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Abstract
Germanium thin �lm was deposited on a glass substrate by radio frequency magnetron sputtering
technique toward nanowires growth for solar cell application. Germanium thin �lms were deposited at
room temperature. The gas pressures and radiofrequency power were varied from 50 to 100 Watt and 5
to 15 mTorr, respectively, with constant deposition time. The thickness of the deposited thin �lm was
investigated using a high surface pro�lometer. Meanwhile, its structural properties were characterized
using atomic force microscopy technique. Results showed that the surface roughness of the Germanium
thin �lm decreased with the increase of gas pressure and radio frequency power. All the thin �lms formed
were amorphous which were con�rmed with X-ray diffraction analysis. The experiment results indicated
that thin �lms deposit at 15 mTorr produced 114.76 nm of thickness and 61.9 nm of surface roughness.
Meanwhile, Ge thin �lm deposited at 100-Watt radio frequency power had 10.2 nm of surface roughness.
Therefore, growth parameters must be optimized in order to obtain the desired surface roughness which
then can be used for the growth of nanowires for solar cell application. 

1. Introduction
Experimentally, numerous studies have turned their focus on how to achieve a high-quality Germanium
thin �lm through various PVD techniques, for instance by reactive sputtering [1], hollow cathode reactive
sputtering [2], co-sputtering [3], and RF magnetron sputtering [4]. However, the deposition of a material
using a sputtering process is limited by low deposition rates, low ionization probability, and substrate
heating effects [1]. These limitations have been overcome by the development of the magnetron
sputtering technique, where a permanent magnet was used to collimate the electron beam hitting the
target material, thereby increasing the number of electrons that takes part in the ionization process [5].
Hence, the magnetron sputtering increases the probability of electrons striking the argon atoms and
increase the sputtering e�ciency [6]. Most of these studies demonstrate how deposition parameters can
be tailored with the aim of obtaining high-quality Ge thin �lms. One important factor for the successful
use of Ge thin �lms in the device is the precise control of thin-�lm deposition to achieve the desired
surface roughness of the thin �lm. Several studies have reported the effect of root-mean-square (RMS)
surface roughness on the quality of the thin �lm [7,8]. In particular, controlling the surface roughness of
the thin �lms is a primary motivation in Ge thin �lm research [9]. Researchers are still investigating the
sputtering deposition to understand and explain the experimental results of thin �lms under several
deposition parameters such as gas pressure and RF power. Hence, in this paper, we demonstrate Ge thin
�lm deposited on a glass substrate at room temperature by varying its RF power and gas pressure to
optimize its surface roughness and thickness. This result may have signi�cance to the growth of
nanowires toward solar cell applications.

2. Experimental Procedure
Ge thin �lm was deposited on glass substrates by RF magnetron sputtering system. The target used was
metallic Ge disk with 99.999 % of purity, in argon ambient at room temperature for an hour. The chamber
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was pumped down to a base pressure less than 1 × 10-3 mTorr before deposition. The argon gas �ow
was controlled using mass �ow controllers and the gas pressure was varied as 5, 10, and 15 mTorr, with a
plasma excitation frequency of 13.56 MHz. The RF power also was varying at different power of 50, 75,
and 100 Watt. The glass substrate was cleaned with de-ionized water and acetone, and then it was
heated for a few minutes to remove any residual moisture before deposition. The morphology of the thin
�lm was analyzed by atomic force microscopy (AFM). The AFM measurement was performed using non-
contact mode and the scan area was 10 × 10 µm2 to determine the RMS surface roughness value of the
thin �lm. Meanwhile, the thin �lm thickness was measured using a high surface pro�lometer (Ambios,
XP-200). The structural and crystalline properties of the layer were characterized using X-ray Diffraction
(Philips, PW3040/60).

3. Results And Discussion
3.1 Thickness measurements

The gas pressure and radio frequency (RF) power have a very signi�cant effect on the Ge thickness and
deposition rate. Table.1 shows the thickness and deposition rate of Ge thin �lm investigated in this study.
The results were taken using a stylus high surface pro�lometer. As the results showed, the Ge thin �lm
thickness and the deposition rate value decreased with the increase of gas pressure.

