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Abstract: Thin film Cu(In,Ga)Se2 (CIGS)-based solar cells with relatively high efficiency and low
material usage might become a promising alternative for crystalline silicon technology. The most
challenging task nowadays is to decrease the PV module fabrication costs by application of easily
scalable industrial process. One of the possible solutions is the usage of magnetron sputtering system
for deposition of all structures applied in CIGS-based photovoltaic device. The main object of these
studies was fabrication and characterization of thin films deposited by sputtering technique. Structural
and electrical properties of the sputtered films were analyzed using scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray Powder Diffraction (XRD), and four-point
probe resistivity measurements. The presented findings revealed technological parameters for which
sheet resistance of molybdenum (Mo) back contact decreased up to 0.3 Ω/� and to even 0.08 Ω/� in
case of aluminum layer. EDS analysis provided evidence for the appropriate stoichiometry of CIGS
absorber (with CGI and GGI equal to 0.96 and 0.2, respectively). XRD characterization confirmed
high-quality chalcopyrite polycrystalline structure of Cu(In,Ga)Se2 film fabricated at relatively low
substrate temperature of 400 ◦C. Characteristic XRD peaks of hexagonal-oriented structures of
sputtered CdS and i-ZnO layers were noticed.
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1. Introduction

Nowadays, renewable energy technologies are becoming an important issue in many countries of
the world due to climate changes. Increasing global energy consumption on the one hand and the
reduction of CO2 emission on the other hand forces scientists to work on clean energy production.
Among a variety of renewable sources, solar photovoltaics is one of the most promising. In the
last few years, a strong increase in photovoltaic (PV) installations could be observed. By the end
of 2018, about 488 GWp of the total PV capacity were installed [1]. The total power capacity was
doubled in only three years [2]. According to the authors of [1], the photovoltaic market mostly
belongs to silicon crystalline technology (about 93% of the total installed PV power). However, copper
indium gallium diselenide (CIGS) thin film technology becomes a promising alternative to silicon
photovoltaics due to tunable band gap, high absorption coefficient, minimum material usage and
relatively low temperature coefficients [3,4]. It is noteworthy that the last feature has been proved by
our previous performance studies of different technology PV systems [5,6]. Among other thin-film
technologies, CIGS is characterized by the best laboratory (23.4%) and module (19.2%) efficiency [7].
Moreover, CIGS module record efficiency is very close to the efficiency of multicrystalline silicon
technology (19.9%). In the case of laboratory cell, the record efficiency of CIGS is even higher than that
of polycrystalline silicon (22.3%). Despite that, the production cost of CIGS modules is still higher
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than polycrystalline silicon (pc-Si) or cadmium telluride (CdTe) mainly due to the complexity of the
production process [8].

Figure 1 illustrates a schematic structure of CIGS thin-film solar cell. As can be seen, the structure
consists of multiple layers of different materials deposited in most cases on soda lime glass (SLG)
substrates. However, flexible substrates have also received researchers’ attention [3,9].
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Figure 1. The concept of copper indium gallium diselenide thin film solar cell fabricated by the use of
an RF/DC magnetron sputtering system.

The bottom contact of the CIGS device is made of molybdenum (Mo) thin layer followed by
heterojunction of Cu(In,Ga)Se2 p-type absorber and cadmium sulfide (CdS) buffer layer. An intrinsic
zinc oxide layer is deposited on the top of CdS film. The top contact of CIGS solar cell is mostly
made by transparent aluminum-doped zinc oxide (Al-ZnO) material. The total thickness of the typical
CIGS solar cell structure is a few micrometers, which is much less than that of crystalline silicon ones
(200–300 µm).

Complex structure of Cu(In,Ga)Se2 based solar cell requires a variety of technologies for particular
layer fabrication to achieve high device efficiency. This is the reason why co-evaporation method is
the most used one in the process of CIGS absorber fabrication [10–12] while chemical bath deposition
(CBD) is a very common method of CdS buffer layer fabrication [13,14]. The application of optimal
methods for each structure fabrication leads to the highest efficiency of the final device. However, at an
industrial level, it can be high-priced and problematic. For this reason, an easily scalable fabrication
process that consists of only one deposition system could be a promising solution for the reduction of
fabrication costs [15,16].

