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Abstract: Most of the molybdenum (Mo) bilayer films are deposited by direct current (DC) magnetron
sputtering at the bottom and the top layer (DC/DC). However, the deposition of Mo bilayer film
by radio frequency (RF) Mo bottom layer and DC Mo top layer magnetron sputtering has been
less studied by researchers. In this paper, the bottom layer of Mo bilayer film was deposited by RF
magnetron sputtering to maintain its good adhesion and high reflectance, and the top layer was
deposited by DC magnetron sputtering to obtain good conductivity (RF/DC). Generally, the bottom
layer sputtering pressure is relatively random, in this paper, the effects of the bottom layer RF
sputtering pressures on the microstructures and properties of Mo bilayer films were first studied in
detail. Next, in order to further improve their properties, the as-prepared Mo bilayer films at 0.4 Pa
bottom layer RF sputtering pressure were annealed at different temperatures and then investigated.
Specifically, Mo bilayer films were deposited on soda-lime glass substrates by RF/DC magnetron
sputtering at different bottom layer RF sputtering pressures in the range of 0.4–1.2 Pa, the powers
of bottom layer RF sputtering and top layer DC sputtering were 120 W and 100 W, respectively.
Then, Mo bilayer films, prepared at a bottom layer sputtering pressure of 0.4 Pa and top layer
sputtering pressure of 0.3 Pa, were annealed for 30 min at various temperatures in the range of
100–400 ◦C. The effects of bottom layer sputtering pressures and the annealing temperatures on
the microstructures, electrical and optical properties of Mo bilayer films were clarified by X-ray
diffraction (XRD), field emission scanning electron microscopy (FE-SEM), atomic-force microscopy
(AFM), and ultraviolet (UV)-visible spectra, respectively. It is shown that with decreasing bottom
layer sputtering pressure from 1.2 to 0.4 Pa and increasing annealing temperature from 100 to 400 ◦C,
the crystallinity, electrical and optical properties of Mo bilayer films were improved correspondingly.
The optimized Mo bilayer film was prepared at the top layer sputtering pressure of 0.3 Pa, the bottom
layer sputtering pressure of 0.4 Pa and the annealing temperature of 400 ◦C. The extremely low
resistivity of 0.92 × 10−5 Ω.cm was obtained. The photo-conversion efficiency of copper indium
gallium selenium (CIGS) solar cell with the optimized Mo bilayer film as electrode was up to as high
as 13.5%.
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annealing temperature
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1. Introduction

Molybdenum (Mo) thin films have received considerable attention for various applications
such as protective coatings, source/drain electrodes, integrated circuits and solar cells, due to their
high thermal and chemical stability, high electrical conductivity and resistance to corrosion [1–5].
Magnetron sputtering is the most commonly used method for the preparation of Mo films originating
from several advantages such as low cost, easy to adjust the parameters, films can be deposited
uniformly on large-sized areas [6]. A large number of studies have shown that the structures and
properties of Mo films are related to the preparation process and parameters [7–9]. For instance,
Akçay et al., [10] investigated the effects of deposition pressures and powers on the structures
and photoelectric properties of Mo films prepared by radio frequency (RF) magnetron sputtering.
Nwakanma et al., [11] reported the effects of the sputtering powers and sputtering pressures on the
Mo films deposited using direct current (DC) magnetron sputtering. The results clearly indicated that
the sputtering powers, sputtering pressures and temperatures had significant influences on grain sizes,
optical and electrical properties of Mo thin films prepared by either RF or DC magnetron sputtering.

