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We study the influence of silicon dangling bonds on germanium thermal diffusion within silicon

oxide and fused silica substrates heated to high temperatures. By using scanning electron

microscopy and Rutherford backscattering spectroscopy, we determine that the lower mobility of

Ge found within SiO2/Si films can be associated with the presence of unsaturated SiOx chemical

bonds. Comparative measurements obtained by x-ray photoelectron spectroscopy show that 10% of

silicon dangling bonds can reduce Ge desorption by 80%. Thus, the decrease of the silicon oxidation

state yields a greater thermal stability of Ge inside SiO2 glass, which could enable to considerably

extend the performance of Ge-based devices above 1300 K. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868721]

Advances in the study of group IV semiconductor nano-

structures over the last two decades have demonstrated the

great potential of nucleating Si and Ge nanocrystals in silica

through a variety of processes, including, for example, ion im-

plantation and laser ablation. In particular, quantum confine-

ment due to size effects allow to obtain strong luminescence

signals from both Si and Ge demonstrating the potential of

such systems for luminescent devices and displays.1–3

The large thermal diffusivity and high photosensitivity

of Ge nanocrystals embedded in silicon oxide glass allow to

design nanostructured and monolithically integrated materi-

als that can be used in applications such as third generation

solar cells and high-sensitivity optical sensors.4–7 In addi-

tion, UV exposure techniques can be exploited to imprint

specific patterns to design and develop advanced optical

components, such as Fiber Bragg Gratings (FBGs).8,9

These two remarkable properties allow to synthesize Ge

nanocrystals by thermal activation, with dimensions that can

be controlled by tuning the thermal annealing parameters.10,11

However, the high mobility of Ge atoms in silicon oxide sub-

strates12 requires reaching a critical temperature, which leads

to poor thermal stability and strong desorption effects above

the melting point of bulk Ge (1211 K). Both these effects limit

the operating temperature range of Ge-based devices.

The introduction of excess Si atoms into silicon oxide

has recently been proposed as a means of increasing the ther-

mal resistance of these materials,13,14 by demonstrating that

the trapping of Ge diffusing atoms by Si can efficiently delay

and/or reduce Ge desorption. Excess Si atoms are introduced

by Siþ ion implantation, with a penetration depth that is func-

tion of acceleration voltage.15 For a standard 300 kV com-

mercial implanter, Stopping Range of Ions in Solids and

TRansport of Ions in Matter (SRIM-TRIM) simulations indi-

cate that the maximum path of Siþ ions within silicon oxide

cannot exceed 700 nm,15 thus restricting ion implantation to

the treatment of thin films, of the order of half a micron.

It has been also shown that a change in silicon oxidation

state could explain the wide range of values of Ge diffusivity

in SiO2 found in the literature, which reports discrepancies

of several orders of magnitudes.12,16–18 This may suggest

that Si dangling bonds can affect the diffusion mechanism,

by acting as intrinsic traps for Ge atoms.

In this Letter, we study the influence of unsaturated

SiOx chemical bonds in different silicon oxide environments

and investigate the effects of the silicon oxide substrate on

Ge thermal diffusion. To this end, we use scanning electron

microscopy (SEM) imaging of Ge nanocrystals (Ge-ncs)

formed in fused silica or silicon oxide thermally grown on a

Si substrate and compare the remaining Ge concentration

and profiles measured by Rutherford backscattering spec-

trometry (RBS) in each sample. We show that the observed

variations of Ge retention result from a significant change in

Ge thermal diffusivity, similar to that reported in mixed

Si/Ge systems.14 Using x-ray photoelectron spectroscopy

(XPS), we associate this feature to the trapping of Ge diffus-

ing atoms by Si dangling bonds, whose amount corresponds

to the concentration of remaining Ge measured by RBS

inside each oxide matrix. Such a scenario is compatible with

our previous work on Ge-based materials,10,13,14 while the

increase of Si dangling bonds after implantation is in agree-

ment with the damaging rate induced by ion bombardment in

these systems, predicted by Monte-Carlo calculations.15

We investigated two different types of silicon oxide

matrices commonly employed in the SOI technology: com-

mercial fused silica slices and SiO2 layers of 300 nm thick-

ness thermally grown by dry oxidation of (100) silicon

wafers, performed at 1370 K under ultrapure oxygen flux.
74Ge ions were implanted using a 70 keV ion beam with ion
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fluences of 4� 1016 Geþ�cm�2 and 8� 1016 Geþ�cm�2. The

