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EARLY GENERATION SELECTION IN DIFFERENT LOCATIONS IN POTATO
BREEDING PROGRAM

Ozge KOYUTURKY™' | Giingor YILMAZ?

Middle Black Sea Transitional Zone Agricultural Research Institute, Tokat, Turkey
2yozgat Bozok University, Faculty of Agriculture, Department of Field Crops, Yozgat, Turkey

ABSTRACT

In variety development studies through hybridization, it is necessary to make hybridization with the parents suitable for the
purpose, to obtain the tubers in seedling generation from the hybrid seeds obtained, and then to proceed to the clonal selection
process. Inthis study, it was aimed to select clones suitable for tuber shape, earliness, table and industrial use in different locations
in the first clonal generation stage from the variation created by hybridization between some commercially registered potato
varieties, local potato varieties and some clones with superior characteristics. The study was conducted with 3316 clones in
Artova and Kazova districts in Tokat province in Turkey. In this year, which was the first clonal selection stage, besides
phenotypic characteristics such as breeder's preference, maturity group, tuber defects, skin roughness, skin and tuber flesh color,
characteristics such as the number of tubers per hill, tuber yield per hill, average tuber weight, depth of lateral (eye) and apical
buds were examined and data on clones belonging to each hybrid family were obtained. Thus, it was decided to proceed to the
next selection stage with 918 clones selected due to their compliance with the criteria determined in the first clonal generation
stage.

Keywords: First Clonal Generation, Potato, Solanum tuberosum L., Selection

1. INTRODUCTION

The aim of potato breeding is to develop varieties that are high yielding, early-maturing, suitable for the intended use, high
quality, high adaptable, suitable for storage, resistant to diseases-pests and tolerant to stress factors [1], [2]. In order to achieve
this goal, the phenotypic selection is made in each generation.

New cultivar development stages in potato breeding; are parental selection, hybridization between parents, starting F1
seedling generation by producing seedlings from the seeds obtained, selection of clones with the desired characters as a result of
selection studies, and reaching a sufficient amount of selected clones. After that, clones are tested in some locations and superior
varieties are registered and produced [3].

Potato clones are selected from F1 progeny by vegetative propagation without genetic modifications. Breeding experiments
are largely based on phenotypic selection for yield and other related characteristics. On the other hand, due to the limited
resources, it is not possible to examine all characteristics that can contribute to breeding goals [4].

In potato breeding, the selection made in the early generation period is mostly based on the experience of the breeder by
examining at the external appearance of the plant and tuber. It is very important to use the phenotypic selection parameters
optimally to achieve a maximum gain in variety development. For instance, about 18 phenotypic selection parameters are used
in Agriculture and Agri-Food's breeding program. Phenotypic selection in the early period comprises characteristics such as
tuber size, eye depth, number of eyes, early maturity, maturity group, etc. [5]. on the other hand, made evaluations on eye depth,
apical bud depth, tuber shape, tuber size and general appearance and total yield in clones belonging to 12 hybrid families in their
selection in terms of tuber yield and appearance [6].

Yilmaz et al. (2017a) stated that in order to develop new varieties in potatoes, it is necessary to make hybridization with
suitable parents, to develop seed tubers by using hybrid seeds, seedling generation, and to proceed to the first clonal selection
stage with these tubers. In their research, it was aimed to develop seed tubers required for the first clonal selection after seedling
generation by using hybrid seeds from different potato combinations. The first field generation selection was made with
approximately 8800 clones in their study, and as a result of the selection, 1186 clones suitable for marketable tuber characteristics
were determined [7].

Yakar-Tan and Bilge (1979) stated that the variations to be observed when plants with the same genotype are grown in
different places are caused by the environment. Furthermore, they reported that the issue of whether the genotype or
environmental conditions have a greater effect on the phenotype can be determined by growing plants with different genotypes
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in the same environmental conditions or growing individuals with the same genotype under different environmental conditions
[8] Each new variety must be sustainable against changes in agricultural and climatic conditions [9]. Therefore, it is important
to try these varieties in suitable environments for several years. Many characteristics of potatoes such as tuber yield, tuber number
and size, dry matter content and quality are greatly affected by the environmental conditions in which the plant is grown [10]. In
the present study, it was aimed to select clones that show superior characteristics in terms of tuber shape, earliness, cooking and
industrial use in different locations in the first clonal generation stage from the segregated population created by hybridization
between some commercial registered potato varieties, local potato varieties and some clones with superior characteristics.

2. MATERIAL AND METHOD

In the study, the variation was created by hybridization with some commercially registered potato varieties, some local potato
varieties currently being produced in the high altitudes of Tokat province, and clones with some superior characteristics
developed by the TUBITAK-TOVAG project numbered 106 O 626. The study was carried out in Tokat / Kazova (600-650 m)
and Tokat / Artova (1100 m) locations in 2017.

The planting density of 3316 hybrid clones belonging to six combinations was 70x40 cm, and if the number was sufficient
for each of the clones, two tubers each, if not enough, one tuber was planted (Table 1). The clones were planted in Tokat / Kazova
on 30-31 March 2017 and in Artova on 15 May 2017. All treatments required for cultivation were carried out at this stage, and
irrigation was carried out with the drip irrigation method in Artova location and with the sprinkler irrigation method in Kazova
location. According to the results of soil analysis, fertilization was carried out as 20 kg Nitrogen, 10 kg Phosphorus and Potassium
per decare. In the Tokat / Kazova location, the early-maturing clones were harvested on 16-17 August 2017, while the other
clones were harvested on 6-13 September 2017. Moreover, the harvest in Tokat / Artova location was made on 17-18 October
2017. Tubers belonging to the plants in both locations were labeled separately, bagged and stored, then necessary observations
and measurements were performed. In the first clonal generation, the clones belonging to each hybrid family were grown in two
locations and started to be monitored. Clones with disease and clones with abnormal growth and habitus structure were removed
before harvesting. The selection study was mostly carried out after the harvest. Moreover, the clones that were rough, cracked,
cleft, shapeless, rotten, and clones that had the high depth of eye and apical bud, could not grow their tubers sufficiently and had
an insufficient number of tubers were eliminated by the negative selection.

Table 1 Combinations and number of clones examined in the experiment

Combination Parent-1 Parent-2 Number of hybrid clon
1 Slaney X T5/4 384
2 Basciftlik Beyazi X Lady Olympia 526
3 A3/15 X Bafana 690
4 Basgiftlik Beyazi X Slaney 769
5 T5/4 X Marfona 613
6 T5/4 X Bafana 334
Total \ 3316

3. RESULTS AND DISCUSSION

In the present study, in the first clonal selection stage, besides phenotypic characteristics such as breeder's preference, plant
growth form, tuber defects, skin roughness, skin and tuber flesh color, characteristics such as the number of tubers per hill, tuber
yield per hill, average tuber weight, depth of eye and apical bud were considered.

3.1. Breeder's Preference Scale

Unlenen (2010) stated that different plant characteristics were taken into consideration before and after the harvest. Criteria
such as plant height, plant growth type, stolon length, stem thickness, and maturity can be considered before the harvest while
criteria such as stolon length, tuber shape, tuber defect, eye depth, skin smoothness, number of tubers per plant and yield can be
considered during and after the harvest [11] According to the general appearance of the plants under field conditions and the
tubers after the harvest, they were scored as 1- Very Bad, 2-Bad, 3- Medium, 4- Good, 5- Very Good and determined by taking
their means. The clones belonging to the hybrid families were evaluated by the scoring parameters such as the affection level of
the plants by diseases, growth form, stolon length and branching status, tuber shape, tuber color, tuber form, general appearance
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and bulk homogeneity of the tubers. Among the combinations in Kazova location, A3 / 15 x Bafana (11.3%) and Basciftlik
Beyazi1 x Lady Olympia (8.3%) had the highest number of clones in the very good category in terms of overall appearance (Table
2). Moreover, the clones evaluated at the Artova location belonging to the combinations of Slaney x T5 / 4 (7.6%) and Basgiftlik
Beyazi x Lady Olympia (7.7%) were found to be very good in terms of general appearance before and after the harvest (Table
2).

Table 2 Evaluation of clones belonging to hybrids from Kazova and Artova locations according to the breeder's preference

5

S —
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i) Qo » ° = >

= 55 F .3 < B . B . F
O Z3a > =3 oM X > X 0] S > =3

Kazova

1 274 16 58 71 @ 259 84 30,7 93 | 339 10 3.6

2 349 21 | 77 | 57 | 163 121 347 115 330 29 8.3

3 506 9 18 50 9.9 190 375 200 | 395 57 | 113

4 615 21 34 150 244 257 418 162 263 25 4.1

5 468 43 | 9.2 205 438 151 323 60 | 128 9 1.9

6 265 15 |57 | 8 | 309 101 381 53 200 14 53
Total 2477 131 - \ 615 \ - 904 - 683 - 144 -
Average - 22 56 102 252 151 358 114 276 24 57

Artova

1 172 5 29 44 256 60 349 50 | 291 13 7.6

2 313 14 45 87 278 67 214 121 387 24 7.7

3 316 7 22 84 266 82 259 129 408 14 44

4 489 11 22 128 262 198 405 135 | 276 @ 17 35

5 332 21 | 63 | 58 | 175 88 265 142 428 23 6.9

6 96 5 52 34 354 16 167 37 385 4 4.2
Total 1718 63 - \ 435 \ - 511 - 614 - 95 -
Average - 10 3.9\ 72 \ 26.5 85 277 102 362 16 5.7

1=Slaney x T5/4, 2= Basgiflik Beyazi x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.2. Plant Maturing Group

After sprouting, and before the five leaves at the top dried, observations were made and very early-maturing, early-maturing,
medium early-maturing, late-maturing, and very late-maturing clones were determined. Of the 2476 clones examined in the
Kazova location, 2.5% were found to be very early-maturing, 15.5% were early-maturing, 28.3% were medium early-maturing,
31.0% were late-maturing and 21.1% were very late-maturing (Table 3). When the plant maturing groups of the clones were
examined in the Artova location, it was determined that 2.9% were very early-maturing, 7.9% were early-maturing, 31.1% were
medium early-maturing, 38.3% were late-maturing and 19.9% were very late-maturing (Table 3). It is seen that the number of
clones found to be late-maturing in both locations was high. It is thought that this situation was due to the fact that the maturity
status of the parents used in crossbreeding was mostly late.

In a study conducted, it was investigated what percentage of clones could be lost when late-maturing clones were discarded,
and the clones were examined under five groups as very early-maturing, early-maturing, mid-early-maturing, late-maturing and
very late-maturing. Moreover, plant vitality (very weak, weak, medium, high, very high) was also scored. While 20% of the
genotypes were found to be in the late-maturing group, 9.2% were in the very early-maturing group. Besides, it was concluded



Eurasian J. Sci. Eng. Tech. 3(1): 001 - 013

0. Koyutiirk, G. Yilmaz

that 6.2% of late-maturing genotypes could be lost [12]. There is no problem with the loss of early-maturing plants, however,
late-maturing plants can be eliminated due to this feature. However, if the plants are grown in short-day conditions, this risk can
be eliminated since early tuber formation and early ripening will be encouraged [13].