Generally, it is very difficult for Mo thin films to possess low electrical resistivity and good
adhesion to the substrate, simultaneously. Specifically, films deposited at lower sputtering pressure
have lower electrical resistivity but poor adhesion, whereas those deposited at higher sputtering
pressure have better adhesion but higher electrical resistivity. To solve the problem, Scofield et al., [12]
designed a Mo bilayer film, which consisted of a bottom layer deposited at higher sputtering pressure
for better adhesion and a top layer deposited at lower sputtering pressure for better conductivity.
Since then, many researchers have begun to focus on the effects of processing parameters on structures
and properties of the Mo bilayer films prepared by RF/RF and/or DC/DC magnetron sputtering.
In the work of Huang et al., [13] the Mo bilayer films prepared by DC/DC magnetron sputtering
were optimized. The results indicated that the copper indium gallium selenium (CIGS) solar cell had
the maximum photo-conversion efficiency of 12.83%. Badgujar et al., [14] investigated the effects
of sputtering powers and argon gas flow rates on the properties of Mo bilayer films prepared
by DC/DC magnetron sputtering. The results showed that better crystallinity, reflectance and
electrical conductivity were obtained at higher sputtering power and lower argon gas flow rate.
Zhu et al. [15] studied the properties of Mo bilayer films prepared by RF/RF and DC/DC sputtering
modes, demonstrating that a high efficiency of CIGS thin films solar cell was achieved to be 16.2%.
However, fewer people focused on the influences of processing parameters on the properties of Mo
bilayer films prepared by RF/DC sputtering method. Commonly, Mo films prepared by RF sputtering
have better adhesion to the substrate and higher reflectance but lower conductivity than those prepared
by DC sputtering under the same sputtering conditions, but the Mo films prepared by DC sputtering
have better conductivity [16]. Actually, the reflectance of Mo back electrode is also very important
to the Cu(In,Ga)Se2 (CIGS), copper zinc tin sulphur (CZTS) and other solar cells, because higher
reflectance can improve their photo-conversion efficiency [17].

In this paper, we prepared a new Mo bilayer film. The bottom layer was deposited by RF
sputtering to ensure better adhesion to the substrate and higher reflectance, and the top layer was
deposited by DC sputtering to ensure better electrical conductivity. It is known that the performance
of the films will change with the changes of process parameters in the Mo bilayer films prepared by
DC/DC sputtering mode. Thus, the Mo bilayer films were prepared here by RF/DC sputtering and
the effects of bottom layer sputtering pressures and annealing temperatures on the microstructures,
optical and electrical properties were investigated in detail.

2. Materials and Methods

Mo bilayer films were deposited on soda lime glass substrates (20 × 20 × 1 mm) by RF magnetron
sputtering for the bottom layer and DC sputtering for the top layer with a circular Mo target (99.97%
purity, Φ50 mm × 5 mm), respectively. Prior to deposition, the substrates were cleaned using an
ultrasonic cleaning machine with acetone, alcohol and deionized water for 15 min in order followed by
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drying with N2. Finally, they were placed on the backplane in the sputtering chamber with a distance
of 80 mm between the target and the substrate. The base pressure in the sputtering chamber was 2 ×
10−4 Pa before deposition. Pre-sputtering process was performed for 15 min to remove contaminants
from the target surface. In the following experiments, the bottom layer RF sputtering power and the
top layer DC sputtering power were 120 W and 100 W, respectively. In order to study the effects of the
bottom layer sputtering pressures on the structures and properties of Mo bilayer films and the lattice
matching between the top and bottom layer, we fixed the top layer sputtering pressure at 0.3 Pa and
changed the bottom layer sputtering pressures in the range of 0.4–1.2 Pa. The gas flow rates changed in
the range of 17–73 mL/min, the substrates were kept at room temperature and the holder was biased
negatively up to 150 V during deposition. Generally, the thickness of back electrodes of CIGS solar
cells is about 500–1000 nm. In order to save resources and increase adhesion, the thickness of Mo films
were set to be 500 nm. For all depositions, the bottom and top layer thicknesses were controlled to be
100 nm and 400 nm, respectively, by a quartz crystal monitor. In order to study the bonding of bottom
and top layer Mo films and the growth of top layer Mo films, we also studied the surface conditions of
bottom layer Mo films. The Mo bilayer films prepared at bottom layer sputtering pressure of 0.4 Pa and
top sputtering pressure of 0.3 Pa and were annealed at various temperatures in the range of 100–400 ◦C
for 30 min in a tube furnace. X-ray diffraction (XRD, Panalytical, Almelo, Netherlands), scanning
electron microscopy (SEM, ZEISS, Oberkochen, Germany), atomic force microscopy (AFM, SPA-400,
Tokyo, Japan), an ultraviolet (UV)-visible spectrophotometer (Hitachi U-4100, Tokyo, Japan) and Hall
effect measurement system (HMS ECOPIA 3000) were used to characterize the Mo films. The degree
of adhesion was qualitatively tested using a Scotch tape test, if the shedding area exceeds a certain
proportion, it is considered that it will not pass the adhesion test [18]. The photo-conversion efficiency
of CIGS solar cell was measured and calculated using the current–voltage (I–V) characteristics under
standard AM 1.5 and 100 mW/cm2 illumination at room temperature [19].

