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Synthesis and characterization of GexNi1−x composite films obtained by

deposition of germanium and nickel
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A series of GexNi1−x films were synthesized on single-crystal silicon substrates using direct-current magnetron

sputtering in a high-vacuum chamber. The films were produced by simultaneous sputtering of two targets:

semiconductor germanium and metallic nickel. The chemical composition of the films was studied by X-ray

photoelectron spectroscopy. It has been established that thermal annealing of films leads to the formation of a

nickel germanide (NiGe) phase. Scanning electron microscopy has revealed areas that can be attributed to this

phase.
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Composite materials based on semiconductors doped

with transition metals attract significant research attention

due to their magnetic properties [1,2] and the possibility of

formation of metal nanoparticles, which may be catalytically

active [3], in such systems. Alcohol-based (methanol and

ethanol) fuel cells are currently being studied extensively.

The use of metallic nickel instead of platinum or palladium

to accelerate the electrooxidation of alcohols on electrode

electrocatalysts may provide significant economic benefits,

stimulating the search for new ways to obtain composite

media with nanosized nickel inclusions. Typical materials

of this kind are film structures obtained by molecular

epitaxy, where ions of transition elements are localized at

sites or interstitial positions in the semiconductor matrix.

Theoretical calculations [4] demonstrate that atoms of

transition elements in such non-equilibrium systems, where

a certain fraction of atoms of the semiconductor matrix are

substituted with transition element atoms or are located

at interstitial sites, tend to cluster, which translates into

the emergence of nanoscale formations in these structures.

Germanium matrices are appealing due to the relative

ease of formation of a porous coating via ion beam

processing [5,6]. In the present study, we report the

results of synthesis and structural examination of composite

GexNi1−x films obtained via deposition of semiconductor

germanium and a transition 3d metal (nickel) using the

method of magnetron sputtering.

A series of polycrystalline GexNi1−x (x > 0.7) films were

synthesized on single-crystal (111) silicon substrates by DC

magnetron sputtering in a high-vacuum chamber (baseline
vacuum < 5 · 10−7 Pa). These films were deposited by

simultaneous sputtering of germanium (99.95% pure) and

nickel (99.99% pure) targets. To obtain the required

composition of samples, the deposition rates of each

element were calibrated. The chemical composition of

films was analyzed by X-ray photoelectron spectroscopy

(XPS). It was found that all films contained germanium

and nickel only (the approximate sensitivity of the method

is 0.5 at.%). Figure 1 shows the characteristic X-ray

photoelectron emission spectra for certain samples.

Data on the concentration of elements in synthesized

films are listed in the table.

X-ray phase analysis of the synthesized composite

GexNi1−x films was carried out using a DRON-7 setup

in the Bragg−Brentano geometry. The obtained diffraction

patterns were analyzed in MAUD (ver.2.999) [7,8]. Fig-

ure 2 presents the diffraction pattern of the film with the

maximum nickel concentration (Ge0.7Ni0.3) synthesized on

a silicon substrate. The film thickness was 600 nm. The

diffraction pattern features broad lines, indicating that the

as-prepared films were amorphous. The results of analysis in

MAUD revealed the presence of a highly disordered mixture

of Ni18Ge12 [9] and NiGe nickel germanides.

Figure 3 shows the experimental and model diffraction

patterns of the Ge0.7Ni0.3 film subjected to thermal anneal-

ing in vacuum (under a residual pressure of 9 · 10−4 Pa)
at 300 ◦C for 15min. It is evident that the samples

subjected to thermal annealing feature narrow diffraction

lines of germanium and nickel germanide NiGe, which are

indicative of partial crystallization of the initially amorphous

Ge0.7Ni0.3 film after annealing. The obtained result agrees

closely with the data reported in [10], where the phase

evolution of the Ge/Ni system was studied at different

annealing temperatures. According to MAUD data, the

average size of the coherent scattering region of the NiGe

38



Synthesis and characterization of GexNi1−x composite films obtained by deposition of germanium and nickel 39

1200 0900 300

In
te
n
si
ty

, 
a
. 
u
.