Table.1. Thicknesses of Ge thin �lm sputter with different gas pressure

Pressure (mTorr) RF power (Watt) Thickness (nm) Deposition rate (nm/min)

5 25 235.37 ± 4.11 3.922

10   182.34 ± 3.37 3.039

15   114.76 ± 2.89 1.913

15 50 114.16 ± 2.39 1.912

  75 154.92 ± 2.94 2.582

  100 232.32 ± 5.67 3.872

The atoms can be ejected or sputtered from solids by bombarding their surface with energetic ions during
the deposition. Throughout the process, a working gas (typically argon) was introduced and it served as a
medium in which an electrical discharge was initiated and sustained. After the visible glow, discharge or
plasma is maintained between the electrodes, it is observed that current �owed through the substrate.
The positive gas ions in the discharge struck the cathode and physically ejected or sputtered target atoms
through the momentum transfer method. These atoms entered and passed through the discharge region
to eventually get deposited on the substrate.
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Based on the results investigated, the lower gas pressure of 5 mTorr would have a higher thickness of
235.37 nm (Figure.1). However, the reduction in gas pressure increased the energetic particle
bombardment which in turn densi�ed the thin �lm [10]. The densi�cation of thin-�lm led to the reduction
of a thin-�lm thickness [10]. Thus, high ion energies could be maintained at low pressure in order to
prevent too many atom-gas collisions after ejection from the target. Moreover, a lower gas pressure, the
number of sputter atoms decreased due to less collisions between gas and atom in the chamber [11]. The
collision probability is small at a lower pressure due to the larger mean-free path with causes loss of
electrons to the wall chamber [10]. Therefore, overall ionization e�ciency became low. Nevertheless, the
contradiction of the results was obtained possibly due to the interaction by a collision between the target
atoms and ions produced neutral atoms during the sputter deposition process. These neutral atoms
would collide elastically with another atom in the chamber and prevent atoms to be sputtered at the
surface of the glass substrate. Besides that, the sputtered atom may get re�ected from the target and the
wall chamber continuously.

Additionally, at lower pressure, the number of collisions between the target atoms and argon ions is lower
since it has higher mean-free path. This will cause the deposition rate to increase. Diffusion length of
adsorbed species can compensate, improving step coverage and uniformity on a surface of glass
substrate which also supported by Gatzen at al. [13].

At a higher gas pressure of 15 mTorr (Figure 1), Ge thin �lm thickness was found to decrease at 114.76
nm. This could be at higher gas pressure and attribute to many scattering collisions that occur so that the
energetic-atom bombardment of the growing thin �lm is slowing down. Since a lot of scattering occurred,
a lot of atoms struck the surface of the glass substrate and would experience a bigger mean-free path as
the gas pressure was increased. The collision probability was small due to the large mean-free path
which caused the loss of electrons to the chamber walls [12]. Electrons having the bigger mean-free path
can store higher energy before the collision with other molecules, and they can produce active ionization
by collision. Moreover, at higher gas pressure, the growth rate decreased due to the improvement of
sputtered particles in the chamber [11].

It can be seen that thickness uniformity is mainly in�uenced by the deposition rate [13]. The deposition
rate is de�ned as the thickness deposited atom (in nm) per unit deposition time (in minutes).
Consequently, lower gas pressure will cause a high deposition rate. As mention earlier, the collision
increases due to many neutral atoms striking the atoms and ions in the chamber causing the mean-free
path of the sputtered atoms decreasing. The atoms sputtered on the glass substrate are compressed
further and having a lower thickness with more uniformity.

On the other hand, the low deposition rate that occurs at higher gas pressure may cause collisions
between ions to decrease and atoms possibly may get de�ected straight back onto the target. Therefore,
the number of ions being sputtered is lower on the glass substrate in the chamber. This consequently
causes the Ge thin �lm thickness to decrease as the gas pressure increases, which is similar to the
reports of the previous works cited in the literature [14-16].
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The RF power is involved in alternating the electrical potential of the current in the vacuum environment
at radio frequencies of 13.56 MHz to avoid charge building up on certain types of sputtering target
materials. The use of RF power in the magnetrons sputtering process eventually causes the electrons to
become exceedingly energized in the plasma, creating a “hammer effect” in which the ions bring
themselves into the substrate with greater force. Thus, this enables them to pack down tight to create
very �at and uniform thin �lms with low surface roughness. The RF power has a very signi�cant effect on
the Ge thickness and deposition rate in this study. Figure.2 shows the graph of thickness and deposition
rate for Ge thin �lm at different RF power. Based on the results shown, as we can see the Ge thin �lm
thickness and deposition rate increased with the increase of RF power.

The deposition at low RF power of 25 Watt produces a thickness of 114.76 nm thin �lm, with 1.913
nm/min of deposition rate. It is possible that the low deposition thickness caused by atoms bombards
the substrate in the chamber at low energy, which caused relatively random and slower ions
bombardment to the surface of the glass substrate and caused the Ge thin �lm thickness to become
lower. The mean-free path of the ions also increases, which leads the kinetic energy to be reduced
respectively at a lower RF power.