The grain sizes (D) of the films was calculated using the Scherrer formula [20]:

D =
0.9λ
βCOSθ

(1)

the micro-strain (ε) and dislocation density (δ) developed in the films were calculated from
Equations (2) and (3), respectively [21].

ε =
β

4tan θ
(2)

δ =
1

D2 (3)

here, λ is the X-ray wavelength (0.15406 nm), β is the full width at half maximum (FWHM) of XRD
and θ is the Bragg angle of diffraction peak of XRD; all variables are SI units.

3. Results and Discussion

3.1. Structural Analysis

Figure 1 shows the XRD patterns of Mo bilayer films prepared at different bottom layer sputtering
pressures (Figure 1a) and Mo bilayer films prepared at a bottom layer sputtering pressure of 0.4 Pa
and top layer sputtering pressure of 0.3 Pa annealed at different temperatures (Figure 1b), respectively.
All the Mo bilayer films showed (110) plane preferred orientation, located at 2θ of 40.3◦, which is
typical for Mo films with a body-centered cubic structure (JCPDS Card No. 3-065-7442). It is ascribed to
the fact that the (110) face of the body-centered cubic structure generally has the lowest surface energy
and tends to grow preferentially. With decreasing bottom layer sputtering pressures and increasing
annealing temperatures, the intensity of the (110) diffraction peak of Mo bilayer films increased
gradually. Scherrer formula was used to calculate average grain size (D) for (110) peak as a function of
bottom layer sputtering pressure and annealing temperature. As presented in Table 1, the D values
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increased with decreasing bottom layer sputtering pressures and increasing annealing temperatures,
reflecting an enhancement in crystallinity. This is because at lower bottom layer sputtering pressure,
the Mo sputtered particles undergo fewer collisions with Ar atoms, leading to the kinetic energy of
Mo particles deposited on the substrate being larger. This promotes grain nucleation and growth
of Mo bottom layer film [22]. Therefore, the Mo bottom layer film prepared at lower sputtering
pressure had compact structure, larger grain size and better crystallinity, which is consistent with a
previous paper [23]. However, the larger sputtering kinetic energy brings about larger compressive
strain of the Mo bottom layer film deposited on the substrate; thus, with decreasing bottom layer
sputtering pressures in Ar, the compressive strain increased gradually (Table 1). The Mo bottom layer
films prepared at lower bottom layer sputtering pressure have higher uniformity and compactness.
This resulted in higher thermal stability of bottom layer films prepared at lower bottom layer sputtering
pressure compared to those prepared at higher bottom layer sputtering pressure, which is particularly
beneficial for the growth of top layer Mo films. During the bombardment of top layer particles at
the same sputtering conditions, less undesirable crystallographic defects escaped from the bottom
layer prepared at lower sputtering pressure, resulting in an increase of the crystal quality of the Mo
bilayer film [21]. Due to the thinner bottom layer Mo film and the higher sputtering pressure, the grain
growth and migration time of the bottom layer Mo film was shorter and the sputtering kinetic energy
of particles was less, then leading to smaller grain size and more defects and voids. As the sputtering
pressure decreased, the sputtering kinetic energy of particles increased, the corresponding grain size of
bottom layer Mo film increased, and the defects decreased. However, because of thicker top layer Mo
film and the lower sputtering pressure, the sputtering kinetic energy of the particles was larger and the
grain growth and migration time was longer. Thus, the grain size of the top layer Mo film was larger,
even twice that of the bottom layer Mo film. In addition, the increase of annealing temperature led
to an increase of surface diffusibility and mobility of Mo particles between the top and bottom layer,
enhancing the Mo bilayer film quality. Moreover, with increasing annealing temperatures, the energy
absorbed by particles of Mo bilayer films increased gradually, and the energy used to migrate and
merge the surrounding particles also increased. Therefore, the grain sizes and crystallinity of Mo
bilayer films increased with increasing annealing temperatures, which is consistent with the report
of Jia et al [24]. Moreover, with increasing annealing temperature, the strain in Mo bilayer film was
released, correspondingly, the compressive strain decreased.
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Figure 1. X-ray diffraction (XRD) patterns of Mo bilayer films (a) deposited at different bottom layer
sputtering pressures and (b) annealed at different temperatures.



