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Freestanding Ge/GeO2 core-shell nanocrystals (NCs) with varying sizes and shell thicknesses were synthesized by a ball milling
method. The core-shell NCs consist of single crystalline Ge core and crystalline GeO2 shell. With increasing milling time, sizes of
the NCs decrease while GeO2 shell layer thicknesses increase. After 30 hours of milling, size of the core-shell NCs goes down to
11 nm. Analysis of high-resolution transmission electron microscope images revealed the presence of strain in the NCs and lattice
distortion/dislocations in the Ge core near the interface of Ge core and GeO2 shell. This induced a strong phonon localization
effect as evident from Raman studies and leads to enhanced radiative recombination, resulting in intense photoluminescence.
Strong photoluminescence peaks in the visible and UV region were observed from all the samples and are attributed to Ge/GeO2

interface defect states. Optical Raman scattering studies confirm the formation of strained Ge/GeO2 core-shell NCs with varying
thicknesses.

1. Introduction

Nanocrystals (NCs) of indirect-gap semiconductors like Si
and Ge are widely studied as they open new possibilities
for applications as a building block in the optoelectronics
and microelectronics [1–3]. As the exciton Bohr radius of
Ge (24.3 nm) [4] is much larger than Si (4.9 nm) [5], the
quantum confinement effect and hence the enhancement of
bandgap are more prominent in Ge NCs. The optical prop-
erties, for example, photoluminescence (PL) in the UV-Vis
region from of the isolated Ge NCs or Ge NCs embedded in
SiO2 matrix or Ge/GeO2 core-shell NCs have been reported
earlier [2, 6–10]. It is found that light emission is more
prominent in the case of Ge/GeO2 core-shell NCs. The light
emission mechanism has been explained on the basis of
radiative recombination via Ge quantum confined or due to
interface defects at the nanocrystal/matrix or in the matrix
itself. The role of interface in both passivating nonradiative
states and in the formation of radiative states is also reported

to be quite significant. Now it is generally accepted that both
localized defect states at the interface and quantum confine-
ment of excitons due to size reduction have combined contri-
butions toward UV-Vis PL from Ge NCs/GeO2 core-shell
system. It is difficult to isolate the relative contributions of
interfacial defects and size, as the interfacial defect-relat-
ed PL itself depends on size [11, 12]. In most of the stud-
ies the Ge or Ge/GeO2 NCs were synthesized by high temper-
ature annealing. Such high temperature processing is not
compatible for the fabrication of electronic devices and
also it can degrade the device performance. Recently, Tsai
et al. [13] synthesized Ge NCs embedded in GeOx film
at low temperature without postannealing by using CO2

laser-assisted chemical vapour deposition technique and
studied its microstructure and light emission property. Here
we synthesized isolated freestanding Ge/GeO2 core-shell
NCs with varying shell thicknesses by employing simple
mechanical ball milling. Microstructure was analysed by X-
ray diffraction (XRD) and transmission electron microscope
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(TEM) and correlate the influence of shell-NCs interface on
the observed PL in the UV-Vis region.

2. Experimental Details

The freestanding Ge NCs were prepared from high purity
(99.999%) Ge powder by mechanical milling in a planetary
ball mill for the duration of 5–30 h. The Ge powder was
milled in a zirconium oxide vial with small balls of zirconium
oxide. This ensures that no metallic contaminants are intro-
duced during the milling process. The milling was performed
under normal atmospheric conditions with presence of air to
enable the formation of oxide shell layer over the NCs. The
nanopowder samples obtained for different hours of milling
were studied by high resolution X-ray diffraction (XRD)
measurements (Bruker, Advance D8) in a slow scan mode.
A 200 KV HRTEM (JEOL-2100) was used to study the size
and the microstructure of the freestanding NCs. The UV-
Visible absorption spectra of all the samples were recorded
using a commercial spectrometer (Shimadzu 3010PC). The
PL spectra of the freestanding core-shell Ge NCs for different
milling hours were recorded (Jobin-Yvon, T64000) with an
excitation of 325nm laser. Raman scattering measurement
was carried out with a 488 nm Ar+ laser excitation using
a micro-Raman spectrometer (LabRam HR800) equipped
with a liquid nitrogen cooled charge coupled device (CCD)
detector. Fourier transformed infrared spectroscopy (FTIR,
Perkin Elmer, Spectrum BX) was used to check the chemical
bonding configuration of the NCs. For discussion, we denote
the unmilled, 5 h, 10 h, 20 h, 25 h, and 30 h milled Ge NCs
samples as Ge-0, Ge-5, Ge-10, Ge-20, Ge-25, and Ge-30,
respectively.