600
Binding energy, eV

Ge Ni0.95 0.05

Ge Ni0.9 0.1

Ge Ni0.8 0.2

Ge Ni0.7 0.3

G
e 

2
p

1
/2

G
e 

2
p

3
/2

N
i 
2

s

N
i 
2

p
1

/2

N
i 
2

p
3

/2

NiLMM GeLMM

G
e 

3
s

G
e 

3
d

Ni 3p

Ni 3s
Ge 3p

Figure 1. X-ray photoelectron spectra of GexNi1−x films of various compositions.

phase (determined by the line width) is ∼ 400 nm. The

(111) line of the silicon substrate is also present.

The 600-nm-thick Ge0.7Ni0.3/Si film was imaged after

deposition and after thermal annealing in vacuum with

a Carl Zeiss EVO 50XVP scanning electron microscope

(SEM). Figure 4 shows the surface of films after ther-

mal annealing imaged in secondary electron (SE) and

backscattered electron SEM modes. It should be taken into

account that SE images reveal the morphology of the sample

surface. No morphological features are seen in Fig. 4, a.

Micrographs obtained in the backscattered electron mode in

the indicated observation conditions reveal the conductive

and compositional properties of the material in a layer with

a thickness of approximately 50 nm. In certain cases, this

is sufficient to observe metal particles in a non-conductive

matrix. Imaging of the surface in the backscattered electron

mode revealed the lack of charge accumulation effects.

In this case, the image is formed through compositional

contrast. Examining the micrograph shown in Fig. 4, b,

one may distinguish light-colored formations 150−200 nm

in size, which are clusters of the material with an increased

concentration of the element with a higher atomic mass

(i. e., germanium). Nickel is dominant in dark regions. We

believe that the observed pattern corresponds to germanium

particles immersed in the nickel germanide NiGe matrix.

This conclusion is verified by the results of X-ray diffraction

experiments for this film.

Nickel content determined by XPS for experimental samples of

composite GexNi1−x films with a thickness of 600 nm synthesized

by magnetron deposition of germanium and nickel on single-crystal

Si (111) substrates

Sample
Nickel

concentration, at.%

Ge 0

Ge0.95Ni0.05 7.7

Ge0.9Ni0.1 11.6

Ge0.8Ni0.2 20.9

Ge0.7Ni0.3 29.0

Thus, exploratory experiments on the synthesis of com-

posite Ge−Ni films by simultaneous deposition of germa-

nium and nickel via magnetron sputtering were carried

out. X-ray photoelectron measurements, which revealed

that the synthesized films contained germanium and nickel

in varying concentrations, were performed. The obtained

samples were examined by X-ray diffraction. The as-

prepared samples contained nickel in a highly disordered

mixture of germanium and nickel germanides Ni18Ge12
and NiGe. Following 15min of annealing at a temperature

of 300 ◦C, diffraction lines characteristic of germanium

and nickel germanide NiGe emerged in the X-ray spectra.

Electron microscopic studies revealed surface formations
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Figure 2. X-ray diffraction pattern for a 600-nm-thick Ge0.7Ni0.3
film on a silicon substrate after deposition. Experimental,

calculated, and background dependences are presented. Lines

corresponding to amorphous germanium and Ni18Ge12 and NiGe

nickel germanides are indexed.
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Figure 3. X-ray diffraction pattern for a Ge0.7Ni0.3 film on

a silicon substrate subjected to thermal annealing in vacuum

at 300 ◦C for 15min. Experimental, calculated, and background

dependences are presented. Lines corresponding to germanium

and nickel germanide NiGe are indexed.

150−200 nm in size, which may be attributed to Ge and

NiGe phases, in a 50-nm-thick near-surface layer of films.
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