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ABSTRACT

The effect of heating rate on the structural and optical properties of Ag+Ge co-doped CZTS thin film were investigated and
compared with the undoped CZTS sample. The undoped and Ag+Ge co-doped CZTS samples obtained by two-stage technique
consisting of the sequential deposition of the precursor stacks by sputtering systemand sulfurization of these layers at elevated
temperature in the RTP system by employing heating rate of 1°C/s, 2°C/s and 3°C/s. Ag and Ge co-doped precursor stack as
well as undoped stack demonstrated Cu-poor, Zn-rich composition. In addition, the dopant ratio of the Ag+Ge co-doped stack
was close to the targeted content considering to EDS measurement. Regardless of the employed heating rate or the doping
process, all of the samples crystallized in a kesterite structure. However, it was confirmed by XRD measurements that high
heating rates caused phase separation in kesterite phase formation. On the other hand, The Raman peaks assigned to Cu-vacancy
and Cugz, antisite defects formation inhibited with incorporating Ag and Ge into the CZTS structure. Ag and Ge co-doped CZTS
sample produced with a heating ramp rate of 1°C/s showed better structural and optical results among them.
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1. INTRODUCTION

The Cu-based kesterite compounds such as Cu2ZnSnSs, (CZTS), Cu2ZnSnSes (CZTSe) Cu2ZnSn(S,Se)s (CZTSSe) are shown
as alternatives to the absorber layers used in the mature thin-film-based solar cell technologies (Culni.xGax(S,Se). (CIGS) and
CdTe), since kesterite materials contain earth abundant and non-toxic elements. Moreover, kesterite thin films also demonstrate
similar characteristics to those they are compared to. i.e. having high absorption coefficient (10%-10° cm™), closer ideal direct
band gap (1.5 eV) and p-type conductivity which make them an appropriate candidate for photovoltaic applications[1, 2].
However, it is known that the experimental photo conversion efficiency obtained from CZTSSe-based solar cells (~13%) is lower
than the theoretical value (~33%), as well as CIGS ( 23.1%) and CdTe (22.9%) solar cells [3, 4]. This difference is mostly
attributed to the low Voc [5]. The formation of high acceptor defects concentration such as V¢, and Cuz, due to Cu-Zn disorder
that occur during the formation of the kesterite structure is referred to the VVoc deficiency [6]. On the other hand, deep defect
levels originating from the formation of unstable Sn*2 ions have been widely reported as a reason of low efficiency of the CZTSSe
devices [7].

To overcome these defects related to issues mentioned above, alloying of kesterite material is one of the main approach that
used. In this context, the cation replacement of copper (Cu) with silver (Ag) or tin (Sn) with germanium (Ge) in CZTSSe have
been mostly reported in the literature. For example, it has been reported that partial replacement of Ag with Cu decreases the Ve,
and Cuz, defects, induces better surface morphology with a larger grains and controls the thickness of the MoS, [8] . Such
improvements in the structure of the films contributes to enhance the cell efficiency. Besides, it has also been revealed by some
reported studies that, the concentration of defects in the structure decreased, the crystalline quality improved and grain boundary
recombination decreased by Ge doping in CZTSSe thin film [7]. Apart from these, there have been limited amount of work
focused on double cation substitution in CZTSSe structures to simultaneously cope with the Cu-Zn disorder and Sn-related
problems [9, 10]. In addition, it has been revealed that Ag and Li co-doping strategy improves performance of CZTSe based thin
film solar cell by reducing poor electrical conductivity [11].

In this study, we reported Ag and Ge co-doped CZTS thin films prepared by Rapid Thermal Processing (RTP) method for
the first time. In order to find the optimum growth process, the effect of heating rate on the structural and optical properties of
Ag and Ge co-doped CZTS thin films investigated. For comparison, undoped CZTS thin films were also produced.
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2. MATERIAL AND METHOD

Undoped (CZTS) and Ag-Ge co-doped CZTS (ACZGTS) thin films were grown by the two-stage method. First of all,
precursor films were constructed on Soda-Lime Glass (SLG) substrates by DC and RF magnetron sputtering system employing
high purity ZnS (5N), Cu (5N), Sn (5N), Ag (4N) and Ge (5N) sputter targets. Then, the precursor stacks were annealed under
sulfur atmosphere using the RTP method with different heating rates to form Ag and Ge co-doped CZTS kesterite structure. For
deposition of precursor stacks of undoped and Ag+Ge co-doped samples, SLG substrates were cleaned through standard
procedure, were placed into the sputtering chamber, and then SLG/Mo/ZnS/Cu/Sn/Cu and SLG/Mo/ZnS/CuSn/Cu/Ag/Ge stacks
were obtained with using high purity sputtering targets, respectively. The SLG/Mo/ZnS/CuSn/Cu stack was used in the present
study due to promising results were obtained using this structure in our previous study [12]. Finally, the stacks were sulfurized
at 550°C for 1 min by using different heating rates of 1°C/s, 2°C/s and 3°C/s. It is well-known that the RTP is more attractive
method for large scale production due to higher throughput and low energy consumption compared to Conventional Thermal
Processing (CTP) method and it is also more favorable due to the fact that the shorter annealing time prevent the decomposition
reactions and elemental loss in CZTS compounds [13]. The detailed information about the deposition process can be found
elsewhere [9, 14].

