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Abstract

:

Improvement in crystallinity was investigated by compensating for stoichiometric deviations of non-selenization processed Cu0.9In0.7Ga0.3Se2 (CIGS) thin films due to highly volatile Se by co-sputtering them with Te followed by rapid thermal annealing. The prepared CIGS:Te thin films did not show any linear correlation between the compositional ratio and the co-sputtering time of Te; however, the deviation parameter (Δs) from the stoichiometry and normalized stoichiometric deviations of Se + Te and In + Ga were largely consistent with the behavior of thin-film properties. The proposed method provides better crystallinity with a large grain size, clear grain boundaries, and low microstrain and dislocation density, resulting in a large volume of the unit cell. The CIGS:Te thin films used as absorbers show improved optical properties compared to the conventional CIGS thin films, with Eg = 1.548 eV. These results can advance the low-cost commercialization of the enhanced-efficiency CIGS:Te thin films without the selenization process.
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1. Introduction


Chalcopyrite Cu–III–VI2 (III = In, Ga, Al; VI = Te, S, Se) semiconductors such as CuAlSe2 (CAS), CuInSe2 (CIS), CuIn1−xAlxSe2 (CIAS), CuIn1−xGaxSe2 (CIGS), and CuIn1−xGax(Se1−ySy)2 (CIGSS) are promising materials for thin film solar cells [1,2,3]. Among them, CIGS has been extensively studied because of its high optical absorption (>105 cm−1), tunable band gap (Eg) from 1.011 eV (CIS) to 1.676 eV (CGS), excellent electro–optical stability, low-cost raw materials, non-use of toxic or hazardous polluting substances, and long-term electrothermal stability [4,5]. A co-evaporation and post-selenization process for CIGS thin films is well established [6]; however, it has several disadvantages, including the complexity of the process with expensive equipment, slow reaction rate, and poor adhesion to the back contact [7,8,9]. Several efforts have been made to develop an eco-friendly and inexpensive method for the one-step fabrication of CIGS thin films without an additional selenization or sulfurization process [10,11,12]; nevertheless, the loss of Se in the thin films due to volatilization during heat treatment could not be suppressed [13,14,15,16,17]. In previous studies, this non-selenization method was performed to prepare CI(G)S thin films with Se-rich precursors, considering the vaporization of Se in advance by adjusting the temperature and time using a rapid thermal annealing (RTA) process in ambient N2 gas [12,13]. Although the crystallinity and optical properties of the CI(G)S thin films could be improved by slightly supplementing the Se composition, a stoichiometric CI(G)S thin film could not be prepared [13]. Substitutional doping by partial replacement of Se with Te can contribute to an increase in the band gap of the CuInGa(Se,Te)2 (CIGST) absorber, allowing it to participate in p–d and s–p transitions for increasing the uncertainties in band structure with a lower barrier height for p–n junction formation [18,19]. Although this gives a corresponding loss of photocurrent, this can enhance the open-circuit voltage (Voc) by increasing the band gap of the absorber layer by compensating for Se vacancies [18,20]. Magnetron sputtering has the advantages of excellent composition transfer, superior adhesion of thin films, straightforward control of the deposition rate, uniform surface morphology, possibility of large-area deposition, and low-cost and full-vacuum equipment [21,22]. Moreover, the co-sputtering process can be performed as a one-step process with control over the composition of the films without the use of toxic or explosive chemicals or high-cost equipment for the selenization process. The focus of this study is to examine the effect of Te incorporated into the space charge region of CIGS thin films prepared using radio frequency (RF) magnetron co-sputtering equipment with Cu0.9In0.7Ga0.3Se2 and Te targets. A series of Te-doped CIGS (CIGS:Te) thin films were fabricated with different Te contents at a constant total thickness, which was controlled by the deposition time for the Te target. Then, all the precursors were annealed by using a rapid thermal annealing (RTA) system to prevent the volatilization of Se and Te-nonhomogeneity.




