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ALTERNATIVE NUMERICAL SIMULATION APPROACH FOR OBTAINING
FLC/FLD

Serap DIKMENLI **

! Altinay Robot Teknolojileri San. ve Tic. A.S., Istanbul Anadolu Yakasi O. S. B. Aydinli Mh. 2. Sanayi Cd. No.22, Tuzla 34956 Istanbul Tiirkiye

ABSTRACT

To be able to predict the forming behavior of sheet metal parts by simulation, it is necessary to determine the FLD?* (Forming
Limit Diagram) curves of the sheet material that is subjected to bending, hemming, deep drawing, progressive forming,
embossing, hydro-forming processes. To determine such curves, the usual practice is to carry out a series of experiments that
need to be repeated many times, and therefore it takes a long time to finalize them [1], [2], [3], [4], [5], [6]. Not to mention
undertaken experiments are very detailed and need tedious and careful work has to be done such as screen printing on the material
and doing simultaneous optical measurements during the experiments. Indeed, a fully equipped laboratory and qualified lab
personnel are required for such experiments which may not be easily found. When it's found, there is usually six months to a
year, queue to conduct such experiments.

Because of these difficulties, many academic institutions and manufacturing sites develop their in-house test equipment if
funding is available. If not, it is dependent on research whether it comes to an end or whether it can continue without it.
An alternative method developed for extracting FLD/FLC curves is using today’s state-of-the-art simulation technology. This
method requires two main inputs;

a) Tensile test of the material

b) An explicit solver

The scope of this paper is to detail this method such that the findings in this document can be reproduced when the mentioned
requirements are satisfied. Therefore, all data used in charts, a high-resolution image, and a sample Abaqus input file are provided
as supplemental data [7].

The results from the simulations of FLD/FLC were compared to published literature [13] [14] to confirm their compliance with
experiments. The comparison showed good results and demonstrates that expensive and time-consuming FLD/FLC experiments
are not necessary when the mentioned requirements are met.

Keywords: FLD, FLC, Sheet Metal, Forming, Bending, Hemming, Forming Limit Diagram, Forming Limit Curve

1. INTRODUCTION

FLD/FLC curves of the sheet metal that will be subjected to any forming process should be determined for the necking and/or
cracks that may occur during the forming process in numerical analysis/simulations. To do that, it is necessary to carry out a
series of experiments those need to be repeated many times and take a long time. Detailed and very careful work should be
carried out, which includes screen printing on the material and using optical measuring devices during the experiment [1]. It may
be because this should have been done in the Covid-19 pandemic timeline; there was no single laboratory that can perform this
experiment in Turkey. To find the FLD curves of the materials, there were three options;

a) Developing the necessary experimental equipment in-house.

b) Because of the force major (Pandemic), this requirement will be ignored and surpassed.

c) Some other practical and versatile alternatives should be developed.

Fortunately, as a result of a long investigation, research, [8]-[11] and trial and error, it is discovered that extracting the FLD
curve of materials is possible with a quasi-static explicit solver and tensile test results of the material.

This paper details how these curves were obtained in such a way that the reader should need no other than the requirements,
references, and method stated in this paper. Also, since it took one and a half months man-hour time to find the right method for
a similar need, using the information and data provided in this article can at least save that much research time for the reader.

! Also known as FLC (Forming Limit Curve)
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2. STRESS-STRAIN CURVE

The stress-strain curve obtained as a result of the tensile tests performed on the material (according to [8]) in determining the
basic mechanical elastic-plastic material model properties gives us the most basic information at room temperature. All the
tensile test specimens are prepared 90° in Rolling Direction, which is known to be the weakest material direction for tensile tests.

Ramberg-Osgood Equation

The stress-strain curve of the material can be obtained as a result of multiple tensile tests. As an alternative method, if the
elasticity (Young) modulus, stress, and strain values at the yield and ultimate points of the material are known, the stress-strain
curve of the material can be established with the “Ramberg-Osgood” relation [9]. The “Ramberg-Osgood” relation tries to
simulate the behavior of the material in both the elastic and plastic regions. The total strain relation on both regions as a function
of stress can be expressed as;

Yn
€= E + 0.002 (;) (1)

Where, ¢ strain, o stress, E elasticity modulus, oy, tensile yield stress and n known as strain hardening exponent of material
which can be obtained from;

B log(ou/cy) )
108(*/9.002)
Where, o,is the ultimate stress value of the material and ; is known as plastic strain and can be calculated from;
g =gy~ 3 3)

E

Where, €, is the ultimate strain value of the material.

All the above-mentioned values (o, oy, E and ) can be either obtained from material tables or derived from material tensile
test results. As an example for Aluminum 6061-T6 material, the convergence of “Ramberg-Osgood” & tensile test results can
be compared as follows;
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Figure 1. Comparison of Ramberg-Osgood Equation and tensile test results
As can be seen from
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Figure 1, although the Ramberg-Osgood relation converges quite well to the tensile test in the elastic and near-tensile plastic
region, it can produce results that diverge significantly, at least for aluminum material, right after the elastic region. Therefore,
directly using tensile test results for the simulation will produce more reliable and realistic results.