Appl. Sci. 2019, 9, 1395 5 of 13

Table 1. Grain size, root mean square (RMS) roughness, dislocation density, micro-strain, strain and Hall mobility of Mo bilayer films deposited by radio
frequency/direct current (RF/DC) (RF Mo bottom layer and DC Mo Top layer) sputtering at different bottom layer sputtering pressures, Mo bilayer films with
a bottom sputtering pressure of 0.4 Pa and top sputtering pressure of 0.3 Pa annealed at different temperatures and bottom layer Mo films prepared at different
sputtering pressures.

Bottom Sputtering Pressure
(Pa)

Annealing Temperature
(◦C)

Grain Size
(nm)

RMS Roughness
(nm)

Dislocation Density
(δ) × 105 cm−2

Micro-Strain
(ε) × 103

Hall Mobility
(cm2/Vs)

Strain
(%)

Top Sputtering Pressure
(Pa)

0.4 30.52 7.18 1.074 3.6 9.86 1.32 0.3
0.6 26.36 7.86 1.439 3.9 7.27 1.25 0.3
0.8 21.43 8.32 2.177 4.3 6.35 1.23 0.3
1.0 18.52 8.98 2.916 4.8 5.25 1.19 0.3
1.2 17.12 10.23 3.412 5.2 3.96 1.10 0.3
0.4 100 33.25 6.35 0.905 3.4 10.13 1.05 0.3
0.4 150 38.52 6.18 0.674 3.2 11.06 0.98 0.3
0.4 200 40.34 5.78 0.615 2.9 12.02 0.95 0.3
0.4 300 43.63 4.73 0.525 2.6 12.83 0.90 0.3
0.4 400 47.28 3.36 0.447 2.2 13.58 0.84 0.3
0.4 15.23 5.22 2.122 6.2 6.32 1.12
0.6 14.08 5.96 2.536 6.7 5.83 1.02
0.8 12.35 6.28 3.125 7.1 5.06 0.89
1.0 11.22 7.02 4.534 7.5 4.14 0.82
1.2 10.36 7.64 4.968 8.6 2.46 0.78
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3.2. Morphological Analysis