2. Materials and Methods


CIGS:Te thin films were deposited on 2 cm × 2 cm Corning glass using an RF magnetron co-sputtering equipment (IDT Engineering Co., Gyeonggi, Republic of Korea) [21], with 5.08-cm-diameter CIGS (RNDKorea Corp., Gyeonggi, Republic of Korea, Cu0.9In0.7Ga0.3Se2, 99.99%-purity) and Te (RNDKorea Corp., 99.99%-purity) targets at fixed powers of 35 W and 10 W, respectively. All samples were fabricated under the following fixed conditions: pre-sputtering for 3 min at each run, base pressure of 133.3224 × 10−6 Pa, Ar gas flow rate of 50 sccm, frequency of 13.56 MHz, and working pressure of 999.9178 × 10−3 Pa with a substrate-to-target distance of 5.0 cm during sputtering at room temperature. The deposition time for the Te target was varied from 0 to 1140 s to obtain a Te thickness of 0 to 88 nm at a constant thickness of approximately 400 nm, while the total deposition time was adjusted from 3600 to 2916 s for the proper comparison of optical properties. The deposition rates of CIGS and Te were 6.67 and 4.00 nm/min at the process condition, respectively. The estimated or expected thicknesses of Te were (1) 0, (2) 18, (3) 34, (4) 50, (5) 63, and (6) 76 nm, deposited at various co-sputtering times for Te target of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s, respectively, keeping the total thickness of the CIGS:Te thin films at 400 nm (Figure S1). The measured total thickness of the CIGS:Te thin films was 397–417 nm (Figure S2), which is not significantly different from the target thickness. After the co-sputtering deposition of the non-equilibrium CIGS:Te thin films, the samples were subjected to RTA (GRT-100, GD-Tech Co., Gyeongsangbuk, Republic of Korea) at 400 °C for 20 min under a N2 gas atmosphere (Figure S1).



The crystalline structures of the films were analyzed using X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands, X’pert-PRO-MRD, Cu Kα = 0.15405 nm, 40 kV, 30 mA) over a 2θ range of 10°–90° with a step size of 0.026° and scanning speed of 8.5°/min. Field emission scanning electron microscopy (FESEM, JEOL, Tokyo, Japan, JSM-7500F) was used to reveal the morphological characteristics of the CIGST thin films. An energy dispersive X-ray spectroscope (EDX, Oxford Instruments, Abingdon, Oxfordshire, UK, INCA) attached to the FESEM was used to characterize the chemical composition of the CIGS:Te thin films. The optical and electrical properties of the CIGST thin films were measured using an ultraviolet–visible (UV) spectrophotometer (Varian Techtron, Mulgrave, Australia, Cary500 scan) over a range of 200–2000 nm and a Hall-effect measurement system (Accent Optical Technologies, Bend, OR, USA, HL5500PC) at room temperature, respectively.




3. Results and Discussion


FESEM was used to analyze the surface morphologies of the RTA-treated CIGS:Te thin films with different co-sputtering times for the Te target. The top-view FESEM images of the CIGS/CIGS:Te thin films shown in Figure 1 show no extended cracks after the RTA treatment [23,24]. The fine grains were tightly connected, with a relatively indistinct boundary in the CIGS thin film, as shown in Figure 1a. No significant difference between the CIGS:Te thin film with a Te co-sputtering time of 270 s (Figure 1b) and the CIGS thin film (Figure 1a) was observed, except for slightly larger grains in the former. For the CIGS:Te thin film with a Te co-sputtering time of 510 s (Figure 1c), the grains accumulated to form larger grains with clear boundaries after RTA treatment despite the same conditions. Large features were observed on the surfaces of the CIGS:Te thin film, as shown in Figure 1c, similar to the larger grains on the smaller grain background in CIGST and Cu(In,Ga)Te2 (CIGT) thin films formed by compositional variations [1,25]. Well-defined and dense grains with distinct boundaries were also observed in the CIGS:Te thin films with Te co-sputtering times of 750 s (Figure 1d) and 945 s (Figure 1d). At a Te co-sputtering time of 1140 s (Figure 1f), the grains became very small with a blurred boundary as the thickness ratio of Te during the co-sputtering of CIGST:Te thin films increased, and the surface characteristics changed with no consistent tendency.



