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Abstract: 

Three-dimensional (3D) networks of semiconductor quantum wires (QWs) and nanopores (NPs) show 
exciting properties and are usually very suitable for various applications such as sensors, catalysts, 
photovoltaic cells etc. Here we investigate structural, optical, electrical and acetone-sensing properties 
of 3D networks of Ge QWs and NPs embedded in an amorphous alumina matrix doped with Nb and Ta. 
The materials based on Ge QWs are produced by self-assembling growth using magnetron sputtering 
deposition, and the materials with NPs by their annealing. The annealing causes the evaporation of Ge 
from the alumina matrix, leaving a 3D mesh of nanopores with the same geometrical properties as the 
Ge QWs present before the annealing. We compare the properties of these two types of materials and 
explore the effects of Nb and Ta doping. We show that doping drastically changes the optical, electrical, 
and photocurrent generation properties of the materials based on Ge QWs. Their conductivity 
significantly increases with doping. However, the doping diminishes the photo-generation properties 
because it causes a substantial increase in the dark current. The materials based on NPs have entirely 
different optical properties, with a very low extinction coefficient for a large range of energies and a 
significantly lower refraction index. The conductivity of the annealed materials is several orders of 
magnitude smaller than in the QW-based materials. However, the NP-based materials, i.e. the Nb- and 
Ta- doped nanoporous alumina, show a high sensitivity of resistance to exposure to acetone vapor. 
Therefore, they can be potentially used as active materials in acetone sensors.
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1. Introduction

Materials based on quantum structures and nanoporous materials attract scientific interest due to their 
remarkable properties and potential applications in many areas, such as drug delivery systems, sensors, 
catalysis, photovoltaic cells, and fuel cells [1–4]. Semiconductor quantum structures like quantum dots 
(QDs) and quantum wires (QWs) are extensively explored because they show many exciting features 
like size-tuneable band gap, multiple exciton generation, size-tuneable optical and mechanical properties 
etc. [5–7]. Due to these features, such materials are widely applied in nanotechnology, medicine, 
industry, and many other fields [8,9]. Their properties and applications depend strongly on the size and 
shape of the embedded nanostructures or nanopores [10–18].

The application of nanostructures in acetone detection has attracted much attention because acetone is 
flammable and explosive, and long-term exposure to acetone vapours can cause headaches, nausea, 
muscle weakness, loss of coordinated speech, narcosis, or even damage to the nervous system [19,20]. 
In addition, acetone detected in human breath can be used for diabetes monitoring since the body 
produces excess amounts of ketones such as acetoacetate, beta-hydroxybutyrate, and acetone [19,21]. 

Germanium quantum structures show a strong confinement effect, so their properties can be tuned in a 
large range of values by small size or shape changes [22–26]. Another attractive property of Ge-based 
quantum structures is their affinity to self-assemble in regular 3D meshes during their growth by 
magnetron sputtering deposition. Ge QWs in the alumina matrix are interesting since they form a 
regular, interconnected 3D mesh with strongly tuneable network parameters [23,24,27,28]. These 
materials show tuneable optical properties and multiple exciton generation, which are very important 
for their application in super-efficient photo-sensitive devices. In our previous work, we have shown 
that doping with nitrogen during their production enormously improves photo-current generation 
properties and causes multiple exciton generation, leading to quantum efficiency larger than 150% for 
some energies of the incident light [24]. Therefore, the investigation of the effects of doping is of high 
interest.

These materials show another very interesting property when they are annealed under specific conditions 
[22,27]. Annealing in a low vacuum promotes Ge desorption from the matrix leaving behind a 3D mesh 
of nanopores in the alumina matrix with the same geometrical properties as Ge QWs present before 
annealing. Due to the large range of the geometrical properties of the Ge QWs mesh, it is possible to 
produce nanoporous films with different porosities and geometrical parameters from them. Porous thin 
films have a high surface-to-volume ratio, which is essential for sensing applications since it increases 
their ability to interact with the medium using small amounts of material. A porous configuration in 
sensing layers is considered the most fundamental strategy to provide larger active surface areas 
[10,12,29]. Alumina has excellent thermal, dielectric, and mechanical properties, including 
semitransparency, insolubility, and biocompatibility, making the material a good choice for gas sensing 
[30]. Recent investigations have shown that the metal oxides based on Nb and Ta strongly improve the 
sensing properties of nanoporous materials, especially in acetone sensing applications [31]. Tantalum is 
chemically stable and biocompatible, so it is becoming a promising material for use in biomedical 
implants [15,16]. Tantalum (V) oxide (Ta2O5) is an excellent photocatalytic material that is used for 
removing organic compounds from water [17,32]. Niobium (V) oxide (Nb2O5) thin films are often used 
as high-index and low-loss materials; for example, they can be used as optical waveguides' interference 
filters, anti-reflective coatings, or electroluminescent devices [18,31]. 

