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Formation of germanium nanocrystals and amorphous nanoclusters in

GeO[SiO] and GeO[SiO2] films using electron beam annealing
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Electron beam annealing was carried out to form amorphous and crystalline germanium clusters in GeO[SiO]
and GeO[SiO2] films deposited on quartz and monocrystalline silicon substrates. Using electron microscopy,

Raman spectroscopy, and light transmission and reflection spectroscopy, the structural transformations of the films

and their optical properties were studied. From the analysis of Raman spectra, it was shown that amorphous

germanium nanoclusters are present in the as-deposited GeO[SiO] film, while they are not observed in the as-

deposited GeO[SiO2] film. Regimes of electron beam annealing which are necessary for the formation of germanium

nanocrystals in GeO[SiO] and GeO[SiO2] films were found. It was shown that, at the same annealing parameters,

the fraction of the crystalline phase of germanium in GeO[SiO] films were smaller than in GeO[SiO2] films. In

addition, it was found that the fraction of the crystalline phase at the same annealing parameters is larger for films

on a quartz substrate than on monocrystalline silicon substrate. The sizes of germanium nanocrystals formed as a

result of electron beam annealing were determined from Raman spectra analysis. The proposed method of obtaining

amorphous germanium nanoclusters and nanocrystals in films of nonstoichiometric germanosilicate glasses using

electron beam annealing can be used to create ordered arrays of such nanostructures.

Keywords: films of nonstoichiometric germanosilicate glass, electron beam annealing, germanium nanoclusters

and nanocrystals.
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Introduction

Dielectric films containing amorphous germanium nan-

oclusters and nanocrystals (NC-Ge) are of interest from

a fundamental point of view [1], and also promising for

nano- and optoelectronics [1, 2]. For example, GeOx films

are applied as an anti-reflecting coating in solar cells [3].

The relevance of the application of germanosilicate films in

nanoelectronics is due to their special electrical properties.

It is known that the mobility of electrons and holes in

germanium is greater than in silicon [4], but the breakdown

voltages of germanium dioxide (GeO2) are lower than those

of silicon dioxide. Furthermore, GeO2 has poor chemical

resistance, and, as an example, it dissolves quite well in

water. Therefore, germanium oxynitride [5] films or films

with a high dielectric constant (high-k dielectrics) [6] are

applied to create MIS transistors based on germanium.

GeOx or GeSiOx [7] layers act as a transition layer between

Ge and a high-k dielectric film. Films of nonstoichiometric

germanium oxides are also very promising for application

in accumulator cell with an increased number of recharge

cycles [8]. In addition to amorphous germanium oxides,

GeSiOx oxides containing nanocrystals of Ge, Si and their

solid solutions are used in photosensitive detector [9].

It is known that GeOx and GeSiOx amorphous films

are metastable, and as the temperature increases, there are

disproportionation reactions occur 2GeO→Ge+GeO2 [9,10]
(in the case of GeO1 films); GeO+SiO→Ge+SiO2 (in the

case of GeSiO2 films); 2GeO+2SiO2 →Ge+3Ge1/3Si2/3O2

(in the case of GeSiO3 films) [11]. Furnace annealing [9–11]
is usually applied for disproportionation and formation of

amorphous nanoclusters and NC-Ge. However, the use of

radiation exposure has a number of advantages, for example,

it allows to create amorphous nanoclusters and nanocrystals

(NC) in local areas of thin films, minimizing the thermal

effect on the substrate. Previously, researchers [12] applied
ion-beam annealing of GeOx thin films with an energy of

150MeV Ag+, which led to the formation of NC-Ge with

a size of up to 30 nm. By now, abundant papers have been

devoted to electron-- beam annealing of amorphous germa-

nium films [13,14], and only one paper which was devoted

to electron-beam annealing of nonstoichiometric germanosil-

icate glasses [15]. In this paper, electron beam annealing

(EBA) was used to form amorphous germanium clusters

and crystallize them in GeO[SiO] and GeO[SiO2] films.
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1. Experiment description

GeO[SiO] and GeO[SiO2] thin films were obtained by

the simultaneous evaporation of GeO2 and SiO powders

(or GeO2 and SiO2) using electron beams in high vacuum

(10−6 Pa). The power of the electron beams that evaporated

the targets was chosen so that the deposition rate of both

components was the same. Meanwhile, it was previously

obtained [9] that, upon evaporation of the GeO2 target, a

GeOx layer is deposited with the stoichiometric parameter

x ∼ 1 on the substrate. According to the stoichiometric

composition, which was studied in the paper [16], the

films will be designated as GeO[SiO2] (composition of

GeSiO3) and GeO[SiO] (composition of GeSiO2). The

films were deposited at a temperature of 100◦C on fused

quartz and c-Si (100) substrates. The thickness of the

films was ∼ 400 nm. The films were covered with a

SiO2 protective layer 10 nm thick to avoid evaporation of

germanium monoxide during annealing [17].
Further, to anneal the as-deposited films, an electron beam

generated by a discharge electron gun with a hollow cathode

was used [18]. The current density of the electron beam

was 20mA/cm2 at an accelerating voltage of 2000 V. The

choice of the annealing mode parameters is due to the

results from the article [19], where it is shown that for an

electron beam with an accelerating voltage of 1000 V and

a current of 100mA, even at an annealing time of 600 s,

polysilicon was not formed, and the action of an electron

beam with an accelerating voltage of 3000 V and a similar

current led to the evaporation of a-SiOx :H thin film for 60 s.