The chemical composition of the precursor stacks were investigated by Energy Dispersive X-ray Spectroscopy measurements
(EDS). The polycrystalline properties of the thin films were determined by X-ray diffraction (XRD) and Raman spectroscopy
(excitation wavelength of 633 nm) methods. The optical properties of the samples were studied by optical transmission
measurement.

3. RESULTS AND DISCUSSION

The chemical composition of the undoped and Ag+Ge co-doped precursor layers was given in Table 1. Two stacks were
found to be Cu-poor (Cu+Ag/Zn+Ge+Sn) and Zn-rich (Zn/Ge+Sn) composition with the ratio of about 0.9 and over 1.30,
respectively. The Cu-poor and Zn-rich chemical composition is desired property in CZTS-based thin film solar cell applications
since such composition contributes to form Cu vacancies (Vcy) and Cuz, anti-site defects, which strengths the p-type
conductivity, improves the Cu and Zn cation ordering in the lattice, and enhances the separation of photo-generated electron-
hole pairs [15].

According to the doping concentration of the Ag and Ge co-doped stack, it was seen that Ag and Ge ratio was about 6% and
11%, respectively that was close to the targeted dopants ratio (10%). Regardless of the deposition process, the chemical
compositions of the samples demonstrate that the doped stack has been successfully formed even if it contained six different
elements.

Table 1. EDS results of undoped and Ag+Ge co-doped precursor stacks

Atomic Compositions (%) Atomic Ratios

Precursor (Cu+Ag) Zn Ag Ge
Cu Ag Zn  Sn Ge S (Zn+Get+Sn) (Ge+Sn) (Ag+Cu) (Ge+Sn)

Undoped 36.0 - 242 149 - 24.9 0.92 1.60 } )
AgandGeco- 49, 17 204 145 19 281 0.85 1.36 0.06 0.11
doped

XRD patterns of CZTS and ACZGTS thin films produced by sulfurization of undoped SLG/ZnS/CuSn/Cu and co-doped
SLG/ZnS/CuSn/Cu/Ag/Ge and structures for 1 min at 550°C are given in Figure 1(a-b), respectively. It was observed in XRD
patterns of the samples that irrespective of dopants and heating rate crystallized in the kesterite structure. Dominant diffraction
peaks of the samples in the XRD patterns are at angles of around 26= 28.45°, 47.50°, and 56.30° which belong to the (112),
(220/204) and (312/116) crystal planes of the kesterite CZTS phase, respectively (JCPDS 00-26-0575). Apart from these peaks,
the trace of low-intensity characteristic peaks that occur in the crystal planes of (002), (200), (008) and (332) that are also
attributed to the kesterite phase. Extended patterns in the range of 26=28-29° correspond to the (112)-peaks of the XRD patterns
demonstrated in Figure 1(a-b) are given in Figure 2(a-b). It was determined that the (112) peak positions of the CZTS samples
did not change with the increasing heating rate as well as the Ag+Ge co-doped CZTS samples ones. Vegard's law states that
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there is a linear relationship between the crystal lattice constant and the concentrations of the elements involved in the structure
[16]. This shifts in the XRD peak position inversely proportional to the ionic radius of the dopant atom that replaces the host
atom in the lattice. In our case, it is expected that the Bragg angle, 26, shifts to lower angle by the replacement of Cu with Ag
(larger radius) into the CZTS structure, while it shifts to a higher angle by the replacement of Sn with Ge (smaller radius) [17,
18]. Considering the differences between the ionic radii of the Ag and Ge contributions in the lattice and the atomic ratios in the
stack of the samples produced at 550°C, it was determined that the shifts in the peak position compensated each other and
presented the same diffraction pattern.

