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This paper reports that the Ge nanocrystals embedded in SiO2 matrix are grown on Si(100) and quartz–glass

substrates, and the formation mechanism is systematically studied by using fluorescence x-ray absorption fine structure

(XAFS). It is found that the formation of Ge nanocrystals strongly depends on the properties of substrate materials. In

the as-prepared samples with Ge molar content of 60%, Ge atoms exist in amorphous Ge (about 36%) and GeO2 (about

24%) phases. At the annealing temperature of 1073 K, on the quartz–glass substrate Ge nanocrystals are generated

from crystallization of amorphous Ge, rather than from the direct decomposition of GeO2 in the as-deposited sample.

However, on the Si(100) substrate, the Ge nanocrystals are generated partly from crystallization of amorphous Ge, and

partly from GeO2 phases through the permutation reaction with Si substrate. Quantitative analysis reveals that about

10% of GeO2 in the as-prepared sample are permuted with Si wafer to form Ge nanocrystals.
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1. Introduction

Ge semiconducting nanocrystals embedded in

SiO2 matrix have attracted increasing attention since

1990’s due to their unique luminescence properties as

well as wide potential applications in optoelectronic

and nonvolatile memory devices.[1−6] Magnetron sput-

tering co-deposition method is commonly used to fab-

ricate Ge nanocrystals embedded in SiO2 medium,

and the effects of preparation conditions on the struc-

ture and properties of Ge nanocrystals have been ex-

tensively studied.[7−10] Maeda[7] and Fujii et al
[11]

found that the morphology and size of Ge nanocrystals

can be strongly affected by Ge content and anneal-

ing temperature. However, up to date the formation

mechanism of the Ge nanocrystals is still not clear

enough. By combining experimental observations and

theoretical calculation, Maeda suggested that the pre-

cipitation and growth of Ge nanocrystals are related

to a thermal reduction of GeO2, the diffusion of Si

atoms from the silicon substrate into glassy matrix,

and aggregation of Ge nanocrystal.[7] He also pointed

out that the fabrication of Ge nanocrystals by di-

rect decomposition of GeO2 is thermodynamically im-

possible under the conventional conditions (around

1.013 × 105 Pa and 1000 K). However, some peo-

ple believe that Ge nanocrystals are formed through

the dissociation of GeO2 and suboxides in the initial

sample.[8,9]

In order to further understand the Ge nanocrystal

formation mechanism with and without the involve-

ment of elemental Si atoms, in this work we fabricated

Ge nanocrystals embedded in SiO2 medium with mag-

netron sputtering method by using two different types

of substrate, Si(100) wafer and quartz glass. The local

structure changes at Ge sites upon annealing are in-

vestigated by x-ray absorption fine structure (XAFS).

The XAFS technique has been recognized as a pow-

erful tool for determining the local structure of amor-

phous materials because of its sensitivity to the short-

range order and atomic species surrounding the ab-

sorbing atom. Furthermore, one can quantitatively

obtain the structural parameters of one element in a

complex material by XAFS.[12,13] The deep insight of

the Ge nanocrystal formation process has been illus-

trated by systematically studying the effects of two
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substrates (Si and SiO2) on the formation mechanism

of Ge nanocrystals.

