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Germanium nanocrystals (Ge-nc) were successfully synthesized by co-implantation of Si and Ge

ions into a SiO2 film thermally grown on (100) Si substrate and fused silica (pure SiO2),

respectively, followed by subsequent annealing at 1150 �C for 1 h. Transmission electron

microscopy (TEM) examinations show that nanocavities only exist in the fused silica sample but not

in the SiO2 film on a Si substrate. From the analysis of the high-resolution TEM images and electron

energy-loss spectroscopy spectra, it is revealed that the absence of nanocavities in the SiO2 film/Si

substrate is attributed to the presence of Si atoms inside the formed Ge-nc. Because the energy of

Si-Ge bonds (301 kJ�mol�1) are greater than that of Ge-Ge bonds (264 kJ�mol�1), the introduction of

the Si-Ge bonds inside the Ge-nc can inhibit the diffusion of Ge from the Ge-nc during the

annealing process. However, for the fused silica sample, no crystalline Si-Ge bonds are detected

within the Ge-nc, where strong Ge outdiffusion effects produce a great number of nanocavities. Our

results can shed light on the formation mechanism of nanocavities and provide a good way to avoid

nanocavities during the process of ion implantation. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880661]

I. INTRODUCTION

In recent years, nanostructured Ge embedded in SiO2

has received considerable attention, because of its greater

absorption efficiency over the complete visible spectrum for

extended photovoltaic applications.1,2 However, the high

thermal diffusivity of Ge atoms within silica glass induces a

strong Ge desorption above 1000 �C, which can drastically

limit the integration of Ge nanocrystals (Ge-nc) into third

generation solar cells or other luminescent devices.3–5 Such

a feature is generally accompanied by the formation of nano-

cavities, which seems to be preceded by the formation of

Ge-nc.5 Although some researchers have evoked oxidization

effects associated with the formation of highly mobile GeO

molecules,6 the mechanisms responsible for the Ge outdiffu-

sion and the subsequent formation of nanocavities remain

unclear.

To increase the quantity of retained Ge in the SiO2 ma-

trix, the use of Si co-implantation has been proposed in our

previous study, because the introduction of excessive Si into

the oxide matrix can trap a great number of diffusing Ge

atoms during high temperature treatment.7,8 Although the

increase of the retained Ge is attributed to the formation of

large aggregates containing a mixture of Ge-Ge, Si-Ge, and

Si-Si atom chains, the chemical composition of the Ge-nc

has not been clarified yet. At present, it is very challenging

to prepare cross-sectional specimens of the fused silica and

SiO2 film/Si substrate for transmission electron microscopy

(TEM) observation, so the investigation concerning the

co-implantation system is usually carried out using scanning

electron microscopy (SEM). TEM examinations on the

co-implantation system are highly desired for understanding

the microstructure and chemical composition of the Ge-nc.

Our recent Rutherford backscattering spectroscopy (RBS)

measurements show that the Ge desorption is less than 50%

for Ge-nc in the SiO2 film grown on (100) Si, while more

than 90% Ge desorption takes place in the fused silica

annealed at 1150 �C.8 This unexplained phenomenon moti-

vates us to carry out in-depth study of the Ge-nc produced in

these systems, using various approaches to identify the dif-

ferences of their microstructures and/or their chemical

compositions.

In this paper, the microstructure of the Ge-nc produced

by co-implantation of Si and Ge ions into the fused silica

and SiO2 film/Si substrate is investigated by

high-resolution TEM (HRTEM). It shows that nanocavities

only exist in the fused silica but not in the SiO2 film/Si sub-

strate. Electron energy-loss spectroscopy (EELS) is

employed to clarify the chemical composition of the Ge-nc.