The compositional characteristics of RTA-treated CIGS:Te thin films fabricated at different Te co-sputtering times were examined using EDX. Considering the different deposition rates of the Te/CIGS targets, thickness ratios for all 400-nm-thick CIGS:Te thin films were estimated. The expected thickness ratios of Te/CIGS were 0/400, 18/382, 34/366, 50/350, 63/337, 76/324, and 88/312 nm at the co-sputtering times for each target shown in Figure 2a, which correspond to the compositional ratios, Te/(Se + Te), of 0.0, 10.3, 15.7, 22.2, 27.2, 31.9, and 36.1%, respectively. However, the atomic percentage of Te/(Se + Te) after the Te co-sputtering was in the range of 4.2–6.0%. The increase was not linear but showed slight ups and downs. Controlling the compositional ratio by controlling the thicknesses of the elemental layers within the precursor stack is reported to be difficult, even with RTA treatment after the evaporation of the stacks [1]; additionally, controlling the compositional ratio by adjusting the deposition rates in the co-sputtering method is also not easy. All the CIGS:Te thin films prepared using the Cu0.9In0.7Ga0.3Se2 target showed Cu-poor compositions, and the CIGS thin film without Te exhibited a Cu-poor composition of around 22.4%, as shown in condition (1) of Figure 2b, which also clearly shows the lack of Se with a composition of around 45.8%. The atomic percentage of In + Ga remained relatively even, within the range of 28.5–32.0% under all conditions. Once Te was co-sputtered, the relative atomic percentage of Se + Te increased by approximately 4%. After increasing the Te co-sputtering time, the relative atomic percentage of Te in the CIGS:Te thin films tended to be similar or slightly reduced, while the relative atomic percentage of Se was constant overall but partially large, even though they were samples that used the same target. The relative atomic percentage of Cu in the CIGS:Te thin films increased and then decreased under the condition (6) after becoming constant, and the relative atomic percentage of Se tended to be inversely proportional to Cu under these conditions. When examining the relationship between the surface morphologies and the change in the relative atomic percentage of the individual elements in the CIGS:Te thin films, an increase in the relative atomic percentage of Cu and a decrease in the relative atomic percentage of Se were noticeable under the condition (6) where the very small grains with indistinct boundaries appeared. According to previous studies [1,26], changes in the surface properties of CIGS/CIGST thin films have been observed with a variation in the compositional ratios of Ga/(Ga + In) and Te/(Se + Te); however, the changes in the surface properties of Te/(Se + Te) were not significant, as shown in Figure 2a. To examine the contribution of certain compositional ratios in the CIGS:Te thin films to the surface properties more closely, various compositional ratios other than Ga/(Ga + In) are shown in Figure 2c. Because the change in the relative atomic percentage of Te over Te-sputtering time was very small, the change in the relative atomic percentages of Se + Te was determined by that of Se, and the surface morphology showed the most similar tendency to the change in the compositional ratio of (Se + Te)/(Cu + In + Ga). This is a different result from that for Ga/(Ga + In), known as a prevailing influence factor on the surface morphology in Cu-rich thin films [1,26], and seems not to be applied under Cu-poor conditions with better energy conversion efficiency. A more rigorous relationship must be investigated. Two parameters, Δm and Δs, were examined to determine deviations from molecularity and stoichiometry, respectively: Δm = [Cu]/([In] + [Ga]) − 1 and Δs = 2([Se] + [Te])/([Cu] + 3[In] + 3[Ga]) − 1 [2,27,28,29]. The parameters Δm and Δs refer to deviations from the molecularity and valance stoichiometry, respectively. For stoichiometric compounds, the parameters exhibited no deviations. Figure 2d shows Δm and Δs in the non-stoichiometric CIGS:Te thin films at different co-sputtering times for the Te target. The chemical compositions of the CIGS:Te thin films were analyzed by extracting their atomic percentage using EDX. Δm < 0 and Δs < 0 ((Se + Te)-poor) compositions were obtained for all the CIGS:Te thin films, regardless of the Te co-sputtering time. While CIGS thin film without Te had Δm = −0.296 and Δs = −0.224, the non-stoichiometric CIGS:Te thin films showed Δm = (2) −0.258, (3) −0.245, (4) −0.231, (5) −0.231, and (6) −0.134 as the Te co-sputtering time was increased. The Δs values were (2) −0.080, (3) −0.067, (4) −0.128, (5) −0.116, and (6) −0.226, respectively. The value in the non-stoichiometric CIGS:Te thin films under the condition (3) was closest to ‘0’, and it was the furthest away under condition (6). Note that Δs in the Δm < 0 CIGS:Te thin films used in this study showed a similar tendency as those of the surface properties. Under the condition that the compositional ratio of chalcogens increased and those of metals decrease at the same time, surface properties, such as grain size and clarity of grain boundaries, were also improved; that is, the Δs approached the stoichiometric composition. In the opposite case, the surface properties degraded. In this study, a normalized deviation from the stoichiometric composition for each element group is proposed and applied to the pentary compound CIGS:Te. The normalized stoichiometric deviation is calculated for each element group by taking the absolute values and is defined as follows: N[In+Ga] = 1 − |[(In + Ga)exp] − [(In + Ga)ideal]|/[(In + Ga)ideal], which converges to ‘1’ when each element group is close to the stoichiometric composition. The deviations from the stoichiometric compositions of Cu, In + Ga, and Se + Te in the CIGS thin films without Te sputtering were −2.59, 6.83, and −4.24, respectively. In the case of Cu, negative values were observed under all conditions except (6), and the deviation was in the range of −3.58–0.79. The deviations for In + Ga and Se + Te were in the ranges of +3.52 to +4.74 and −0.06 to −5.49, respectively, under all conditions where Te was sputtered, as shown in Figure 2b. The effects were more clearly investigated when each deviation was normalized for the ideal stoichiometry, as plotted in Figure 2e. The CIGS thin film prepared via RTA after sputtering had many Se vacancies in a Se-poor state, as shown in Figure 2e; however, the normalized stoichiometric deviation for Se + Te was close to ideal stoichiometry under condition (3) once stoichiometric compensation was performed by Te co-sputtering, while it was the largest under condition (6). Although it could not be confirmed in Figure 2b,d, the normalized stoichiometric deviation for In + Ga also changed dramatically, as shown in Figure 2e. Under all conditions, In + Ga was in a surplus state and showed the largest deviation in the CIGS thin film (condition (1)), but after the Te co-sputtering, even the In + Ga changed more closely to stoichiometry in all the CIGS:Te thin films. In particular, In + Ga was in the smallest excess state under condition (3) and changed to the most non-stoichiometric deviation under condition (6) of the CIGS:Te thin films. The normalized stoichiometric deviation of each element group showed a similar tendency to change, with CIGS thin films being the most non-stoichiometric, while the most stoichiometric and non-stoichiometric compositions were obtained under conditions (3) and (6) of the CIGS:Te thin films, respectively.