3. Results and Discussion

Figure 1(a) shows the TEM image of an isolated Ge/GeO2

NC for the Ge-10 sample. The variation in contrast at
the edge of the NCs (region marked with hollow arrow)
indicates the presence of GeO2 shell layer over the Ge core.
Figures 1(b)–1(d) show the core-shell NCs for the Ge-20,
Ge-25, and Ge-30 samples, respectively. With increase in
milling time, the size of the NCs gradually decreases and
after 30h of milling, average size of the NCs is 11 nm. The
size obtained from the TEM images is the diameter of the
core-shell NCs, whereas XRD gives the average size of the Ge
core in the Ge/GeO2 core-shell NCs. Therefore extraction of
sizes obtained from TEM imaging by the sizes obtained from
the XRD line profile analysis can give the estimated thickness
of the shell in the core-shell NCs. In this case, we calculated
the GeO2 shell thickness in the Ge/GeO2 NCs. It is found
that shell thickness gradually increases from 0.5 nm to 1.5
nm for the milled time duration 10 h to 30 h. From Ge-5 to
Ge-30, the sizes of the NCs are smaller than the exciton Bohr
diameter of bulk Ge. Therefore, one would expect enhanced
PL from all the samples. Insets of Figures 1(b) and 1(d) show
the inverse fast Fourier transformed (FFT) lattice images of
the isolated NC for the Ge-20 and Ge-30, respectively. One
can clearly see the presence of lattice dislocation/distortion
(region marked with solid arrow) induced defect states near
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Figure 1: TEM images for the Ge-10, Ge-20, Ge-25, and Ge-
30 NCs. Insets of (b) and (d) show the high-resolution lattice image
of the Ge NCs core for the Ge-20 and Ge-30, respectively.

the grain boundary between Ge core and GeO2 shell. The lat-
tice spacing of the Ge core for the Ge-20 sample is calculated
to be 3.37 Å, which corresponds to the (111) plane of Ge
with diamond cubic structure. The calculated lattice spacing
is larger than the lattice spacing of unstrained Ge (3.27 Å).
This confirms that tensile strain is indeed present in the
core-shell NCs. For the Ge-30 sample, it is found that lattice
spacing reduced to 3.30 Å, which indicates a relaxation of
lattice strain. These results are consistence with the XRD
results. It is known that high densities of structural defects
could lead to the phonon localization effects [14], therefore,
one would expect enhanced PL properties form the ultra
small and strained Ge/GeO2core-shell NCs due to combined
effects of quantum confinement and phonon localization.

Figure 2 shows the XRD pattern of the freestanding Ge/
GeO2 core-shell NCs milled for different time durations.
Along with the strong Ge(111) peak, GeO2-related XRD
peaks are also observed. With the increase in milling time,
the intensities of the Ge(111) peak decrease, while inten-
sities of GeO2(101) peak increase. The intensity ratio of
GeO2(101) to the Ge(111) peak increases from 0.6 to 3.2.
The observed intensity enhancement for the GeO2(101) peak
clearly indicates that thickness of GeO2 layer increases with
increasing milling time, while the size of the Ge NCs reduces
accordingly. The XRD results clearly show the formation
of Ge/GeO2core-shell NCs with varying thicknesses. The d
spacing of Ge(111) core increases with increasing milling
time up to 20 h of milling as found from shift in 2θ value.
This increase in lattice spacing indicates the presence of
tensile strain in the NCs, which increases with increase in
shell thickness. The exact sizes of the Ge core in the Ge/GeO2
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Figure 2: XRD patterns of the freestanding Ge/GeO2 core-shell
NCs milled for different time duration. Intensity of the GeO2(101)
peak increases systematically with increasing milling time.