So, the materials based on Ge QWs in the alumina matrix offer plenty of exciting properties and 
possibilities for usage in photo-sensitive devices and sensors. The doping of the alumina matrix seems 
to be the critical parameter for optimising the mentioned materials for particular applications. 

Therefore, in this work, we investigate materials based on Ge QWs and NPs in an alumina matrix doped 
with Nb and Ta. The effects of doping the alumina matrix with Nb and Ta on materials' structural, 
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electrical, and optical properties are explored. We show that doping strongly affects the optical and 
electrical properties of the materials based on Ge QWs, while the structural properties, including regular 
3D mesh formation, do not change significantly. Although doping increases the materials' conductivity, 
its photo-current generation diminishes due to a strong dark current generation. The nanoporous 
materials obtained by evaporation of Ge QWs during annealing have entirely different optical and 
electrical properties. The refraction index and extinction coefficient are significantly lower for a wide 
range of energies than in the Ge-based materials, and their conductivity drops several orders of 
magnitude. The structural analysis indicates the formation of Nb2O5 and Ta2O5 nanoparticles during the 
annealing process. Probably due to that fact, the doped nanoporous materials show up-and-coming 
acetone sensing properties. The Nb-doped film shows an immediate, significant change in conductivity 
when exposed to acetone vapour. The Ta-doped thin films also show a drop in conductivity but with a 
smaller amount, while the non-doped films show a slower and smaller change.

2. Materials and Methods

2.1 Sample preparation

Magnetron sputtering has become widely popular for thin film deposition because of its high process 
control and homogeneity on a large deposition area. All thin films were prepared using a CMS-18 system 
from Kurt J. Lesker Company. The base pressure in the chamber was 8∙10−6 Pa, and the working gas 
(Ar) pressure was 0.46 Pa in a continuous flow. The samples were deposited on Si (100) and quartz 
substrates. We have used 3-inch Ge (99.999%), Al2O3 (99.999 %), Nb (99.999 %), and Ta (99.999 %) 
targets produced by K. J Lesker.

Before deposition, the substrates were cleaned in an ultrasonic bath with acetone, ethanol, and 
isopropanol for 5 minutes to remove any dirt and grease. Before loading in the deposition chamber, the 
substrates were cleaned with deionized water and dried in nitrogen gas.

The samples were named by the deposition power of the transition metal, while the alumina and the 
germanium power were constant for all depositions. The sample names and sputtering conditions can 
be found in Table 1. The sample denoted by A is prepared the same way as others, except for the absent 
Nb and Ta doping, so it is used as a control sample. 

Table 1. Deposition and annealing parameters of the produced films. P denotes the sputtering powers 
of the corresponding targets, Td is the deposition temperature td is the deposition time, and Ta is the 
annealing temperature.

Name PGe (W) PAl2O3 (W) PTa (W) PNb (W) Td (℃) td (min) Ta (℃)
A 10 130 0 0 500 60 590
Ta1 10 130 1 0 500 60 590
Ta3 10 130 2 0 500 60 590
Ta5 10 130 3 0 500 60 590
Nb1 10 130 0 1 500 60 590
Nb3 10 130 0 2 500 60 590
Nb5 10 130 0 3 500 60 590
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2.2. Annealing 

The annealing conditions were chosen to ensure conditions for Ge desorption. The samples were 
capsulated in a quartz tube and heated in an electric furnace for lab heat treatment. The annealing was 
performed in a low vacuum (3 mbar) at 590 ℃ for 5 minutes, followed by cooling in the low vacuum 
for 30 minutes. Annealing in a low vacuum ensures Ge desorption from thin films leaving a porous 
alumina structure behind. After the annealing, the brown-coloured samples on the quartz substrate 
become optically transparent due to Ge evaporation [22,27].

