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Abstract

The objective of this work is to investigate the influence of sodium on the characteristics of Cu(In,Ga)Se, (CIGS) thin films prepared
by a three-stage deposition process with a MoNa back contact, in comparison to Mo/SLG. The XRD results show that all the CIGS thin
films deposited onto Mo/SLG substrates have the (112) preferred orientation, rather than the (220/204) orientation of CIGS deposited
onto Na-free substrates. As the thickness of the MoNa increases, the (220/204) orientation becomes more common in the CIGS thin
films due to the surfactant effect of the sodium which can reduce the surface free energy during the growth process. A stronger Ga
gradient and a decrease of grain size near the back contact are observed when the Na content increases. Raman analysis reveals that all
the CIGS thin films exhibit a single peak without the occurrence of an OVC compound. The Raman peaks of the absorber layers shift
from 174 cm-1 to 171 cm-1 as a result of the formation of a more stable NaInSe, compound by the replacement of Cu vacancy sites
by Na. The conversion efficiencies of CIGS solar cells deposited on SLG/Mo and Na-free glass/Mo/MoNa(200nm)/Mo are 13.71% and
14.24%, respectively.

Keywords: Cu(In,Ga)Se,; Three-stage Deposition Process; MoNa; Back Contact

Introduction

The advantages of Cu(In,Ga)Se,(CIGS), their direct band gap, high light absorption coefficient (1x10° cm™), controllable band gap,
etc., have made it one of the most attractive thin films for solar cells with a conversion efficiency of over 20% [1,2]. Nowadays, it
has been demonstrated that the insufficient-copper CIGS thin films prepared by the three-stage deposition process can achieve a
high conversion efficiency due to the lowering of the defect formation energy (less than 1eV) [3,4]. A composite defect structure
(2V,, +In}; ) that has a negative value of formation energy spontaneously appears as a consequence of order vacancy compounds
(OVCs) at the surface, which can lead to Cd ion diffusion into the surface of the absorber layer to produce a buried homo-junction
during the chemical bath deposition process [5]. Meanwhile, improving the open-circuit voltage and short-circuit current densities
of solar devices during the three-stage deposition process depends upon the formation of the depth-profile gallium gradient [6].
The key for the development of high-efficiency devices is to effectively control the gallium gradient [7,8].

Furthermore, sodium supplied in the roll-to-roll manufacturing process with a non-sodium based flexible substrate, such as
stainless steel, titanium or polymer, plays a very important role in the development of high efficiency devices [9,10]. The effects of
the addition of alkali metal are summarized as follows: (1) an increase in the hole carrier concentration and electric conductivity of
the absorber layers can enhance the open-circuit voltage and fill factor of solar devices; (2) the preferred orientation of the absorber
layers has an influence on the Cd ion diffusion; (3) the amount of sodium added affects the grain size in the absorber layer; (4)
gallium diftusion is inhibited by the sodium during the three-stage deposition process [11-19]. The most common way to add
sodium is by deposition of NaF fluorides through an evaporation process [14,20-22]. However, a CIGS solar cell fabricated using a
NaF content lower than that of soda-lime glass exhibits insufficiencies effect due to avoiding the substrate adhesion problem as well
as the survival phenomenon at low processing temperatures or high NaF content. It should be mentioned that CIGS solar cells may
achieve an efliciency of up to 16.6% when using a sodium-doped molybdenum target (MoNa) as the sodium source [23]. In this
study, the preferred orientation of the structure, surface morphology and characteristics of the absorber layers of devices prepared
by the three-stage deposition process with different thicknesses of MoNa back contacts are investigated.
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Experimental Procedure

CIGS absorber layers were deposited on soda-lime glass (SLG) and silicon wafers coated with approximately 100 nm silica
and prepared by plasma enhanced chemical vapor deposition (plasma-enhanced chemical vapor deposition, PECVD). The
commercially available sputtering targets with sodium concentrations of 10 at% were used. The sodium was incorporated onto the
Mo target material in the form of sodiummolybdate (Na,MoO,), therefore the amount of oxygen increased with an increase in the
thickness of the MoNa. Two series of back contact layers were fabricated on SLG substrates of 1000 nm and on silicon wafers with a
sandwich design with upper and lower layers of 500 nm, respectively, and intermediate MoNa layers of 0 nm, 100 nm and 200 nm.
The resistance for the MoNa back contacts with different thicknesses can be maintained at 40-50pQcm.