Figure 3a shows the XRD patterns of the RTA-treated CIGS:Te thin films at different co-sputtering times for the Te target in the 2θ range of 10°–90°. The XRD patterns exhibited an enhanced crystalline quality in the CIGS:Te thin films without selenization after 20 min of RTA treatment at 400 °C, which did not contain any appreciable amounts of elemental phases or secondary phases such as Te and InTe after the RTA treatment [25]. This is believed to be because Te atoms replace Se vacancies, and all samples show (Se + Te)-poor conditions, leaving no extra Se or Te atoms to appear in the form of elemental phases or secondary phases. The CIGS:Te thin films showed major diffraction peaks corresponding to the CIGS chalcopyrite phases with preferred orientations of (112), (220/204), and (312) at 2θ = 26.71°, 44.28°, and 52.47°, respectively. The major diffraction peaks became sharper and stronger under condition (3). Closest to the stoichiometric composition under condition (3), the normalized stoichiometric deviation for Se + Te was observed to have a greater impact on the crystallinity. The major diffraction peaks were also observed to become less sharp under condition (6), which has the highest (Se + Te)-vacancy and the highest In + Ga surplus. As shown in Figure 2b,c, the change in the relative atomic percentage and compositional ratio was not significant under condition (6). The diffraction peaks of the CIGS:Te thin films under these conditions indicated that grain growth and crystallinity of the thin films occurred along the (112)-, (220/204)-, and (312)-oriented crystallographic CIGS planes. This confirms that Te co-sputtering can achieve good crystallographic quality and grain growth because Te fills the Se vacancies to reduce crystal defects. Acceptable electrical properties, including Voc and the short-circuit current density (Jsc), can be obtained by reducing both carrier recombination and the leakage current originating from the structural defects in the thin films by using densely packed (112)-, (220/224)-, and (312)-oriented grains [10,27]. The full width at half maximum (FWHM) of the (112) diffraction peaks, as a function of Te co-sputtering time, is shown in Figure 3b. The FWHM of the CIGS thin film decreased from 1.1082° to 0.5635° under condition (3) of the CIGS:Te thin film after Te co-sputtering because of the closest stoichiometric condition, indicating fewer defects overall, including both Se vacancy and In + Ga interstitial. The crystallite sizes of the CIGS/CIGS:Te thin films were calculated from the (112) diffraction peak using the Debye–Scherrer formula, D = 0.94λ/ω·cosθ, where λ is the Kα radiation wavelength of Cu (λ = 0.15406 nm); ω is the FWHM of the (112) diffraction peak in radians; and θ is the Bragg angle corresponding to the (112) diffraction peak. The crystallite size of CIGS thin film without Te was 7.12 nm, which increased to 15.88 nm under condition (3), as shown in Figure 3b, whereas it reached a minimum value of 6.79 nm under condition (6). The average grain size is shown in Figure 3c, which was estimated using the FESEM images in Figure 1 and the ImageJ software [30]. Both, the crystallite size from XRD and average grain size from FESEM, showed a similar tendency with respect to Δs from EDX.