2.3 Structural characterization

We used grazing incidence small-angle X-ray scattering (GISAXS) and grazing incidence wide-angle 
X-ray scattering for structural characterization (GIWAXS). The GISAXS and GIWAXS measurements 
were performed at the Australian SAXS beamline of the synchrotron Elettra (Trieste, Italy). A photon 
energy of 8 keV, a 2D Pilatus3 1M detector (GISAXS), and a 2D Pilatus 100k detector (GIWAXS) were 
used simultaneously. The grazing incidence angle was slightly above the critical angle. The measured 
GISAXS maps were analyzed using the paracrystal model described in detail in Ref. [33]. 

The elemental composition of samples, listed in Table 2, was measured by Time-of-flight Elastic Recoil 
Detection Analysis (TOF – ERDA). The measurements were done using a 20 MeV127 I6+ beam; the 
angle between the sample surface and the beam was 20°, and the spectrometer was placed at 37.5°. 

The optical properties of the samples prepared on Si substrates were measured by spectroscopic 
ellipsometry using a J. A. Woollam V-Vase ellipsometer. The measurements were carried out at 65°, 
70°, and 75° angles of incidence and in the spectral range between 0.57 and 5 eV. The real and imaginary 
parts of the refractive index were obtained by fitting simultaneously with the film thickness. The thin 
films were modelled using a multiple Gaussian oscillator model that has proved successful in previous 
work on comparable systems [25,34]. Depolarization was also considered for some samples that 
exhibited non-uniform thickness to ensure the fit quality between the experimental and model-based 
data.

The electrical properties of samples deposited on Si (100) were investigated using a PTS-2-QE System 
from Sciencetech. For this measurement, we deposited one contact over the film and one on the bottom 
of the substrate. The first was a transparent ITO (indium-doped tin oxide) contact, and the second was 
an aluminium contact. Both contacts were deposited using a magnetron sputtering deposition at room 
temperature. 

Sensing tests were performed on annealed samples deposited on quartz in a lab-scale apparatus using 
Keithley's model 6517B. The resistance was examined at a constant operating voltage of 200 V applied 
across the electrodes. The measuring stage was fabricated using a 3D printer, and four gold pins were 
used as electrodes. The measuring setup for resistance measurements and acetone detection is shown in 
Fig. 1.
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Fig. 1. The measuring setup for resistance measurements and acetone detection.

3. Results

3.1. Structural properties
3.1.1. Elemental composition

The doping of thin films containing Ge QWs with noble metals (Nb/Ta) was confirmed using Time-of-
flight Elastic Recoil Detection Analysis (TOF-ERDA) measurements. TOF-ERDA is a spectroscopic 
technique that can measure elemental concentrations and their depth profiles. The incorporation of 
transition metals in thin films is confirmed, and the results are shown in Table 2. Concentrations were 
measured before and after annealing. 
After the annealing, the Ge concentration is drastically reduced in all samples; however, some Ge is still 
present in the samples doped with noble metals. Doping of Ge QWs appears to prevent Ge from 
evaporation from the samples since Ge evaporates almost completely from sample A containing only 
Ge QWs in the alumina matrix, which is consistent with our previous research [22]. 

Table 2. The atomic percentage of Ge, Ta, and Nb in the films before and after annealing.

Name Ge

(At.%)

Ta

(At.%)

Nb

(At.%)

Name Ge 
(At.%)

Ta 
(At.%)

Nb  
(At.%)