Table 3 Plant maturing group of clones belonging to hybrids from Kazova and Artova locations (number)

c
= Y— !
T o % =) o =) o O
= T S S £ E £ £ T £
= =R S5 5 245 &b S 5
& 5§ 5§ . =8 . B8%TE . ®E L 5§
O Zza >Eg& & w e S S8 ¥ JE S > £ S
Kazova
1 273 5 1.8 25 9.2 79 289 105 @ 385 59 21.6
2 349 8 \ 2.3 \ 32 \ 9.2 65 186 125 | 358 119 @ 34.1
3 506 18 3.6 178 35.2 146 289 100 19.8 64 12.6
4 615 19 \ 31 \ 46 \ 75 156 254 187 | 304 @ 207 @ 337
5 468 12 2.6 68 14.5 143 306 175 @ 374 70 15.0
6 265 4 15 47 17.7 100 37.7 64 24.2 25 9.4
Total 2476 66 \ - \ 396 \ - 689 - 756 - 544 -
Average - 11 \ 25 \ 66 \ 15.5 115 283 126 310 91 21.1
Artova
1 172 3 \ 1.7 \ 12 \ 7.0 43 25.0 67 39.0 47 27.3
2 313 13 4.2 16 5.1 78 249 106 339 @ 100 @319
3 316 8 \ 25 \ 21 \ 6.6 200 63.3 52 16.5 35 11.1
4 489 9 1.8 37 7.6 91 186 | 236 | 483 @ 116 @ 23.7
5 332 16 \ 4.8 \ 56 \ 16.9 164 49.4 64 19.3 32 9.6
6 96 2 2.1 4 4.2 5 5.2 70 72.9 15 15.6
Total 1718 51 \ - \ 146 \ - 581 - 595 - 345 -
Average - 8 \ 2.9 \ 24 \ 7.9 97 3.1 99 383 57 199

1=Slaney x T5/4, 2= Basgiflik Beyaz1 x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney, 5=T5/4
x Marfona, 6= T5/4 x Bafana

3.3. Tuber Defects

Defects such as cracks, clefts, formlessness and secondary tuber formation, deformity and swollen eyes seen in the skin of
the tubers were macroscopically observed and it was determined that if they were present or not. When the tuber defects
belonging to the hybrid families in the Kazova location were examined, it was observed that 48% of the total 2477 clones did
not have tuber defects, however, 51.7% of them had problems such as wrinkling, rotting, softening, secondary tuber formation,
cracking, splitting, and deformity (Table 4). While 43.6% of tubers harvested from Artova location did not have any negative
characteristics, 56.4% of tubers in Kazova location had defects (Table 4). In a study conducted by Unlenen (2010), the values
obtained from the scoring based on the observations at the first clonal generation stage were examined. In the research, it was
determined that the rate of genotype with any tuber defect was 18.0%, and no tuber defect was observed in 82.0% of the
genotypes [11]
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Table 4 Tuber defect values of clones belonging to hybrids in Kazova and Artova locations

5 -

£ o g 5

&) Za <o > Zo >

Kazova

1 273 142 52.0 131 47.9

2 349 203 58.2 146 41.8

3 506 240 47.4 266 52.6

4 615 235 38.2 380 61.8

5 468 244 52.1 224 47.9

6 265 132 49.9 133 50.2

Total 2476 1197 - 1280 -
Average - 199.3 49.6 213.3 50.3
Artova

1 172 59 34.3 113 65.7

2 313 146 46.6 167 53.4

3 316 180 57.0 136 43.0

4 489 156 31.9 333 68.0

5 332 142 42.8 190 57.2

6 96 66 68.8 30 313

Total 1718 750 - 969 -

Average = 124.8 46.9 161.5 53.1

1=Slaney x T5/4, 2= Basgiflik Beyazi x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.4. The Number of Tubers per Hill

The number of tubers per hill was determined by counting the tubers in each hill. As seen in Table 5, the average number of
tubers per hill of 2476 clones examined in the Kazova location was 10.59. When the number of tubers was examined on a
combination basis, the highest tuber number per hill was obtained from T5 / 4 x Marfona combination with 11.90 while the
lowest tuber number per hill was obtained from the Basgiftlik Beyazi x Lady Olympia combination with 8.50. There were 1132
clones above the average. When the mean number of tubers per hill in Artova location was evaluated, the mean of 1718 clones
was 4.54 and 676 clones were above the average.

When the combinations are considered, it is observed that, Basciftlik Beyazi x Slaney had the highest value with 6.02 while
the Basciftlik Beyazi x Lady Olympia had the lowest value with 3.25 (Table 5). Although the number of tubers is an important
feature that affects the yield, the seed value effects are not the same due to the structural heterogeneity, size and other
characteristics of the tubers taken from the first generation seeds. Therefore, the deviations in the number of tubers in the first
field generation were at the expected level. Although the number of tubers is not an absolute feature during selection, it is also
thought that it is not a feature away from attention. Therefore, clones with a low number of tubers were not eliminated much,
other characteristics were also examined, however, clones with a high number of tubers were followed closely [14].
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Table 5 The average number of tubers (humber) per hill of clones belonging to the hybrids in Kazova and Artova locations

IS - 589
£ £g z32 ssEé
S 23 F5E <523
Kazova
1 273 10.87 118
2 349 8.50 147
3 506 11.70 225
4 615 9.97 280
5 468 11.90 246
6 265 10.61 116
Total 2476 - 1132
Average - 10.59 =
Artova
1 172 5.59 73
2 313 3.25 109
3 316 3.42 106
4 489 6.02 217
5 332 4.84 130
6 96 4.14 41
Total 1718 - 676
Average = 4.54 =

1=Slaney x T5/4, 2= Basgiflik Beyaz1 x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney, 5=T5/4
X Marfona, 6= T5/4 x Bafana

3.5. Average Tuber Weight

The weight of tubers obtained from each hill was determined by dividing by their number. The mean of tuber weight of the
clones examined at the Kazova location was 71.2 g. The Basciftlik Beyazi x Lady Olympia combination had the highest average
tuber weight (92.9 g) while the lowest one was determined in Basgiftlik Beyazi x Slaney combination as 55.7 g (Table 6). There
were 1071 clones above the average. The tuber weight mean of the clones of six combinations in Artova location was 41.8 g.
The combination with the highest mean tuber weight was A3 / 15 x Bafana with 46.0 g. Moreover, the lowest tuber weight was
obtained from the combination of Basgiftlik Beyazi x Slaney (39.6 g). Furthermore, the number of clones above the average in
all combinations was 599 (Table 6). The clones, which were decided to be selected in the study, were not chosen according to
their unidirectional characteristics, but according to their status of having several properties together. However, in terms of giving
an idea and revealing the condition of the first generation, the examination of tuber sizes made the selection easier.
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Table 6 Evaluation of average tuber weight (g) of clones belonging to hybrids at Kazova and Artova locations

5 >
S = 5 5«
£ 5 22 S 5
£ EE 5= £
S = z: <23
Kazova
1 273 63.1 120
2 349 92.9 149
3 506 74.0 220
4 615 55.7 264
5 468 74.4 201
6 265 67.4 117
Total 2476 - 1071
Average - 71.2 -
Artova
1 172 44.2 55
2 313 40.4 110
3 316 46.0 105
4 489 39.6 183
5 332 44.6 121
6 96 36.1 25
Total 1718 - 599
Average - 41.8 -

1=Slaney x T5/4, 2= Basgiflik Beyazi x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.6. Tuber Yield per Hill

Tubers taken from each hill were weighed and determined in grams. The highest mean tuber yield per hill was obtained from
T5 / 4 x Marfona (858.2 g) combination, followed by A3 / 15 x Bafana (819.0 g) (Table 7). The combination with the lowest
average was Basciftlik Beyazi x Slaney (543.2 g). The average tuber yield per hill of 2476 clones examined in the Kazova
location was 710.5 g, and the number of clones above the average was 1103. In Artova location, the highest average tuber yield
per hill (231.7 g) was obtained from the number 1 combination while the lowest (124.9 g) was obtained from Basciftlik Beyazi
x Lady Olympia. Moreover, the mean of 1718 clones was 177.2 g. (Table 7). Only negative selection is recommended for tuber
yield and components in early generations in potato breeding programs. Simultaneous selection should be made for plant vigour,
average tuber weight and tuber yield in increasing total yield in potatoes, furthermore, yield and components should be a good
guide to improve the value of clones [15].
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Table 7 Evaluation of average tuber yield per hill (g) of clones belonging to hybrids in Kazova and Artova locations

5 - o
O Za o {<®™CET
Kazova
1 273 641.5 120
2 349 736.6 152
3 506 819.0 231
4 615 543.2 263
5 468 858.2 220
6 265 664.5 117
Total 2 476 - 1103
Average = 710.5 s
Artova
1 172 231.7 58
2 313 124.9 104
3 316 142.5 99
4 489 228.6 177
5 332 208.4 118
6 96 127.3 30
Total 1718 - 586
Average = 177.2 -

1=Slaney x T5/4, 2= Basgiflik Beyazi x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.7. Lateral (eye) and Apical Buds Depth in Tubers

Another characteristic taken into consideration in selection in this study is the distribution of tubers with a high depth of
apical bud. Measurements were made with a digital caliper, the means were expressed in mm and classification was made into
5 groups according to the 1-9 scale in the EAPR standards. When the average eye depth of the clones belonging to the
combinations numbered 1, 2, 5 and 6 in Table 8 was observed, they were found to have shallow eye depth. Moreover,
combinations 3 and 4 had very shallow eye depth. Besides, combinations 1, 2, 4, 5 and 6 were found to have a shallow apical
bud. In the clones examined in Artova location, the average eye depth of clones belonging to all combinations was defined as
the superficial eye. Moreover, apical bud depth means the protruding bud. In potato tubers, it is not desirable that the apical bud
part protrudes excessively. Similarly, it is not preferred that the apical bud part is deep inward. In this case, it can be said that
the superficial apical bud depth is appropriate, as in the eyes [14]. Those with very abnormal characteristics were eliminated in
later generations, considering other characteristics.
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Table 8 Eye and apical bud evaluation of clones belonging to hybrids in Kazova and Artova locations

2 5 A g
£ 5 ) g 23 2
O Za <o = < ®T =
Kazova
273 1.02 shallow eye 1.10 shallow apical bud
2 349 1.20 shallow eye 1.10 shallow apical bud
3 506 0.90 very shallow eye 0.90 protruding bud
4 615 0.98 very shallow eye 1.03 shallow apical bud
5 468 1.01 shallow eye 111 shallow apical bud
6 265 1.05 shallow eye 1.04 shallow apical bud
Total 2 476 1.02 shallow eye 1.04 shallow apical bud
Artova
1 172 0.66 shallow eye 0.60 protruding bud
2 313 0.65 shallow eye 0.67 protruding bud
3 316 0.73 shallow eye 0.64 protruding bud
4 489 0.86 shallow eye 0.84 protruding bud
5 332 0.76 shallow eye 0.68 protruding bud
6 96 0.71 shallow eye 0.68 protruding bud
Total 1718 0.72 shallow eye 0.68 protruding bud

1=Slaney x T5/4, 2= Basgiflik Beyazi x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.8. Skin Smoothness

Skin smoothness in tubers of each clone selected after the harvest was determined according to a scale of 3-7 (3 = Smooth, 5
= Medium, 7 = Rough). Tubers belonging to all clones in Kazova location were examined in terms of skin roughness and 43.7%
were found to be smooth, 52.2% medium, and 4.1% rough. In Artova location, 43.3% of the examined clones showed smooth,
52.6% medium and 4.1% rough skin characteristics (Table 9). Skin smoothness is a very important feature in terms of
marketability. Although it is determined by the senses of sight and touch, it gives an important idea and is evaluated together
with other characteristics. Moreover, it is considered in selection as a characteristic that directly affects the tuber mass quality.
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Table 9 Skin roughness values of tubers of hybrids in Kazova and Artova locations (humber)

= & < € °
= EE 5 = 5
S = & N 3 S & S
Kazova
1 273 120 43.8 137 50.4 16 5.8
2 349 164 47.0 158 45.3 27 7.7
3 506 274 54.2 222 43.9 10 2.0
4 615 182 29.6 413 67.2 20 3.3
5 468 245 52.4 211 45.1 12 2.6
6 265 98 37.0 150 56.6 17 6.4
Total 2477 1083 - 1292 - 102 -
Average - - 43.7 - 52.2 - 4.1
Artova
1 172 65 37.8 107 62.2 0 0
2 313 164 52.4 123 39.3 26 8.3
3 316 147 46.5 161 50.9 8 25
4 490 163 333 318 64.9 9 1.8
5 332 163 49.1 150 45.2 19 5.7
6 96 43 44.8 45 46.9 8 8.3
Total 1719 745 = 904 = 70
Average - - 43.3 - 52.6 - 4.1

1=Slaney x T5/4, 2= Basciflik Beyaz1 x Lady Olympia, 3=A3/15 x Bafana, 4=Basgiflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

3.9. Skin and Tuber Flesh Color

After the harvest, the skin and tuber flesh colors of each clone were macroscopically determined. Skin and tuber flesh color
is a very important feature in terms of marketability. When the skin colors of tubers belonging to 2477 clones in Kazova location
were examined, it was observed that 855 of them (34.5%) were found to be light yellow, 738 (29.8%) were yellow, 869 (35.1%)
were dark yellow, and 15 (0.6%) were red spotted (Table 10). Besides, it was determined that 34.6% of the 1719 clones examined
in the Artova location had light yellow, 34.1% yellow, 30.2% dark yellow and 1.2% of the clones had red-spotted skin color
(Table 10).

As a result of the observations made on the tubers of 2477 clones in Kazova, it was determined that 988 of the clones had
light yellow flesh color, while 677 yellow, 279 dark yellow, 341 cream and 192 of them had white flesh color (Table 11). Of the
1719 clones observed in Artova location, 39.2% were found to have light yellow, 28.5% yellow, 10.8% dark yellow, 13.5%
cream and 8.1% of them had white flesh color (Table 11). Although tuber flesh color formation is affected by environmental
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factors related to pigment formation and density, it attracts attention as a feature with high heritability. When examined from
this aspect, no elimination process was done among the clones in terms of flesh color. This characteristic should be examined
together with other quality characteristics in future generations in selection. Flesh color preference varies according to the
intended use. In some cases, varieties with tubers that have quite white flesh color, and in some cases quite yellow, are preferred.
Therefore, while classifying the tubers belonging to clones in terms of flesh color in the present study, it was aimed to produce
information about the current variation in terms of the flesh color of the tuber.