Figure 2 shows SEM images of bottom layer Mo films prepared at different sputtering pressures
(Figure 2a–e), Mo bilayer films prepared by RF/DC sputtering at different bottom layer sputtering
pressures (Figure 2f–j), and Mo bilayer films with a bottom layer sputtering pressure of 0.4 Pa and
top layer sputtering pressure of 0.3 Pa annealed at different annealing temperatures (Figure 2k–o).
It is showed that the bottom layer Mo films prepared at different sputtering pressures consisted of
spindle nanoparticles. With increasing bottom layer sputtering pressures, the grain sizes of bottom
layer Mo films decreased, the uniformity of grain distribution decreased, agglomeration occured,
gaps and voids increased, and the RMS roughness increased gradually (Table 1). As mentioned
in the above XRD results, the Mo particles of bottom layer Mo films prepared at higher sputtering
pressure underwent more collisions with Ar atoms and had less kinetic energy, which weakened
grain nucleation and growth of bottom layer Mo films. All the Mo bilayer films prepared by RF/DC
sputtering at different bottom layer sputtering pressures also consisted of spindle nanoparticles with
uniform distribution. The length of spindles were about 120 nm, the main changes were the width
of the spindles. With decreasing bottom layer sputtering pressures, the width of the spindles of Mo
bilayer films increased gradually, and the voids and the root mean square (RMS) roughness decreased
(Table 1). As mentioned above, the lower bottom layer sputtering pressure caused higher kinetic energy
of Mo particles and then promoted the diffusion and growth of Mo particles, resulting in larger grain
sizes, denser surfaces and lower RMS roughness and lower microvoids and/or vacancies in the bottom
layer Mo films. This resulted in higher thermal stability of bottom layer Mo films prepared at lower
sputtering pressure compared to those prepared at higher bottom layer sputtering pressure, which is
particularly beneficial for the growth of top layer Mo films and the lattice matching between the bottom
layer and the top layer is better, which is more conducive to the growth of Mo bilayer films. During the
bombardment of top layer particles at the same sputtering conditions, less undesirable crystallographic
defects escaped from the bottom layer prepared at lower sputtering pressure, resulting in an increase of
the crystal quality and grain sizes of the Mo bilayer film. SEM images of Mo bilayer films with a bottom
layer sputtering pressure of 0.4 Pa and top layer sputtering pressure of 0.3 Pa annealed at different
temperatures are illustrated in Figure 2k–o. All the Mo bilayer films showed a uniform distribution
of nanoparticles, with increasing annealing temperatures, the width of the particles increased, gaps
and voids decreased. This is because, as the annealing temperature increased, the energy absorbed by
Mo particles increased, the diffusibility and mobility enhanced, the combining ability with adjacent
grains and nucleation ability of Mo grains increased. Therefore, with increasing annealing temperature,
the width of the particles increased, the surface was more uniform and compact, and RMS roughness
decreased gradually.
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Figure 2. Scanning electron microscope (SEM) images of bottom layer Mo films deposited at different
bottom layer sputtering pressures: (a) 0.4 Pa, (b) 0.6 Pa, (c) 0.8 Pa, (d) 1.0 Pa, (e) 1.2 Pa, Mo bilayer
films deposited at different sputtering pressures: (f) 0.4 Pa, (g) 0.6 Pa, (h) 0.8 Pa, (i) 1.0 Pa, (j) 1.2 Pa
and Mo bilayer films annealed at different temperatures: (k) 100 ◦C, (l) 150 ◦C, (m) 200 ◦C, (n) 300 ◦C,
and (o) 400 ◦C.
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Figure 3 shows the grain size (width of the particle) distribution as a function sputtering pressure
and annealing temperature, which were obtained by nano measurer software. Most of the grains size
distribution of Mo films showed normal distribution. Only a few of the grains size distribution of
bottom layer Mo films prepared at higher sputtering pressure were slightly deviated, which were
mainly related to the higher sputtering pressure and shorter sputtering time. Thus the particles in Mo
films do not have sufficient energy and time for nucleation and growth.

The trend obtained in the width of the particle is more or less in agreement with the grain
size variation observed with an X-ray diffraction analysis. However, the discrepancy observed in
the grain size values from an X-ray diffraction and scanning electron microscopy imaging analysis
could be attributed to the fact that X-ray diffraction is more sensitive to intragrain dislocations and
low angle grain boundaries, and the scanning electron microscope mostly measure the distance
between visible grain boundaries in the microstructure [25,26]. The evolution of microstructure,
grain size and compactness with sputtering process parameters (sputtering pressure and annealing
temperature) is usually explained by comparing the microstructure with structure zone model for
films deposited by magnetron sputtering [27]. The X-ray diffraction technique measures the crystalline
region that coherently diffracts X-rays and is known to be the more precise technique for grain size
determination [28].

Appl. Sci. 2019, 9 FOR PEER REVIEW  7 

Figure 2. Scanning electron microscope (SEM) images of bottom layer Mo films deposited at 
different bottom layer sputtering pressures: (a) 0.4 Pa, (b) 0.6 Pa, (c) 0.8 Pa, (d) 1.0 Pa, (e) 1.2 Pa, Mo 
bilayer films deposited at different sputtering pressures: (f) 0.4 Pa, (g) 0.6 Pa, (h) 0.8 Pa, (i) 1.0 Pa, (j) 
1.2 Pa and Mo bilayer films annealed at different temperatures: (k) 100 °C, (l) 150 °C, (m) 200 °C, (n) 
300 °C, and (o) 400 °C. 