2. Experimental details

The samples were prepared by co-deposition of Ge

and SiO2 by radio-frequency (RF) magnetron sputter-

ing onto either quartz–glass or Si(100) substrates, un-

der vacuum better than 5 × 10−5 Pa obtained with a

cryovacuum pump. The substrate holder was kept at

about 300K by circulating water. A Ge chip (5× 5×

1mm) of 99.9999% purity was employed as sputter-

ing target. The RF power of 1.5 kW was applied be-

tween the target and substrate holder, and the argon

partial pressure was held at 0.4Pa during deposition

by using a mass-flow controller. After the deposition,

the samples were annealed for 1 h at 800 ◦C in an ar-

gon atmosphere which produced nanocrystals. Both

samples have a thickness of about 500nm and the

Ge concentration of 60mol%. Hereafter, Ge(60%)–

SiO2/Si(100) and Ge(60%)–SiO2/quartz represent the

samples with 60mol% Ge in the SiO2 matrix on

a Si (100) and quartz substrates respectively. The

sizes of the Ge nanocrystals are 20 nm and 5 nm

in size for the annealed Ge(60%)–SiO2/Si(100) and

Ge(60%)–SiO2/quartz respectively, as revealed by

the high-resolution transmission electron microscope

(HRTEM) images published elsewhere.[14] The Ge

K-edge XAFS spectra were collected in fluorescence

yield mode at room temperature on beamline BL13B

at Photon Factory (2.5GeV with maximum current

of Imax = 400mA, Japan) and Beamline 1W1B at

Beijing Synchrotron Radiation Facility (2.2GeV with

Imax = 100mA, China). XAFS data analysis was

performed with UWXAFS 3.0 and NSRLXAFS 3.0

suites.[15,16]

3. Results and discussions

The Ge K-edge x-ray absorption near edge struc-

ture (XANES) spectra are displayed in Fig.1 for the

as-deposited and the annealed Ge(60%)–SiO2/Si(100)

and Ge(60%)–SiO2/quartz samples. These two as-

deposited samples demonstrate identical XANES fea-

tures, which suggest that the local structures around

Ge are not affected by the properties of the substrates.

However, after annealing treatment the Ge K-edge po-

sition for Ge(60%)–SiO2/Si(100) is shifted to lower en-

ergy by 1.4 eV, while that for Ge(60%)–SiO2/quartz

sample keeps unchanged upon annealing. Since the

Ge K-edge XANES arises from the transition of Ge

1s electron to unoccupied 4 p states, the downward

shift of the Ge absorption edge means that the Ge

4p states are moved to lower energy side. This is

mainly due to the reduced valence of Ge, which de-

creases the orbital overlapping between Ge atom and

the ligands around it, and weakens the repulsive force

between them. Hence, we can see that annealing can

reduce the average covalence of Ge in the Ge(60%)–

SiO2/Si(100), but has no effect on the valence of Ge

in Ge(60%)–SiO2/quartz sample. The Ge atoms in

these two samples have different thermodynamical be-

haviours during the annealing treatment.

Fig.1. Ge K-edge XANES of Ge(60%)–SiO2/Si(100) and

Ge(60%)–SiO2/quartz before and after annealing.

Figure 2(a) shows the Ge K-edge EXAFS func-

tions (χ(k)) of the as-deposited and the annealed

Ge(60%)–SiO2/Si(100) and Ge(60%)–SiO2/quartz

samples. It is evident that the oscillation frequen-

cies of the χ(k) functions for Ge(60%)–SiO2/Si(100)

and Ge(60%)–SiO2/quartz samples keep almost un-

changed upon annealing, while the oscillation ampli-

tudes exhibit an opposite tendency. In the low k-

region (k < 6 Å−1), the oscillation amplitude of the

Ge(60%)–SiO2/quartz sample increases remarkably,

while that of the Ge(60%)–SiO2/Si(100) sample de-

creases considerably. It indicates that the Ge local

structure on the two different substrates changes dif-

ferently after annealing. To more clearly illustrate the

local structure change on the two different substrates

caused by the annealing treatment, Fig.2(b) shows the

radial structure functions (RSFs) of Ge obtained by

Fourier transforming the k2-weighted EXAFS func-

tions. The RSFs of the as-deposited Ge(60%)–
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SiO2/quartz and Ge(60%)–SiO2/Si(100) present re-

markable difference from those of crystal Ge and

GeO2. The coordination peaks at 1.4 and 2.1 Å corre-

spond to the first shells of bulk GeO2 (Ge–O) and

Ge (Ge–Ge) respectively, but no peaks at 2.8 and

3.5 Å corresponding to the higher coordination shells

of GeO2 and Ge can be observed. Therefore, in the

Fig.2. (a) The Ge K-edge EXAFS oscillations, (b) the RSFs

of Ge(60%)–SiO2/Si(100) and Ge(60%)–SiO2/quartz before

and after annealing. Those of bulk Ge and GeO2 are also

included for comparison.