Figure 4a shows the interplanar distances corresponding to the d-spacings for tetragonal CIGS:Te orientation along the (112) plane, d112, at different co-sputtering times for the Te target. d112 was calculated using the equation d112 = λ/2sinθ, where λ is the Kα radiation wavelength of Cu (λ = 0.15406 nm) and θ is the Bragg angle corresponding to the diffraction peak obtained from the XRD data [31]. The d112 value of the CIGS:Te thin films was in the range of 0.333–0.334 nm, which agrees with a previous study [32]. The tetragonal distortion parameter η = c/a was in the range of 2.005–2.026. The diffraction data analysis with lattice constants a and c in a tetragonal chalcopyrite structure was performed using the equation 1/d2 = (h2 + k2)/a2 + l2/c2, combined with Bragg’s law, d = λ/2sinθ, where d is the spacing between the planes in the atomic lattice (interplanar spacing); hkl are Miller indices; λ is the wavelength of CuKα radiation; and θ is the angle between the incident ray and the scattering planes [33]. For a particular incident X-ray wavelength λ and angle θ from XRD, the d spacing can be determined from Bragg’s law. Lattice constants a and c can also be calculated using the (112), (220/204), and (312) peaks shown in Figure 4b. The lattice constants of the tetragonal CIGS:Te thin films are generally a = 0.56–0.58 nm and c = 1.10–1.15 nm [34]. For the CIGS thin films without Te, a and c were 0.575 and 1.164 nm, respectively. Lattice constant a gradually increased and then decreased, attaining a maximum value of 0.578 nm under condition (3) as the Te co-sputtering time increased. Lattice constant c instantly decreased as Te co-sputtering was performed, and it gradually decreased as a function of Te co-sputtering time in the CIGS:Te thin films, reaching a minimum value of 1.156 nm under condition (6). The volume of the unit cell was estimated from the expression for the tetragonal system: V = abc. When the volume of the unit cell in the CIGS thin film without Te was 384.12 × 10−3 nm3, the volumes of the unit cell of all CIGS:Te thin films were in the range of 384.56–387.92 × 10−3 nm3, which is higher than that of the CIGS thin films, as shown in Figure 4b. The diffraction peak corresponding to the (112) orientation also shifted to higher 2θ values, from 26.58°, for the CIGS thin film, to 26.71°, for the CIGS:Te thin films, when Te was co-sputtered, and then shifted to a lower 2θ value of 26.63° under condition (6). According to Bragg’s law, the shift in the Bragg angle was caused by a change in the spacing of the crystallographic planes, whereas strain increased the d-spacing, causing a shift in the Bragg angle of the diffraction peak towards lower 2θ values in the XRD pattern [35]. Figure 4c shows the microstrain (ε) due to distortions and crystal imperfections of the CIGS:Te thin films as calculated using the equation ε = ω·cosθ/4, where ω is the FWHM of the preferred diffraction peak in radians and θ is the Bragg angle corresponding to the predominant diffraction peak obtained from the XRD data [36,37,38,39]. The microstrain along the (112) orientation decreases from a minimum of 2.391 × 10−3 under condition (3) to a maximum of 5.210 × 10−3 under condition (6). The dislocation density (δ) was calculated using the equation Δ = 1/D2, where D is the mean crystallite size of the CIGS:Te thin films. The dislocation density exhibited a similar trend in the microstrain along the (112) orientation. The lowest value of 4.3629 × 1015 line/m2 was obtained under condition (3), when the dislocation density decreased from the highest value of 20.7105 × 1015 line/m2 under condition (6). This indicates that the largest crystallite size was obtained under condition (3) because of the released microstrain and dislocation density, as shown in Figure 1c. With an increase in the Te sputtering time for the strained CIGS thin film, the increased Te2+ ions occupied the Se vacancies, expanding the volume of the unit cell up to condition (3) as the strain was relieved rapidly by the compensated strain due to relaxation in the horizontal direction, whereas volumetric contraction occurred as the additional Te sputtering time increased up to the condition (f). As shown in Figure 2e, the normalized stoichiometric deviation of Se + Te decreased up to condition (6), that is, the number of Se + Te vacancies increased, causing the dislocation to increase again and resulting in a decrease in the volume of the unit cell, as shown in Figure 4c.