It demonstrates that the Si atoms only exist in the Ge-nc

within the SiO2 film on a Si substrate, while most Ge-nc

within the fused silica are composed of pure Ge atoms. The

absence of nanocavity in SiO2 film/Si substrate is attributed

to the formation of Si-Ge bonds in the Ge-nc, which inhib-

its the outdiffusion of Ge atoms in Ge-nc.
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II. EXPERIMENTAL METHODS

The SiO2 film with a thickness of �150 nm was ther-

mally grown on a (100) Si substrate at 1100 �C by dry oxida-

tion method. The ion implantation and annealing conditions

were the same for both fused silica and SiO2 film/Si substrate

samples. The 28Siþ ions were first implanted with a fluence

of 7� 1016 cm�2 at an acceleration voltage of 50 kV. Then

the 74Geþ implantation was performed with a fluence of

8� 1016 cm�2, at an acceleration voltage of 70 kV, providing

an implantation depth distribution similar to that at 50 kV for

Si. The samples were subsequently annealed at 1150 �C for

1 h, under ultrahigh pure N2 atmosphere.

Cross-sectional specimens for TEM observations were

prepared using conventional techniques of mechanical pol-

ishing and ion-thinning. The ion thinning was carried out

using Gatan model 691 precision ion polishing system.

Selected-area electron diffraction (SAED), bright field (BF)

and HRTEM were carried out using a JEOL JEM2100F

TEM operating at 200 kV. EELS was performed on an FEI

Tecnai F20 TEM. All the EELS spectra were acquired in the

image mode with an electron beam probe size of 1–2 nm and

half collection angle of �16 mrad.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows a typical cross-sectional BF TEM image

of the fused silica sample. It can be clearly seen that two

kinds of nano-objects can be identified, which are located in

the region from the top surface to a depth of 90 nm. The dark

and bright objects correspond to Ge-nc and nanocavities,

respectively. Their shapes are almost spherical, and their

diameters vary from 5 to 70 nm. This indicates that the for-

mation of big Ge-nc is owing to Ostwald ripening effect.

Both the spatial distributions and geometry of Ge-nc are sim-

ilar to those observed by SEM in our previous work.5 In Fig.

1(a), the dark Pt layer is deposited on the surface of fused

silica to show the free surface more clearly. It can be seen

that the free surface of the Pt layer is not flat, and some

islands can be seen obviously. This may result from the

swelling effect.9 The annealing temperature is 1150 �C
which is much higher than the melting point of the Ge

(937 �C), thus Ge-nc will experience a phase transition from

liquid to solid, which leads to a volume expansion on the sur-

face of the sample. Fig. 1(b) is a typical SAED pattern taken

from the Ge-nc embedded in the SiO2 matrix, which can be

indexed using the lattice parameter (a¼ 5.658 Å) of Ge. Fig.

1(c) is a typical HRTEM image of a single Ge nanocrystal

with a diameter of about 15 nm. The interplanar spacing of

the lattice planes marked by two pairs of parallel white lines

in Fig. 1(c) is measured to be 3.26 Å, which is consistent

with the spacing of {111} planes of Ge (d111¼ 3.267 Å).

Fig. 2(a) shows a typical BF TEM image of a cross-

sectional SiO2 film grown on a Si substrate. The free surface

of the sample is marked by two horizontal black arrows. As

expected, the thickness of the SiO2 film is about 150 nm. By

comparing Fig. 2(a) with Fig. 1(a), it can be seen that the

amount of the Ge-nc (dark objects) is greater in the SiO2

film/Si substrate than that in the fused silica, which reflects

the higher desorption of Ge in the fused silica. The nanocrys-

tals formed in the SiO2 film are contained within a depth of

0–80 nm, which is consistent with the depth profile of

implanted ions inside the target.10 Besides some big Ge-nc

located near the free surface of sample, many small ones are

also observed at a deeper depth. The shape of the big Ge-nc

is not spherical but elongated and elliptical, while the small

ones are nearly spherical. The formation of the big Ge-nc is

due to Ostwald ripening effect and/or coalescence of small

neighboring Ge-nc during the annealing process. After care-

ful examination of the whole sample, it is interesting to note

that no nanocavity is detected. Fig. 2(b) is the SAED pattern

obtained from the nanocrystals embedded in the SiO2 matrix.