Meanwhile, high RF power of 100 Watt leads to a high thickness of 232.32 nm and a high deposition rate
of 3.872 nm/min. Belfedal et al. reported that a high deposition rate with of the material is due to the
plasma discharge at high RF power in the sputtering system. Within that system, the energy is more
e�ciently coupled to the plasma through the bulk electrons that gain energy from the electrical �eld
generated between the electrodes [14]. The energy gain at high RF power increases the kinetic energy of
the ions allowing ions to bombard more on the glass substrate and increasing the thin �lm thickness.
Besides, that the energy of electrons and ions in glow discharge plasma will increase with the increment
in the sputtering power [12]. This is possibly due to the energy of the sputtered atom which is obtained
from the positive ions colliding with the target, increasing the sputtering power. Therefore, the energy of
the sputtered atom arriving at the substrate increases with the increases in power. Moreover, it is also
possible that the highly energized electron with increasing sputtering power will bombard the surface of
the growing thin �lm of the substrate, providing in the form of thermal energy. This energy might act as
additional energy to promote the growth of the thin �lm thickness [12]. Therefore, it can be concluded that
as the sputtering power increases, the number and momentum of the sputtering particles will also
increase. 

3.2 Surface roughness

Table.2 shows the data analysis of surface roughness obtained from AFM characterization at different
gas pressures and RF powers. As we can see, the RMS surface roughness and maximum peak value are
increased with the increasing gas pressure and RF power.

Table.2. Analysis of AFM characterization of Ge thin �lms at different gas pressures
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Pressure (mTorr) RF power (Watt) RMS surface roughness (nm) Maximum peak value (nm)

5 25 1.898 ± 0.073 67.6

10   12.141 ± 0.524 84.5

15   61.910 ± 3.865 397.0

15 50 2.630 ± 0.021 98.0

  75 4.109 ± 0.870 86.0

  100 10.283 ± 1.895 188.0

At low gas pressure, the bombarding atoms and ions have high kinetic energy and hence more atoms
being sputtered on the glass substrate. These cause the deposited thin �lm to become denser and more
�brous in structure, consequently causing the deposited surface thin �lm to become smoother. However,
when the gas pressure increases, the energy of the bombarding atoms is reduced due to the collision
between atoms and neutrals in the chamber. Therefore, this causes the thin �lm to become more porous
and hence tensile [17]. AFM images show in Figures.3 (a), (b), and (c) show the 10 × 10 µm2 of Ge thin
�lm deposited on the glass substrate at different gas pressures. AFM analysis shows that the increase of
maximum peak value causes more protruding peak formed on the surface of the thin �lm. The growth of
bubbles and sharp pits clearly can be observed on all the surfaces of Ge thin �lms deposited on the glass
substrate.

From the �gure shown, the surface condition seems smooth at a low gas pressure. It can be clearly seen
that the surface has small protruding peaks. However, at higher gas pressure, the bubble and protruding
peak formation become bigger and it is believed that the thin �lm is not densi�ed or diffused into the
substrate. Moreover, higher gas pressure possibly can cause surface damage to the deposited Ge thin
�lm since the kinetic energy is higher as the gas pressure increases [11,16]. Besides, the increase of RMS
surface roughness indicates that the surface becomes rough and coarse. Coarsening in thin �lm refers to
the competitive growth process being some islands or bubble growth at the expense of another, to
minimize the total surface energy. This leads to increases in the maximum value and results in
decreasing the mean area density of the thin �lm [8]. The coarsening is possibly due to the combination
of different mechanisms, such as adatom diffusion or inter-diffusion.

The images having some shadowing effect during the AFM analysis, where the dragging motion clearly
visible in the image may cause by the probe tip, combining with adhesive forces between the tip and the
surface. This can cause substantial damage to both the thin �lm surface and the probe and create
arti�cial data, such as shadowing effect. This also can be caused by the used of strong repulsive forces
acting between the tip and the thin �lm surface.

Since at low RF power of 50 Watt there occurs low atoms bombardment in the chamber, the atoms move
slower due to lower kinetic energy causing low atoms bombardment on the surface of the glass
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substrate. Electron having longer mean-free path can store higher energy before collisions with argon
atom and they can produce active ionization by the collision. It follow many positive ions with higher
energy can collide to target and sputter more Ge molecules from the target, giving an increment in
deposition rate and improvement in thin �lm quality [15]. Moreover, this leads to the lower RMS surface
roughness and the maximum peak value of 2.63 nm and 98.0 nm respectively. However, the kinetic
energy of the atoms increases as the RF power increases, thereby causing the bombardment of atom on
the surface of the thin �lm to increase. Atoms bombardment with high kinetic energy causes a large force
to strike the surface possibly causing damage and increasing the value of RMS surface roughness of the
thin �lm. Therefore, as can be seen, the RMS surface roughness is 10.283 nm with the maximum peak
value of 188.0 nm at high RF power of 100 Watt.