The main purpose of the experimental work reported in this paper was to fabricate and characterize
layers applied in CIGS-based solar cells (showed in Figure 1) with the use of only magnetron sputtering
system. Contact films (Mo, Al, Al-ZnO), as well as Cu(In,Ga)Se2 absorber together with CdS and
i-ZnO buffer, structures were investigated. Several sputtering parameters were studied to obtain
contact layers with minimum value of sheet resistance. It should be emphasized that Cu(In,Ga)Se2

absorber was fabricated at relatively low substrate temperature (400 ◦C). The results of all structures
characterization were widely discussed and compared with the results of researchers in the field.
Several opened issues, as well as future plans were also pointed out.

2. Materials and Methods

Thin layers creating the CIGS device were obtained by the use of magnetron sputtering technique.
In the experiments, Aliance Concept AC 450 deposition system was used, working with a static mode.
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The structure was prepared onto soda lime glasses (SLG) which were ultrasonically cleaned before
the deposition process. The cleaning procedure provided the use of acetone and ethanol and drying
in the pure nitrogen (N2) gas flow. In order to eliminate the influence of the additional parameters
(e.g., shift related to the cathode center), glass substrates were located directly underneath the racetrack
of the target. In the deposition process, 4-inch-diameter and 6-mm-thick ceramic targets of high purity
(99.999%) were used to which the direct current (DC) or radio frequency (RF) sputtering power was
applied depending on the material. To achieve the particular CIGS structures presented in Figure 1,
the DC sputtering was applied to molybdenum and aluminum cathodes, while RF sputtering to
quaternary Cu(In,Ga)Se, CdS, i-ZnO and ZnO:Al targets. The distance between the substrate plate
and the cathode was equal to 90 mm. Each structure was created in the argon (Ar) ambient. Prior to
each layer deposition process, the presputtering was carried on in order to clean the surface of targets
and remove all impurities and contaminants by 15 min. Before the deposition step, the chamber was
evacuated to the base pressure of 1.56 × 10−4 Pa.

In order to find the optimal properties of particular materials, experiments with various
combinations of the technological parameters were conducted. A molybdenum layer was deposited in
the range of sputtering power between 0.74 W/cm2 and 1.48 W/cm2 at 400 ◦C. The deposition times
were chosen as 20, 30 and 40 min, and pressure was set as 1.53 Pa. The aluminum-doped zinc oxide
layers were obtained by the use of target made of ZnO doped with 2 wt.% Al2O3 with the deposition
power in the 3.08–3.95-W/cm2 range. The pressure during the deposition process was equal to 0.285 Pa.
The experiments were carried out by 30 and 45 min. In order to improve ZnO:Al layers’ electrical
properties, samples were additionally annealed in N2 atmosphere. The deposition of aluminum thin
films occurred at room temperature with the power applied to cathode from 0.74 W/cm2 to 1.24 W/cm2

in the pressure of 1.53 Pa. An undoped ZnO target was used for i-ZnO layer deposition with sputtering
power equaled to 2 W/cm2 at substrate temperature of 200 ◦C.

Heterojunction materials were fabricated by the use of two targets—quaternary Cu(In,Ga)Se and
CdS. In both processes, the power of 1.00 W/cm2 was used. The deposition process of CIGS layers
occurred within 60 min. For CdS, the deposition time was 4.5 min. The temperature of the process
is vitally important, thus the substrate holder was heated up to 400 ◦C in the case of CIGS, and to
200 ◦C for CdS. The overheating of the substrate was eliminated due to the water-cooling system.
The deposition pressure in both cases was equal to 1.53 Pa. The selected technological parameters of
the sputtering deposition process for each thin layer are shown in Table 1.

Table 1. Deposition parameters for each layer in CIGS-based photovoltaic structure.