The absorber layers were fabricated by a three-stage deposition process using an evaporation system equipped with an X-ray
fluorescence (XRF) detector. During the first stage, In, Ga and Se were co-evaporated onto the substrates to form the (In,Ga),Se,
film at a substrate temperature of 350 °C. At the end of second stage, the films were exposed with a flux of Cu and Se at a substrate
temperature of 550 °C to produce a slightly Cu-rich composition, Cu / (In +Ga)=1.2 ~ 1.22. In the third stage, the addition of In Ga,
and Se flux were supplied to change the Cu-rich to a slightly (InGa)-rich composition. The composition of all the absorber layers
was Cu / (In +Ga)= 0.80 and Ga / (In +Ga)= 0.3, with a thickness of about 1.5 - 1.6 um. The crystal structure and morphology of
the absorber layers were investigated by X-ray diffraction (XRD) using a CuKa radiation source (\=1.5406 A) and field emission
scanning electron microscopy (FESEM). Characterization of the absorber layers was performed by Raman spectrometry with a
laser source with a wave length of 488 nm.

Devices with the CIGS films were fabricated by deposition in a chemical bath of a 50 nm CdS buffer layer, an RF sputtered 70
nm i-ZnO, a DC sputtered 350 nm AZO and a DC sputtered 50 nm Ni/2 um Al front contact grid, in order to facilitate current
collection. Individual solar cells with an area of 0.5 cm2 were characterized using an AM 1.5 solar simulator.