as-deposited samples, part of Ge atoms exists in

the form of pure Ge phase, and another part in

the form of GeO2. This is consistent with the

XPS result of Maeda et al.[7,17] On the other hand,

the as-deposited Ge(60%)–SiO2/quartz and Ge(60%)–

SiO2/Si(100) samples also exhibit amorphous charac-

ter as revealed by the x-ray diffraction (XRD) result of

Frenkel et al
[18] and our previous Raman spectra.[14]

All these results lead us to conclude that the Ge

atoms in the as-deposited samples exist in the form

of amorphous Ge and amorphous GeO2. Interest-

ingly, after the annealing treatment at 1073K, the Ge–

O coordination peaks of Ge(60%)–SiO2/Si(100) and

Ge(60%)–SiO2/quartz changed differently. The RSF

intensity of Ge–O coordination shell decreased by 30%

for Ge(60%)–SiO2/Si(100), while that of Ge(60%)–

SiO2/quartz increased by about 30%. Additionally, at

long distance the two annealed samples display similar

Ge-Ge coordination peaks as bulk Ge. It is obvious

that the silicon or quartz substrate plays distinct role

in the formation of Ge nanocrystals.

For quantitative analysis, the least-squares curve

fit was performed by using the USTCXAFS3.0

code,[16] and the theoretical amplitude functions cal-

culated by FEFF8.[19] Since the annealing tempera-

ture used in this work is much lower than the tempera-

ture at which Ge–Si alloying can occur (above 1173K),

we can neglect the Ge–Si bond in the fitting. The fil-

tered data using the R-range including both Ge–Ge

and Ge–O pairs (1.0 to 2.7 Å range), together with

the result of the least-squares curve fitting based on a

single scattering theory are shown in Fig.3 to demon-

strate the quality of the fit. The good fitting quality

provides additional evidence that Ge–Si bonds are not

presented in our samples. The structural parameters

obtained for all samples are summarized in Table 1.

Fig.3. The curve-fitting results for samples before and af-

ter annealing: (a) Ge(60%)–SiO2/Si(100), and (b) Ge(60%)–

SiO2/quartz.

Table 1. The local structural parameters of Ge sites for Ge(60%)–SiO2/Si(100) and Ge(60%)–SiO2/quartz before

and after annealing treatment.

Sample Bond type R/Å σ/Å N %*

Ge(60%)–SiO2/Si(100) as-deposited
Ge–O 1.74±0.01 0.064±0.003 1.5±0.3 24%

Ge–Ge 2.45±0.01 0.073±0.003 2.5±0.4 36%

Ge(60%)–SiO2/Si(100) annealed
Ge–O 1.73±0.01 0.061±0.003 1.0±0.3 15%

Ge–Ge 2.45±0.01 0.064±0.003 3.2±0.3 45%

Ge(60%)–SiO2/quartz as-deposited
Ge–O 1.75±0.01 0.064±0.003 1.3±0.3 24%

Ge–Ge 2.45±0.01 0.072±0.003 2.4±0.4 36%

Ge(60%)–SiO2/quartz annealed
Ge–O 1.73±0.01 0.055±0.003 1.4±0.3 24%

Ge–Ge 2.45±0.01 0.061±0.003 2.5±0.4 36%

∗The value on the Ge–O line refers to the GeO2 concentration, while in Ge–Ge line it refers to the concentration of

Ge clusters in the sample.
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As shown in Table 1, the first shell Ge–O co-

ordination number of GeO2 species in Ge(60%)–

SiO2/Si(100) decreases from 1.5 to 1.0 after anneal-

ing treatment, and at the same time the Ge–Ge co-

ordination number increases from 2.5 to 3.2. But

for the Ge(60%)–SiO2/quartz sample the coordina-

tion numbers of Ge–O and Ge–Ge shells did not

change much. Based upon these coordination num-

bers and Lu’s EXAFS analysis approach for mixed

phase,[20] we estimated the concentration of Ge and

GeO2 species in the samples (see Table 1). It can be

found that the concentration of GeO2 species in the

annealed Ge(60%)–SiO2/quartz did not change basi-

cally, but that of Ge(60%)–SiO2/Si(100) decreased by

10%. This indicates that in Ge(60%)–SiO2/Si(100),

part of GeO2 was converted into Ge nanocrystal while

no GeO2 in the Ge(60%)–SiO2/quartz participated in

the formation of nanocrystal Ge.