Layer Power (W/cm2) Temperature (◦C) Deposition Pressure (Pa)

Mo 0.74–1.48 400 1.53
CIGS 1.00 400 1.53
CdS 1.00 200 1.53

i-ZnO 2.00 200 1.00
ZnO:Al 3.08–3.95 RT 0.285

Al 0.74–1.24 RT 1.53

The fabricated layers were examined in order to find the structural and electrical properties.
The EDS profile and energy spectra were performed by the EDS detector, which is integrated with
scanning electron microscope (Hitachi SU3500, Tokyo, Japan), in a vacuum condition at 20.0 kV
of operating voltage. It allowed performing qualitative and quantitative analysis of the obtained
layers. Surface and cross-sectional images were prepared using FEI Quanta 3D FEG scanning electron
microscope (Hillsboro, OR, USA). The crystalline structure and orientation of the deposited materials
were analyzed by X-ray diffraction Empyrean PANalytical Diffractometer system. Sheet resistance
was determined by the use of RM3000+ four-point probe equipment of Jandel Engineering Limited at
room temperature.
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3. Results

3.1. Thin Contact Films for CIGS Photovoltaic Device

Figure 2 illustrates Cu Kα (λ = 1.54056 Å) XRD pattern of molybdenum (Mo) back contact film
deposited on soda lime glass. As can be seen, intense (110) peak at 2θ equal to 40.5◦ and (211)
peak at 73.5◦ were measured. Both locations confirm polycrystalline orientation of the molybdenum
layer. The dominant peak corresponds to (110) preferred orientation for the body-centered cubic
crystal structure (JCPDS Card No. 03-065-7442 [17]). Based on Scherrer equation [18] and presented
diffractogram full width half maximum (FHWM) and crystalline size of Mo crystals were estimated
and reported in Table 2. The calculated grain size from the highest intensity peak located at 2θ 40.5◦

was equal to 8 nm.
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Figure 2. XRD diffraction pattern for (110) and (211) reflection peaks of molybdenum back contact
layer obtained at 1.2 W/cm2 of sputtering power and 40 min of the deposition time.

Table 2. X-ray diffraction parameters of Mo back contact layer deposited on SLG substrate.

Pos. 2θ [◦] d-Spacing [Å] FWHM [◦] Crystallite Size [Å]

1 40.41 2.23 1.38 84.0
2 73.48 1.29 2.50 398.0

Figure 3 depicts Mo sheet resistance Rs dependency on sputtering power and time of the deposition
process. As can be seen, sheet resistance decreases with the increase of both parameters. Our previous
studies on Mo back contact [19] revealed Rs value of 4 Ω/� for 80 W of sputtering power. Our present
findings confirmed that below 80 W the sheet resistance of the film is relatively poor (Figure 3).
However, for higher sputtering power sheet resistance became much lower (below 1 Ω/�) for at least
30 min of the deposition process. The best value of Rs was found to be 0.3 Ω/� for sputtering power of
120 W and 40 min of deposition.

In order to obtain an aluminum-doped zinc oxide layer with the best sheet resistance, experimental
campaign was carried out in the 250–320 W (3.08–3.95 W/cm2) power range. The deposition process
was carried out in the pressure 0.287 Pa. In these studies, two deposition times were examined—30 and
45 min. Nonetheless, the layers obtained in 30 min were characterized by poor electrical conductivity.
As can be seen from Figure 4, at the outset, the sheet resistance of the films, which were obtained for
250 W of power, was relatively high for implementation in the CIGS solar device. However, increasing
the power to 290 W caused a decrease of the sheet resistance. The lowest Rs value, which was 141 Ω/�,
occurred for a deposition time equal to 45 min. Further increasing the power applied to cathode did
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not cause decreasing the sheet resistance. Based on the previous studies [20], annealing treatment
enhanced the electrical properties of transparent conductive oxides (TCO). Different times, up to 4 h,
and temperatures in the 100–400 ◦C range were investigated. The best improvement of the conductivity
was observed for two compilation of set parameters. In both cases, an approximately 3-fold decline
was observed. The sample characterized by 141 Ω/� was annealed in the temperature set at 300 ◦C by
3 h. After treatment, the Rs value decreased to 55 Ω/�.Coatings 2020, 10, x FOR PEER REVIEW 5 of 14 
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In order to collect charges from the bottom layers, transparent conductive oxide is covered by
a metal grid mostly made of few micrometers of aluminum. The most common fabrication method
is evaporation; however, consequently, sputtering was used in the case of this research. Electrical
properties of aluminum contact films deposited on SLG were described in previous studies [21] in
detail. Figure 5 shows the dependency of aluminum films’ sheet resistance on sputtering power and
deposition time. Similarly to Mo back contact, Rs decreases with the increase of sputtering power.
However, in contrast to Mo back contact material, conductivity of Al layer is higher for all studied
values of applied powers and times (Rs is below 0.8 Ω/�). Moreover, above 30 min of deposition,
a change in Rs value with sputtering power seems to be negligible. The lowest value of Al sheet
resistance was obtained for sputtering power equals 100 W and 30 min of the deposition time (0.08 Ω/�).
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3.2. Heterojunction Materials of CIGS Photovoltaic Device

Figure 6 shows the SEM images of copper indium gallium diselenide (CIGS) absorber deposited
on Mo back contact. Smoothed surface with grains of different sizes (up to 400 nm) which is caused
by relatively low temperature of the deposition process (400 ◦C) and high deposition pressure,
can be observed.