Generally, the maximum peak value increased with the increase of RF power at constant gas pressure. As
discussed before, this was caused by many ions collisions reaching the surface of the glass substrate
when higher RF power was applied. The RF power also causes the electrons to become energized in the
plasma, which leads ions to bring themselves down onto the glass substrate with a great force. This
allows ions to create a high peak on the glass substrate. The particle energy increases during the
deposition process at the higher RF power. Hence, it may cause the average peak value and maximum
peak value to increase.

Figures.4 (a), (b), and (c) show the 10×10 µm2 AFM scan images of the as-deposited Ge thin �lm
deposited at different RF powers. Figure 4 (a) shows the formation of high sharp peaks with a maximum
peak was observed at 98 nm. Even though it has a few peaks, the surface seems smoother without any
formation of bubbles, clusters or an island. This is caused by low atoms bombardment during the
deposition process. The formation of peak disappears, and the surface becomes more consistent, as the
RF power is increased. Thus, the RMS surface roughness may increase due to the increased thickness
and surface damages as mentioned in the previous section. Lin et al., make a supporting statement that
the increase of the RF power will provide more energy to surface atoms and further contribute to the
possibility of producing a surface with a higher RMS surface roughness, thickness, and maximum peak
value [16].

3.3 Structural properties

Phase analysis in this study was characterized using XRD. Figures.5 (a) and (b), show the XRD analysis
of the as-deposited Ge thin �lm at different gas pressures and RF powers. Based on the �gure shown, all
as-deposited Ge thin �lms obtained from this study are amorphous thin �lms. As we can see, all
deposited Ge thin �lms exhibit amorphous behaviour with no characteristic peaks being detected on the
graph. A hump around 20 to 25˚ as shown in Figures.5 (a) and (b), indicates the glass substrate used in
the study [3]. All the thin �lm samples were deposited at room temperature. Particularly, amorphous Ge
thin �lm is in metastable condition even at room temperature and it has poor stability [15]. Metastable
condition refers to the tendency of atoms to stable states that have the lowest free energy and are
de�ned by the equilibrium phase diagram.
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A crystal is composed of atoms periodically arranged in 3D space. However, amorphous materials do not
possess the periodicity and atoms are randomly distributed in 3D space. The scattering of X-rays by
atoms is the point to be considered in this case. When there is a periodic arrangement of atoms, the x-
rays will be scattered only in certain directions when they hit the formed lattice planes. This will cause
high-intensity peaks with the width of the peaks depending on other variables. As for the amorphous
phase, the X-rays will be scattered in many directions leading to a large bump distribution in a wide range
of angles (2θ) instead of high intensity with narrower peaks in the crystal structure. Therefore, the
diffraction of Ge thin �lm in this study does not show sharp Bragg peaks in the XRD analysis. Also, the
amorphous condition is said to be metastable solid with no long-range atomic order. Therefore, they
produce only a broad scattering peak. This condition always occurs in the thin �lm material using glass
as a substrate. The structure lacks symmetry and produces a broad diffraction peak compared to
crystalline phase material. The broad peak may also affect the optical properties of the thin �lm.

4. Conclusions
In summary, Germanium thin �lm was deposited on a glass substrate by radio frequency magnetron
sputtering technique. The gas pressure and radio frequency (RF) power had a very signi�cant effect on
the Ge thickness and deposition rate. As the results showed, the Ge thin �lm thickness and deposition
rate value decreased with the increase of gas pressure. AFM images show Ge thin �lm being deposited
on the glass substrate at different RF power and gas pressure. AFM analysis showed that the increase of
maximum peak value caused more protruding peak formed on the surface of the thin �lm. Moreover, this
led to the lower RMS surface roughness and the maximum peak value of 2.63 nm and 98.0 nm
respectively. It was revealed that all thin �lms were amorphous phase by X-ray diffraction analysis. The
lowest RMS surface roughness obtained is 1.898 nm with a thickness of 235.27 nm. It was found that
the RMS surface roughness increased with the increase of gas pressure and RF power.
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Figures

Figure 1

Thickness and deposition rate of Ge thin �lms at different gas pressures.
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Figure 2

Thickness and deposition rate of Ge thin �lm at different RF powers.
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Figure 3

(a) AFM scan images at gas pressure of 5 mTorr, (b) 10 mTorr, and (c) 15 mTorr.
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Figure 4

AFM scan images at RF power of (a) 50 Watt, (b) 75 Watt, and (c) 100 Watt.
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Figure 5

XRD analysis of Ge thin �lm for different (a) gas pressure and (b) RF power.