Figure 5 illustrates the optical properties of the CIGS:Te thin films at different co-sputtering times for the Te target over the spectral region of 200–2000 nm. Under all conditions, the optical transmittance of the CIGS:Te thin films converges to ‘0’ below approximately 500 nm, exhibits absorption characteristics in which an absorption edge is formed in the wavelength range of 500–600 nm, and exhibits low transmittance characteristics even in the near-infrared (NIR) spectral region. Direct band gap semiconductors usually have a sharp transmittance onset, so all thin films have a direct band gap nature. As shown in Figure 5a, the mean transmittance of the CIGS:Te thin films was 27–28% under conditions (1)–(5) in the visible spectral region 380–780 nm; however, it increased to 30–31% under condition (6). The absorption edge of the CIGS:Te thin films tended to be similar or rather slightly shifted toward longer wavelengths (red-shift) due to the Burstein–Moss (B–M) effect once Te was co-sputtered up to condition (5), as shown in Figure 5a, indicating that the band gap became narrower. Under condition (6), a blue-shift of the absorption edge occurred, and the bandgap increased. This highlights the disadvantages of using CIGS:Te thin films as the absorber layer in thin-film photovoltaic devices, namely, an increase in the spectral transmission range for the minimum in the solar emission spectrum under these conditions [40,41,42]. The absorption coefficient (α) of the CIGS:Te thin films are shown in Figure 5b. The absorption coefficient is a measure of how far below the surface of the CIS thin film an incident photon of a particular wavelength is absorbed, that is, the ability of a semiconductor to absorb photons [43,44]. This can be expressed as α = (1 /d)ln[(1 − R)/T], where d, R, and T are the thickness, reflectance, and optical transmittance of the thin film, respectively [45]. Using the Beer–Lambert law in the high-absorption region, the absorption coefficient was calculated as α(υ) = (2.303A/d), where A is the absorbance and d is the thickness of the thin film. The absorption coefficient of the CIGS:Te thin film was high (approximately 104 cm−1) and stable in the visible to NIR region (380–2000 nm). The mean values of the absorbance over the 380–780 nm (visible) and 380–2000 nm (visible to NIR) spectral ranges are shown in the inset of Figure 5b. The absorbance, which is the amount of light absorbed by the thin film, was calculated as A = −logT = log(I0/I), where T is the optical transmittance; I0 is the intensity of the incident radiation; and I is the intensity of the transmitted radiation. In the visible spectral region, the mean absorbance of the CIGS thin film without Te improved to 0.65–0.66 under conditions (3)–(5) in the CIGS:Te thin films. The Planck relation given by Eg = hc/λ, where h is Planck’s constant (4.135667 × 10−15 eVs); c is the velocity of light (3 × 108 m/s); and λ is the wavelength (nm) of the absorption onset (1/e = 37%), was used to estimate the band gap (Eg) of the CIGS:Te thin films. The band gap of the CIGS:Te thin films was relatively constant under conditions (1)–(5), albeit larger than the known values; however, it increased rapidly under condition (6), which can cause a corresponding photocurrent loss, although the Voc can be enhanced. The band gaps of the CIGS:Te thin films were also estimated using Tauc’s equation (αhυ)n = B(hυ − Eg), where α is the absorption coefficient; h is Planck’s constant; υ is the photon frequency; B is a proportional constant; and n is the transition probability using two for direct allowed transitions. The Tauc plot illustrates the extrapolation of the straight-line portion of the curve to (αhυ)2 = 0. The band gap from the Tauc plot was also in a similar range and the trend to the values calculated from the optical transmittance. The composition of the thin films resulted in the surplus In + Ga and Se-deficiency composition under all conditions regardless of the Te co-sputtering (Figure 2b), which leads to the relatively large lattice parameter due to the Se-deficiency with the relatively small atomic radius of Se and, hence, the increase in the band gap. This can also be confirmed in Figure 4b, where the value of the lattice parameter c for CIGS thin films is larger than the well-known range. The Tauc plot method may be less appropriate than the first derivative of absorbance method if the absorption coefficient does not vary linearly with photon energy in the band gap region, as shown in Figure 5b, due to defect states or other non-idealities present in the thin films. The band gap of the CIGS:Te thin films is estimated by taking the energy at which the maximum of the first derivative (dA/dE) of the absorbance spectrum with respect to photon energy occurs in Figure 5c [46,47,48]. The band gap of the CIGS:Te thin films from the first derivative of absorbance decreased from 1.554 to 1.548 eV under condition (3) and increased rapidly to 1.556 eV under condition (6), which shows a similar trend to the extrapolated values from the Tauc plot, as shown in Figure 5d.