Coatings 2020, 10, x FOR PEER REVIEW 6 of 14 

 

evaporation; however, consequently, sputtering was used in the case of this research. Electrical 
properties of aluminum contact films deposited on SLG were described in previous studies [21] in 
detail. Figure 5 shows the dependency of aluminum films’ sheet resistance on sputtering power and 
deposition time. Similarly to Mo back contact, Rs decreases with the increase of sputtering power. 
However, in contrast to Mo back contact material, conductivity of Al layer is higher for all studied 
values of applied powers and times (Rs is below 0.8 Ω/□). Moreover, above 30 min of deposition, a 
change in Rs value with sputtering power seems to be negligible. The lowest value of Al sheet 
resistance was obtained for sputtering power equals 100 W and 30 min of the deposition time (0.08 
Ω/□). 

 
Figure 5. Sheet resistance of aluminum top contact thin films as a function of sputtering power and 
deposition time. 

3.2. Heterojunction Materials of CIGS Photovoltaic Device 

Figure 6 shows the SEM images of copper indium gallium diselenide (CIGS) absorber deposited 
on Mo back contact. Smoothed surface with grains of different sizes (up to 400 nm) which is caused 
by relatively low temperature of the deposition process (400 °C) and high deposition pressure, can 
be observed. 

  

Figure 6. SEM images of the CIGS absorber deposited on SLG substrate covered by Mo back contact 
film: (left) plane view and (right) cross-sectional view. 

High-performance Cu(In,Ga)Se2 solar cells should be fabricated with Cu/(Ga + In) ratio (CGI) 
ranging from 0.7 to 1.0 and Ga/(Ga + In) ratio (GGI) between 0.2 and 0.3 [22]. In order to control both 

Figure 6. SEM images of the CIGS absorber deposited on SLG substrate covered by Mo back contact
film: (left) plane view and (right) cross-sectional view.

High-performance Cu(In,Ga)Se2 solar cells should be fabricated with Cu/(Ga + In) ratio (CGI)
ranging from 0.7 to 1.0 and Ga/(Ga + In) ratio (GGI) between 0.2 and 0.3 [22]. In order to control both
ratios, EDS analysis was carried out in this study. Figure 7 illustrates EDS spectra of CIGS absorber
film deposited on soda lime glass (SLG) substrate covered by a molybdenum (Mo) back contact layer.
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Figure 7. EDS spectrum of the Cu(In,Ga)Se2 thin film deposited on glass substrate covered by
molybdenum back contact layer.

Significant peaks of CIGS absorber elements with their characteristic X-ray energy were as follows:
Cu (Kα = 8.040 keV, Lα = 0.930 keV), In (Lα = 3.286 keV), Ga (Lα = 1.098 keV) and Se (Lα = 1.379 keV).
Sputtered CIGS layer was composed of about 25.9 at.% Cu, 21.6 at.% In, 5.4 at.% Ga and 45.0 at.% Se.
Calculated average CGI, GGI, and Se/(Cu + In + Ga) ratios were equal to 0.96, 0.2, and 0.85 respectively.
Other elements which were observed in the EDS spectra mostly came from Mo bottom layer (~2 at.%).