implanted samples were then annealed in a quartz tube fur-

nace at 1320 K for 1 h, under an ultra-high purity N2 atmos-

phere. SEM cross-section micrographs were recorded from

the sample edge using a field emission JEOL JSM7401. A

conductive Pt coating was deposited to prevent charge accu-

mulation effects, thus limiting the SEM resolution to the

detection of objects greater than 4 nm.10 The RBS measure-

ments were carried out using Heþ ions, using either a 350 kV

Van de Graaff accelerator or a 2 MeV Tandetron. The RBS

spectra deconvolution was performed using the SIMNRA19

and SIMTarget20 simulation softwares. An example of RBS

spectra analysis is presented in Figure 1, showing the differ-

ent spectral contributions of each atom element found within

the target. Both the nature and the fraction of Si chemical

bonds were determined by XPS measurements within the

first 10 nm of each silicon oxide surface, using a MgKa

(1253.6 eV) monochromatic source focused on a sample sur-

face of about 0.5� 0.5 mm2. The spectra deconvolution was

performed using the CasaXPS software, where the energy of

all observed peaks was calibrated from the C1s binding

energy of 284.6 eV.

Figure 2 shows the effects of different silicon oxide sub-

strates on both the synthesis of Ge-ncs and the Ge desorption

after thermal annealing at 1320 K for 1 h. Figure 2(a) refers

to a fused silica sample, and Fig. 2(c), to a thin thermal oxide

layer grown on a Si wafer (SiO2/Si). These two samples

were implanted and annealed under identical conditions. For

each sample, high resolution SEM micrographs allow to

identify the grown nanocrystals, whose crystallinity has been

demonstrated by x-ray diffraction and Raman measure-

ments.10 The Ge depth-profile associated with Ge-ncs is

measured by RBS analysis, before and after thermal anneal-

ing. The distribution of implanted Ge ions is calculated using

the SRIM-TRIM code,15 taking into account ion sputtering

effects. It is presented in Figures 2(a) and 2(c) to indicate the

maximum depth range of 90 nm (indicated by a yellow

arrow) at which Ge ions have been introduced into the target.

The sample surface exposed to Ge ions is marked by the red

arrow. Within the first 70–80 nm of both samples, dark and

bright nanostructures are observed.

The dark and bright objects are attributed to nanocav-

ities and Ge nanocrystals, respectively.10 The greater con-

centration of nanocavities observed in the fused silica

sample (Fig. 2(a)) is consistent with the lower concentration

of Ge detected by RBS after thermal annealing (Fig. 2(b)).

Before annealing, the total surface density of Ge detected in

each sample is 7.9 6 0.1� 1016 cm�2, whereas after anneal-

ing, the concentration of Ge remaining in each sample is

2.8 6 0.1� 1016 cm�2 and 6.1 6 0.2� 1016 cm�2, in fused

FIG. 1. Example of RBS analysis using SIMTarget, obtained in a SiO2/Si

sample having an oxide layer of 200 nm thickness, implanted with 74Geþ
ions of 70 keV at a fluence of 8 � 1016 cm�2.

FIG. 2. Cross-section SEM pictures of silica (a) and thermal oxide substrate (c) implanted with 8� 1016 Geþ ions�cm�2 and annealed at 1320 K for 1 h, with their re-

spective Ge depth-profiles (b) and (d) measured by RBS before and after thermal treatment.
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silica and SiO2/Si, respectively. Thus, approximately 65% of

the Ge nominally implanted into the fused silica matrix has

left the material during thermal treatment, as opposed to

only about 25% for SiO2/Si. In this thermal oxide substrate,

the comparison of RBS measurements in Fig. 2(d) also indi-

cates that the shape of the Ge depth-profile after thermal

annealing is similar to the one determined immediately after

ion implantation. However, although the number of observed

nanoparticles is greater in SiO2/Si (Fig. 2(c)), their sizes are

approximately two times smaller than in the case of nano-

scale objects observed in fused silica (Fig. 2(a)).

