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A B S T R A C T   
Germanium (Ge) is extensively utilized in various technological applications, 
particularly in optoelectronic devices due to its favorable electronic properties. 
In this study, Ge thin films were deposited onto soda-lime glass substrates 
using the thermal evaporation technique. The deposited films were 
subsequently subjected to annealing at temperatures ranging from 200 to 
700 °C. Comprehensive characterization of the films was performed using XRD 
to analyze crystallinity, UV-Vis spectroscopy to evaluate optical properties, 
and SEM to investigate surface topography. The annealing process induced a 
significant phase transformation from an amorphous state to a co-existing Ge 
and GeO2 structures, as evidenced by XRD measurements. This structural 
evolution was accompanied by notable changes in the optical properties of the 
films. Specifically, an increase in annealing temperature resulted in a higher 
absorbance in the longer wavelength regions of the UV-Vis spectrum. These 
findings highlight the possibility of a controlled manipulation on the structural 
and optical characteristics of Ge thin films by thermal treatment, with potential 
applications in optoelectronic devices.

 

 
1. Introduction  

Germanium (Ge) and its oxide derivatives (GeOx) 
have garnered substantial research interest over the 
past decade due to their significantly favorable 
properties for a wide range of devices, including 
semiconductors [1], photodetectors [2-4], 
photovoltaics [5-7], optoelectronics [8-10], and 
microelectromechanical systems (MEMS) [11]. In 
contrast to silicon (Si), which has an indirect bandgap, 
pure elemental germanium possesses a direct 
bandgap of approximately 0.67 eV. This 
characteristic renders it particularly suitable for 
those aforementioned applications. Although Ge has 
a lower bandgap than that of Si , the melting point of 
Ge is however much lower than that of Si, which could 
reduce the purification cost making it interesting for 
its applications [12]. 

Ge and GeOx in the form of thin films have been 
fabricated using various techniques, including RF 
magnetron sputtering [13], pulsed laser deposition 
(PLD) [14], wet-chemical processes [15], and both e-
beam and thermal evaporation techniques [16, 17]. 
Among these, thermal evaporation is particularly 
versatile for fabricating different types of thin films. 
It offers several advantages over other deposition 
methods, including procedural simplicity, the 
capability for large-area deposition, and scalability 
for device fabrication. Additionally, thermal 

evaporation provides precise control over film 
thickness and uniformity. Despite these advantages, 
there remains a need for comprehensive 
investigations into the properties of Ge films 
produced via thermal evaporation. Specifically, a 
detailed analysis of the structural, optical, and 
electronic characteristics of evaporated Ge films, 
including also thermally-treated films, is essential for 
optimizing their performance and expanding their 
application in its advanced technological domains. 
The thermal treatment of Ge films are commonly 
performed in order to improve their optical 
properties for their application in e.g. optoelectronic 
devices [18]. A comprehensive investigation on 
physical properties of Ge films upon annealing 
process are then of outmost importance. 

This study aims to provide a comprehensive 
analysis of the fabrication of Ge films using thermal 
evaporation and the subsequent transformation of 
the phase of the films into germanium oxide, GeOx, 
through an annealing process. The primary objective 
is to elucidate the effects of annealing on the physical 
properties of the deposited Ge films with a particular 
focus on optimizing them for specific applications 
such as laser sources, photodetectors, and 
waveguides. In these applications, achieving the 
optimum temperature for getting optimum UV-Vis 
absorptions are critical factors. To illustrate, in 
photodetectors, the film's thickness and optical 
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absorption properties significantly influence its 
ability to detect and respond to light in the UV-Vis 
range, in the context of laser applications, the 
properties of Ge and GeOx films, including their 
bandgap and optical absorption, are key to improving 
efficiency and performance. Furthermore, in 
waveguides, the thin film's refractive index and 
uniformity are crucial for light propagation and 
confinement. Therefore, understanding the impact of 
annealing on these properties will provide essential 
insights for optimizing Ge films for these advanced 
technological applications. 