Hall-effect measurements were performed to analyze the electrical properties, including carrier concentration (n), carrier mobility (μ), and resistivity (ρ), of the CIGS:Te thin films, as shown in Figure 6. The electrical conductivity type of CIGS thin films can be influenced by various factors, including the ratio of In and Ga, Cu-deficiency, and the presence or absence of Se-excess during film fabrication. Neumann reported that the electrical conductivity type was determined by the deviations Δm and Δs [49], and Karthikeyan verified and further developed this relationship [28,45,50]. Hall-effect measurements showed n-type conductivity in the CIGS thin film without Te, with Δm < 0 and Δs < 0, as shown in Figure 6a and Figure 2d, which reported that CIS thin films with Δm < 0 always had n-type conductivity regardless of Δs in terms of the point defect model, and CIGS and CIAS thin films showed similar trends [29,51]. The electrical conductivity type dramatically changed the p-type conductivity in all CIGS:Te thin films, even though the thin films still showed deviations of Δm < 0 and Δs < 0, as shown in Figure 2d. The p-type conductivity of CIGS thin films is typically attributed to the formation of Cu vacancies and their interaction with Ga, which leads to the formation of a p-type defect complex [52]. The influence of the ratio of In and Ga is well known that CIGS thin films with a higher Ga content tend to have a higher hole concentration and therefore p-type conductivity. The CIGS thin films prepared under Se-excess exhibit p-type conductivity, whereas the thin films prepared under Se-deficiency exhibit n-type conductivity [53]. However, the same Cu-deficient target was used in all conditions of this study; so, the relative atomic percentage of In, Ga, and Se, and the composition ratio of Ga/(In + Ga) were nearly constant across all conditions (Figure 2b,c). Therefore, this is because of the surplus In + Ga atoms (Figure 2e), indicating the presence of positive ions in the crystal. The electrical conductivity types exhibited different behaviors because of the thin films with larger Δm and Δs in this study, and the electrical conductivity types with larger Δm and Δs could not be determined in terms of the point defect model [49]. Generally, electrical conductivity is sensitive to multiscale defect scattering carriers, including dislocations, pores, grain boundaries, and point defects in thin films [22,54]. Point defects, which can be formed by growth conditions, directly affect the electrical conductivity of the thin films. Figure 6a shows that the carrier concentrations were on the order of 1020−1021 cm−3 under all conditions. Among the CIGS:Te thin films co-sputtered with Te to the CIGS thin film, the two conditions of (2) and (6) with relatively high carrier concentrations were consistent with the conditions with poor surface properties in Figure 1. A higher carrier concentration was inferred to be caused by higher potential barriers that originated from small crystallites with larger imperfections [51,55]. This is because under condition (6), the CIGS:Te thin films have the highest In + Ga surplus and the largest Se + Te vacancies, resulting in the largest number of defects and, as a result, the highest carrier concentration, whereas under condition (3), with the closest stoichiometry, the CIGS:Te thin films show the smallest number of defects and, as a result, the smallest carrier concentration. This is also consistent with the conditions under which the microstrain and dislocation density are high, as shown in Figure 4c. The carrier mobility is on the order of 10−1 cm2/V∙s, as shown in Figure 6a, which is similar to or slightly higher than previously reported values for CIGS thin films owing to the replacement of Se vacancies by Te, which do not act as point defects or impurities. The carrier mobility under conditions (2) and (6) decreases suddenly because the large gaps interfere with the carrier’s movement from a grain to its neighboring grain. After Te co-sputtering, the resistivity generally decreases to the range of 10−2–10−1 Ω∙cm. Resistivity in the thin films depends mainly on the carrier concentration and mobility and obeys the relationship ρ = 1/nqµ. Under condition (4), a slight increase in resistivity was observed, which is correlated to lower carrier mobility with a consistent carrier concentration, that is, the number of imperfections.