Table 10 Tuber skin color of hybrids belonging to clones in Kazova and Artova locations (number)

$ . 2 2 5

o ° < 5
3 22 T 08 $ S 8 S g 8

Kazova
1 274 120 43.8 50 18.2 101 36.9 3 11
2 349 120 34.4 65 18.6 157 45.0 7 2.0
3 506 205 40.5 176 34.8 124 245 1 0.2
4 615 171 27.8 203 33.0 238 38.7 3 0.5
5 468 144 30.8 198 42.3 126 26.9 0 0
6 265 95 35.8 46 17.4 123 46.4 1 0.4
Total 2477 855 - 738 - 869 - 15 -
Average - - 34.5 - 29.8 - 35.1 - 0.6
Artova

1 172 83 48.3 38 22.1 50 29.1 1 0.6
2 313 117 374 73 23.3 109 34.8 14 4.5
3 316 135 42.7 125 39.6 56 17.7 0 0
4 490 127 25.9 180 36.7 179 36.5 4 0.8
5 332 99 29.8 144 43.4 89 26.8 0 0
6 96 33 344 26 27.1 36 375 1 1.0
Total 1719 594 - 586 - 519 - 20 -
Average - - 34.6 - 34.1 - 30.2 - 1.2

1=Slaney x T5/4, 2= Basgiflik Beyaz1 x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney, 5=T5/4
x Marfona, 6= T5/4 x Bafana
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Table 11 Tuber flesh color of hybrids belonging to clones in Kazova and Artova locations (number)

E
_ 3
o

= 5 g s

c = T =

= 8 2 g < E 2

£ S S = 5 o g

&) = 3 S > S a X ) S = S
Kazova

1 274 150 | 55 49 18 24 9 39 14 12 4

2 349 172 49 87 \ 25 45 \ 13 \ 17 \ 5 28 8

3 506 166 33 235 46 78 15 27 5 0 0

4 615 164 | 27 40 \ 7 60 \ 10 \ 214 \ 35 | 137 22

5 468 251 54 161 34 3 1 39 8 14 3

6 265 85 32 105 0 69 26 5 2 1 0.4
Total 2477 988 - 677 - 279 - 341 : 192 .
Average = = 40 = 27 = 11 = 14 = 8
Artova

1 172 88 51 46 \ 27 8 \ 5 \ 25 \ 15 5 3

2 313 133 43 108 3% 46 15 9 3 17 5

3 316 125 40 129 \ M 45 \ 14 \ 16 \ 5 1 03

4 490 139 | 28 32 7 54 | 11 159 32 106 21

5 332 165 50 124 \ 37 11 \ 3 \ 22 \ 7 10 3

6 96 23 | 24 51 53 21 22 1 1 0 0
Total 1719 673 | - 490 \ - 185 \ - \ P \ ) 139 ]
Average = = 39 = ‘ 29 = ‘ 11 ‘ = ‘ 14 = 8

1=Slaney x T5/4, 2= Basgiflik Beyaz1 x Lady Olympia, 3=A3/15 x Bafana, 4=Basciflik Beyazi x Slaney,
5=T5/4 x Marfona, 6= T5/4 x Bafana

4. CONCLUSION

It was determined that the clones selected from the six combinations had 40% light yellow, 30.3% yellow, 10.3% dark yellow,
12% cream and 7.4% white tuber flesh color. According to the maturity groups, 2.3% were very early-maturing, 15.9% were
early-maturing, 32% were mid-early-maturing, 29.7% were late-maturing, and 20.1% were very late-maturing. While the mean
of tuber weight was 11-307 g, tuber yield per hill was 17-2879 g, a number of tubers per hill was 1-38, eye depth was 0.14-3.76
mm (very superficial-very deep), apical bud depth was 0.11-5.33 mm (protruding to very deep). In order to be evaluated in the
second clonal generation stage, 103 clones from Slaney x T5 /4 combination, 147 clones from Bas¢iftlik Beyazi x Lady Olympia,
200 clones from A3/ 15 x Bafana, 157 clones from Basciftlik Beyazi x Slaney, 231 clones from T5 / 4 x Marfona, and 80 clones
from T5 / 4 x Bafana were selected. As a result of selection in the first clonal generation stage, 918 clones were transferred to
the second clonal generation stage. As a matter of fact, this number corresponds to 27.7% of the total material. Therefore, a
selection intensity was 72.3%. Of the clones selected locations with different ecological conditions, 772 of them were selected
from the Kazova location, while 146 were selected from the Artova location, besides, there were 45 clones selected from both
locations.

12



Eurasian J. Sci. Eng. Tech. 3(1): 001 - 013

EARLY GENERATION SELECTION IN DIFFERENT LOCATIONS IN POTATO BREEDING PROGRAM

SIMILARTY RATE: %2

ACKNOWLEDGEMENT

This work was supported by scientific research project of Tokat Gaziosmanpasa University with the name of the improvement
of some local potato (Solanum tuberosum L.) variety and promising clones with combination breeding as a doctoral thesis
(Project numbers: 2015/51)

REFERENCES

[1]
[2]

(3]
[4]

(5]

(6]
[7]
(8]
(9]
[10]
[11]
[12]
[13]
[14]

[15]

G. Acquaah, Principles of plant genetics and breeding. Library of Congress Cataloging in Publication Data by
Graphicraft Limited, p, 978, Hong Kong, 2007.

C. Gebhardt, D. Bellin, H. Henselewski, W. Lehmann, J. Schwarzfischer and J.P.T. Valkonen, Marker assisted
combination of major genes for pathogen resistance in potato. Theoretical and Applied Genetics, 112: 1458-1464, 2006.
J.M. Poehlman, and D. Sleper, Breeding Field Crops. 4th ed. lowa State University Press/Ames, 1995, 419 p, lowa.
M.F. Paget, Genetic Evaluation Models and Strategies for Potato Variety Selection. A Thesis Submitted in Partial
Fulfilment of the Requirements for the Degree of Doctor of Philosophy in the University of Canterbury, 2016.

J. Yuan, A. Murphy, D. Koeyer, M. Lague and B. Bizimungu,. Effectiveness of the field selection parameters on potato
yield in atlantic canada. Fredericton Research and Development Centre, Agriculture and Agri-Food Canada,
Fredericton, 2018, NB E3B 477, Canada.

.G. Ney, L.R. Terres, G.O. Silva and A.S. Pereira, Expected response to early generation selection for yield and tuber
appearance traits in potatoes. Ciéncias Agrarias, Londrina, v. 37, n. 5, 2849-2858, 2016.

. Yilmaz, N. Kandemir, Y. Yanar and A. Kinay, TUBITAK 1130928, Obtaining Hybrid Clones Using Potato Genotypes
with Superior Features and Breeding of Some Local Potato Varieties Project Result Report, 2017a.

N. Yakar-Tan, and E. Bilge, General Botanical Book. Istanbul University Science Faculty Publications, Science Faculty
Printing house, (2) 2668, 150, Istanbul, 1979.

C.R. Brown, The contribution of traditional potato breeding to scientific potato improvement. Potato Research, 54: 287-
300, 2011.

S. Jansky,. Breeding, genetics and cultivar development. In: Singh, J., Kaur, L. (eds) Advances in Potato Chemistry and
Technology. Academic Press, 2009, New York, 27-62.

L.A. Unlenen, Determination of reliable selection criteria for early generation in potato breeding. Mustafa Kemal Univ.
Institute of Science, Department of Field Crops. Master Thesis, 2010.

K. Li, B.O. Wayumba, H.S. Choi and L. YoungSeok, Selection for individual traits in the early generations of potato
breeding program dedicated to processing chips. Journal of Agriculture and Environmental Sciences, 2016, 5 (2), 15-
24,

Pushkarnath. 1976. Potato in sub-tropics. Orient Longman, New Delhi, India, 1995.

G. Yilmaz, S. Dokiilen and A. Kinay, Seedling Generation with Hybrid Potato Seeds and Production of Seed Tubers
for First Clonal Selection. Kahramanmaras Siitcii Imam Univ. Journal of Natural, 20 (Special Issue), 177-180, 2017.

J. Gopal, Genetic Parameters and Character Association for Clonal Selection in Potato Breeding Programmes. Genetic
Parameters and Character Association for Clonal Selection in Potato Breeding Programmes. Agronomie, EDP Sciences,
2006, 19 (6), 531-539.

13



Eurasian J. Sci. Eng. Tech., 2022; 3(1): 014 - 028

2
D

o

%

Eurasian Journal of Science Engineering and Technology
V)

IS

Research

Z,

&
%,

FORWARD & INVERSE KINEMATICS SOLUTION OF 6-DOF ROBOTS THOSE
HAVE OFFSET & SPHERICAL WRISTS
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ABSTRACT

One of the critical design decisions that arise during the design of an industrial robot is the function of the joints to be used and
their location. Of course, for the designed robot to provide the expected performance, the selection of the motors and gear
reducers that will create these joints will primarily affect the determination of these joints. However, both the examination of the
existing industrial robots and the fact that the motor and gear reducer information that can be supplied can be easily obtained
with today’s technology, these joints can be determined quickly as a result of a short investigation. Along with the mechanical
design, robot control unit design also has stages that progress in parallel and depend on or affect the mechanical design decisions.
One of the most important of these is that especially inverse kinematics calculations can be performed analytically, enabling the
robot control unit to make decisions and give commands in real-time.

This article aims to publish the geometric calculation of inverse kinematics of commonly used exampled configuration of 6-DOF
industrial robot that has offset and spherical joint along with interactive calculation tables and sheets. There are numerous articles
published on the same subject but none of them has provided any verification supplement so far. Thus, it is also aimed to confirm
and verify the calculations given in this article by providing convenient tables and sheets and to create a solid foundation for
future studies.

Keywords: Inverse kinematics, Forward kinematics, 6-DOF Industrial robot, Spherical wrist, Offset wrist, Analytical solution,
Geometric solution.

1. INTRODUCTION

In simple words, kinematics is the study of motion while ignoring the causes of that. Any component of that motion is
considered to be rigid. Connections among those components are called joints. There are many joint types but in the end, they
all can be expressed with two base joint types; prismatic (sliding) and rotating. Each base joint in the kinematic body defines the
DOF! of that mechanism. For industrial robots, usually, a rotating joint type is used and if the robot has 6 DOF, it generally
means it has 6 rotating joints.

Forward kinematics is to compute the position of end-effector? by using specified joint parameters (for rotating joint, it is
rotation angle). The solution of any DOF robotic manipulator has to be done in advance and is straightforward theoretical
calculation [1], [2], [31, [4]. [5]. [6]. [7]. [8], [9]. A method called Denavit Hartenberg® convention widely used solution for both
Forward & Inverse solutions.

Inverse kinematics is exactly the opposite of forward kinematics, which is to compute joint angles by using a specified end-
effector position. The solution is also diverse with numerous approaches. Some most well know theoretical ones [3], [6] are:

Algebraic Solution: Forward kinematics calculations like approach. It has several advantages, such as a) being the most
robust solution for real-time calculations, b) it is a straightforward math calculation scheme that may not need DH convention,
and c) it is feasible for 3 DOF robot kinematics. On the other hand, it requires an algebraic calculation of the inverse
transformation matrix. It introduces the following disadvantages; a) not feasible for almost all 3+ DOF real-life robotics
kinematics, b) the solution gets much more complicated when offsets exist and DOFs are increased.

Geometric Solution: Dividing mechanism into several plane geometry problems. When compared with Algebraic, this
method also requires extended trigonometric knowledge besides conventional math. Advantages of the solution can be; a) as
with algebraic, the solution does not strictly depend on robot structure. b) As in forward kinematics solution, DH parameters
representation is also the de-facto standard for the geometric solution. ¢) the solution is recognized as suitable for real-time

! Degrees of Freedom
2 Located at the end of the robotic arm, to interact with the environment
3 Abbreviated as D-H or DH method and expressed with DH table

* Corresponding author, e-mail: serap.dikmenli@gmail.com (S. Dikmenli)
Recieved: 04.03.2022 Accepted: 05.05.2022
doi: 10.55696/ejset.1082648
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calculations. Disadvantages might be; a) avoidance might be possible but, almost all solutions include singularities, b)
nonlinearities (multiple solutions) exist due to the use of local coordinates.