The diffraction rings can also be indexed using the lattice

FIG. 1. (a) Cross-sectional BF TEM image of the fused silica sample; (b)

SAED pattern taken from the Ge-ncs embedded in SiO2 matrix; (c) Typical

HRTEM image of a single Ge nanocrystal.

FIG. 2. (a) Cross-sectional BF TEM image of the SiO2 film on a Si sub-

strate; (b) SAED pattern taken from the Ge-nc embedded in SiO2 matrix;

HRTEM images of the interface between Si substrate and SiO2 matrix (c)

and a perfect Ge nanocrystal (d), respectively.

204310-2 Cai et al. J. Appl. Phys. 115, 204310 (2014)
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parameter (a¼ 5.658 Å) of Ge. However, the interplanar

spacings measured from the diffraction rings are slightly

smaller than the theoretical values. Fig. 2(c) is the [110]

zone-axis HRTEM image of the interface between the Si

substrate and the SiO2 layer. Fig. 2(d) shows a typical

HRTEM image of a single Ge nanocrystal with a diameter of

17 nm. The interplanar spacing of the lattice plane marked

by a pair of parallel lines is measured to be 3.19 Å, which is

smaller than the theoretical value (d111¼ 3.267 Å), consistent

with the SAED results. This might be caused by the exis-

tence of Si in Ge-nc forming some Si-Ge bonds (r¼ 2.40 Å)

shorter than Ge-Ge bonds (r¼ 2.44 Å).

Si and Ge have a significant miscibility due to their sim-

ilarity in crystal structures and the slight difference in lattice

parameters (aSi¼ 5.432 Å, aGe¼ 5.658 Å). The interplanar

spacings of Si (111) lattice planes and Ge (111) lattice planes

are 3.136 Å and 3.267 Å, respectively. The small distinction

makes it very hard to distinguish whether Si exists in Ge-nc

only from HRTEM images. So EELS analysis is employed

to investigate the difference of the chemical composition for

the Ge-nc inside the two samples. This approach has been

used to study the electronic structure of Si nanocrystals em-

bedded in SiO2 matrix by Wang et al.11 Fig. 3(a) shows the

background-subtracted EELS spectra obtained from a region

without Si nanocrystals (upper panel) and from a region with

Si nanocrystals (lower panel).11 The EELS spectra obtained

from the Ge-nc in fused silica and SiO2 film/Si substrate are

shown in Figs. 3(b) and 3(c), respectively. The data were

recorded at the center of big Ge-nc at a depth of �50 nm in

both studied samples, to prevent any possible experimental

artifacts related to Ge-nc interface effects and/or changes in

the chemical composition of the surrounding oxide. For

Ge-nc embedded in the SiO2 film, between 95 and 100 eV, a

clear peak (P) is found at �100 eV, which is compatible with

the L2,3 edge of pure Si. In contrast, for Ge-nc in fused silica,

no evident peak can be observed between 95 and 100 eV. By

examining the Ge-nc in many other regions using EELS

analysis, we conclude that most Ge-nc formed in the SiO2

film/Si substrate contain Si atoms, whereas the Ge-nc pro-

duced in fused silica are almost exclusively composed of Ge

atoms. As for the origin of the Si atoms, we think the Si

atoms inside the Ge-nc come from Si ions co-implantation.

Some researchers12–14 reported that the free Si atoms can dif-

fuse from the Si substrate to SiO2 matrix or Ge-nc inside the

SiO2 matrix. However, in their experiments, the diffusion

can only happen in the region near the surface of Si sub-

strate. In our case, the thickness of the SiO2 film is around

150 nm, and the distance from the surface of the Si substrate

to the deepest Ge-nc layer is measured to be approximately

70 nm. Such a distance cannot enable free Si atoms to diffuse

from Si substrate to Ge-nc.