3. TRUE STRESS - STRAIN CURVE

The stress-strain curve obtained as a result of the tensile tests is called the engineering stress-strain curve. However,
simulation software such as Finite Elements uses the “True” stress-strain curve, which takes into account the change in the cross-
sectional area of the specimen during the tensile test.

The relationship between the Engineering and True Stress-Strain curve is defined [10] by the following formulas;

o =0.(1+¢) (4)
e=In(1+¢) (5)
Where, o, and € are true stress and strain, and o, and ¢ are engineering stress and strain values.

Accordingly, the engineering and true stress-strain curves of an experiment performed on Aluminum 6061-T6 material are
as follows;

400
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300 — =

250 !

200
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150

100

50

O T T T T T T T T
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Strain x 100

== = Engineering Stress-Strain True Stress-Strain

Figure 2. Comparison of engineering and true stress-strain curves of AL6061-T6

Engineering curves obtained as a result of tensile tests were converted into true curves which are used in all simulation
studies.

4. OBTAINING FLD/FLC CURVE OF A MATERIAL

There are many sources, such as reference [1], describing how the Forming Limit Diagram (FLD) is experimentally derived.
There are [2], [3], [4], [5] and [6] standards related to the derivation of this curve, and among these standards, the “Nakajima”
test defined in the standard [3] was used as the base reference in finding the FLD curves in this document. The mold geometry
definition for the Nakajima test is as shown in the following Figure 3;
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Figure 3. Die cross-section used in Nakajima Test

In standard [3], PTFE material is used as the sliding surface, and therefore, the dynamic friction coefficient is assumed to be
0.15 for both aluminum and steel parts. It is also one of the conclusions of reference [11] that such an assumption will produce
correct results.

According to the standard, the speed of the punch should be 1.5 mm/s. The friction coefficients were accepted as shown in
the following Table 1;

Table 1. Friction coefficients

Steel-Steel Steel-Aluminum Aluminum-Aluminum
Static 0.8 0.45 1.35
Dynamic 0.42 0.47 1.4

To achieve different stress-strain states, separate geometries are used to find each point on the FLD curve. The sample sheet
metal part geometries that can be selected by the Nakajima test are as Shown in the following Figure 4;

Figure 4. Part geometries

The properties of the following materials were used in the simulation studies to create FLD curves for three different materials
are shown in the following Table 2;
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Table 2. Main material properties

AL 6061-T6 AL 6016-T4 CR180BH
Density (g/cm3) 2.70 2.70 7.00
Elasticity Modulus (GPa) 62.50 66.00 209.70
Poisson’s Ratio 0.33 0.33 0.30

Above in

Figure 2, the true stress-strain curve of AL6061-T6 material is given. Likewise, the true stress-strain curve for both AL6016-
T4 and CR180BH materials is given below in the following Figure 5 and Figure 6. In simulation studies, the true stress-strain
values used in the plastic region with a negative offset in strain such that strain at the yield point is accepted as its 0 (zero) value.

350

300

200 -

150
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100

50

0 T T T T T 1
0 5 10 15 20 25 30

Strain x 100

Engineering True

Figure 5. Comparison of engineering and true stress-strain curves of AL6016-T4
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Figure 6. Comparison of engineering and true stress-strain curves of CR180BH
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5. DETERMINATION OF MINOR AND MAJOR STRAINS

In physical tests, major and minor strains occurring immediately at the crack initiation are taken into account. Only a single
major and a single minor strain point can be extracted from each test done on different geometry. It is known that the minor and
major strains at the crack initiation are the ones that we are seeking after.

To detect the crack initiation, the reaction force graph in real experiments was examined in finding the FLD curve. The point
where the counter force applied to the system by the geometry (reaction force) peaks and starts to decrease is accepted as the
beginning of crack initiation and the plastic major and minor strains at this point are determined [11]. By using this method, it
was observed that the obtained minor-major strain curve did not produce realistic results, especially for the positive minor strain
values which are near 0 (zero).

Instead, it has been discovered that realistic results could be achieved in the FLD inference made by considering the starting
points of the sudden change in the major-minor strain values on the FEM element that has the utmost deformation (

Figure 7).

P i ///%‘~ :
- T
S - "".g% // - mm"“;.\ P P
& == i £ N

Figure 7. FEM element shown as red is subject to the utmost deformation on the Nakajima FEM test simulation

On above mentioned the most deformed FEM element of the test specimen, major & minor strain values are obtained, and
their change is plotted as shown in Figure 8. Below, it has been tried to show where these crucial sudden changes or also known
as fracture points are in the graph;

1,2

1

0,8

0,6

Strain

0,4

0,2

8 10

Time (s)

=== Major === Minor

Figure 8. Major-minor plastic strain change graph at the integration point of the finite element exposed to the maximum
deformation and the points where the values taken for the FLD curve are shown in this graph.
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The points found in the above approach can also be perceived as values that occur at the beginning of the maximum tangent
on the major strain curve and the beginning of the minimum tangent on the minor strain curve.