Figure 8 depicts Cu Kα (λ = 1.54056 Å) XRD pattern of CIGS film deposited on Mo layer. As can be
seen, diffraction peaks located at 26.6◦, 44.2◦, 52.4◦, 64.3◦ and 70.9◦ can be distinguished. They confirm
formation of Cu(In,Ga)Se2 absorber (according to the JCPDS Card No. 00-035-1102 [23]). First, a very
narrow and intense peak at 26.6◦ corresponds to (112) plane of chalcopyrite polycrystalline structure.
Small width and high intensity of the presented peak proves the excellent crystalline quality of
the sputtered absorber layer, which was also confirmed by the cross-sectional plane of SEM image
presented in Figure 6. Another two peaks which can be easily recognized are located at 2θ position
equal to 44.2◦ and 52.4◦. They correspond to the (220)/(204) and (116)/(312) planes, respectively.
These orientations allow forming better quality of p-n junction due to higher diffusivity of Cd atoms
into (220)/(204)-oriented layers [24].
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Table 3 summarizes XRD parameters of the sputtered CIGS layer (two peaks located at 40.51◦

and 73.78◦ belong to the bottom Mo layer). The calculated grain size from the highest intensity peak
located at 26.59◦ was 50 nm. FWHM value below 0.35 indicates high quality of deposited layer.



Coatings 2020, 10, 791 8 of 14

Table 3. XRD parameters of CIGS absorber deposited on Mo back contact layer.

Pos. 2θ [◦] d-Spacing [Å] FWHM [◦] Crystallite Size [Å]

1 26.59 3.35 0.22 501
2 40.51 2.23 1.41 45
3 44.20 2.05 0.28 392
4 52.36 1.75 0.35 364
5 64.31 1.45 0.91 77
6 70.88 1.33 0.36 224
7 73.78 1.28 2.10 34

Figure 9 depicts EDS spectra of the SLG/Mo/CdS structure with characteristic peaks of CdS
material: cadmium peak with characteristic X-ray energy Lα = 3.133 keV and sulfur with Kα equals
2.307 keV. CdS film was composed of 36.8 at.% of cadmium and 18.2 at.% of sulfur. Peak of molybdenum
layer was also observed (with the amount of 45 at.%).
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Figure 9. EDS spectrum of the CdS buffer film deposited on CIGS absorber by magnetron
sputtering technique.

In order to investigate the crystal structure and grain size of cadmium sulfide buffer, Cu Kα

(λ = 1.54056 Å) XRD pattern of CdS film deposited on Mo layer was obtained (Figure 10). The temperature
of the substrate during the deposition process was 200 ◦C.
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Figure 10. XRD diffraction pattern of CdS film deposited at temperature of 200 ◦C on Mo layer.

Diffraction peaks located at 26.5◦ and 47.9◦ correspond to the CdS hexagonal (002) and (103)
planes according to the JCPDS Card No. 01-080-0006 [25]. Similarly to the CIGS pattern presented in
Figure 8, the small width and high intensity of the peaks prove the excellent crystalline quality of the
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formed CdS layer. In both cases (Figures 8 and 10), a Mo peak located around 40◦ can be observed.
Table 4 summarizes XRD parameters of the sputtered CdS layer. Calculated grain size from the highest
intensity peak was about 191 nm.

Table 4. XRD parameters of CdS buffer deposited on Mo substrate.

Pos. 2θ [◦] d-Spacing [Å] FWHM [◦] Crystallite Size [Å]

1 26.52 3.35 0.15 1908
2 40.25 2.23 1.05 63
3 47.91 1.90 0.35 205
4 54.66 1.68 0.17 513

In order to fabricate heterojunction, CdS thin buffer layer was deposited onto the Cu(In,Ga)Se2

absorber film for further X-ray analysis. Figure 11 shows XRD patterns of the structures deposited
on SLG substrate by magnetron sputtering method in one technological process without breaking
the vacuum. Such a procedure allowed films of p-n junction in Ar neutral ambient under vacuum to
be fabricated. Co Kα radiation (λ = 1.78896 Å) was used for measurements. However, position (2θ)
values of XRD patterns were converted from Co Kα into Cu Kα and provided in Table 5.
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without (below) and with (above) CdS film sputtered on the top.

Table 5. X-ray structural parameters of CIGS/CdS layers deposited on SLG/Mo substrate.

N◦ Calc. Pos.
[◦2Th.] Cu d-Spacing [Å] FWHM [◦] Crystallite Size [Å]

1 26.48 3.36 0.26 352
2 40.39 2.23 0.70 113
3 44.44 2.04 2.06 41
4 47.82 1.90 0.76 104
5 52.34 1.75 2.21 36
6 73.41 1.29 1.68 72

From both diffractograms, several peaks located at the same position 2θ can be easily recognized.
They correspond to molybdenum contact film (2θ = 40.4◦, 2θ = 73.4◦) and to the formation of
Cu(In,Ga)Se2 absorber layer (2θ = 26.7◦, 2θ = 44.4◦, 2θ = 52.3◦). Additional diffraction peaks at 26.5◦

and 47.8◦, illustrated in Figure 11, suggest the presence of CdS crystal. Very strong, narrow peak
located at 26.5◦ together with the peak at 47.8◦ confirm formation of the hexagonal oriented structure
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of CdS film on CIGS absorber layer. However, the grain size of CdS was 35 nm in this case which can
be explained by the small grains of the CIGS bottom layer.