To achieve the primary objective outlined above, 
a series of experiments were conducted, focusing on 
the influence of annealing on the films' structural and 
optical characteristics. Some annealing experiments 
on Ge films have been reported by various means 
such as direct thermal treatments and also using 
laser beam [4, 18]. The physical properties of the 
films were evaluated using multiple analytical 
techniques. Specifically, the crystallinity, the 
microstructure, and the optical properties of the 
films were investigated by means XRD, SEM, UV-Vis 
spectroscopy, respectively. Through this 
systematically work, the study aims to offer a 
thorough understanding of how thermal evaporation 
and subsequent annealing influence the properties of 
Ge and GeOx films, thereby contributing to their 
optimization for advanced technological applications. 
 
2. Methods 

Ge films were deposited by means of the thermal 
evaporation technique on soda-lime glass substrates 
(see Fig. 1(a)). Prior to each deposition of the film, 
each of the substrates was cleaned with freshly 
prepared acetone for 10 min in the ultrasonic bath. 
The depositions took place in the vacuum chamber of 
≤1×10-5 mbar with the substrate-target distance of 
8 cm. Each of the depositions took place at RT, using 
a current and voltage of 80 A and ~1 V, respectively, 
for evaporating the Ge powder source. 

The annealing experiments were then performed 
for the as-deposited Ge films in order to crystallize 
the films and to oxidize the Ge film into GeOx. The 
annealing was done by increasing the temperature by 
ramping it up at 30 0C per minute and maintaining a 
constant temperature for 15 minutes at the desired 
temperature. The cooling was done by removing the 
film from the annealing tool and leaving it at room 
temperature (AC room conditions 18-20 oC). See Fig. 
1(b) for the schematic. 

The physical properties of the films were 
evaluated using multiple analytical techniques. To 
characterize the structural properties of the films, 
XRD measurements were performed using the x-ray 
diffractometer with CuKα radiation (λ = 0.15418 nm, 
Bruker). The XRD measurements were performed 
using thin film type of measurement. The 2𝜃 scans 
were performed to assess the crystallinity of the film 
using grazing incident angle. The optical properties 
of the films were obtained by measuring UV-Vis 
spectroscopy. To analyze the microstructures of the 
films, SEM measurements were performed. SEM was 
employed to obtain high-resolution images of the 

film's surface morphology and microstructure, 
revealing detailed information about surface 
uniformity and textures. UV-Vis spectroscopy was 
used to analyze the optical properties of the films, 
including their absorption spectra. Through these 
analytical methods, the study aims to offer a 
thorough understanding of how thermal evaporation 
and subsequent annealing influence the properties of 
Ge and GeOx films, thereby contributing to their 
optimization for advanced technological applications. 

 

 
Fig. 1: The schematics of (a) the Ge/GeOx layer on a glass 

substrate, and (b) the annealing process at different 
temperatures. 

 
3. Results and discussions 

As detailed in the experimental section, XRD 
measurements were conducted to evaluate the 
crystalline phases and degree of crystallinity of the 
films. Fig. 1 displays representative XRD patterns for 
films annealed at temperatures of 500 °C and 700 °C, 
indicated by the red and black curves, respectively. 
For films annealed at lower temperatures (≤500 °C), 
the XRD patterns (not shown) predominantly feature 
broad peaks, such as the peak at approximately 2θ = 
27.3°, which corresponds to the (111) 
crystallographic plane of cubic germanium (Ge) [19, 
20]. The broadness of these peaks suggests that films 
annealed at these temperatures are predominantly 
amorphous. Despite this, an estimation of the degree 
of crystallization can be made. Calculations reveal 
that the film deposited at 200 °C exhibits the lowest 
degree of crystallization, which increases to 
approximately 20.4% for the film annealed at 500 °C. 
At this temperature, an additional broader peak is 
observed at 2θ ≈ 12.6° [21], associated with the (100) 
crystallographic plane of cubic Ge [22]. This indicates 
that, at 500 °C, partial crystallization has occurred, 
and the film exhibits a more complex phase 
composition compared to those annealed at lower 
temperatures. 
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Fig. 2: XRD patterns of the Ge thin films annealed at 

different temperatures. 