There are two possible paths for the conversion

of GeO2 into Ge nanocrystal in our samples: one

is the decomposition of GeO2, which was thermody-

namically unfavorable under our annealing conditions

as pointed out by Maeda;[7] another is the silicon-

involved reduction, i.e. GeO2+Si→Ge+SiO2. On the

quartz substrate no elemental Si atoms exist, so the

reduction reaction cannot occur. Additionally, the

concentrations of GeO2 and Ge phases are not af-

fected by the annealing treatment in the Ge(60%)–

SiO2/quartz sample. All these results illustrate that

the GeO2 embedded in SiO2 cannot decompose by it-

self to form Ge nanocrystals, and the Ge nanocrystals

can only originate from the amorphous Ge in the as-

deposited Ge(60%)–SiO2/quartz. But, on the Si sub-

strate, GeO2 might be another important source for

the formation of Ge nanocrystal. The electron micro-

scopic analysis made by Maeda has revealed that the

Si atoms can diffuse from the Si(100) substrate into

SiO2 layer.[7] The elemental Ge is thermodynamically

very stable in a SiO2 matrix, and this displacement

reaction (GeO2+Si→Ge+SiO2) can proceed sponta-

neously at the interface between GeO2 and Si under

the annealing temperature. Hence, for the Ge(60%)–

SiO2/Si(100) sample, part of the Ge nanocystals are

generated from GeO2 through the permutation reac-

tion with the silicon atoms diffused from the Si(100)

substrate.

Our previous electron microscopy analysis[14] has

revealed that the Ge nanocrystals formed on quartz

substrate have a uniform size of about 5 nm, while

those on Si(100) wafer have a mean size of 20 nm with

a wide distribution. On quartz substrate Ge nanocrys-

tals are directly converted from amorphous Ge phase

and their sizes are quite uniform. On the contrary,

on the silicon wafer, besides part of Ge nanocrys-

tals from amorphous Ge phase, part of GeO2 species

are reduced into atomic Ge through the reaction with

Si atoms (GeO2+Si→Ge+SiO2). These reduced Ge

atoms can aggregate with the Ge nano-crystals formed

from the amorphous Ge, and as a consequence, the Ge

nanocrystals produced on silicon wafer have a larger

average size and a wider distribution. It means that

under the same annealing conditions, on quartz sub-

strate we can produce even sized Ge nanocrystal with

prominent quantum size effect.[21] Maeda observed

that the properties of photoluminescence in the vis-

ible range show a strong correlation to the change in

size.[7] Hence, a blue-shift of photoluminescence is ex-

pected when we switch the substrate from Si wafer to

quartz.

4. Conclusions

Ge nanocrystals embedded in SiO2 matrix can

be fabricated on either Si or quartz substrate by

magnetron sputtering and subsequent annealing treat-

ment. Ge nanocrystals in Ge(60%)–SiO2/quartz are

generated from amorphous Ge clusters in the as-

deposited sample, but not from the direct decompo-

sition of GeO2. As to Ge nanocrystal particles in

Ge(60%)–SiO2/Si(100), besides part of them originat-

ing from amorphous Ge particles, part of them are

generated by the permutation reaction between GeO2

and the silicon atoms diffused from the Si(100) sub-

strate. Additionally, Ge nanocrystal originated from

the permutation reaction is expected to have larger

size in comparison with that from amorphous Ge un-

der the annealing temperature of 1073K. So by switch-

ing the substrate from Si wafer to quartz, we can

achieve smaller sized and uniform Ge nanocrystals,

which lead to a blue-shift in photoluminescence band.
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