When the effects of the heating rate on the XRD pattern of undoped CZTS thin films were examined closely, it was concluded
that the value of the full width at the half-maximum as known an indicator of crystallization degree decreased (0.170°=> 0.155°
= (.150°) with the increasing heating rate (1°C/s == 2°C/s === 3°C/s). Although the increase in the heating rate improved the
crystal quality, it was determined that there was a relative decrease in the (112) peak intensity of these samples and a shoulder
peak was formed at around 26=29.55°, which corresponds to the ZnS phase ( JCPDS 00-002-0564). In contrast, the Ag and Ge
co-doped CZTS thin film produced at 1°C/s with a half-maximum width of 0.17° shown the best crystal quality among them. As
a result of XRD measurements, the optimum heating rate for the growth of undoped and Ag+Ge co-doped CZTS thin films is
1°Cl/s.
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Figure 1. XRD spectra of a) undoped, b) Ag+Ge co-doped CZTS thin films formed with various heating rates.
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Figure 2. Extended XRD patterns of a) undoped, b) Ag+Ge co-doped CZTS thin films formed with various heating rates.
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Raman spectra of undoped and Ag+Ge co-doped CZTS samples produced by employing various heating rates are shown in
Figure 3 (a-b). In Raman spectra taken in the range of 200-500 cm, a dominant peak at about 336 cm™ (corresponds to the Al
mode of the kesterite structure) occurred regardless of the heating rate for all of the samples [19]. For undoped CZTS samples,
the peaks formed at 264, 286 and 366 cm™* of the kesterite phase are marked in the figure and are in accordance with the previous
studies [20, 21]. In addition to these, along with a peak formed at 304 cm™ which is attributed to the CTS phase, the Raman
peaks at 287 and 367 cm™ associated with V¢, and Cuz, defects appeared, respectively [22, 23]. Besides, although ZnS phase
was observed in the XRD pattern of the samples, it was not detected with Raman spectroscopy measurement due to the
insufficient energy of the excitation wavelength of the laser. When the Raman spectra of Ag and Ge co-doped CZTS film were
examined, it was determined that the Raman modes of the kesterite phase varied with the heating rate, except for the main peak
around 336 cmL. Apart from this, Ag-S or Ge-S related secondary phases did not emerged, depending on the dopants. The Raman
peaks associated to V¢, and Cuz, defects concentration decreased by introducing Ag and Ge into the structure. Also, there was
no change in the main peak position. However, similar to the XRD results, it is expected that there will be shifts in the main peak
position (336 cm™) with introducing Ag and Ge into the structure separately. It is thought that the Raman peak position of the
Al mode remains constant since the lattice volume did not shrink or expand due to the fact that amount of the Ag and Ge content
in the lattice structure are low and close to each other. The Raman peak intensities of the sample produced with 1°C /s are
relatively higher by twofold indicates the improved crystal quality. Overall, according to the Raman measurements, the optimum
heating rate for the growth of Ag and Ge co-doped CZTS thin film was determined as 1°C/s.
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Figure 3. Raman spectra of a ) undoped, b) Ag+Ge co-doped CZTS thin films formed employing various heating rates.
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Figure 4. Determination band gap of a) undoped, b) Ag+Ge co-doped CZTS thin films from (ahv)? - (hv) curves.
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The transmission data were taken in the wavelength range of 400-1200 nm of the CZTS samples grown by employing various
heating rates. The optical direct bandgap of the samples was determined using Tauc plot equation of (ahv) = A(hv —Eg)*? with
known absorption coefficients calculated from transmission data [24]. Then, the direct bandgap values of the undoped and
Ag+Ge co-doped samples were obtained from the points where the linear region of the curve intersect on the hv - axis. While
the band gap value of undoped CZTS thin films produced at 1°C/s and 2°C/s was found to be 1.5 eV, this value increased up to
1.56 eV with the heating rate of 3°C/s [25]. In contrast, the bandgap values of the Ag and Ge co-doped CZTS thin film produced
at higher heating rates (2-3°C/s ) did not show a substantial change. On the other hand, it was determined that the bandgap energy
increased to 1.6 eV with an increase of 0.1 eV compared to undoped CZTS with the sample produced by 1°C/s. This may be due
to the fact that the doping atoms cannot sufficiently introduce into the lattice structure for the samples produced at higher heating
rates. Optical measurements show that the annealing time of 1 minute is sufficient to obtain the desired structure for the Ag and
Ge co-doped sample sulfurized at 550°C with the heating rate of 1°C/s.

4. CONCLUSION

The effect of heating rate on the structural and optical properties of Ag+Ge co-doped CZTS thin film were studied and
compared with undoped CZTS structure. The precursor stacks formed by the sequential deposition of Cu, Sn, ZnS, Ag and Ge
layers via sputtering system, then were sulfurized at 550°C for 1 minute in the RTP system employing various heating rates. The
EDS measurements indicated that Ag and Ge co-doped precursor stack have a Cu-poor, Zn-rich chemical composition with a
close targeted dopant content. Although the kesterite CZTS structure took place in all of the samples according to XRD patterns
and Raman spectra, secondary phase formation and crystal quality changed with the employing different heating rate. Overall,
Ag and Ge co-doped CZTS sample produced with a heating rate of 1°C/s revealed better results due to formation single phase
and successfully incorporation of Ag and Ge ions into the kesterite structure. In our future works, we will focus on investigating
the effect of different ratios of cation replacement on the properties of CZTS thin film as well as device performance.
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