Moreover, Tables 3–5 show the value of inter-atomic spacing (d-spacing). For dominant peaks
of Cu(In,Ga)Se2 and CdS crystals, d-spacing was found to be 0.335 and 0.336 nm, respectively. Thus,
the lattice mismatch of the heterojunction between both deposited films is very small, which is desirable
for good quality photovoltaic devices [22].

Figure 12 shows X-ray diffraction pattern of highly resistive i-ZnO deposited on SLG substrate at
200 ◦C. Similarly to the previous studies on ZnO:Al [20], a large, intense peak located at 33.93◦ which
corresponds to the hexagonal polycrystalline structure with (002) plane was observed (according to the
JCPDS Card No. 00-001-1136 [10]). The average grain size calculated from FWHM of (002) diffraction
peak was about 10 nm.
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4. Discussion

The structural and electrical properties of analyzed layers deposited using only magnetron
sputtering method confirmed the possibility of fabrication the highly conductive contact layers, as well
as of high-quality CIGS absorber together with a CdS and i-ZnO buffer layer.

Similarly to the presented results of molybdenum (Mo) back contact film, a BCC structure with
strong (110) peak at 2θ = 40.5◦ (Figure 2) was found by many researchers (e.g., [18,26,27]). Second,
weak (211) peak at 2θ = 73.5◦ was also observed by Su et al. [28] for higher power applied to the
cathode (between 3.5 W/cm2 and 4.5 W/cm2). Sputtering power used in these studies was in the range
between 0.74 and 1.48 W/cm2. The work of [17] presents the dependency of Mo grain size on substrate
temperature during the deposition process. It was shown that a higher substrate temperature leads
to better crystallinity and thus to larger grains of the film. According to the result of Zhao et al. [17],
the size of Mo grains varied from 11.7 nm at room temperature to 33.1 nm at 400 ◦C for 0.3 Pa of
the sputtering pressure. The average crystallite size obtained by Su et al. [28] was around 8.7 nm at
0.67 Pa. A similar value of grain size (8 nm) was observed in the current studies for a sputtering
pressure equaling 1.53 Pa. Small area devices require back contact film with sheet resistance (Rs) about
20 Ω/� [22]. Su et al. [28] investigated the effect of sputtering power influence on sheet resistance of
molybdenum film. At lower values of power applied (3.5 W/cm2), the conductivity of the Mo thin
structure was poor with Rs around 4.5 Ω/�. Our results confirmed the value of 4 Ω/�with 1 W/cm2

of power. Higher sputtering power caused decrease of Rs to 0.3 Ω/�, which can be explained by the
increase of the layer thickness. The goal of the present research was to decrease the value of sheet
resistance as much as possible. The obtained results are consistent with the findings of Su et al. [28]
and Pethe et al. [26]. Similar to results of this paper, Rs values were presented by [29] for Al-doped
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zinc oxide (AZO) fabricated using an aqueous solution process followed by an UV exposure technique
combined with the annealing process. The high value of Rs equals 1500 Ω/� decreased to 36 Ω/�.