Based on our experimental results and some relevant lit-

erature,4 we think that the formation of nanocavities is attrib-

uted to the outdiffusion of Ge atoms from Ge-nc in fused

silica sample. After the ion co-implantation of Siþ and Geþ

ions into fused silica, some Si-O bonds are broken and some

Si-Ge-O mixture bonds form including Ge-Ge, Ge-O, Si-Si,

Si-Ge, and individual dangling bonds. At the initial stage of

annealing treatment, local Ge concentration is high enough

to form tiny Ge nanoclusters. The growth of Ge-nc is due to

Ostwald ripening effect involving the dissolution of small

clusters and the diffusion of small clusters towards large

clusters atom by atom. As we all know, the diffusion ability

of Ge in the SiO2 matrix is very high at 1150 �C, so Ge atoms

can diffuse from the Ge-nc to the free surface of the fused

silica quickly and easily. The outdiffusion of Ge can result in

the formation of vacancy clusters inside the Ge-nc. With the

increase of annealing time, vacancy clusters become larger

and larger, and nanocavities will eventually form in the SiO2

matrix.

From the analysis of the above two samples, a distinct

difference is that the nanocavities are only produced in the

fused silica but not in the SiO2 film/Si substrate. EELS anal-

ysis reveals that Si atoms exist in the most Ge-nc within the

SiO2 film, while the Ge-nc produced in the fused silica are

almost composed of pure Ge atoms. Combining TEM obser-

vations with EELS analysis, it is believed that the presence

of Si atoms inside Ge-nc can inhibit the formation of nano-

cavities. Our recent work15 has shown that the chemical

environment for fused silica and SiO2 film/Si substrate is

remarkably different. Our x-ray photoelectron spectroscopy

(XPS) analysis demonstrates that the fractions of silicon dan-

gling bonds are 1% 6 1% and 13% 6 2%, respectively, in

the pristine fused silica and SiO2 film/Si substrate. After the

ion implantation, the fractions of Si4þ are measured to be

70% 6 2% and 84% 6 2% in SiO2 film/Si substrate and

fused silica samples, respectively. This indicates that there is

still approximately 13%–14% more Si bonded with four oxy-

gen atoms in the fused silica than that in SiO2 film/Si sub-

strate. In other words, the percentage of dangling bonds in

SiO2 film/Si substrate is 13%–14% greater than that in the

fused silica. During the annealing process, the silicon dan-

gling bonds can bond with Ge atoms and form Si-Ge nano-

crystals. Due to the greater percentage of silicon dangling

bonds in SiO2 film than that in fused silica, it is much easier

to form Si-Ge nanocrystals in SiO2 film. This deduction is

consistent with our EELS results that most Ge-nc formed in

the SiO2 film contain Si atoms, whereas the Ge-nc produced

in fused silica are almost exclusively composed of Ge atoms.

FIG. 3. (a) EELS spectra acquired from the regions without Si nanocrystal

and with Si nanocrystal. Reprinted with permission from Wang et al., Phys.

Rev. B 71, 161310(R) (2005). Copyright 2005 American Physical Society;

EELS spectra obtained from the Ge-nc in fused silica (b) and SiO2 film (c).
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As for the trapping mechanism evoked to explain the

effects of Si on the reduction of the Ge diffusivity,7,8 the

incorporation of Si into Ge-Ge chains could significantly

improve the thermal stability of Ge-nc. As we all know, the

chemical bond energy of Si-Ge bond (301 kJ�mol�1) is larger

than that of the Ge-Ge bond (264 kJ�mol�1). During the

annealing process, the introduction of Si atoms in the Ge-nc

can inhibit the outward diffusion of Ge from Ge-nc contain-

ing Si atoms. This would thus prevent the formation of nano-

cavities within the thermal SiO2 film.

IV. CONCLUSION

In conclusion, the presence of Si atoms inside Ge-nc can

significantly improve their stability at high temperatures. For

fused silica samples, where no Si atoms are found in the Ge-

nc, the release of Ge from the nanoparticles generates a great

number of nanocavities. Whereas for the Ge-nc synthesized

within a thermal SiO2 film grown on a Si substrate, the pres-

ence of Si atoms inside the formed nanoparticles can prevent

the release of Ge from Ge-nc, due to the hardening of inter-

nal Ge-Si chemical bonds.
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