 
The film annealed at a higher temperature of 

700 °C exhibits distinct characteristics as evidenced 
by the XRD pattern shown by the black curve in Fig. 
2. Analysis of this curve reveals the emergence of 
sharp XRD peaks, which indicate significant 
crystallization of the film. The sharpness and 
intensity of these peaks confirm the predominant 
crystallization of the film following high-temperature 
annealing. The XRD data shows peaks corresponding 
to the diffraction patterns of both cubic germanium 
(Ge) and tetrahedral germanium dioxide (GeO₂) 
phases. Specifically, peaks observed at approximately 
2θ values of 12.6° and 22.0° are associated with the 
Ge(100) and Ge(110) crystallographic planes, 
respectively [22]. Additional peaks at around 33.8° 
and 28.2° correspond to the GeO₂(110) and 
GeO₂(201) planes, respectively [23]. The presence of 
diffraction peaks from both Ge and GeO₂ phases 
suggests that at the annealing temperature of 700 °C, 
both phases coexist within the film [23-25]. This 
coexistence of Ge and GeO₂ phases can be attributed 
to the annealing and subsequent cooling processes 
being conducted under ambient pressure, rather 
than in a vacuum or an inert gas environment such as 
argon. Under these conditions, the high-temperature 
annealing likely facilitated oxidation, resulting in the 
formation of GeO₂ alongside the crystalline Ge. 

As detailed in the experimental section, varying 
the mass of the Ge powder was employed to produce 
thin films with different thicknesses. To assess the 
optical properties of these films within the UV to 
visible wavelength range, UV-Vis spectroscopy was 
performed. The data obtained from UV-Vis 
spectroscopy are presented in absorbance mode to 
elucidate the optical absorption spectrum of the thin 
films. Fig. 3 illustrates the optical characteristics of Ge 
thin films deposited from Ge powder with masses of 
0.006 g, 0.012 g, and 0.018 g, represented by the red, 
green, and blue curves, respectively. The data reveal 
that as the mass of the Ge source powder increases, 
resulting in thicker films, there is a corresponding 
increase in optical absorption across the UV-Vis 
spectrum. Additionally, the absorption spectrum 
indicates that optical absorption decreases with 
increasing wavelength, with higher absorption 
observed in the shorter wavelength (UV) region 
compared to the longer wavelength (visible) region. 
This behavior reflects the material's wavelength-

dependent absorption characteristics and highlights 
the impact of film thickness on optical performance. 

 

                   
 

Fig. 3: Optical absorptions of the films deposited by means 
of the thermal evaporation technique using Ge source 

powders with different masses: 0.006 g, 0.012 g, dan 0.018 
g. 

 

 
Fig. 4: (a) The optical absorption of the films annealed at 200, 

400, 500, and 700 °C. (b) The Tauc’s plot of the film annealed 

at 700oC 

 
UV-Vis spectroscopy was also employed to 

investigate the optical properties of films annealed at 
various temperatures. Fig. 4(a) presents the UV-Vis 
optical absorption spectra for films deposited using 
0.018 g of Ge powder and subsequently annealed at 
temperatures of 200 °C, 400 °C, 500 °C, and 700 °C, as 
indicated by the black, blue, red, and yellow curves, 
respectively. The data reveal a notable 
transformation in the absorption spectra with 
increasing annealing temperature. All samples 
exhibit absorption peaks in the UV region, specifically 
between 300 and 400 nm. The spectrum for the film 
annealed at 200 °C (black curve) demonstrates the 
lowest average absorption compared to films 
annealed at higher temperatures. In contrast, the 
sample annealed at 700 °C (yellow curve) shows a 
stable average absorption above wavelengths of 320 
nm. Significant variations are observed in the spectra 
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of films annealed at intermediate temperatures of 
400 °C and 500 °C (blue and red curves). These films 
display more intense absorption in the UV region (λ 
≤ 400 nm), with pronounced absorption peaks 
around λ ≈ 400 nm. This variation in absorption 
characteristics underscores the influence of 
annealing temperature on the optical properties of 
the Ge thin films, reflecting changes in their 
structural and electronic properties. 