The sample surface area of electron beam irradiation beam

was 0.3 cm2. The samples were placed perpendicular to

the electron beam in a vacuum chamber with a pressure

of 10−2 Pa. The time of annealing was 60 s and it was

controlled by turning the electron gun on and off.

The electron microscopy was applied to analyze the

structure of the films. A JEM-2200FS microscope with

an accelerating voltage of 200 kV was used in the

high-resolution transmission electron microscope (HRTEM)
mode. The preparation of samples for HRTEM studies in

cross-section consisted in the following: these samples on a

c-Si (100) substrate were thinned by mechanical polishing

using a Leica EM TXP microscope, followed by final

thinning with an ion beam. The elemental composition

of the films was analyzed in the course of microscopic

studies using the energy dispersive X-ray spectroscopy

(EDX, EDRS, or EDS) method.

The structure of the films was analyzed using Ra-

man spectroscopy. The Raman spectra were recorded

in backscattering geometry using T64000 spectrometer

(Horiba Jobin Yvon) with Ar+ laser (λ = 514.5 nm) ex-

citation, the spectral resolution was no worse than 2 cm−1.

All spectra were measured at room temperature; no local

heating of the films by laser radiation occurred during the

recording of the spectra.

The transmission and reflection spectra of the films

were studied using an SF-56 spectrophotometer (LOMO-

Spektr, St. Petersburg). The spectral resolution was

2 nm, the measurement range was from 190 to 1100 nm.

Reflection spectra were recorded using a specular reflection

attachment; the angle of incidence was 9◦ from the normal.

As a reference spectrum, the reflection spectrum from

silicon with a natural oxide 3 nm thick was applied, the

reflection spectrum of the film under study was multiplied

by the reference spectrum.

2. Results and discussion

According to the EDS analysis, the films contain germa-

nium, silicon and oxygen. The distribution results of germa-

nium over the film thickness are shown in Fig. 1. In the as-

deposited GeO[SiO] film, the germanium atoms are almost

uniformly distributed over the film thickness (Fig. 1, a), and
after annealing, a 15% increase in germanium concentration

was observed in the 100 nm thick layer bordering the silicon

substrate in the film (Fig. 1, b). A similar effect of

germanium drift to the substrate was observed earlier during

furnace annealing of multilayer GeO/SiO2 [20] structures.

The formation of NC-Ge in the GeO[SiO] film after

EBA was detected by direct electron microscopy. Figure 2

presents HRTEM image of a GeO[SiO] film on Si substrates

after EBA. The image demonstrates NC-Ge, amorphous

germanium clusters, and a glassy matrix. The average size

of NC-Ge is approximately 5.5 nm, and the average size of

amorphous nanoclusters is approximately 6 nm. Previously,

it was shown that the as-deposited film did not contain

NC-Ge [21].

Figure 3 presents the Raman spectra of GeO[SiO] and

GeO[SiO2] films deposited on a silicon substrate before and

after annealing. To monitor over the structural transforma-

tions of the films after EBA, the spectra of the as-deposited

films were the first to be recorded (black curves in Fig. 3).
The spectra of the as-deposited films contain an intense

narrow peak ∼ 520.5 cm−1 associated with scattering by

long-wavelength optical phonons from the c-Si substrate.

In the spectrum of the as-deposited film in Fig. 3, b there

is also a very weak feature ∼ 305 cm−1 associated with

two-phonon scattering by transverse acoustic phonons in

the silicon substrate, which indicates that the films are

translucent to green light. The spectrum of the as-deposited

GeO[SiO] film (Fig. 3, a) shows a broad peak ∼ 275 cm−1,

which is associated with the presence of amorphous germa-

nium clusters, this is scattering on local vibrations of Ge-Ge

bonds in amorphous germanium [22]. This is due to the fact

that during the deposition at the temperature of 100◦C, the

oxide-reduction reaction GeO+SiO→SiO2+Ge(amorphous)
occurred [23]. It can be seen that, after EBA the amorphous

germanium clusters have partially crystallized (red curve

(in the online version), Fig. 3, a). When the spectrum

was decomposed into Gauss curves, it was discovered that

the position of the
”
nanocrystalline“ peak is ∼ 299.9 cm−1,

while a wide
”
amorphous“ peak remains in the spectrum.