An extensive analysis of SEM micrographs shows that

the hundred “objects” we detect within a sample section one

micron in width have average diameters of 17.4 6 2.4 nm

and 9.3 6 1.2 nm, in fused silica and SiO2/Si, respectively.

Comparing the quantity of Ge detected by RBS and the

amount of Ge that can be contained within the volume of all

nano-objects observed by SEM (bright and dark objects) pro-

vides information on the rate of clustering.10 In a fused silica

substrate, the excess Ge occupies a volume less than half

that of the nano-objects observed by SEM (Fig. 2(a)), which

corresponds approximately to the volume of all Ge ions

implanted into the substrate. This suggests that the Ge ions

implanted into fused silica have clustered within the first

minutes of annealing, before desorption.10 On the other

hand, the amount of Ge that can be contained inside the

nano-objects observed in Fig. 2(c) is estimated at approxi-

mately 5.8� 1016 cm�2, indicating that only about 91% of

the Ge remaining in the thermal oxide participates in the for-

mation of the observed nanoparticles. The remaining Ge is

contained within structures with dimensions smaller than the

SEM detection limit or diluted within the oxide.

These observations indicate that the differences in Ge

concentration reported for these two different oxide matrices

result from significant changes in the Ge thermal diffusivity.

The diffusion mechanism involved in both the nucleation of

Ge-ncs and Ge desorption is less effective in SiO2/Si than in

fused silica. This trend is also systematically observed (not

shown) for samples of SiO2 thickness varying between 100

and 2000 nm, thermally grown on Si wafers doped with dif-

ferent elements (B, P, As), and annealed at temperatures

higher than 1220 K (up to 1420 K) for 30 and 60 min.

Nevertheless, precise measurements by RBS of the Si/O

fraction in SiO2/Si and fused silica substrates (not shown) do

not allow us to detect significant changes of their oxygen

stoichiometry using this experimental approach.

The XPS analysis of the Si2p peak, measured in pristine

fused silica (Fig. 3(a)) and thermal oxide (Fig. 3(b)) sub-

strates is presented in Fig. 3. The spectra are deconvoluted

for both 2p3/2 and 2p1/2 electron levels using the method

described in Ref. 21, for energy values reported with respect

to the bulk Si state. Two different spectral contributions are

identified, each centered at energy positions of �3.9 eV and

�2.4 eV, identical to the values typical of a SiO2/Si inter-

face.21 The first peak is associated with photoelectrons origi-

nating from Si atoms in complete oxidation state (Si4þ),

whose four valence electrons are bonded to oxygen atoms.

The second peak corresponds to Si atoms (Si3þ) having three

oxygen chemical bonds with one remaining free valence

electron. The ratio of the integrated intensity of these

spectral contributions provides relative fractions of silicon

dangling bonds of �1% 6 1% in fused silica, and

�13% 6 2% in thermal silicon oxide. To verify that such a

difference persists after ion bombardment, we also measured

the fraction of Si atoms remaining in complete oxidation

state, right after exposing each substrate to a Geþ ion beam

(and before thermal annealing). Previous studies of

implanted materials have shown that the damage induced by

ion implantation is usually responsible for breaking a high

number of O-Si-O bonds within the oxide, proportionally to

the quantity of impinging ions (neglecting ion sputtering

effects).22 Since the damaging increases with the atomic

mass of ion species,15 this can lead to the possible elimina-

tion of all Si atoms in complete oxidation state. Such a deg-

radation of the silicon chemical bonds is not observed for ion

fluences of 4� 1016 cm�2 or of 8� 1016 cm�2, since we

obtain fractions of Si4þ chemical bonds around 70% 6 2%

and 84% 6 2% in SiO2/Si and fused silica samples, respec-

tively. The difference between the relative intensity of

Si4þ2p and Si3þ2p peaks also indicates that after ion implan-

tation, there is still approximately 13%–14% more Si bonded

with four oxygen atoms in fused silica, than in SiO2/Si. Due

to the trapping efficiency of Si-Ge chemical bonds,14 we

infer that such an increase of Si dangling bonds is related to

greater Ge retention in SiO2/Si. On the other hand, we

FIG. 3. Spectral analysis of Si4þ2p and Si3þ2p peaks measured by XPS in

virgin fused silica (a) and SiO2/Si (b) substrates.
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observe that the fraction of Si in intermediate oxygen state