A 37±2 0 0 A ann 4±2 0 0

Ta1 32±2 2.1±0.4 0 Ta1 ann 11±1 1 0

Ta3 32±2 3.3±0.6 0 Ta3 ann 5±1 2.5±0.5 0

Ta5 31±2 6±1 0 Ta5 ann 5±1 5±1 0

Nb1 41±2 0 1.1±0.2 Nb1 ann 8±1 0 0.9±0.2

Nb3 41±2 0 1.5±0.2 Nb3 ann 8±1 0 1.4±0.2

Nb5 40±2 0 2.9±0.3 Nb5 ann 7±1 0 3.0±0.4
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Germanium desorption is driven by the thermal instability of GeO2 and the reaction that occurs at the 
interface of Ge/GeO2. The mechanism of this reaction is as follows: GeO2 + Ge → 2 GeO  [35–37]. For ↑
specific annealing conditions, germanium evaporates from the samples with Ge quantum wires, leaving 
a 3D-ordered network of nanovoids in an alumina matrix. This phenomenon has been investigated 
previously by our group [5,22,27]. Germanium desorption was confirmed using RBS measurements and 
TOF-ERDA measurements. The formation of a 3D-ordered network of nanopores was confirmed using 
TEM and GISAXS measurements, as seen in Fig. 2. 
A 3D model of Ge QWs in the alumina matrix is given in a). The structural parameters of the network 
are denoted with an a (in-plane separation of the nods), c (vertical separation of the nods), and L (length 
of the nanopore). GISAXS maps of the thin films before and after annealing are shown in b). HRTEM of 
the thin films before (d) and after annealing (e). The Ge quantum wires (i.e., the formed voids after 
annealing) are shown in red colour (c), while the empty space, in that case, represents the alumina 
matrix in which the nanostructures are embedded. The openings in this structure indicated by blue and 
yellow arrows are the places where alumina is connected to the alumina from the neighbouring unit 
cells. The openings to the unit cell in the same plane (plane parallel to the substrate) are indicated by 
blue arrows, while the openings to the planes up and below (planes perpendicular to the substrate) are 
indicated by yellow arrows.

Fig. 2. 3D model of Ge NWs in alumina matrix a); GISAXS maps of thin films before and after 
annealing (b) in low vacuum. The porous structure of alumina is shown in c). The openings in this 

structure indicated by blue and yellow arrows are the places where alumina is connected to the 
alumina from the neighbouring unit cells HRTEM of the thin film before (d) and after annealing (e) 

[32]. 

3.1.2.    Geometrical and ordering properties of QWs and nanopores
A detailed characterization of the material's size, shape, and arrangement of nanostructures is essential 
for precisely manipulating its properties. GISAXS is the leading technique for thin film characterization 
because it provides data in reciprocal space with excellent statistics over the whole sample. The regular 
ordering of nanostructures in a matrix causes characteristic peaks in their GISAXS maps. Their positions 
and widths are determined by the ordering type of the nanostructures and the degree of regularity in 
their ordering. This property enables already a rough estimation of the material's structure from a visual 
inspection of the GISAXS map.  
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The GISAXS maps of all the investigated films are shown in Fig. 3. The side peaks are visible in the 
GISAXS maps of all films before and after annealing, except for as-grown thin film Ta5T5. The presence 
of such peaks shows that the geometrical properties do not change significantly after annealing, as 
explained in the previous paragraph. However, the peaks in the maps of the annealed films are less 
pronounced and broader, indicating that the ordering quality is slightly lower. This is the consequence 
of a slight change in the geometry of the nanopores, which remained after the Ge evaporation. Fig. 3 (a) 
shows the maps of the pure alumina films (denoted by A) without doping, while the Nb- and Ta-doped 
films are shown in Figs. 3 (b) and (c), respectively. The GISAXS map of the Ta-doped film with the 
lowest doping (Ta1) is almost the same as the non-doped film. The increased Ta concentration causes 
lower visibility of the lateral peaks in their GISAXS maps. However, the lateral peaks in the annealed 
films of the same type show well-resolved lateral peaks.

Fig. 3. GISAXS maps of (a) pure alumina films, (b) Ta-rich films, and (c) Nb-rich films before (top) and after 
(below) annealing.

