—shell nanoparticle. Images such
as this for the Ge/SiO; particles are possible due to the
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Table 2. Mean Inner Potential (MIP)?2 for Si and Ge and
Their Oxides®

specimen calculated MIP experimental data
Si 13.943 12,1 +£1.3°
Ge 15.668
Ge—-0> 19.504
Si —0O3 (amorphous) 10.334 10.0 + 0.6°¢
Si —03 (quartz) 12.451

aWhere MIP = (47.878/%) * % FB, (FB = structure factor
calculated from electron scattering factors. If scattering angle =
0, Si = 5.828, Ge = 7.378, C=2.509, H = 0.529, 0 = 1.983.) P Q
= scattering volume (= unit cell in the case of a crystalline
material). Crystalline Si: Q = (5.429)%/8 = 20.013. Crystalline Ge
Q = (5.565)%/8 = 22.545. ¢ From Wang et al. 43

static interaction between the SiO; surface and the lacy
carbon grid. It is very difficult for us to obtain similar
images for the Ge/Si—R nanoparticles. This might be
expected, because the alkyl surfaces are expected to
have little or no affinity for the carbon substrate. The
region with uniform gray contrast corresponds to the
normalized background of the vacuum. Both outer
sphere and core are clearly shown, but the precise center
of the image is unknown. The d spacing of lattice fringes
of the core part (3.27 A) match the Ge {111} crystal
plane, and selected area electron diffraction (SAED)
confirms the polycrystalline structure of Ge. The lattice
fringes of the outer shell are not discernible, and no
crystalline diffraction was seen in the SAED of this part.
These results suggest that the core/shell geometry of
Ge/SiO, nanoparticle contains a polycrystalline core part
(Ge) and an amorphous outer sphere (SiO5).

The image information from a conventional HRTEM
is based on the recorded intensity of an electron beam,
the amplitude component. The use of off-axis electron
holography is an alternative way to verify the structure
because a hologram contains both amplitude and phase
information.#142 The reconstructed phase image from
the hologram is able to offer detailed information for
the radii of the Ge and SiO, sphere by measuring the
phase shift and the resultant phase contrast.*® The ratio
of radii, Rr, value is the ratio of the thickness of the
shell to the radius of the core and is defined as Rr = (R
— r)/r, where R is the radius of the particle and r is the
radius of the core. The Rr value can be obtained from
the deconvoluted phase image.

The relationship between specimen radius, or thick-
ness, phase shift of the electron wave passing through
the sample, and mean inner potential in the absence of
dynamical diffraction effects is shown in the following
equation:

Ap= (1/Cg)D,t 1)

where A¢ is the phase shift of the electron wave and t
is the specimen thickness (nm) in the beam direction.
Ce is an energy-dependent constant (=153.1712 nm
V/rad for 300 keV accelerating voltage). @ is the mean
inner potential (MIP). The MIP of a solid effectively
represents the volume average of the atomic potential
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Figure 6. (a) Phase image reconstructed from the hologram
of a 16 nm spherical Ge/SiO, nanoparticle. (b) Deconvoluted
color phase image of part a. Different colors represent different
MIP areas. The yellow-orange area represents Ge, and the
green-blue area is for the SiO; layer. The average phase shift
in a vacuum (dark part) is set to zero. The Rr value derived
from this phase image is 0.264(0.065).

depending on composition, bonding, and structure.
Methods for ®; measurement have relative errors
reported to be in the range of 2.5% to about 10%. The
calculated surface density and MIP data are listed in
Table 2. The potential difference of 5.334 V for Ge/SiO;
will result in an obvious phase contrast for Rr calcula-
tion.

A reconstructed phase image from the hologram of
an approximately 16 nm diam, spherelike Ge/SiO;
nanoparticle is shown in Figure 6a. Although this
nanoparticle is very close to spherical, the precise center
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of the particle is unknown. Being unable to remove
Fresnel fringes completely due to the drifting of the
electron biprism, faint periodic modulations are visible
in the reconstructed phase image. The average phase
shift in a vacuum (dark part) is set to zero for normal-
ization. The error of measurement for the diameter can
be introduced in experimental images when the sphere
edge is difficult to define precisely. Deviations from a
crystalline nanosphere due to faceting and dynamical
scattering may also increase relative error.** It is
experimentally difficult to tilt such a small specimen
to a weakly scattering orientation. In this particular
case, error induced by the SiO; surface layer is relatively
small because its thickness is much less than the Ge
core.*® The line plot of the phase diagram of this
reconstructed image shows that the SiO, capping of Ge
is complete because the phase shift between Ge and
SiO; interphase is dramatic, with an obvious change of
slope. Figure 6b shows a deconvoluted color phase image
of Figure 6a. Different coded colors represents different
MIP areas. The yellow-orange area represents the core
part Ge, and the green-blue area is the outer sphere
SiO; layer. The Rr value for SiO, to Ge derived from
this phase image is 0.264 with a standard derivation of
0.065. Itis also found in several other samples that the
smaller the nanoparticles the larger the Rr values.

The synthesis of Ge nanoparticles with two different
surfaces allows us to study the effect of surface on the
photoluminescence. Ge/R nanoparticles show blue PL
that is attributed to quantum confinement.2%-3245 |n the
PL spectra, a strong UV—blue PL ranging from 360 to
550 nm is observed for both Ge/Si-n-butyl and Ge/SiO,
nanoparticles, as shown in Figure 7. The center of the
UV—blue peak is located at 400—410 nm, or 3.0—3.1 eV,
with an excitation wavelength of 310 nm and shows a
continuous shift with the increase of excitation wave-
length. This is a different spectral region from other blue
emitters, such as oxidized silicon (440—480 nm) or
silicon carbide (500—520 nm). This is similar to the data
reported on alkyl-terminated Ge nanoclusters?%:3245 and
provides convincing evidence that the PL is intrinsic to
the core part of the nanoparticle.

In summary, the Ge/Si nanoparticles terminated with
n-butyl groups or further oxidized to silica have been
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Figure 7. PL spectra for Ge/Si—n-butyl and Ge/SiO; core/
shell nanoparticles. These emission spectra were collected from
300 to 800 nm with an excitation bandwidth of 2.5 nm and
excitation wavelength of 310 nm. The maximum is centered
between 400 and 410 nm or 3.0—3.1 eV.

investigated in order to understand the role of surface
in the UV—blue PL. The HRTEM images show that the
core part of these nanoparticles is crystalline and is
consistent with germanium lattice fringes of the crystal
plane {111} (3.27 A). X-ray powder diffraction provides
additional support for a crystalline Ge core. A HRTEM
micrograph of a 31 nm diam Ge/SiO, nanoparticle shows
a clear image for both outer sphere and core part. The
reconstructed phase image from the hologram shows
that the germanium is completely capped with SiO,. The
Rr value of a 16 nm spherelike Ge/SiO, nanoparticle
derived from a deconvoluted color phase image is 0.264
(0.065). PL spectra of the nanoclusters show a strong
UV—blue PL with a maximum between 400 and 410 nm.
UV—blue PL can be observed in nanoparticles regard-
less of the surface termination suggesting that the PL
is intrinsic to the Ge core.
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