increases by � 15% after ion bombardment in both sub-

strates. This value is consistent with the density of oxygen

vacancies generated by impinging ions we present in Figure

4, whose relative atom concentration is evaluated at approxi-

mately 16%–17% according to SRIM calculations.15

Using the discrepancy between the concentrations of Si

dangling bonds in different substrates measured by XPS, we

can evaluate the additional number of Ge atoms that could

be trapped by the Si partially bonded with O inside SiO2/Si

during annealing. By assuming that the mobility of Si atoms

in silicon oxide can be neglected at a temperature of

1320 K,18 the surface density of Ge atoms held by Si dan-

gling bonds can be estimated by

NGe ¼ NSi� � sSi; (1)

where NSi* is the surface density of Si atoms having one dan-

gling bond and sSi is the average trapping rate of diffusing

Ge by Si. The surface density of Si is 2.05� 1017 cm�2

within the first 90 nm of the SiO2/Si sample, so that

NSi*¼ 2.70� 1016 cm�2 according to XPS results. The aver-

age trapping rate (sSi) of Ge diffusing atoms by excess Si

during annealing of 1 h at 1320 K (see the slope of the lines

presented in the Fig. 1 of Ref. 14) is estimated at sSi¼ 0.99,

giving NGe¼ 2.6 6 0.4� 1016 cm�2. This amount of Ge that

can be potentially retained by Si dangling bonds is close to

the difference of 3.3 6 0.3� 1016 cm�2 we measured by

RBS between the surface densities of Ge in SiO2/Si and

fused silica (Figs. 2(b) and 2(d)). This indicates that the

results obtained by XPS on the relative concentration of Si

dangling bonds are both qualitatively and quantitatively con-

sistent with SEM and RBS measurements. As for the silicon

excess introduced by co-implantation,13,14 silicon dangling

bonds inside a silicon oxide substrate can reduce Ge mobility

by trapping Ge diffusing atoms under high temperature

annealing. We conclude that the greater concentration of Ge

remaining in SiO2/Si samples is compatible with a diffusion

mechanism which involves the participation of a concentra-

tion of 13% of Si dangling bonds within this material, while

their effect is negligible in fused silica.

In addition to the role of silicon in the formation mecha-

nism of Ge-ncs,16 this makes the reduction of silicon

oxidation states in silica glass interesting for improving the

operating range of Ge-based devices and sensors in high

temperature environment. To promote and monitor the

breaking of Si-O chemical bonds in specific regions, differ-

ent scenarios could be investigated, such as the growth or the

deposition of non-stoichiometric SiOx, the exposure of silica

substrates to energetic lasers, as well as high-energy light-ion

implantations, using Hþ and He þ, whose penetration depths

can be 10 times greater than for Siþ ions implanted at the

same energy.15

In summary, we have shown that there exists a marked

difference of the Ge thermal diffusion and desorption in sub-

strates of silicon oxide thermally grown on Si and fused

silica. These features can be explained by the presence of a

greater concentration of Si dangling bonds in SiO2/Si, which

hinder desorption by trapping Ge atoms and increase their

stability inside the oxide matrix by annealing above 1300 K

for 1 h. From simple calculations, we have shown that the

concentrations of Si dangling bonds measured in each sam-

ple can be directly related with the concentration of remain-

ing Ge. Thus, the control of Si atoms having an intermediate

oxidation state in silicon oxide can be a promising technique

for improving the thermal resistance of Ge-based glass, with

potentially important implications for device performance in

harsh environments, such as car/airplane engines, space and

nuclear reactors.
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