NCs and the lattice strain are calculated by detailed analysis
of XRD line profile. The method proposed by Ungar and
Borbely [15] is used to calculate the exact Ge core size and
lattice strain of the GeO2NCs. According to the Ungar and
Borbely method, individual contribution of size and strain
to the broadening can be expressed as

ΔK = 0.9
DU

+ 2eK
√
C, (1)

where ΔK = (2β cos θB)/λ, β is the FWHM (in radians) of
the Bragg reflections, θ is the Bragg angle of the analyzed
peak, λ is the wavelength of X-rays, DU is the average
crystallite size, K = 2 sin θB/λ, e is the strain, and C is the
dislocation contrast factor, respectively. Details of the above
calculation for Ge NCs can be found elsewhere [16]. The
Sizes of the Ge core and lattice strain calculated from the
above method are shown as inset of Figure 2. With increase
in milling time size of the Ge core gradually decreases from
36 nm to 8 nm for 5 h to 30 h samples. On the other hand,
the strain first increases up to 20 hours of milling (maximum
strain ∼2.9%) and then it decrease for higher milling time.
This strain reduction indicates the release of tensile strain in
the Ge/GeO2 NCs. This can be explained as follows: during
milling the strain and dislocations first develop, however for
prolonged milling when the dislocation density is high the
crystal breaks along the slip plane and thus produces smaller
size NCs. In this way, NC size is reduced and strain is partly
released for prolonged milling time [16].

The crystalline quality of the Ge/GeO2 core-shell NCs
and lattice strain was further studied by micro-Raman analy-
sis, which is shown in Figure 3 for various samples. The Ge-0
sample exhibits a sharp peak at 298.5 cm1 with FWHM of
5.4 cm1 and a weak hump at∼570 cm1. These two modes are
attributed as the well-known Raman active first-order and
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Figure 3: Raman spectra of the Ge/GeO2 core-shell NCs obtained
after different milling times. With increase in milling time, Raman
peak intensity of GeO2 increases while Raman peak intensity of Ge
decreases.

In
te
ns
ity

(a
.u
.)

555

547

879

877

Ge-5

Ge-40

600 800 1000 1200 1400400
Wavenumber (cm−1)

Figure 4: FTIR spectra for the Ge-5 and Ge-30 samples. Various
Ge-O vibrational modes are labelled with corresponding wave
numbers.

second-order transverse optical (TO) phonon mode of crys-
talline Ge [17]. Along with the TO modes of Ge, additional
three modes are observed from all the samples at ∼212 cm1,
∼261 cm1, and ∼440 cm1. These three modes are the charac-
teristic Raman active modes of crystalline GeO2 [18]. With
increase in milling times, the intensity ratio of strongest
GeO2 Raman mode to the Ge(TO) mode increases gradually
from 1.01 to 2.65. This indicates the increase of shell layer
thickness from Ge-0 to Ge-30. These results are consistent
with the XRD results, discussed earlier. From Ge-0 to Ge-20,
the TO modes of Ge shows gradual redshift from 298.5 to
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Figure 5: Room temperature PL spectra for the Ge-0, Ge-10, Ge-20, and Ge-25. Inset of (a) shows the absorption spectra of the corre-
sponding Ge/GeO2 NCs.