Results and Discussion

Figure 1 shows that the structure of all absorber layers is a chalcopyrite phase with XRD peaks of (112), (103), (211), (220/204),
(312/116), (224), (400/008), (316/332). It can be observed that the absorber layer deposited on SLG exhibited a (112) preferred
orientation, in contrast to the (220/204) orientation appearing on the MoNa back contact. The degree of the preferred orientation
of the absorber layers was quantified. In this study, 3 peaks of (112), (220/204) and (312/116) were used for calculation, with the
ratio of the integrated intensities of selected peaks to the sum of all peaks in a scanned range, as shown in Figure 2. In general,
the (112) preferred orientation would form in the Cu-poor absorber layers in order to reduce the surface free energy under the
formation of Cu vacancies V, and I antisite defects [11,13,14]. It has been reported that the ratio of (006) plane and (003) plane
in (In,Ga),Se, films, appearing at XRD peak positions of approximately 27° and 46°, may tailor the (112) and (220/204) preferred
orientations during the absorber layer growth process [15]. However, it is clear that the ratio of (220/204) can be improved from
0.44 to 0.5 as well as a decrease in (112) orientation from 0.36 to 0.32 as the by increasing the MoNa layer thickness from o
nm to 100nm. There are models reported in the literature that describe the growth mechanism of CIGS absorber layers using a
three-stage deposition process: via a vapor-liquid-solid mechanism and the existence of a semi-liquid Cu-Se phase that forms at
temperatures over 523 “C. The Cu vacancies provide a diffusion path to obtain a quality material with large grains [24-26]. Typical
Na concentrations found in such CIGS layers are of the order of 0.1 at% [27-32]. Therefore, the use of the proper Na content to
produce a surfactant effect diffusing through the semi-liquid Cu-Se phase and arriving at the Na-passivated surface of a CIGS grain
may not be incorporated into the CIGS crystal straight away. It is indicated that the surfactant effect is beneficial to the growth
of the a (220/204) preferred orientation for the formation of the lowest surface energy, instead of the (112) preferred orientation
under the excess Na content which acts as an obstacle that limits the inter-diffusion of In and Ga atoms. Figure 3 shows that surface
morphology of absorber layers deposited on the SLG. Facets and small sharp grains are present, in contrast to the smooth and
large sharp grains deposited on the MoNa back contact. Moreover, there is a clearly observable difference in the morphology of the
absorber layers on MoNa where the grain size increases as the thickness of the MoNa contact increases. The cross-sectional SEM
images of all the absorber layers show a defined columnar structure, as can be seen in Figure 4. In observations of the absorber
layers prepared on non-sodium substrates it is found that the columnar structure exhibits a uniform and large grain size from the
surface to the back contact. However, the reduction in the grain size close to the interface between the absorber layers and back
contacts may appear in layers with the addition of Na. This result is consistent with previous studies, in that the diffusivity of Ga
is relatively lower [37]. At the same time, Ga-O and Na-O bonds form easily due to chemical electronegativity. The Ga diffusion
is suppressed by the Na coming from the back contact to aggregate on the bottom [38]. Therefore, a non-homogenous Ga depth
profile is revealed. The Raman spectra measured at the surface of absorber layers deposited on different back contacts are shown
in Figure 5. The Raman spectra exhibited a single peak with no peak at 154 cm’, identified as belonging to the order vacancy
compound, OVC), likely with Culn_ Se, ., Culn,Se,, Culn,Se, in the spectrum [34]. The main reason for the non-existence of the
OVC peaks is that the intensity of the chalcopyrite band progressively becomes stronger, while the contribution from the OVC
bands becomes negligible with a high copper ratio greater than 0.8 [35-36]. The Raman peaks of the absorber layers deposited
on the SLG with MoNa back thicknesses of 0 nm, 100 nm, 200 nm are 171 cm™, 174 cm™, 174 cm™ and 173 cm™, respectively. In
principle, the shift in the peak can be attributed to chemical variation of the compound alloy occurring at the surface. It has been
reported that the substitution of Na into Cu sites Na_ will result in the formation of a stable compound, NalnSe, [33]. It may be
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Figure 1: X-ray diffraction pattern of absorber layers with different back contact
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Figure 2: The peak ratio of (112), (220/204), and (312/116) of absorber layers with different back contact

Figure 3: Plan-view SEM micrographs of CIGS film (a) SLG, (b) MoNa 0 nm, (c) MoNa 100 nm, (d) MoNa 200 nm
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Figure 4: Cross-section SEM micrographs of CIGS film
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Figure 5: Raman spectra of absorber layers with different back contact
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Figure 6: The I-V Characteristic of the solar cells with absorber layers deposited on SLG and different MoNa back contact thickness
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demonstrated that a larger amount of Na contributing to the formation of NalnSe, at the surface can cause a Raman peak shift
effect. The different absorber layers fabricated for thin film solar cells had the conventional Al-Ni/ZnO:Al/i-ZnO/CdS/CIGS/Mo/
SLG structures. The efficiencies of solar cells with absorber layers deposited on SLG and MoNa backs with thickness of 0 nm, 100
nm and 200 nm are 13.71%, 2.71%, 8.98%, and 14.24%. The I-V characteristics of the solar cells with absorber layers deposited on
SLG and MoNa back contacts with a thickness of 200nm are presented in detail, as shown in Figure 6. It is obvious that Na can
improve the quality of the absorber layers as well as enhance the open-circuit voltage and fill factor of solar devices [11,12].

Conclusion

In this study, it is found that the choice of the proper Na content, so that there is a surfactant effect, is beneficial to (220/204)
preferred orientation growth, instead of the (112) orientation. In other words, the excess Na content acts as an obstacle to growth.
A reduction in the grain size near the back contacts appears, probably due to the suppression of Ga diffusion by Na. A larger
amount of Na will replace Cu to form more NalnSe,, causing a Raman peak shift effect. Finally, high conversion efficiencies of
13.71% and 14.24% are achieved by solar cells with absorber layers deposited on the SLG and MoNa back contact thickness of 200
nm, respectively.
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