Quaternion Solution: This is the newest solution approach that uses an alternative artificial imaginary complex space called
Quaternion. Advantages are a) introducing compact formulation; b) reduced number of equations, ¢) gimbal lock and other
singularities are avoided. Drawbacks might be; a) rotations only mechanisms can be handled. b) needs more math to comprehend,;
c) difficult to interpret and d) less intuitive.

Figure 1. An example robot CAD model

Since our kinematic mechanism includes rotations for each DOF, the quaternion solution seems to be the best fit, but for
intuition and easy interpretation, the geometric solution approach will be exercised in this paper. In reality, exampled robot joints
are in 3D space, but for the sake of solution simplicity, they all are projected onto a single plane. Shifts between joints are called
offsets and the exampled robot has two offsets; the first one is between 1st & 2nd joints and the second one is between 3rd &
4th joints [10]. The 4th, 5th & 6th joints altogether forms spherical wrist [1]. 6-DOF exampled robot will be divided into two 3-
DOF mechanisms; the first one compromises 1st, 2nd, and 3rd joints, and the second one compromises spherical wrist joints.

Due to the nature of the inverse kinematics solution, each joint angle could have multiple values. This nature is well
documented and investigated in many literature [11], [12]. This article and its supplements will only reveal just the single solution
which covers the widest range.

(SQ M
g, ™~ .
! \)\ 3 N .
t\\\{ \\\ 1395
RET
Mg N \ (Qis) ~ .
[ ™. >
8 RN \\ . N
1 (3920) ! ~._§
15 | @ .(1&5
| q
! \‘\Z S)
1 1 . ‘(gj
ok
5 1z x
(qws) |
I
:j - L »

Figure 2. Schematic of robot shown at Figure 1
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2. EXAMPLED ROBOT AND ITS SCHEMATIC REPRESENTATION

A 6-DOF industrial robot is chosen. Below find its CAD model (Figure 1), and schematics (Figure 2&3) to be used to define
its home position. Initial solution parameters & variables will be extracted from these schematics as well.

3. ROBOT VARIABLES, PARAMETERS & DENAVIT HARTENBERG TABLE

A very commonly used 6-DOF robot has the following variables, parameters, parameters and corresponding Denavit-
Hartenberg (DH) table. In this section, these known and unknown will be exposed using the schematics in previous section 2.

3.1 Variables

This 6-DOF robot manipulator has six links and all of them are revolute joints. By changing the angle of these revolute links,
a robot can reach and fulfill its function as expected. Therefore, variables of the kinematics system of the introduced robot
manipulator are these revolute joint angles and their starting value accepted as 0 (zero) at home position, and it should be bigger
than -180° and less than or equal to 180°. In this article and its supplements;

— 0 denotes joint angle,

—  Subscript n (where n = 1...6) denotes revolute joints,

— A number (1...6) subscript denotes a revolute joint number which is starts from the robot base and goes to the tip,

—  Subscript v denotes variable,

— Subscript h denotes home offset joint angle at home position,

— Subscript f denotes joint angle for forward kinematics calculation which includes both variable and home offset part,

— Subscript i denotes joint angle for inverse kinematics calculation which includes both variable and home offset part.
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Figure 3: 2D Representation of schematics on Figure 2
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3.2 Parameters & Denavit-Hartenberg Table

For the specified home position in schematic Figure 2&3, joint angle offset (6), twist angle (a), joint offset (d), and joint
length (a) should be defining column parameters of the Denavit-Hartenberg (DH) table. Each row of the DH table defines
mentioned parameters of each joint. Therefore, we have 6 (row) joints by 4 (column) parameters table. Definition of each
parameter is;

0: Angle about the previous Z, from old X to new X.

a: Angle about new X, from old Z-axis to new Z-axis.

d: Offset distance along the previous Z, from old joint to new joint center.

a: Length along new X, from old joint to new joint center.

In addition to that while placing the local coordinates in Figure 2 following rules apply;

— Z-axis is always the joint axis on which the joint rotates about if it is a rotational joint or moves along if it is a

translational joint.

— X-axis must be perpendicular and intersect both new Z & old Z

— Y-axis’s placement follows the right-hand rule based on the X & Z axes

By using the above transformation parameters definitions, constraints between axes and the schematic representation of the
robot manipulator shown in Figure 2&3, D-H parameters shown in Table 1 can be derived.

The most crucial steps for constructing the D-H table are the placement and orientation of local coordinates so that the
complexity of our solution is minimized.

Table 1: D-H Parameters of robot manipulator that’s schematics shown in Figure 2&3
0°n «° d(mm) a(mm)

IstJoint O 90 575 | 175
2nd 0 0 890
Joint

3rdJoint 0 90 0 50

4thJoint O  -90 1035 0

5thJoint 0 90 0o 0

6th Joint | 0 0 185 0

When variables and parameters merged, the 0, o, d and a values for each joint would be as follows;

01 = 01y + 0°11 aif = 90° dis= 575 aif= 175
O2r=020+0%n o= 0° dxy= 0 ax=890
O3r=03+0%n o= 90° dy¥= O ax= 50
045 =04y +0%n  our=-90° ds=1035 as= O
Os5t=05y+ 0% osr= 90° dss= O asr= O
Osr=06v+0%n  asr= 0° der= 185 ag= O

In a nutshell, for forward kinematics calculation, the rotation angle at each joint is a variable. There are also 4 D-H parameters
for each joint. Therefore, for the 6 DOF mechanism robot, there will be 6 variables and 6x4=24 variables to calculate the end-
effector’s 3 (X,y,z) cartesian location and 3 angular orientation. For forward kinematics calculation, these six total unknowns
always stay constant, whether the mechanism has 2, 3 or 10 joints.

An increased number of DOF on robotics kinematics has almost no effect on forward kinematics, but this cannot be said for
inverse kinematics calculation. Depending on the number of additional DOF and each joint’s formation, the chosen method may
not be feasible.

4. FORWARD KINEMATICS CALCULATION

In 1955, Denavit and Hartenberg proposed a matrix method to construct the coordinate system connected to each link in the
robot’s joint chains to describe the translational and rotational relationship between adjacent links. This robot kinematics model
is based on the D-H coordination system. Transformations between two consecutive joints can be written by substituting the
parameters in the parameter table in their corresponding place in the matrix called “A,”, where;
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[cos Ons —sinfyrcosays sinbpssinayy ayrcos an]
A= sinf,y  cosOprcosays COSOurSina,r appsinby,y

nf 0 sin @, ¢ COS Ay f Ay
l 0 0 0 1 J

When known joint parameters are put into their corresponding place in this matrix, then the following matrices are obtained for
each joint starting from the base (1) to the tip (6);

cosir 0 sinfiy  a;pcos0f]
A= sinf,; 0 —cosOif a;rsinbf
1=
! o 1 0 dys
0 0 0 1
[costyr —sinfyr 0 aypcosbyy]
Aop = sinf,r cosByr 0 ayrsinbyy
2 0 0o 1 0
0 0 0 1
[cosfsr 0 sinf3r  asrcosbsy)
s = sinf;r 0 —cosfzr agssinfzr
3f =
d 0 1 0 dsy
0 0 1
cos O, ¢ —sinf,; 0
A [sm O4r COS Oy ¢ 0 ]
4f =
|l 0 —1 0 d4fJ|
0 0 0 1
cosbsy 0 sinfsy 0
Aew = sinfsy 0 —cosfsy O
o 0o 1 0 0
0 0 0 1
[cos Oer —sinfgr 0 O
A = sinfgy cosbgy 0 0O
6f =
l 0 0 1 deJ
0 0 0 1

For abbreviation and simplicity following notation substitutions will be used throughout this article;
C, = cos0, S, =sin@,
Cap = Caly — SaSp Sap = CaSp + SaCp
The total transformation matrix from the robot base to the hand is as follows;
Nxr Oxy QAxf DPxf
Nyr  Oyr  Qyr  Pyyr

n, f 0y f a; f Pz f
0 0 0 1

Tf = AlfAZfA3fA4fA5fA6f =
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In which;

Nyp = C6f(C5f(C1fC23fC4f + 51f54f) - leSZBfSSf) + Se5(S17Cay — C15Co35Sar)

Nys = Cor(Cor(S1rCaspCas + CipSar) = S17S23pSsr) = Sep(CapCas + S15CasfSar)

Ngr = C6f(C23f55f + 523fC4fC5f) — S237S4rSef

Oxr = Sef (C1f523f55f - C5f(51fC23fC4f + S1f54f)) + Cof (S15Car — C15Co35Sar)

Oyr = Sef (51f523f55f — Csp(S1Co3fCay + leS4f)) — Cop(CrpCap + S17Co35Sar)

Ozf = —56f(Cz3f55f + 523fC4fC5f) — S237S45Cer

ayr = S5 (CirCazpCas + S1fSap) + CipSazpCsy

ayp = Ss¢(S17CaarCap = CipSar) + S17S237Csp

Az = Sa37CapSsp — Co35Csy

Dxs = dep(Ssp(CipCozpCas + S1pSar) + C1pSa3rCsp) + Cip(ass + azpCop + azpCosp + dapSyas)
Dyr = der(Ssp(S17Ca3rCar + C1pSar) + S1£Sa3sCsp) + Sip(ars + azpCop + azpCozp + darSazr)

Dzr = QpSop + dif + a35Sa35 — dapCosp + der(Sa35CapSsy — Co37Csy)

The lowest row in the resulting 4x4 transformation matrix is considered as the ineffective row. The top left 3x3 matrix is the
rotation matrix, and the 3x1 matrix from top to bottom in the far right column is the translation matrix.

Accordingly, the rotation matrix from the base coordinate system of the robot to the tip of the robot;
Tle Oxf axf
Ty = [Wwr %97 Qyr
an OZf azf
Where;
[N« Nyt Nz]: the unit vector indicates the direction of the X-axis at the robot end tip to the base coordinate system.
[oxr Oyf 05]: the unit vector indicates the direction of the Y-axis at the robot end tip to the base coordinate system.

[axt ayr a:]: the unit vector indicates the direction of the Z-axis at the robot end tip to the base coordinate system.

The unit vector shows the direction of the X, Y and/or Z-axis at the robot tip according to the base coordinate system. However,
the expectation is to express all of these in angular form rather than vectorial. Below find how to express tip rotation in ZY'Z"
Euler and XY'Z" Tait-Bryan angles. The matrices used to calculate these angles are available from [13].

ZY'Z" Euler angles of the robot tip coordinate axis to the base coordinate axis (subscript e denotes Euler);
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a
Zes = arctan2 (Lf>
axf

Y'ep = arctan2 | ———
\ )

0
ARES arctanZ( 2 )

XY'Z" Tait-Bryan angles of the robot tip coordinate axis with respect to the base coordinate axis (subscript t denotes Tait-Bryan);

—-a
Xif = arctan2 (—yf>

aZf

o )
Y' s = arctan2 —

-0
Z'er = arctan2< xf)
Tle

The translation matrix from the base coordinate system of the robot to the tip of the robot;

Px f
Pyr ‘

pzf

TTf =

The transformation matrix that both includes translation and ZY’Z" euler angles can be represented as;

- Dxf T
Pyf
pzf
Zef
Y,ef
Z"ef_

This concludes the forward kinematics calculation. In proceeding inverse kinematics calculations above derived Tet matrix will
be taken as input and 6, joint rotations will be derived.

5. INVERSE KINEMATICS CALCULATION

In the previous session, we have found the end-effector location in cartesian space by inputting joint rotation angles. In real-
world robots operates exactly the opposite; the robot controller needs to know the joint angles for a given end-effector’s location.
This is done by inverse kinematics calculation which will be explained in this session. Input variables of inverse calculation will
be the Ter matrix”’ cell values derived in the previous session, but all subscripts will be changed from f to i and therefore our input
matrix will be;
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Dxi
Pzi
Te; =

Zei

Y,
1z,

Rotational angles of each joint will be calculated by using the values in matrix Tej, To do so transformation matrix will be
constructed from T by going reverse.