4. Conclusions


To solve the problems associated with the conventional selenization method of toxicity, high cost, and an environmentally unfriendly process for preparing an absorber layer of CIGS thin-film photovoltaics, several investigations were conducted on CIGS thin films fabricated through an annealing process after the sputtered precursors. However, even though the RTA process was performed, the thin-film properties were degraded because of the deterioration of crystallinity due to the lattice defects caused by the highly volatile Se. Therefore, the purpose of this study was to improve the crystallinity by compensating for the stoichiometry of the CIGS thin films through the RTA process after the co-sputtering of Te with CIGS. In the prepared CIGS:Te thin films, the compositional ratio did not increase linearly with the co-sputtering time, and the relative atomic ratio and compositional ratio of Te in the CIGS:Te thin films were small, and the amount of change was not large. However, significant changes were observed in the crystallinity in the XRD analysis and the surface properties in FESEM; when the deviation parameter (Δs) from the stoichiometry and normalized stoichiometric deviations were examined in this study, the results were largely consistent with the behaviors of thin-film properties. Under conditions where Δs was small and/or the normalized stoichiometric deviations of Se + Te and In + Ga were close to stoichiometric, the crystallinity of the CIGS:Te thin films was excellent, such as large grain size and clear grain boundaries, and the microstrain/dislocation density was the lowest, resulting in the largest volume of the unit cell. The optical properties of the CIGS:Te thin films as an absorber were also excellent compared to those of the CIGS thin film, with Eg = 1.548 eV. These were able to compensate for Se vacancies with appropriate co-sputtering of Te, which was confirmed through Hall-effect analysis to be the result of achieving the smallest number of defects while securing the best stoichiometry with the lowest carrier concentration (Se vacancies). Thus, the manufacturing improved-crystallinity CIGS:Te thin films without selenization using the proposed method can improve the efficiency of CIGS thin-film photovoltaics and advance their commercialization.
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Figure 1. Top-view field emission scanning electron microscopy (FESEM) surface images of the CIGS:Te thin films with Te co-sputtering times of: (a) 0, (b) 270, (c) 510, (d) 750, (e) 945, and (f) 1140 s. 
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Figure 2. Energy dispersive X-ray spectroscope (EDX) analyses of the CIGS:Te thin films with different Te co-sputtering times of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s. (a) Thickness ratio and atomic percent, (b) relative atomic percentage, (c) compositional ratio, (d) deviation parameters from the molecularity and the stoichiometry, Δm and Δs, and (e) normalized stoichiometric deviations. 
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Figure 3. (a) X-ray diffraction (XRD) patterns, (b) crystallite size along the (112) plane and full widths at half maximum (FWHM), and (c) average grain sizes of the CIGS:Te thin films with different Te co-sputtering times of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s. 
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Figure 4. Lattice characteristics of the CIGS:Te thin films with different Te co-sputtering times of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s. (a) Tetragonal distortion parameter (η) and d-spacing along the (112) plane; (b) lattice constants, a and c, and volume of unit cell; (c) microstrain (ε) and dislocation density (δ). 
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Figure 5. Optical properties of the CIGS:Te thin films with different Te co-sputtering times of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s. (a) Optical transmittance. The inset shows the mean optical transmittance in the visible and near-infrared (NIR) spectral regions. Magnitude of the optical transmittance in the visible spectral region is also shown in the inset. (b) Absorption coefficient. Mean absorbance in the visible and NIR spectral regions is shown in the inset. (c) The first derivative of absorbance as a function of incident photon energy for determination of the band gap. (d) Magnitude of the first derivative of absorbance spectrum. The inset shows the estimated band gap. 
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Figure 6. (a) Carrier concentration (n), carrier mobility (μ), and (b) resistivity (ρ) in the CIGS:Te thin films with different Te co-sputtering times of (1) 0, (2) 270, (3) 510, (4) 750, (5) 945, and (6) 1140 s. 
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