The low visibility of the side peaks in the non-annealed Ta-containing films is due to the presence of Ta 
atoms, which are very heavy and thus strongly contribute to the GISAXS maps. That strong contribution 
of the Ta-signal covers the lateral peaks caused by the regular ordering of Ge QWs. The characteristic 
central semi-circular shape of the signal indicates the formation of small spherical Ta nanoparticles. So 
their contribution to the GISAXS map overlays the signal from the Ge QWs. The GISAXS map of the 
annealed Ta film (Ta5 ann) is another proof of this assumption. This map shows very clear side maxima 
caused by the 3D mesh of nanopores. The Ta content in the annealed films is lower, and the nanopores 
are present instead of Ge QWs. The nanopores make a much stronger contribution to the GISAXS map 
than Ge QWs because the intensity of the signal is related to the electronic density contrast between the 
nanostructures and the matrix. Therefore, the regularity in the ordering of nanopores is better visible in 
the GISAXS maps of the annealed Ta–doped films (Fig. 3(b)). 
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Nb-doped films show similar properties, except the lateral peaks are well visible for all Nb 
concentrations. Nb is lighter than Ta and has a slightly smaller atomic percentage, so it does not cover 
the contribution from regularity in the QW ordering.  

A numerical analysis of the GISAXS maps is performed to obtain detailed information about the 
system's structure. For the analysis, we have assumed a short-range order type of the QWs and nanopores 
and a body central-tetragonal (BCT) ordering of the mesh nodes. This is in accordance with our previous 
investigation of the same material type without doping [22,27]. More details about the numerical 
analysis can be found in [38,39]. 

The main parameters of the formed QW and nanopore lattices (see Fig. 2 for the definitions of the 
parameters) are the following: lateral separation a = 6.5±0.6 nm, vertical parameter c = 4.4 ±0.4 nm, the 
QW/nanopore diameter D = 1.8±0.3 nm, and their length L = 6.5±0.6 nm. The parameters of the annealed 
films are very similar; however, the disorder of the network nodes is more significant, as can be seen in 
Figure. 3.

3.1.3.    Crystalline properties of QWs and nanopores

The crystalline structure of the films was determined by grazing incidence wide-angle x-ray scattering 
(GIWAXS). The measured data for all films are presented in Figure 4. All films are fully amorphous 
before and after annealing. The as-grown films, shown in Figure 4(a), show two strong peaks related to 
the amorphous Ge (a-Ge) [40]. These two broad peaks are around 27 deg and 50 deg, corresponding to 
the Ge (111) and Ge (200) + Ge (311) peaks, respectively. In addition, weak peaks related to very small 
nanoparticles of Ta and Nb are visible near 38 deg and 55 deg, corresponding to the (111) and (220) 
peaks of cubic Im3m Nb and Ta. Both Ta and Nb crystallize in the same lattice, having very similar 
lattice parameters (3.3058 and 3.3004 Å, respectively). These peaks are the best visible for the film with 
the highest Ta doping (Ta5). These results additionally confirmed the results of the GISAXS 
measurements, in which the signal of the Ta nanoparticles covered the signal of the Ge QWs due to the 
stronger electronic contrast to the alumina matrix.

The GIWAXS spectra of the same films after annealing are shown in Figure 4(b).  The Ge- related peaks 
are not visible, confirming Ge desorption from the films during annealing. The spectra show only broad 
peaks related to amorphous Al2O3 and amorphous Ta2O5 and Nb2O5 [41–43]. This result is expected 
since Ge evaporated from the film during annealing in a low vacuum which is oxygen-rich. The presence 
of oxygen causes evaporation of Ge [27], but also oxidation of Ta and Nb. So, after the annealing, the 
materials consist of a 3D mesh of nanopores in amorphous alumina with Nb2O5 and Ta2O5 nanoparticles.
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Figure 4. GIWAXS pattern of the (a) as-grown and (b) annealed thin films. Dashed vertical lines 
denote the peaks related to amorphous Ge, Al2O3, Ta2O5 and Nb2O5.

3.2. Optical properties 

Here, we examine the optical properties of the films with the middle doping (Ta3 and Nb3) together 
with the control sample without doping (A), measured with Spectroscopic ellipsometry. The 
measurements of other doping concentrations show qualitatively the same results, so they are not 
shown here. The dependence of the materials extinction coefficient (k) and index of refraction (n) on 
the photon energy is shown for the films before and after annealing in Fig. 5. The strong influence of 
Nb- and Ta- doping on the optical constants n and k of the Ge QWs-containing films is visible in Figs. 
5(a) and (b), respectively. The refraction index increases at lower energies by doping and decreases at 
energies larger than 2 eV. The extinction coefficients show the opposite trend. It is very large at low 
energies for the non-doped film (A) and small for the doped ones. The value of k becomes larger for 
the doped films for energies above 2.5 eV. 