The translation part of the transformation matrix is evident; [pxi pyi pzi] vertically forms the top of the rightmost column of
the transformation matrix. In order to form the rotation matrix, it will be sufficient to substitute the rotation values given as input
in the relevant euler rotation matrix. In reference [13] corresponding rotation matrix calculation for ZY’Z" euler angles is already
stated. Following substitutions, notations and abbreviations are used to form the rotation matrix from euler angles. As an addition
only i index is added as a subscript to indicate the inverse calculation;

— — ! — "
a; = Ze; Bi=Y Yi=Z"e
c1;i = cos(@;) ¢y =cos(By) ¢z = cos(yy)
s1; = sin(a;) Sp; = sin(p;) s3; = sin(y;)
Using these abbreviations on the rotation part (3x3 one at upper left) in the transformation matrix;

C1iC2i€3; — S1iS3i —C3iS1i — C1iC2iS3i C1iS2i DPxi

T, = C1iS3; — €2iC3iS1i  C1iC3; — C2iS1iS3i  S1iS2i Pyi
L =

—C3iSy $2iS3i C2i Dzi
0 0 0 1

It was also shown in forward kinematics calculation, the abbreviated notation of this transformation matrix was as follows;
Nxi Oxi QAxi Pxi
Ny; Oyi Qyi DPyif_
Ty = ny. oy. ay. Y 1=A11A2iA31A4iA5iAsi
Zl Zl Zl le
0 0 0 1

In the matrix, the translation values are already determined, rotational values are as follows;

Nyi = €1iC2iC3i — $1iS3i Oxi = —C3S1i — C1iC2iS3i QAyxi = C1iS2i
Ny = C1iS3; — €2iC3S1i 0y; = C1iC3; — €2i51iS3i Ay = 5152
Ngzi = —C3iS2i 0zi = S2iS3i azi = Ci

The schematic representation of the robot manipulator with dimensions is shown in Hata! Basvuru kaynag: bulunamada..
The process of finding the angles of each joint of the robot manipulator can be divided into two steps as;

1) find the first three joint angles and then,

2) find the next three spherical joint angles by making use of the first three angles.
In Hata! Basvuru kaynagi bulunamada., a geometric explanation brought to finding the first joint angle 6;;.

Dxi Ay
Pys = Pyg — Py Wwhere, Pyg = [pyi , Py = dg; [ayi]
Dzi Az
Xo5 Dxi Ay Pxi — d6iaxi
Pos = |Yos| = [pyi] — dg; [ayi] = |Pyi — d6iayi
Zo5 Pzi Azi Pzi — dsiazi
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Thus;

0,; = 6,, = arctan2 (M) (1)

Pxi—deilxi

TR

aq; =175.mm
ap; =890 mm
az; =50 mm
d'1i =575 mm
d4i =1035 mm
dﬁi =185 mm

azi

Y1

Figure 5: Graphical expression to derive 01;.

Again using the geometric solution shown in Figure 1 and cosine law (Figure 2), s can be derived as follows;
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Xo01 a4;Cy;
Py = [Yo1| = [a1:51

X04 Dxi — deilxi
P P04 =1Yoa| = pyi - d6iayi
Zo1 dy;

Zoa Dzi — deily;

83

Figure 1: Graphical expression to derive 0s;

Cc
a
b
2 2 2
Ccos ((D) = 4a -+ b _c
2.a.b
Figure 2: Law of cosine

Thus;

X14 Dxi — d6iQxi — A1;Cy;

P14 =|Y14| = P04, - P01 = pyi - dﬁiayi - alisli

Z14 Dzi — deiQzi — dy;

and,
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Py = “P17:1»'P14|' L= /a§i+dfl-

Where L subscript represents the length of the corresponding vector. Applying cosine law and well known trigonometric formula;

_ If +a3; — Pray _ dy
@ = arccos| ———— |, { = arctan2 (—
2l a, as;

Therefore;

031 =03y, =@—-C—m )

Once again using the geometric solution described in Figure 3, cosine law (Figure 2), and well know trigonometric formula 6s;
can be derived as;

X14 Dxi — d6ilxi — a1;Cy;
Py = V14| = |Pyi — d6iQyi — a1i51:
Z14 Dzi — deiGy — dq;

Figure 3: Graphical expression to derive 6;

From the above equation, 51 and . can be found as;
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Z
p; = arctan2 | —2—
\ x$4 Vi

2 _p2 2
azi_P14L_l1)

By = arccos(
2a;Pq41,

From geometry;
921=92v+§=ﬁ1+32 ©)

The first phase of the inverse calculation is finalized by finding the first three joint rotational angles. The second and the last
phase to find the rest of the three joints that make up the spherical wrist will be solved geometrically.

To calculate 6s; we will assume 64 = 0, or better, the absence of the 4th joint. Then the angle between the rotation vectors (R,)
will give us Osi.
Before doing that some equality declaration has to be stated to be the base for further calculations;

[C1i 0 Sy aq;Cy]

Ay = Sti 0 =Gy ag;Sy;
0 1 0 dy;

[0 O 0 1 |

Coi =Sz 0 ay;Cy)

Ay = Sai Cai 0 axpSy;
' 0 0 1 0

0 0 0 1 |

[C3; 0 Sz a3iCy]

As; = S3; 0 —C3;  az;Ss;
0 1 0 0
0 O 0 1

The following is also known;

Ci2 = C1C; — 515, S12 = €15, + 51,

For the sake of finding the 5th joint angle, it is assumed that the 4th joint is absent. 1st to 3rd joint transformation matrix will be
also considered to be 1st to 4th joint transformation matrix. Since all first three joint angles know, A;3 and consequently A4 can
be derived;
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&'\‘RanRoszi
Ro6zi
Angle Between Two Vectors Formula

S. Dikmenli

R .
0z (051 Ro6zi @ Ro3zi
cos(0s) = — — —
[Ro6zi| |Ro3zil
85;

Ro6zi

Figure 4: Graphical expression to derive 6s;

C1iCa3i  Su CyiSazi Cyi(aqg; + azCy + aziCasy)
$1iCazi —Cyi S1iS23i Spi(aq; + aziCo + a3iCa3y)
S23i 0 —Cyy A2;S2i + dy; + a3;523;
0 0 0 1
From input values, the rotation vector about z (Rei) is known. From the above-mentioned assumption that is R4 is equal to Rai,

Aqgi = Aqzi = Aq " Ay A =

R4z is known. Then the angle between two vectors formula as shown on Figure 4 will be applied to find the ds; unknown.

Axi C1iS23i
Rezi = [Qyi, R3zi = Razi = |S51i523i
Azi —Ca3i
Since both Re;i and Rz are unit vectors, matrix multiplication will give the cosine of the angle between two vectors;
05i = 05y = arCCOS(R6Zl ' RSZL) 4)
4th and 6th joints are only the joint angles left which are unknown to us.

Since both Aisi & Assi are known, we can derive Aggi as follows;

Le Jx Ky Ly

_ I K, L
A4-6L_A13l A16l Iy §y Ky Ly
z z z z

0O 0 O 1

Where all 1, J, K, and L are calculated and known values.
On the other hand, the A6 matrix can also be derived symbolically by multiplying the following matrices;
Ex FX Gx Hx

E, E, G, H
Agei = Asi~ Asi " Agi = Ey Fy Gy Hy
4 z 4 4

0 0 0 1
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Where;
Ey = C4iCsiCoi — S4iSei  Fr = —(C4iCsiSei + S4iCei) Gy = C4iSsi  Hy = C4;Ss;dy;
= 54iCs5iCe; + C4iSei  Fy = —54iCs5;S6; + C4;Co; Gy = 54iSsi Hy = S4;S5idei

AR ‘51'1

= —55;Ce; E; = S5iS6i G, =Cy; H, = Csidg; + dy;

From the previous symbolic matrix, it can be easily noticed that the inverse tangent (arctan2) of matrix elements 2.3 (Hy) over
1.3 (Hy) gives 64 and the inverse tangent of elements 3.2 (F;) over 3.1 (E,) gives 6.

04; = 6,4, = arctan2 (i—i) = arctan2 (]]:—Z) (5)
and,
06; = B4y = arctan2 (E—z) = arctan?2 ({—2) (6)

Thus, all unknown angles for 6 joints are found by using the geometric solution approach.

6. CONCLUSION

Open source coding for forward and inverse kinematics solution might be obtained in low or high-level languages, but using
the code might be painful for many reasons such as;

— compiler may need to be purchased

— coding language might be learned

— debugging is hard if there is any bug in the code

— coding should be fully understood before adapting or extending

These difficulties most likely lead to moving away from those who want to dive into robotics and progress at a rapid pace.
With this article and provided supplemental calculation sheets (SMath & Excel) [14], a solid foundation is thought to be
established for understanding both forward & especially inverse kinematics solutions.

For both easy understanding and solution simplicity, just a single solution is introduced. Inverse kinematics solution covers
the widest but limited range. For instance, the 5th joint cannot derive to negative rotational angles. Angles on the 1st and 2nd
quadrants of the unit circle are covered because this joint angle is derived from the arccos function.

Applicability of the chosen inverse calculation approach can be exercised with supplied interactive table sheet. Compared to
quaternion, it is not a singularity-free solution. In case these singularities are in the robot’s working space, additional algorithms
may be needed to resolve them.

If desired, other inverse kinematics solution variants can be easily developed. Previously mentioned [11], [12] references are
a great starting point.

SIMILARTY RATE: 10%
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ABSTRACT

CZTS thin film was fabricated by sulfurization process of deposited thin films on Mo coated glass substrates. Cu, Zn, and Sn
thin film layers were deposited sequentially to form Glass/Mo/CuSn/Zn/Cu. The CuSn layer in the stacked structure was formed
by annealing process in the sputtering chamber after sequential deposition of Cu and Sn, respectively. The sulfurization process
was performed by rapid thermal processing method (RTP) so as to obtain kesterite CZTS structure. The obtained CZTS thin film
was analyzed using several characterization methods such as EDX, XRD, Raman spectroscopy, SEM and PL measurements.
The EDX measurements showed that elemental loss was not observed after the annealing process in sulfur atmosphere. The
fabricated CZTS thin film showed Cu stoichiometric and Zn rich composition. The XRD pattern of annealed sample revealed
formation of kesterite CZTS structure. The Raman spectra of the sample proved formation of kesterite CZTS structure. In
addition, some CTS phases were detected in the structure by Raman spectroscopy. Polycrystalline surface microstructure was
seen in SEM surface measurement. The room temperature PL measurement exhibited a transition around at 1.39 eV that is very
close to band gap of kesterite CZTS structure. Overall, with this study, it has been shown that the CZTS thin film structure can
be easily produced using the RTP method with very high heating rate.

Keywords: CZTS, RTP, Sputtering, Kesterite, Thin film

1. INTRODUCTION

Cu2ZnSnS, (CZTS) thin film semiconducting materials gained huge interest in thin film photovoltaic (PV) industry recently.
Although the CdTe and Cu (In, Ga)Se; (CIGS) based thin films are the most common materials studied in this area due to their
high conversion efficiencies, the scarce nature of In and Ga, and toxic nature of Cd cause a reduction in further improvement of
such kind of solar materials [1, 2]. Therefore, the CZTS is emerged as an alternative material thanks to the fact that it contains
plentiful raw materials, 1.4-1.5 eV direct optical band gap, convenient absorption coefficient, and p-type conductivity [3]. Such
optical and electrical characteristics of CZTS thin film make this material favorable for photovoltaic applications.

The CZTS samples commonly fabricated by two stage process [4]. In this first stage, deposition of precursor layers (Cu, Sn,
and Zn) are performed using either vacuum-based or solution-based techniques. The most common used vacuum and solution-
based techniques are DC and RF magnetron sputtering [5, 6], thermal and e-beam evaporation [7, 8], pulsed laser deposition [9],
spin coating [10], electrodeposition [11], spray pyrolysis etc. [12]. The sputtering method is the more preferable technique in
preparation of CZTS thin films because it ensures pure, uniform, more controllable film thickness, and more suitable for large
scale production.

The CZTS solar cell has a theoretical limit above the 30% conversion efficiency [13]. However, the record conversion
efficiency is 13.0 % [14]. Many different approaches are being tried to increase the cell efficiency and converge to highest CZTS
based solar cell efficiency. Foremost among these approaches is optimizing the growth parameters of the CZTS films. For
example, employing various stacking order of precursor layers [15], preparing the CZTS compound in different chemical
composition [16], and optimizing the sulfurization parameters [17, 18].

The sulfurization process is generally carried out by two different procedures that are conventional thermal processing (CTP)
and rapid thermal processing (RTP) methods [19, 20]. The latter method ensures that reaching to reaction temperature is more
quickly (up to 50 °C/s), minimizing the decomposition processes, and reducing production time and cost.

In this work, CZTS semiconductor compound was prepared by annealing of Glass/Mo/CuSn/Zn/Cu stacked film prepared
by sputtering system using RTP method in sulfur atmosphere. The Glass/Mo/CuSn/Zn/Cu stack was selected for preparation of
CZTS thin films since more promising films were obtained using this stack by our research group [21]. Furthermore, the CuSn
structure was formed intentionally in the sputtering chamber so as to prevent Sn-loss in the sample. It is well known that SnS is
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a volatile phase due to its high vapor pressure. The CuSn alloy may limit formation of SnS phase and thus prevents the formation
of decomposition reactions.