Figure 3 shows the grain size (width of the particle) distribution as a function sputtering 
pressure and annealing temperature, which were obtained by nano measurer software. Most of the 
grains size distribution of Mo films showed normal distribution. Only a few of the grains size 
distribution of bottom layer Mo films prepared at higher sputtering pressure were slightly deviated, 
which were mainly related to the higher sputtering pressure and shorter sputtering time. Thus the 
particles in Mo films do not have sufficient energy and time for nucleation and growth. 

The trend obtained in the width of the particle is more or less in agreement with the grain size 
variation observed with an X-ray diffraction analysis. However, the discrepancy observed in the 
grain size values from an X-ray diffraction and scanning electron microscopy imaging analysis could 
be attributed to the fact that X-ray diffraction is more sensitive to intragrain dislocations and low 
angle grain boundaries, and the scanning electron microscope mostly measure the distance between 
visible grain boundaries in the microstructure [25,26]. The evolution of microstructure, grain size 
and compactness with sputtering process parameters (sputtering pressure and annealing 
temperature) is usually explained by comparing the microstructure with structure zone model for 
films deposited by magnetron sputtering [27]. The X-ray diffraction technique measures the 
crystalline region that coherently diffracts X-rays and is known to be the more precise technique for 
grain size determination [28]. 

 
Figure 3. Grain size distribution of bottom layer Mo films deposited at different bottom layer sputtering
pressures: (a) 0.4 Pa, (b) 0.6 Pa, (c) 0.8 Pa, (d) 1.0 Pa, (e) 1.2 Pa, Mo bilayer films deposited at different
bottom layer sputtering pressures: (f) 0.4 Pa, (g) 0.6 Pa, (h) 0.8 Pa, (i) 1.0 Pa, (j) 1.2 Pa and Mo bilayer
films annealed at different temperatures: (k) 100 ◦C, (l) 150 ◦C, (m) 200 ◦C, (n) 300 ◦C, and (o) 400 ◦C.



Appl. Sci. 2019, 9, 1395 9 of 13

3.3. Electrical Properties

Figure 4 shows the resistivity variation of Mo bilayer films prepared at different bottom layer
sputtering pressures (Figure 4a) and annealing temperatures (Figure 4b). It can be seen that the
resistivity of the Mo bilayer films decreased with decreasing bottom layer sputtering pressures
and increasing annealing temperatures. The average micro-strain (ε) and the dislocation density
(ρ) (Table 1) also decreased with decreasing bottom sputtering pressures and increasing annealing
temperatures, which can directly decrease the resistivity of Mo bilayer films. The resistivity is mainly
related to electron scattering caused by various structural defects, including dislocations, impurities,
micro-strains, grain boundaries and point defects [29]. Grain boundaries are often considered to be the
main source of dislocation density, and the dislocation density is proportional to the micro-strain [30].
Therefore, with decreasing sputtering pressures and increasing annealing temperatures, the kinetic
energy of Mo particles increased and the grain sizes increased. Accordingly, the number of grain
boundaries decreased, the dislocation density and the micro-strain decreased, and carrier lifetime and
Hall mobility increased, so the corresponding resistivity decreased.
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3.4. Optical Properties