It is later found that the method introduced in this paper is almost identical to [12] which proposes the maximum strain
acceleration at the most strained locations as the fracture indicator.

6. FLD/FLC CURVES

In a nutshell, the forming limit curves are determined through applying strains to metal samples in tests until a crack appears.
Samples are marked with a grid pattern and the strains are calculated based on the measurement of the grid before and after
deformation. The FLD is generated from the calculated major and minor strains for different strain states.

Tensile test and FLD/FLC simulation studies are conveyed on three different sheet metal materials in the scope of this report.
These are;

- Aluminum 6061-T6
- Aluminum 6016-T4
- CR180BH

Their corresponding simulation results shown in the following Figure 9, Figure 10, and Figure 11 respectively;

«_ .
N\ L pd
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\'\" . e
[
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U540
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.
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e Bjaxial Tension Uniaxial Tension e Pyre Shear

=« -Uniaxial Compression === AL6016-T4

Figure 9. FLD Curve of AL6016-T4 sheet-metal material as a result of numerical simulations
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Figure 10. FLD Curve of AL6061-T6 sheet-metal material as a result of numerical simulations
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Figure 11. FLD Curve of CR180BH sheet-metal material as a result of numerical simulations
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7. CONCLUSION

The FLD curve results obtained are quite satisfactory as they are similar to the results found in internet resources for the
materials CR180BH [13] and AL6061-T6 [14].

The curves found for the detection and comparison of crack regions during sheet-metal forming processes can be used in
physical testing, in comparison of simulation studies, and, if necessary, in simulation convergence studies with the test results.

The outcome of this study should not be considered as the total replacement of the very tedious and expensive physical test
method of finding FLD/FLC curves but can be considered as the economical alternative method instead. This outcome is an
important achievement by itself, not to mention alternative physical methods may be out of the scope of most SMEs world-wide
if such input curves are required for the extended studies.

SIMILARTY RATE: 2%
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INFLUENCE OF HEATING RATE ON THE STRUCTURAL AND OPTICAL
PROPERTIES OF SILVER AND GERMANIUM CO-DOPED CZTS THIN FILM
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Nigde Omer Halisdemir University, Nigde Ziibeyde Hanim Health Services Vocational High School, 51240 Nigde, Tiirkiye
®Nigde Omer Halisdemir University, Department of Physics, 51240, Nigde, Tiirkiye

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.

Keywords: Ag and Ge co-doping, CZTS Thin Film, Sputtering, Rapid Thermal Processing, Heating Rate

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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: S xCTS P
P R B B R P S Py A

2 |czTs-zecis | 2 |(Ag+Ge)-€ZTS-2°Cls

= P = P :

= e . .

£ = :

= E ;

] =

= =

Lt
CZTS-1°Cjs :

350 400 450 500

300

200 250

200 250 300 350 400 450 500

H -1
Raman shift (cm™) Raman shit (cm™)

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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TREATMENT OF TEXTILE WASTEWATER WITH CHERRY LAUREL
LEAVES AND WASTE POTATO PEELS
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ABSTRACT

In this study, a research was carried out on the removal of dyestuff, which is a big problem in the textile industry. The
adsorption method was used for the removal of Maxilon Yellow 4GL dyestuff. Cherry laurel leaf (Prunus laurocerasus) and
waste potato peels were used as adsorbent, and the removal efficiency was determined as 76.64% at pH 7 and with 2 g adsorbent,
80% dyestuff removal efficiency was achieved in the specified conditions for cherry laurel leaves. For experiments in which
waste potato peels were used as adsorbent, the optimum conditions were found as follows: Contact time: 60 minutes, adsorbent
concentration of 0.75 grams and initial concentration of 25 mg/L. The Freundlich isotherm model was suitable for our study,
since the regression number was found to be 0.999 for cherry laurel leaves and 0.995 for waste potato peels as a result of isotherm
studies. According to the cost analysis, the materials supplied free of charge, due to mixing, the electricity cost for treatment
(0.128 TL) and the chemical material cost is 17 TL, and it has been determined that these adsorbents are quite economical in
dyestuff treatment. As a result, the fact that there is no study on the removal of cherry laurel leaves with the mentioned dyestuff
in the literature shows that this study can be further developed.

Keywords: Adsorption, Dye removal, Cherry Laurel leaf, Waste potato peels.

1. INTRODUCTION

Increasing environmental concerns have led scientists to use natural materials for the environment. The rise in population
has increased the demand for textile products. Therefore, more production caused more water pollution. The main environmental
problem for the textile industry is colored wastewater. Since dyestuffs have toxic properties and have a carcinogenic effect on
metabolism, they must be purified from wastewater. In addition, when these waters are mixed with the discharge environment,
the dyestuffs in it reduce the photosynthesis by blocking the sun rays. The presence of these substances in the aquatic