The prepared CZTS sample was characterized using several techniques, such as energy dispersive X-ray spectroscopy (EDX),
X-ray diffractometer (XRD), Raman spectroscopy, scanning electron microscopy (SEM), and photoluminescence (PL).

2. MATERIAL AND METHOD

The Glass/Mo/CuSn/Zn/Cu stacked film was produced by sputtering method. High purity Mo (4N), Cu (5N), Zn (4N) and
Sn (4N) targets were used for the fabrication of stacked precursor film. Prior to deposition process, the glass substrates were
cleaned using the standard cleaning procedure. It was cleaned first in acetone, then isopropanol, and finally in distilled water
solutions in ultrasonic cleaner. The cleaned glass sheets were dried with nitrogen gas and placed in the sputtering system for the
deposition process. The Mo layer (250 nm) and Cu layers were deposited using DC power source, Zn and Sn layers were coated
using RF power supply. After the glass substrate was coated with Cu and then Sn, the temperature of sample holder was set to
200 °C, and CuSn alloy was obtained by annealing this structure for 5 minutes in the sputtering chamber. Just above this structure,
the Zn and approximately 30% of the total thickness of Cu were deposited sequentially to obtain complete Glass/Mo/CuSn/Zn/Cu
stacked film. The thickness of Cu (175 nm), Zn (165 nm) and Sn (230 nm) was measured by profilometer.

After the precursor layer pulled out from the sputtering system, it was placed in the graphite box with 50 mg of high purity
sulfur pieces and it was placed in the RTP system. The sulfurization process was carried out at 550 °C temperature using the
highest heating rate (5 °C/s) allowed by our system, using a dwell time of 1 minute. The sulfurization temperature and time were
selected subject to our previous reported studies [15, 22].

The chemical composition of the produced CZTS sample was analyzed by EDX, the structural properties were characterized
by XRD and Raman spectroscopy (633 nm), the surface morphology was investigated by SEM, and the optical properties were
determined by room temperature PL measurements.

3. RESULTS AND DISCUSSION

The chemical composition of precursor and CZTS thin films was characterized by EDX measurement. The EDX spectrum
of CZTS thin film was given in Fig. 1.
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Figure 1. EDX spectrum of CZTS thin film.

The EDX analyses performed by map measurement (~150 um x 150 pm) since a point measurement may not reflect actual
composition of the films due to inhomogeneous elemental distribution. The chemical composition of precursor and CZTS thin
film were presented in Table 1. As displayed in the table, Cu/(Zn+Sn) and Zn/Sn ratio of the samples showed similar values.
The Cu/(Zn+Sn) and Zn/Sn atomic ratios are ~1.01 and 1.08, respectively. These results showed that the sulfurization process
did not cause any elemental loss in the sample. The SnS phase is a volatile phase since it has high vapor pressure and it causes
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Sn-loss in the samples when unsuitable sulfurization conditions are applied to the precursor films [23]. According to our EDX
results, it can be easily said that the sulfurization process was carried out successfully.

Table 1. Chemical composition of precursor and CZTS thin film.

Atomic percentage %) Atomic Ratio
Sample
Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn  S/Metal
Precursor 505 257 238 - 1.02 1.08 -
CZTS 19.5 10.0 9.3 61.2 1.01 1.08 1.58

The crystal structure of CZTS thin film was characterized by XRD measurement. XRD plot of CZTS film was presented in
Fig. 2.
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Figure 2. XRD pattern of CZTS sample prepared in this study.

As seen in the figure, the XRD pattern is dominated by (112), (220/204), and (312/116) diffraction planes of the kesterite CZTS
phase (JCPDS 26-0575). The other peaks of the same phase are shown in the figure. The diffraction peaks from Mo back contact
layer are also shown in the figure (JCPDS 42-1120). A very low intensity peak at around 26=31.70° was detected. This peak can
be attributed to occurrence of CuS phase (JCPDS 03-065-3556). This phase can be removed from the surface of the sample by
KCN etching process [24]. Therefore, it is possible to obtain almost pure kesterite CZTS sample by this simple etching process.
Overall, except for minor peak of CuS, XRD pattern of CZTS sample revealed almost pure kesterite CZTS.

The Raman spectroscopy technique was used to prove occurrence of kesterite CZTS phase because Cu,SnSz (CTS) and ZnS
phases have resembling XRD patterns compared to CZTS structure [16].
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Figure 3. Raman spectrum of CZTS thin film.

As we can see from the figure that a strong peak at around 338 cm™ was detected. It is attributed to vibration mode of kesterite
CZTS phase [25]. The other CZTS peaks were marked in the figure. In addition to kesterite CZTS phase, some minor peaks at
around 303, 314 and 355 cm were detected [26]. These peaks can be ascribed to constitution of CTS phase that is not
distinguished by XRD technique. Formation of this phase can be explained by short sulfurization time that may be not enough
for obtaining complete CZTS structure [27].

The morphology of precursor and CZTS sample was investigated by SEM technique. The SEM microstructure of the films
was displayed in Figure 4. As displayed in the figure, precursor film showed homogenous and dense surface microstructure.
After the sulfurization process, the CZTS sample revealed dense and large-grained polycrystalline surface microstructure that is
desired situation for solar cell application since small grains gives rise to formation of more grain boundaries and such formation
act as recombination centers in the cell [28]. The grain size was found to be on the order of 1 um.

Figure 4. SEM surface image of a) precursor, and b) CZTS thin films.

The photoluminescence (PL) measurement was performed at room temperature and it was presented in Figure 5. As can be
seen in the figure, a broad band peaked at around 1.39 eV. It was seen that the obtained value is in good agreement with the
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reported literature [22, 29]. Considering that the forbidden band gap energy of the kesterite CZTS phase is around 1.4-1.5 eV, it
can be seen that the obtained value is very close to this range [30].

PL Intensity (arb. units)

1.2 1.3 1:4 1.5 1.6 1.7
Energy (eV)

Figure 5. Photoluminescence spectrum of CZTS sample

4. CONCLUSION

In the present work, the CZTS sample was successfully produced using a two-stage method. In the first step, Cu, Sn and Zn
layers were sputtered on Mo-coated glass to form Glass/Mo/CuSn/Zn/Cu. In the second stage, the precursor film annealed in
sulfur atmosphere using the RTP method to convert it into kesterite CZTS structure. The CZTS sample was analyzed by different
methods. As a result of EDX measurements, it was observed that there were no elemental losses as a result of the sulfurization
process. The Cu stoichiometric and Zn rich composition was obtained in the prepared CZTS film. The diffraction planes of
kesterite CZTS phase and trace of CuS were detected in the XRD pattern. As a result of Raman spectroscopy measurement,
occurrence of kesterite CZTS phase was proved. In addition, presence of the CTS phase was also distinguished. The SEM image
of CZTS sample exhibited polycrystalline surface structure. It was noted that the PL measurement show a transition around 1.39
eV and this is closed to the forbidden energy gap belonging to the CZTS phase. In summary, in this study, it has been shown
that CZTS thin film structure can be formed without elemental loss with the RTP method employing very high heating rate.
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ABSTRACT

In this work, Anti-reflective thin film is made on Germanium (Ge) optical window, which is one of the most used materials in
thermal imaging systems. ZnS material was used its optical transmittance between 2-14 um and due to the fact that it has a
refractive index proportional to the refractive index of Ge. ZnS thin films have been prepared by Radio Frequency (RF)
magnetron sputtering on Germanium (Ge) optical windows for anti-reflection coating (ARC). ZnS films were produced at
different thicknesses using RF sputtering system working pressures under 3, 20 and 30 mTorr. The other RF systems parameters
such as RF power, deposition temperature were kept constant for all depositions. Crystal structures, optical and surface properties
of ZnS thin films were characterized with X-ray diffraction (XRD), Atomic force microscopy (AFM), Fourier transform infrared
(FTIR) and UV-VIS transmission spectrometer. The characterization results of Ge optical windows coated ZnS thin films grown
at 3 mTorr pressure show that high optical transmission and good crystallinity in infrared wavelength region (2-14 um).

Keywords: RF magnetron sputtering; Anti-reflective thin film; ZnS thin film, Growth parameters effect.

1. INTRODUCTION

Thin film anti-reflective coating is widely used the aim for fulfil or minimize reflections from the front and back surfaces of
materials [1-4]. The increase in the permeability of the material with these coatings allows the improvement of optical properties.
Unwanted reflection losses occur on the material surfaces, due to the high refractive index of the materials. For this reason, all
nearly lens surfaces are given an antireflection coating to improve the light transmission and to eliminate detrimental effect [5-
7.

Infrared transparent materials are gaining more and more importance every day especially night vision, remote sensing and
communication. Germanium (Ge), one of these transparent materials, is the most commonly used material in infrared region as
lens, optical windows, domes and optical filters due to its optical properties [8, 9]. The refractive index of single crystal Ge is
about 4.00 (at 10 um) and its reflection loss is approximately 50% in the wavelength range of 2-14 um [8, 10, 11]. This unwanted
reflection loss was occurred on the surface of its and reduces the optical efficiency [12, 13]. The optical transmission of Ge can
have increased when AR coating is applied to the Ge’s surface [14, 15]. Anti-reflection coating (ARC) for Ge lenses or optical
windows is not only increased the optical transmission, but also provides surface adhesion, durability, protection and image
clarity [4, 7, 16]. Material selection for ARC is one of the main problem in the desired wavelength range. The properties of many
materials are not suitable for the ARC in infrared regions such as durability, toxicity, radioactivity, ect [17]. The other problem
is the refractive index of the material. Particularly, ARC materials for the IR region must have both optical transmission and the
refractive index must be proportional with the refractive index of Ge’s. Considering these conditions, there is a limited number
of coating materials.

It has been reported that single-sided, double-sided and multi-layer ARC can achieve high transmission by decreasing
reflection between interfaces of air and materials. Especially with the integration of photovoltaic solar cells, ARC studies have
gained a special importance. In solar cells, single layer ARC’s such as MgF, (n=1.3 — 1.4) have been applied and short circuit
current density value can improve. In order to achieve minimum reflection for infrared region imaging and other applications
with low-cost, simple operation, Zinc sulfide (ZnS) was selected as anti-reflective coating material. ZnS is a semiconductor 11-
VI compound with refractive index of 2.20 and has an optical transmission of 0.4-13 um [18]. This ensures that it is suitable as
a transparent material in the visible and infrared regions. ZnS thin films can be produced into thin films using a variety of
techniques such as thermal evaporation deposition, chemical bath deposition (CBD), electrochemical deposition, sol-gel, spin-
coating or dip-coating, DC or RF magnetron sputtering etc [12, 18-22].

The thickness of the ZnS thin films is obtained for the Germanium using the Fresnel’s equation [22].
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in which ns, are the refractive index of the ARC material and d is the thickness of the antireflection coating thin film,
respectively. Single layer anti-reflective coatings exhibit maximum optical transmission for single wavelength, while multi layer
anti-reflective coatings exhibit maximum optical transmission in the broad spectrum [23]. But for multi-layer antireflection, there
are many difficulties affecting the characteristics of the film, such as the use of multiple materials, film production and
stabilization to be optimized in appropriate thicknesses.

Herein, we prepared single layer, double layer and multi layer ZnS thin films as ARC on Ge optical window. The structural,
optical and surface properties of ZnS anti-reflective thin films were investigated to some coating parameters. To depict the effect
of pressure in ARC, single layer samples with the same thickness of multi-layer ARC properties have been conducted.

2. MATERIAL AND METHOD

Zinc sulfide (ZnS) thin films were fabricated on p-type Ge substrate by RF magnetron sputtering system. Ge were cleaned

by ultrasonication bath for 15 min at 80°C bath temperature in deionized water and cleaned ethanol, acetone, respectively. After
the cleaning process, the substrates were loaded into the RF magnetron system. ZnS with purity of 99,99% was used as target
material for deposition into. The distance between the target and substrates were set up about 30 mm. Before deposition,
sputtering system was evacuated to base pressure (=10 Torr) and Ar gas with flow rate 30 sccm was introduced into the chamber.
The substrate temperature was set up 100 °C and were grown under 100 W. ZnS antireflective thin films generated chosen film
thicknesses under working pressures 3,10 and 20 mTorr.
After the deposition, the thicknesses of the ZnS films were determined by stylus type profilometer (Veeco, Dektak 150) and
shown in Table 1 and Table 2. The structural properties of Ge optical windows with and without ZnS thin films were obtained
by X-ray diffraction (XRD) technique using APD 2000 PRO diffractometer system. The optical transmission properties of ZnS
thin films were measured by the Vertex 80 Fourier transform infrared spectrometer (FTIR) in wavelengths ranging from 2 to 20
pm. UV-VIS transmission measurement were taken using Perkin EImer Lambda 2. The surface morphology of ZnS thin films
were imaged with an atomic force microscopy (NanoMagnetics Instruments Ltd., Oxford, UK).