Band gap energy measurements of the film 
annealed at 700 °C, using Tauc’s plot i.e. by analyzing 
hν2 (photon energy squared) against (αhν)2 curve, 
where α is the absorption coefficient. From Fig. 4(b), 
we can observe that the relationship between (αhν)2 
and hν (photon energy) is linear, which is consistent 
with the characteristics of semiconductor materials 
with a direct band gap with the energy gap (Eg) of 
1.69 eV. The changes in the UV-Vis spectrum of the 
films that have been annealed at different 
temperatures can occur for two reasons. The first can 
be due to the crystallization process in the thin film, 
which greatly affects the magnitude of the dielectric 
constant of the thin film. The higher the annealing 
temperature, the higher the degree of crystallinity of 
the thin film. The second is the degree of oxidation 
that occurs during heating. Oxidation will lead to the 
formation of GeOx oxide which has different optical 
absorption properties from the pure Ge layer. 

To analyze the microstructural features of the 
surface of annealed films at various temperatures, 
SEM was employed. Fig. 5 presents the SEM images of 
films annealed at 400 °C, 500 °C, and 700 °C. As 
depicted in Fig. 5(a), the SEM image of the film 
annealed at 400 °C reveals a predominantly smooth 
surface. At this lower annealing temperature, the 
degree of crystallization is limited, as corroborated 
by XRD measurements. In contrast, annealing at 
500 °C leads to a more pronounced crystallization, as 
evidenced by the SEM image in Fig. 5(b). The surface 
of the film annealed at this temperature displays a 
distinctive morphology characterized by 
interconnected spherulite structures with diameters 
exceeding 5 μm. This snowflake-like pattern 
indicates active nucleation and crystal growth during 
the annealing process, which is predominantly 
surface growth [26]. The homogeneous distribution 
of these spherulites across the film surface suggests 
uniform crystallization. At the higher annealing 
temperature of 700 °C, as shown in Fig. 5(c), the SEM 
image reveals the development of larger crystallites 
forming a flower-like structure. This pattern suggests 
a transition from surface growth to volume growth 
[26], reflecting more extensive crystal development. 
The observed structure indicates that the 
crystallization process at this temperature involves 
substantial volume growth rather than just surface 
growth. Overall, the SEM images demonstrate that 
the surface topography of the thin films evolves with 
increasing annealing temperature, transitioning from 
a smooth surface to more complex morphologies. The 
crystallization process appears to be homogeneous, 
with temperature-dependent changes in crystal 
growth mechanisms. The nature of crystal growth, 
whether surface or volume, is influenced by factors 

such as the ratio of surface to bulk contaminant gas 
elements during substrate and holder degassing [26]. 
 

                        
Fig. 5: SEM images of the Ge thin films annealed at (a) 400, 

(b) 500, and (c) 700 °C. 

  
5. Conclusions  

In this study, Ge films were deposited onto low-
cost soda-lime glass substrates using thermal 
evaporation. The films were subsequently annealed 
at temperatures ranging from 200 to 700 °C. To 
characterize the films, we employed a combination of 
XRD, UV-Vis spectroscopy, and SEM. The XRD 
analysis reveals that the phase of the film transitions 
from an amorphous state to a predominantly cubic 
diamond-like structure of Ge, with a concurrent 
presence of a tetragonal GeO₂ phase at the highest 
annealing temperature of 700 °C. This phase 
transition significantly affects the optical properties 
of the films, as observed through UV-Vis 
spectroscopy. Specifically, higher annealing 
temperatures correlate with increased optical 
absorbance at longer wavelengths, indicating a shift 
in the films' optical absorption characteristics due to 
the formation of GeO₂ and the evolution of the Ge 
crystal structure. 
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