Technical Physics, 2022, Vol. 67, No. 9



1212 V.O. Konstantinov, E.A. Baranov, Zhang Fan, V.G. Shchukin, A.O. Zamchiy, V.A. Volodin

c-Si

GeO[SiO]

200 nm

a

Air

c-Si

GeO[SiO ]2

200 nm

b

Air

Figure 1. Distribution of germanium in a GeO[SiO] film on a silicon substrate obtained from EDS data analysis: a — initial film, b —
film after EBA.
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Figure 2. Dark-field HRTEM images of a GeO[SiO] film on a

c-Si (001) substrate after EBA.

Neither
”
amorphous“nor

”
nanocrystalline“ germanium

peaks were found in the spectrum of the as-deposited

GeO[SiO2] film. It is likely, this film does not contain

sufficiently large germanium clusters. It can be seen that

after EBA, the spectrum is dominated by a narrow peak

with the position ∼ 300.0 cm−1 (red curve (online version),
Fig. 3, b), but decomposition into peaks showed that there

is also an
”
amorphous“ peak, i.e. both crystalline and

amorphous phases of germanium are present.

Proceeding to the analysis of the Raman spectra of

GeO[SiO] and GeO[SiO2] films on quartz substrates (Fig. 4).

As can be seen, the Raman spectrum of the as-deposited

GeO[SiO] film on quartz (black curve, Fig. 4, a) contains

a signal from amorphous germanium clusters (the above-

mentioned peak at ∼ 275 cm−1). To analyze the effect

of current density homogeneity in the electron beam after

EBA, several spectra were recorded. Point p1 — is a

point in the center of the beam, and point p5 — is on

the edge of the beam, points p2−p4 — are intermediate

points that are at equal distance from each other. Recall

that the beam diameter was 6mm, and its radius was 3mm,

respectively. It can be seen that EBA at the center of

the beam (point p1) led to almost complete crystallization

of amorphous germanium clusters with the formation of

NC-Ge, while the position
”
of the nanocrystalline“ peak

was ∼ 303.8 cm−1 (red curve ( online version), Fig. 4, a).
With a shift from the center of the beam, there is a shift

of the peak position towards lower frequencies, while an

”
amorphous“ component appears in the spectra, this is

especially noticeable in the spectrum recorded near the edge

of the electron beam (point p5 — violet curve, Fig. 4, a).
The spectrum of the as-deposited GeO[SiO2] film

(Fig. 4, b) contains features associated with the signal from

the quartz substrate (a wide band from 250 to 550 cm−1

and a feature at ∼ 495 cm−1). As noted previously, this is

due to the fact that this film is semitransparent at the laser

wavelength (i.e., the laser light reaches the substrate). Thus,
it has been shown that, in the as-deposited GeO[SiO2] film
on a quartz substrate, there are no clusters of amorphous

and crystalline germanium.

From the analysis of the spectrum from the point p1

(red curve ( online version), Fig. 4, b) it can be seen that

the EBA at the center of the beam led to the formation

of NC-Ge in the GeO[SiO2] film on the quartz substrate.

When the spectra were decomposed into Gauss curves,

Technical Physics, 2022, Vol. 67, No. 9
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Figure 3. Raman spectra of films on silicon substrates: a — GeO[SiO], b — GeO[SiO2].
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Figure 4. Raman spectra of films on quartz substrates: a — GeO[SiO], b — GeO[SiO2].
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Figure 5. Transmission and reflection spectra of films on quartz substrates: a — GeO[SiO], b — GeO[SiO2].

the position of the peak from NC-Ge was obtained, which

is 299.3 cm−1, while the
”
amorphous“ component of the

peak is insignificant. The influence of the current density

homogeneity in the electron beam was analyzed as well.

It can be seen that at the point p2 (green curve ( online

version), Fig. 4, b) located in the middle between the center

of the beam and its edge, the Raman spectrum is almost

indistinguishable from the spectrum at the point p1 (beam
center). A in the spectrum from point p3 (beam edge,

blue curve ( online version), Fig. 4, b),
”
amorphous“ peak

dominates. Obviously, the observed results are due to the

decrease in the current density in the electron beam from

its center to the edge.

Figure 5 presents the transmission and reflection spectra

of GeO[SiO] and GeO[SiO2] films before and after EBA.

It can be seen that EBA led to a decrease in the

transparency of the films, this is especially evident from the

shift of the absorption edge for the GeO[SiO2] film. This is

due to the formation of amorphous clusters and NC-Ge in

the films, which leads to the absorption of visible and IR

radiation [11].