Table 1. The thickness of ZnS thin films on single surface

Sample Pressure Average Sample Pressure Average
(for 3-5um) (mTorr) Thickness (for 8-12 pm) (mTorr) Thickness

(nm) (nm)

s1 3 429 | S13 | 3 | 1166

S2 20 430 | S14 | 3 | 1226

s3 30 421 | - | - | -
Table 2. The thickness of ZnS thin films on double surface
Sample Pressure (mTorr) Average Thickness (nm)
(for 3-5 pm) Front Surface Back Surface Front Surface Back Surface

S4 3 3 429 477
S5 20 20 422 434
S6 30 30 335 372

Pressure (mTorr Average Thickness (nm

o ( ) g (nm)

(for 8-12 pm)

Front Surface

Back Surface

Front Surface

Back Surface

First  Second  First  Second First Second First Second
S10 3 20 3 20 429 422 429 422
s11 3 | - 3 20 429 - 429 422
S12 3 - 3 - 314 - 1195 -
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After growing thin films at film thicknesses determined according to wavelength ranges, single-surface and double-surface
coating analyzes were performed. After the samples grown under the same pressure from both sides, we were tested from both
sides. According to the order determined in the table, the first coating of the front surface is carried out under 3 mTorr, while the
second surface coating is carried out under the determined pressure for both surfaces. For example, while ZnS thin films are
produced on both the front surface and the back surface under a pressure of 3-3 mTorr, 3-20 mTorr indicates that the back surface
is growth under 20 mTorr. After the samples were characterized under 3, 20 and 30 mTorr, they were enlarged as a single surface,
then a double surface, and then as a multi-layer under different pressure. In this context, while XRD and AFM was based on 3,
20 and 30 mTorr single surface coatings in characterization processes, FTIR measurements was performed for all samples.

3. RESULTS AND DISCUSSION
a) Structural Analysis

Especially, ZnS is commonly obtained in two crystalline forms: (a) cubic structure and (b) hexagonal wurtzite structure. These
different phases are a recognizable difference in their physical properties. The peak of 26 = 28.50° is observed for all of thin film
samples. This angle, which corresponds to the (111) plane in the ZnS cubic structure, forms the (002) plane in the hexagonal
structure. The (100) plane is also consists of hexagonal wurtzite structure. The formation of these two phases depends on the
applied temperature. Cubic phase is formed at low temperatures, while hexagonal phase is formed at high temperatures.

The structure of ZnS thin films were analyzed by X-ray diffraction (XRD). Fig. 1 shows XRD patterns of the ZnS thin films
obtained at different pressures on Ge. Ge substrates were oriented (111) plane and single crystalline form (JCPDS file no. 4-
545)[24]. The XRD patterns of ZnS thin films were scanned in the scattering angle (20) ranging from 10° to 90°. Between these
angle values, it was given a range of 25° and 30° to determine which of the crystal structure is formed. On the other hand, in Fig.
1, the present samples grown at various pressures had only (111) plane and exhibited a cubic structure (JCPDS file no. 5-566)[25].
The highest peak value of XRD measurement comes from Ge optical windows and the pressure change affects film quality. As
seen in Figure 2, it is seen that the hexagonal wurtzite structure is formed with the prolongation of the coating time (JCPDS file
no. 36-1450)[26, 27]. Similar X-ray diffraction peaks were obtained many works for ZnS thin film deposited by RF-sputtering
[26, 27]

Ge
— 51
—_— 52
— 53

Ge (111)

ZnS (111)

Intensity (a.u.)

g 29 30

27 2
20 (degree)

Figure 1. XRD patterns of ZnS films grown at different pressures
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Figure 2. XRD patterns of ZnS films superimposed at different pressures

Figure 2. shows XRD patterns of superimposed ZnS thin films coating at different pressures. This indicated that the films
were polycrystalline structures and that the planes were parallel to the substrate surface. For obtaining more structural
information, the crystallite size of the prepared ZnS thin films were calculated from full width at half maximum (FWHM) of the
diffraction peaks using the Debye-Scherrer equation [28];

ke

Dl:hkﬁ = (feos B) (2)

where D is the crystallite size, k=0.9 is the crystallite shape factor, A= 0.1540 nm is the wavelength of X-ray used for the

diffraction measurements and 3 is the FWHM of the diffraction peaks at 20. The FWHM value of the film shows the disruption

of the crystallinity, while the larger crystallite sizes indicate the improved crystallinity of the films [29]. FWHM values for ZnS

thin films were measured by X-ray and shown in Table 3. XRD results shows better crystallinity for films produced under
reduced pressures and the highest peak intensity clearly seen from the XRD spectra.

Table 3. The structural parameters of ZnS thin films
Sample  Average Thickness (nm) B (degrees)  Crystallite Size by XRD (nm)

s1 429 ‘ 0.261 ‘ 32.83
S2 430 - 0235 36,46
s3 421 - 0228 37.59

b) Surface Analysis
The characterization of surface structures on a nanoscale is very important for the optoelectronic applications. Atomic force

microscopy (AFM) is one of the several experimental techniques to study the surface properties of the deposited thin films [30].
AFM can be used to estimate crystallite grain size and surface roughness. AFM measurement was carried out to study the surfaces
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of Ge optical windows. Fig. 3 shows that two-dimensional (2D) and three-dimensional (3D) AFM images with 3 x 3 um? scan
area of the Ge optical windows with and without ZnS thin films.

We see a more homogeneous distribution in the scan with the presence of dark to indicate the presence of pockets or wells
indicating the roughness of the thin films and also the absence of cracks on the surfaces of the layers, the same result was
supported by Elidrissi. It can be seen in the Fig. 3 that the crystallinity of the films has been changed by different pressures of
the sputtering system. Experimental results have shown that as the pressure increases, the crystal size values increase from 14.09
nm to 28.02 nm. The lowest roughness belongs to the sample grown under 3 mtorr pressure for films deposited in Ge optical
windows. We can say that Ge is the smoothest substrate and has a size of the smallest grains. Surface roughness is all irregularities
of the surface and micro-graphic character. This indicates that the rough nature of the thin layers of ZnS is caused by the growth
mechanism of the technique of sputtering. Thanks to its roughness, this material allows light to be scattered rather than reflected
at the interface; this allows high transmittance for almost all samples as shown in the subsequent analysis of optical spectra
compared to the specular component.

Two-dimensional (Z2D) Three-dimensional (3D)

o
e |
e,

) 18.74 nm

d) == 28.02 nm

20000 ~ 106a asea

Figure 3. ZnS thin film AFM 2D and 3D images on Ge optical windows A) Ge without ZnS b) 3 mTorr Ge/ZnS c)20
mTorr Ge/ZnS d)30 mTorr Ge/ZnS
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c) Optical Analysis

The optical properties of samples were analyzed using FTIR spectrometer. First of all, calibration was performed for FTIR
device. ZnS thin film coated Ge optical windows are placed perpendicular to the beam direction. The transmission spectra for
Ge optical windows are shown in Fig. 4-a, 4-b, 4-c and 4-d which was recorded at room temperature by the FTIR for wavelengths
ranging from 2-20 um. Figure 4-a and Figure 4-c are single-surface coated, while Figure 4-b and Figure 4-d are of samples
double surface coated. While the maximum average transmittance, 67%, is observed for the film deposited one surface coating,
double surface coating transmittance are observed 98% and 99%, respectively for 2-20 pm wavelength range. Growing ZnS
atoms with different pressure parameters results in higher optical transmittance of the film. It can be seen that transmittance
increases when the film thickness increases at superimposed thin films deposited. ZnS coated Ge optical windows can be
observed to have increased optical transmission at certain wavelengths in the specified film thicknesses. Therefore, we note that
the reflection curves are not interference; It is due to the multiple reflections of the two interference layers due to the importance
of the roughness of thin films. Therefore, in our case this ZnS thin film can be applied as infrared imaging.

ZnS thin films were coated in soda lime glass using the same coating parameters to determine the refractive index. The UV-
VIS transmission spectrum obtained glass, S1 and S10 samples and given in Fig. 5. Regarding the refractive index study as a
function of wavelength variation in the UV- VIS region, it can be seen depending on the nature of the glass shown in Fig. 5. The
graph indicate that the samples has a good optical transparency in visible and part of near infrared wavelength range with the
average transmittance minimum of 60% and the maximum of 85%. The refractive index of ZnS was calculated as 2,18 with the
help of envelope method [31, 32]. We note that the refractive index of the ZnS layer deposited on the glass is in agreement with
reported references.
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Figure 4- a. The optical transmission spectra of Ge optical windows with and without ZnS ARCs at different pressures
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Figure 4- b. The optical transmission spectra of Ge optical windows coated on both surface at different pressures
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Figure 4- c. The optical transmission spectra of Ge optical windows with and without ZnS ARCs for 8 -12 pum at
different pressures
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Figure 4- d. The optical transmission spectra of Ge optical windows coated on both surface at different
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Figure 5. The optical transmission spectra of ZnS thin film on glass
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4. CONCLUSION

In summary, ZnS antireflection films were successfully deposited on Ge optical windows and soda lime glass at different
pressures by RF magnetron sputtering. It was found that the deposited ZnS thin films exhibited a strong XRD peak at around
28.50 degree with an orientation of the (111) plane. X-ray diffraction analysis has also revealed a change in the thin film structure
from cubic to hexagonal. AFM measurements showed that the surface roughness and grain sizes of the films increased as the
pressure decreased. The FTIR results indicate that the IR transmission increases by about 26% on surfaces of the Ge by deposition
of single layer ZnS ARC and the maximum is almost 99% in the 2-14 nm wavelength range using double layer coating. Using
envelope method, Refractive index was determined. UV - Vis spectra showed that ZnS thin films has a good transmission. The
peak position of the maximum in the transmittance spectra for optical windows can be shifted to the wanted wavelength by
changing the optical thickness of the coating.
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ABSTRACT

The impact of selenization temperature and pre-annealing treatment on the microstructural characteristics of CZTSe thin
films were studied. CZTSe thin films were obtained by two-stage process. This processes includes deposition of metallic layers
and Se cap layer employing physical vapor deposition systems followed by selenization process performed at elevated
temperatures using RTP system with a heating rate of 8°C/s. The compositional properties of CZTSe thin films changed after
the heat treatment, but performing pre-annealing treatment before high reaction temperature (550°C) partially prevented element
loss in CZTSe compound. Both Raman and XRD measurements confirmed the formation of the kesterite CZTSe phase. However,
according to Raman results, CZTSe phase started to decompose into secondary phases such as CTS regardless of temperature.
According to the top view images of the samples, the grain structure completely changed with employing heat treatment. Zn-
rich phase detected in reacted sample at 550 °C, which indicates decomposition of CZTSe that is confirmed in Raman spectra.

Keywords: CZTSe thin film, RTP, XRD, Microstructure

1. INTRODUCTION

Cu2ZnSn(S,Se)s (CZTSSe) semiconductor compound can be used as an active absorber layer in thin film solar cells due to
its optical and electrical properties such as 1.5 eV forbidden energy gap, high absorption coefficient (> 10* cm™) and p type
conductivity. CZTSSe compound is seen to be as an alternative to the CulnGaSe; (CIGSe) in thin film solar cells, since it contains
inexpensive and abundant raw materials. However, there is a huge difference between experimental and theoretical efficiency
values of CZTSSe-based solar cells compared to CIGSe. Studies have been conducted to reveal the possible causes of this
difference. The main reasons for such difference are the crystallization of the kesterite CZTSSe structure in a very narrow range
in the phase diagram [1], requiring partial pressure for S and/or Se during annealing [2], and the decomposition of the CZTSSe
compound at high temperatures [3].

There are several reported work in the literature to find out the optimum growth parameters of CZTSSe absorber material for
understanding the efficiency limitations [4-8]. For example, Marquez-Prieto et al. examined the effect of the annealing treatment
on the optical and structural properties of CZTSe thin films and they reported that the SnSe, phase was formed at low
temperatures (450°), while the MoSe, phase was started to form as a result of the reaction of Mo back contact layer with Se at
higher temperature (550°) [9]. On the other hand, Kumar et al. produced CZTSe thin films by thermal deposition of Cu, Zn, Sn,
and Se on Mo-coated SLG substrates followed by selenization process using various temperature and time. According to this
study, with increasing temperature, CuSe phase was formed in the film, grain size and conductivity of the film increased [10].
Several groups have included the pre-annealing step as a process strategy for CZTSe production [11, 12]. This pre-annealing
treatment is applied to promote the diffusion and mixing of metals. In this way, the compositional and morphological
homogeneity of the CZT Se film are promoted. In another study carried out by our group, the effect of mild annealing on the film
features was studied. In that study, the metallic precursors were exposed to a pre-annealing treatment for 30 min at a temperature
range of 200-350 °C and then selenized at 550 °C for 15 min in tubular furnace. We demonstrate that the CZTSe thin film
produced by employing metallic stacks annealed at 250 °C was provided proper composition and crystalline quality [13].