Field studies, e.g., [11,16,30], have observed similar ranges of CGI and GGI atomic ratios to that
which we reported in the current study. Park et al. [16] investigated XRD patterns of CIGS thin films
at substrate temperature ranging up to 600 ◦C. They found that all films which were grown at the
temperature above 200 ◦C showed good crystallinity with FWHM value between 0.22◦ and 0.35◦.
The abovementioned peaks were also found by Badgujar et al. [31] where the chemical method was
used to prepare a CIGS thin film. Ayachi et al. [24] observed additional (400) and (332) peaks after
annealing the samples at 540 ◦C. Similar additional peaks were observed by Liang et al. [30] and [32]
for substrate temperatures during the deposition ranging from 500 to 550 ◦C. Results presented in this
paper reveal observation of above mentioned peaks for lower substrate temperature (400 ◦C) under
1.53 Pa of pressure (Table 3). From the studies of Ouyang et al. [33], the dependency of the average
grain size on annealing temperature can be found. Moreover, the grain size depends not only on the
temperature but also on other parameters, such as GGI ratio, sputtering pressure, and power [34].
Yu et al. [35] found the average grain size of 200 nm for the substrate temperature equaled 350 ◦C.
Peace et al. [12] found that the grain size of the CIGS decreased with the increase of gallium content.
The highest GGI (0.41) resulted in the smallest grains of size 41 nm. This value is very close to the
result presented in these studies. Observations carried out by Kong et al. [23] revealed a very strong
relationship between the roughness of the CIGS thin film and the working pressure.

Joshi et al. [36] published EDAX spectra of CIGS/CdS heterojunction. Significant peaks of copper
(Cu), indium (In), gallium (Ga), selenium (Se) as well as cadmium (Cd) and sulphur (S) were identified.
Observation of these elements is similar to our findings presented in Figures 7 and 9. The XRD
analysis presented in Figure 10 and Table 4 confirm preferentially oriented (002) plane located at 26.5◦,
which was also observed by Toma et al. [25] and Kim et al. [37]. They also used sputtering for CdS
deposition. Similarly to our observations (Table 4), they measured peak (103) located at 47◦. Theelen
et al. [38] showed the XRD profile of the whole multilayer structure of CIGS solar cell. Similarly to
our results (Figure 8), the preferred orientations of Mo (110) and CIGS (112) were detected. The same
position, comparing to the result presented by Theelen et al. [38], of two another CIGS peaks ((220)
and (312)) was found in these studies. Moreover, the XRD peak corresponding to the conductive
oxide ZnO:Al with orientation of (002) was shown. It is consistent with the results of X-ray pattern
shown in Figure 12 and our previously published research related to TCO thin film [20,39]. It should
be emphasized that most of the presented XRD peaks are characterized by the low value of FWHM.
Peaks related to CdS structure have an FWHM below 0.5◦ (Table 4) which proves high crystallinity of
the CdS film. The calculated grain size of CdS was different for different substrates. It can be explained
by the grain size of the layer which is under the CdS film. The d-spacing value of the highest intensity
CdS peak equals 0.335 nm (Table 4) was found to be similar to the results obtained by Lee et al. [40]
with the CBD method. The lattice mismatch of the obtained heterojunction is very small, which creates
preferable conditions for CIGS-based device fabrication.

Several issues related to the influence of magnetron sputtering parameters on structural quality
are still opened for investigation. A further experimental campaign on the improvement of CIGS
absorber grain size by decrease of sputtering pressure together with the increase of sputtering power is
planned. The influence of sputtering parameters on efficiency of the CIGS photovoltaic device is the
most interesting goal for future research.

5. Conclusions

The magnetron sputtering technique was applied to fabricate thin film structures for CIGS solar
cells application. The structural properties of the sputtered layers were analyzed using SEM, EDS and
XRD methods. The sputtering parameters influence on electrical conductivity of the top and back
contact materials was evaluated using four-point probe characterization. The lowest values of Rs

were found to be 0.3 Ω/� for molybdenum film and even 0.08 Ω/� for aluminum layer. The XRD
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pattern of Mo film with a very intense peak confirmed body-centered cubic structure with (110)
preferred orientation. The dependency of sheet resistance on sputtering power was observed in the
case of transparent oxide material (Al-doped zinc oxide) used in this research. The annealing step
decreased the sheet resistance of AZO layer up to three times. All fabricated contact materials were
found to be suitable for CIGS fabrication in terms of electrical properties. EDS analysis confirmed
correct stoichiometry of the CIGS absorber. Calculated CGI and GGI ratios were found to be 0.96
and 0.2, respectively. X-ray diffractograms revealed very narrow and intense diffraction peaks typical
for polycrystalline chalcopyrite CIGS crystal. FWHM value below 0.35 confirmed the possibility of
high-quality absorber fabrication at a relatively low substrate temperature of 400 ◦C under 1.53 Pa of
deposition pressure. XRD studies on CdS and i-ZnO layers confirmed the presence of the hexagonal
structures. Finally, a small lattice mismatch of the p-n heterojunction materials was detected.
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