The optical properties of the films change drastically after annealing, as visible in Figs. 5(c) and (d). 
Both the refraction index and extinction coefficient are much lower than for the non-annealed films. 
However, the shape of the n and k curves are very similar for the non-doped and doped films, which 
was not the case for the non-annealed ones. Both values increase with doping, with a more significant 
increase for the Ta-doped film, as expected due to the large mass number of Ta. This strong change 
can be explained by the evaporation of germanium from the films and by the formation of Ta- and 
Nb- oxides during annealing. The measured optical properties show strong tunability of optical 
constant by Ta and Nb doping and the annealing treatment.
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Fig. 5. Optical constants: refraction index n and extinction coefficient k of the films Ta3, Nb3, and A 
before and after annealing.

3.3. Electrical characterization 

The results of the electrical measurements of the films with the middle doping concentration are shown 
in Fig. 6. The resistivity measurements for the films with Ge QWs (Fig. 6(a)) display a significant 
decrease of the resistivity with Nb- and Ta- doping (over 3 orders of magnitude). The Ta-doping results 
in lower film resistivity compared to Nb-doping.

Another exciting feature of Ge-QWs-based thin films is their strong photo-electric activity. Our previous 
investigations showed that a strong photo-current could be produced using Ge QWs-based films [24,44]. 
Therefore, we investigate the influence of Ta- and Nb- doping on the photoelectric generation 
properties. Fig. 6 (b) shows the I-V measurements of the non-doped and doped thin films on a Si 
substrate illuminated and in the dark. The measurements show that the largest difference between light 
and dark currents has the non-doped material (A). The doping causes an increase of both light and dark 
currents, so these two currents are practically the same for the doped films. The difference is slightly 
more significant for the Nb-doped film. Therefore, the doping is not favourable if photo-electric 
generation is desirable in a Ge-QW-based material. 
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The resistance of the films increased significantly after the annealing caused by the Ge evaporation, as 
visible in Fig. 6(c). The value of the increase is several orders of magnitude. Several factors cause this 
strong increase. The first is the evaporation of Ge, and the second is Nb and Ta's oxidation. Therefore, 
the materials consist of alumina with Nb- and Ta-oxide nanoparticles, which are all insulators. The 
doping influences the resistivity, but it causes only a weak decrease in it. 

Finally, we have measured the time dependence of the resistivity of the annealed films on the acetone 
vapour exposure, as shown in Fig. 6(d). All films show a drop in resistivity after the acetone exposure; 
however, the doped films show a much faster response. The best response is found for the Nb-doped 
film, which immediately dropped significantly after its exposure to acetone vapour.

Fig. 6. Electrical properties of the films. (a) Resistance and (b) I-V characterization in the dark and 
under the light of the films before annealing. (c) Resistance and time dependence on acetone vapour 

exposure for the annealed nanoporous films.

Our preliminary measurements show that the proposed thin films containing nanoporous alumina 
doped with Nb could be used for conductometric gas sensors. However, further measurements are 
needed that would have a controlled acetone concentration and base pressure.
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4. Conclusion

In this work, we have investigated two material types consisting of a 3D mesh of Ge quantum wires and 
nanopores in Ta- and Nb-doped alumina matrix. The influence of doping on the material structural, 
optical electric and acetone sensing properties are explored. We have shown that doping Ge quantum 
wire–based materials can tune their optical properties and decrease their resistivity. However, the 
mentioned doping diminishes the photo-current generation abilities of Ge quantum wires in alumina. 
The nanoporous material, produced by annealing the material with Ge quantum wires, has substantially 
different electrical and optical properties than the non-annealed one. The resistivity is several orders of 
magnitude higher, and the optical constants are significantly lower. That is expected due to Ge 
evaporation and the formation of nanopores decorated with Nb2O5 and Ta2O5 nanoparticles. These 
nanoporous materials, especially the Nb-doped one, show an excellent predisposition for acetone 
sensing. Their resistance drops firmly immediately after exposure to acetone vapour. So, we emphasize 
that these preliminary measurements show that the proposed porous thin films doped with Nb could 
be used for conductometric gas sensors. However, further measurements are needed that would have 
a controlled acetone concentration and base pressure.
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