The reflectance of Mo bilayer film is also a crucial parameter for the photo-conversion efficiency
of a solar cell. Maximizing the light reflectance of the Mo bilayer film allows more photons to be
absorbed [31]. Figure 5 shows that the reflectance of Mo bilayer film increased with decreasing bottom
layer sputtering pressures and increasing annealing temperatures. This can be attributed to the fact
that the Mo bottom layer films prepared at lower bottom layer sputtering pressure were more uniform
and compact, and had lower RMS roughness (Table 1). Therefore, the top layer Mo film deposited on
the Mo bottom layer film prepared at lower bottom layer sputtering pressure at the same sputtering
conditions had the lower RMS roughness; accordingly, the reflectance of the Mo bilayer film was
higher. Similar conclusions have been discussed in earlier reports [21]. For Mo bilayer films annealed
at different temperatures, with increasing annealing temperatures, the particle energy of Mo bilayer
films increased gradually, and the prepared Mo bilayer films were more uniform and compact having
lower RMS roughness (Table 1), which reduced light scattering and absorption of Mo bilayer films.
This brought about higher reflectance.
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The experimental results show that the Mo bilayer film prepared at lower bottom layer sputtering
pressure and higher annealing temperature has the better properties. CIGS absorbers were deposited
on these Mo bilayer films with bottom layer sputtering pressure of 0.4 Pa, top layer sputtering pressure
of 0.3 Pa and annealed at different temperatures via a 3-stage co-evaporation [32]. Then, cadmium
sulphide (CdS) buffer layers were prepared by chemical bath deposition (CBD), intrinsic zinc oxide
(i-ZnO)/n-type indium tin oxide (ITO) window layers were obtained through the sputtering method,
and the Al grid electrode was evaporated in order. Figure 6 shows the current–voltage (I–V) parameters
as a function of annealing temperature of Mo electrodes. The results show that the open circuit voltages
(Voc), short circuit current densities (Jsc), the fill factors (FF) and photo-conversion efficiencies of the
CIGS solar cells increased with increasing annealing temperature. This mainly originated from the fact
that the reflectance and light absorption of Mo bilayer film increased and the resistivity decreased with
increasing annealing temperature. The Mo bilayer film annealed at 400 ◦C demonstrated excellent
comprehensive performance: its resistivity reached to 0.92 × 10−5 Ω.cm and the reflectance was above
55%, the maximum photo-conversion efficiency of 13.5% was achieved for the CIGS solar cell.
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Figure 6. I–V parameters of copper indium gallium selenium (CIGS) solar cells as a function of
annealing temperature of Mo electrodes: (a) change of the open circuit voltage (Voc) with different
annealing temperature; (b) change of the short circuit current density (Jsc) with different annealing
temperature; (c) change of the fill factor (FF) with different annealing temperature; and (d) change of
the photo-conversion efficiency(η) with different annealing temperature.

4. Conclusions

In summary, the effects of bottom layer sputtering pressures and annealing temperatures on
the microstructures and properties of Mo bilayer films prepared by RF/DC magnetron sputtering
were investigated. The results show that both the bottom layer sputtering pressures and annealing
temperatures have great influences on the structures and properties of Mo bilayer films. The sputtering
kinetic energy and mobility of Mo particles in Mo films increased with decreasing sputtering
pressures and increasing annealing temperatures, leading to the increase of grain sizes, uniformity
and compactness of Mo films and the decrease of RMS roughness. Correspondingly, the electrical
conductivity and reflectance of Mo bilayer films were also increased. Resistivity ranging from 2.40 to
4.62 × 10−5 Ω.cm was obtained at 0.4 to 1.2 Pa bottom layer sputtering pressure and 2.31 to 0.92 ×
10−5 Ω.cm at 100 to 400 ◦C annealing temperature. The strain decreased with increasing annealing
temperatures and bottom layer sputtering pressures. Moreover, the particles’ morphology of Mo
bilayer films changed from spindles to triangles with increasing annealing temperatures. Prepared Mo
bilayer films exhibited better adhesion, higher reflectance and lower resistivity which could be used
suitably for the back electrode of CIGS solar cells. The Mo bilayer film prepared at 0.4 Pa of bottom
layer sputtering pressure, 0.3 Pa of top layer sputtering pressure and annealed at 400 ◦C demonstrated
excellent comprehensive performance: its resistivity reached 0.92 × 10−5 Ω.cm, the reflectance was
above 55%, and the maximum photo-conversion efficiency of 13.5% was achieved for the CIGS solar
cell. From the above results, we can see that under the same sputtering conditions, the adhesion and
reflectance of Mo bilayer films prepared by RF/DC mode were higher than that of DC/DC mode,
and the conductivity and efficiency of CIGS solar cells were close to that of DC/DC mode.
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