3. Analysis of obtained results

Previously, the authors showed that the as-deposited

GeO[SiO] film contains amorphous germanium nanoclusters

with an average size of ∼ 3 nm [21]. EBA led to the

formation of NC-Ge in this film. There were no germanium

clusters in the as-deposited GeO[SiO2] film; after EBA, NC-

Ge were also formed in it. The table shows the average size

of NC-Ge and the volume fraction of the crystalline phase,

which were determined from the analysis of the Raman

data.

The comparison of the GeO[SiO2] and GeO[SiO] films

after annealing presents that the fraction of the crystalline

phase in the GeO[SiO2] film is higher. Previously, the

authors discovered that in the case of furnace annealing

of such NC-Ge germanium films, the formation in the

GeO[SiO2] film begins already after a half-hour annealing

of 550◦C, whereas for the beginning of crystallization for

amorphous germanium clusters in a GeO[SiO] film, anneal-

ing of the same duration at a temperature of 680◦C [11] was
required. This is due to the fact that the sizes of amorphous

germanium clusters in the as-deposited GeO[SiO] film are

smaller than the sizes of amorphous germanium clusters

formed in the GeO[SiO2] film due to the disproportionation

reaction 2GeO+2SiO2 →Ge+3Ge1/3Si2/3O2 as a result of

annealing [21]. It is known that the crystallization of large

amorphous clusters in a refractory matrix occurs at a higher

rate than the crystallization of small clusters.

It should be noted that, in the case of a quartz substrate,

crystallization occurs at lower annealing parameters than in

the case of a single-crystal silicon substrate. Most likely,

this is due to the different thermal conductivity of these

materials. This fact suggests that EBA leads to a thermal

Technical Physics, 2022, Vol. 67, No. 9
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Phase composition of germanium nanoclusters and the average size of NC-Ge

Sample Annealing
Difference of NC peak position Average Fraction of crystal-

and peak from single-crystal size of NC Ge, cm−1 nm lithyc phase,%

GeO[SiO]

As-deposited – – 0

EBA Quartz, −1.78 – 100

point 1

Quartz, −0.9 – 100

point 2

Quartz, −0.21 – 100

point 3

Quartz, 0.77 8 55

point 4

Quartz, 2.84 4.5 55

point 5

Si 1.51 6.2 10

GeO[SiO2]

As-deposited – – –

EBA Quartz, 2.13 5.3 53

point 1

Quartz, 2.28 5.1 100

point 2

Quartz, – – 0

point 3

Si 1.42 6.4 50

effect, this is obvious, since the electron energy is too low

for radiative effects.

Some differences between the NC-Ge dimensions ob-

tained from the analysis of Raman data (see the table) and

from the analysis of the HRTEM image was specified, which

may be due to mechanical stresses in NC-Ge. Compres-

sion stresses result in an increase in phonon frequencies.

According to the phonon localization model [24], with an

average size of NC-Ge of 5.5 nm (the size from the HRTEM

data), the difference in the positions of the peaks from NC-

Ge and c-Ge should be 1.96 cm−1, while according to the

experiment it is 1.51 cm−1. The difference of 0.45 cm−1 can

be caused by compression stresses of 200−300MPa [25]. It
should also be noted that the peak frequency from NC-Ge

is higher than from c-Ge for the GeO[SiO] film on quartz

after EBA (points 1−3). In this case, the NC-Ge are clearly

subjected to mechanical compression, and their sizes cannot

be determined from the analysis of the Raman spectra. The

occurrence of mechanical compression stresses has already

been detected after the complete crystallization of SiOx

films using EBA [19]. The reasons for the occurrence

of such stresses and their influence on the crystallization

kinetics have not yet been specified and will be the subject

of further research.

The proposed approach to the formation of amorphous

germanium and NC-Ge nanoclusters using an electron beam

can be used to create layer-ordered amorphous nanoclusters

and NC-Ge. However, for this it is required to use an

electron beam of higher energy, i.e. to use not thermal,

but radiation effects for structural transformations in films.

For nanometer resolution, it is required to use a focused

electron beam, for example, as in an electron beam

nanolithography. To create periodic arrays of amorphous

nanoclusters and NC-Ge, the interference of monochromatic

coherent electron beams can be applied, as proposed in [15].

Conclusion

The analysis of the Raman spectra showed that amor-

phous germanium nanoclusters are present in the as-

deposited GeO[SiO] film, while they are not in the as-

deposited GeO[SiO2] film. It has been found that the

use of electron beam annealing leads to the formation of

amorphous and crystalline germanium nanoclusters in these

films. The effects on the influence of the substrate (quartz
or silicon), as well as the composition of the films, on

the size of germanium nanocrystals and the fraction of the

crystalline phase (in the case of incomplete crystallization of

germanium clusters) as a result of electron beam annealing

have been studied. The influence of current homogeneity

in an electron beam on structural transformations has been

studied.

Technical Physics, 2022, Vol. 67, No. 9
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