296.3 cm1 and FWHM increases from 5.4 to 11.7 cm1. The
observed redshift is due to the combined effects of phonon
confinement and tensile strain, as both the effects result in
redshift in the Raman modes [19, 20]. The line width broad-
ening is caused by size distribution of Ge NCs and phonon
confinement effect in the Ge NCs. The Raman line width is
known to be inversely proportional to the size of the NCs.
With further milling, TO modes of Ge are blueshifted due to
decrease in tensile strain by lattice relaxation. Here, observed
blueshift results from the reduced tensile strain and this is
consistent with the XRD analysis.

FTIR spectroscopy was employed further to investigate
the chemical bonding configuration of the core-shell Ge/
GeO2 NCs. Figure 4 shows the FTIR spectra for the Ge-
5 and Ge-40 samples. Two intense broad bands are ob-
served from all the samples. The bands at 5472 cm1 and
555 cm1correspond to the Ge-O-Ge bending modes while
the bands at 879 cm1 and 877 cm1correspond to Ge-O-Ge
stretching modes of GeO2, respectively [21]. These oxide spe-
cies stem from the oxide shell layer on the Ge core.

Figure 5 shows the room temperature PL spectra for Ge-
0, Ge-10, Ge-20, and Ge-25 samples. From Ge-0 to Ge-30,
all the samples show strong peaks in the UV region as well
as weak peak in the visible region. The UV-Vis absorption
spectrum of the Ge-0 sample is shown as inset in Figure 5(a).
The absorption spectrum shows strong absorption in the
UV region and a weak absorption in the visible region.
Other samples show similar absorption spectra with varying

intensities. Two PL emission peaks in the UV-violet region
(∼380–400 nm) and one peak in the green region(∼500 nm)
were observed from all the samples. Note that as compared
to other samples, Ge-25 shows a redshift in the UV-violet
peaks with PL peaks at 408 and 424 nm. Though exact mech-
anism of this redshift is not clear, this might be related to
the relaxation of strain in the Ge-25. In all the samples, PL
spectra have similar features and peak positions are nearly
independent of sizes of Ge NCs. And direct recombina-
tion in GeO2 results in PL emission below 250 nm [22].
Thus, the observed PL does not originate from the radiative
recombination of excitons confined in the Ge or GeO2 NCs.
Therefore, first PL component may originate from disloca-
tion related defects at the Ge core and GeO2 boundary, as
intensity of the first component systematically increases from
Ge-0 to Ge-20. Note that, dislocation-related defect density
gradually increases from Ge-0 to Ge-20. The high density of
defects due to lattice dislocation/disorder, located in surface
and grain boundaries of the NCs induced a significant
localisation effect resulting in strong PL. The ∼400 nm peak
is attributed to Ge/O stoichiometric defect states at the inter-
face [23]. As the milling was done in sealed vial, it is expect-
ed to form Ge/O stoichiometric defect states in NCs. The
∼500 nm peak is originated from radiative recombination
between the oxygen vacancies and oxygen-germanium va-
cancy centers [24]. No observable visible PL emission is
observed from Ge NCs core, perhaps due to large strain that
causes nonradiative recombination centres to quench the PL.
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4. Conclusions

We have synthesized freestanding Ge/GeO2core-shell NCs
with size down to 11 nm with varying shell thicknesses (up
to 1.5 nm) by ball milling method. Analysis of HRTEM ima-
ges and XRD patterns revealed the presence of lattice strain
in the Ge core near the interface between Ge and GeO2 and
the nature of strain is tensile. With increase in milling time,
lattice stain initially increases up to 20 hours of milling then
partially released for further milling. The Raman scattering
studies shows that observed redshift in the Raman modes
results from the combined effect of quantum confinement
and tensile strain. High densities of structural defects (lattice
dislocation/distortion) in the synthesized NCs result in en-
hanced PL in the UV and visible region and are attributed
to various Ge/GeO2 interface defects. No observable visible
PL emission is observed from Ge NCs core, perhaps due to
large strain that causes nonradiative recombination centres
to quench the PL.
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