In this study, we report the effect of selenization temperature and pre-annealing process on the microstructural properties of
CZTSe thin films grown by rapid thermal processing (RTP).
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2. MATERIAL AND METHOD

The CuZnSnSey thin films were produced by two-stage process consisting of i) sequential deposition of Cu (Kurt J. Lesker,
5N), Zn (Kurt J. Lesker, 4N), Sn (Beijing Goodwill Metal, 5N) layers by sputtering system, ii) deposition of Se cap layer using
Se shots (Alfa Aesar, 5N) by vacuum evaporation, and iii) subsequent selenization (pre/post annealing) in graphite box using
RTP method. The SLG/Mo/Cu/Sn/Zn/Cu stacked layer was covered onto Molibdenyum coated substrate. 500 nm thick Mo
(Beijing Goodwill Metal, 4N) layer was deposited by DC sputtering system. While Cu layer was deposited using by DC source,
Zn and Sn layers were deposited by RF power supply. The total thickness of stack is about 650 nm for the metallic layer with
Cu/(Sn+ Zn)=0.80 and Zn/ Sn=1.20 atomic ratio [14]. The thickness of the layers were measured using profilometre. The Se
cap layer was coated onto metallic layers by vacuum evaporation with a thickness of 400 nm and the film thickness was
monitored using a crystal controller. For formation of CZTSe, SLG/Mo/Cu/Sn/Zn/Cul/Se stacked precursor layers were placed
in graphite box within a selenium powder (15 mg) and then annealing treatment was performed using 8 °C/s heating rate in RTP
system. Selenization procedure was performed at 500°C and 550°C for 3 min. In addition, one CZTSe sample was prepared with
pre-annealing at 250 °C for 3 min followed by post annealing at 550 °C for 1 min.

The atomic percentages of CZTSe samples were measured (point and map) by energy dispersive X-ray spectroscopy (EDS,
FEI Quanta 250 equipped with EDX detector and Oxford Aztec software). The structural properties of the samples were
characterized by X-ray diffraction method (XRD, Panalytical, Empyrean) and Raman spectroscopy (633 nm) (Renishaw, Invia).
The surface structure of the CZTSe samples were monitored by scanning electron microscopy (SEM, FEI Quanta 250).

3. RESULTS AND DISCUSSION

The atomic percentage and some atomic ratios of metallic stack and the reacted CZTSe samples were given in Table 1. Cu/
(Sn+Zn) and Zn / Sn ratio of the metallic layers are 0.86 and 1.19, respectively. The sample reacted at 500 °C continued to have
a copper poor and zinc rich composition, but Zn / Sn value of the film_increased to 1.53. This indicates that element loss (Sn)
took place in the structure. On the other hand, it was determined that the Sn loss increased with the increment of reaction
temperature, but the amount of Sn loss decreased partially by employing pre-treatment. Due to high vapor pressure, Sn(Se) is a
volatile compound, that can evaporate easily [15, 16]. Under these experimental conditions, it has been determined that high
heating rate was not sufficient to prevent Sn loss, but pre-annealing treatment inhibited the elemental loss partially by formation
of metallic alloying.

Table 1. EDX results of CZTSe thin films

Sample Cu Sn Zn Se Cu @ L
%) | ) | () | (%) (Sn+Zn) Sn (Cu+Sn+Zn)
Metallic stack 46.16 | 24.56 | 29.28 - 0.86 1.19 -
CZTSe-(500) 23.20 | 9.51 | 14.60 | 52.69 0.96 1.53 111
CZTSe-(550) 19.59 | 10.00 | 16.95 | 53.46 0.73 1.69 1.14
CZTSe-(250/550) 20.26 | 10.02 | 16.34 | 53.38 0.77 1.63 1.14

The XRD pattern of CZTSe-(500), CZTSe-(550) and CZTSe-(250/550) samples measured in the range of 26=20-60° shown
in Figure 1. Regardless of the reaction temperature, there are three main peaks located at 26=27.1°, 45.1°and 53.4° which were
respectively refered to (112), (220 / 204) and (312 / 116) diffraction planes of the kesterite CZTSe structure (JCPDS card no:
01-070-8930) [17]. Apart from the characteristic CZTSe peaks, the peak of the Mo phase was observed at an angle of about 26
= 40.5 (JCPDS card no: 01-089-5023). In addition, the peaks of the MoSe; phase formed as a result of the Mo-Se reaction at
high reaction temperature (>500°) that were detected at 26 = 31.5° and 55.8° (JCPDS card no: 09-0312)
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Figure 1. XRD spectra of CZTSe thin films

The crystallite size (D) and micro strain (€) values of the reacted samples were calculated using Equations 1 and 2,
respectively [18, 19]. K is the shape factor (K=0.9), Bn is the full width at half maximum (FWHM) of (112) diffraction plane
of the CZTSe samples and A is the wavelength of the X-ray (A=1.5406 A). The calculated values were given in Table 2. The
FWHM value, which is an indicator of crystal quality, expresses the formation of sharper peak due to the contribution of
identically oriented planes to the diffraction peak. While this value was 0.125 for the sample reacted at 500°C, it reached the
lowest value (best crystal quality) with increasing temperature to 550 °C, but it was increased partially with pre-annealing
treatment. It was seen that the dependence of crystallite size and micro-strain values with annealing treatment is similar to the
behavior of the FWHM value. As a result, it can be said that CZTSe-(550) has the highest crystal size and lowest strain, that is,
it is low-defective and high-crystal-quality compound.

KA
b= B cosd @
_ By cos9
y @

The CZT(S,Se) structure has similar XRD patterns with the Cu.Sn(S,Se); and/or Zn(S,Se) phases. Therefore, Raman
measurements of the samples were taken and given in Figure 2, for both confirmations the occurrence of the kesterite CZTSe
phase and detection whether the crystallized phases with similar structures were formed. As seen in figure, the Raman peaks
related to CZTSe kesterite phase were detected at 172, 195 and 235 cm™ regardless of the temperature. In addition, relatively
less intense peak was detected at 251 cm™ which was attributed to CTSe phase in annealed samples. This shows that
decomposition has started in the samples produced at >500°C temperature with high heating rate.

Table 2. Some structural parameters of the samples calculated by XRD datas

Sample FWHM(°) CrySt(?]'r'ri]t)e size ¢ ((;tlga};')
CZTSe-(500) 0.125 65.4 5.5
CZTSe-(550) 0.084 97.3 3.7
CZTSe-(250/550) 0.093 87.9 41
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Figure 2. Raman spectra of CZTSe samples

Top view SEM images of CZTSe samples are demonstrated in Figure 3. According to images, CZTSe-(500) has a rounded-
shape grain-structure which is dense and homogeneous but, some voids and/or cracks are also seen in the surface structure. It
was observed that the grain size increased from 1-3 micrometers to 2-5 micrometers by increasing the temperature to 550°C.
However, as the enlarged image of the sample was examined in detail (figure 3d), it was seen that submicron grains were formed
both between and on the large grains. According to the atomic composition results given in Table 3, large grains have the targeted
composition of CZTSe (point B), while small grains correspond to a Zn rich phase (point A). In addition to this, the phase of the
small grain structure may be in the form of Cu17Zn,,SniSess. Employing with pre-annealing treatment to the same sample, it
was observed that the grain size decreased, while a more compact structure was formed.

Figure 3. The SEM images of the surface morphology of CZTSe thin films; a) CZTSe-(500), b) CZTSe-(550), ¢c) CZTSe-
(250/550), d) Enlarged view of CZTSe-(550)
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Table 3. EDX results from different points of the surface of the CZTSe-(550) sample

Cu Sn Zn Se Cu Zn Se

Sample %) %) %) (%)  (Snizn) Sn (Cursnizn)
CZTSe-(550-point A) 15.84 9.35 20.88 53.93 0.52 2.23 1.17
CZTSe-(550-point B) 23.61 12.30  13.05 | 51.04 0.93 1.06 1.04

4. CONCLUSION

In this study, the effect of selenization temperature and pre-annealing treatment on the microstructural features and atomic
composition of CZT Se thin film were investigated. The precursor stacks formed by deposition of Cu, Sn, Zn layers via sputtering
system and thermally evaporated Se cap layer, then were annealed at different temperatures with a heating rate of 8°C/s using
RTP system. The EDX measurements showed that after annealing treatments, the CZTSe thin film had a copper poor and zinc
rich composition, but elemental Sn loss was determined. The XRD and Raman results of the samples demonstrated evolution of
kesterite CZTSe structure. However, CTSe and Zn-rich undesired phases in the structure were detected in Raman spectra and
SEM images, respectively. Overall, in a two-step process employed for the formation of CZTSe layer, it is recommended that
pre-annealing reaction step can be used where the reaction temperature is raised rapidly to > 500°C in presence of Se atmosphere.
In addition, further investigation is needed to obtain purer and higher quality of CZTSe thin film using various heating rates in
the RTP system.
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ABSTRACT

This study reveals the differences created by varying calcination temperature and citric acid/ethylene glycol ratio (CA:EG) in
thermoluminescence (TL) and optically stimulated luminescence (OSL) curves so that the Neighborite (NaMgFs) compound
synthesized using sol-gel can be used as a radiation dosimeter. While producing NaMgF3; phosphors, four different calcination
temperatures (700, 800, 900 and 1000 °C) were applied for the calcination process. Characterization analyzes of the samples
were performed using X-ray diffraction (XRD) and Scanning electron microscopy (SEM). It was observed that the oxide phases
in the crystal structure of the sample increased gradually with increasing calcination temperature. At 1000 °C, it was observed
that the crystal structure of the sample was deformed and moved away from the aimed structure. Considering the signal intensities
in the TL and OSL glow curves obtained after radiation exposure and the data in the characterization analyzes, the calcination
temperature of 800 °C was determined as the optimum temperature. This calcination temperature was kept constant and the
samples were reproduced by changing the CA:EG ratio in four different ways (2:4, 4:4, 8:4 and 16:4). By comparing all the
sample, the samples with the best crystallization and the most suitable surface morphology were determined. In TL glow curves,
it was observed that deep traps could be formed only in samples calcined at 800 °C. Likewise, it was observed from the OSL
glow curves that the samples calcined at 800 °C had higher sensitivity. It has been stated that the low sensitivity of the samples
calcined at high temperatures is due to the density of the oxide phases formed in the calcination process.

Keywords: Thermoluminescence, Optically stimulated luminescence, Neighborite, Calcination conditions, Computerized
deconvolution, Sol-gel technique

1. INTRODUCTION

Perovskites, with their variable formulas, flexible structures, numerous unique properties, and efficacy in a wide range of
applications, are becoming hotspots and are being studied extensively [1,2]. The first identified perovskite is CaTiO3 by Gustav
Rose in 1839 is named after the mineralogist L. A. Perovski [3], and then its formula is found in numerous new forms, such as
ABX3, A3B2X9, etc., where A and B are cations (A has a larger radius than B) and X is a halogen or oxygen anion is derived
[4]. Perovskite materials with a wide variety of properties and wide applications can be produced from different compositions
and structures [5-8]. For example, luminescent perovskites are used in lighting [9], displays [10], biological imaging [11] or
sensing [12], while some photoelectric perovskites are used in areas such as electrocatalysis [13] and photo-catalysis [14]. While
the fields of use of perovskites with magnetic properties are magnetic cooling [15], information storage [16], biomedical imaging
[17]; electrical perovskites are used to prepare ionic conductors [18], dielectric devices [19], etc. As we approach the present
date, it is observed that researchers have done a lot of research into the luminescence in solid-state perovskites. The oldest known
of these comes from a Chinese text published in the Song dynasty. Among these studies, luminescent perovskites have important
applications in the fields of solar cells [20], lighting devices [21], scintillators [22], electronic devices; such as capacitors [23] or
converters [24] or radiation dosimeters [25,26] . It would be helpful for readers to read some review articles for more information
[27-29].

The mineral NaMgFs, a material with a perovskite structure, was named Neighborite after the work of geologist Frank
Neighbor, and then Chao and his colleagues described this mineral crystallographically [30]. O’Keefe and colleagues noted the
structural similarity between NaMgF3 and MgSiO3 in the late 1970s [31]. Zhao and colleagues have done extensive work by
studying the phase transitions [32] changing with temperature, and the structure of NaMgF3 [33]. NaMgF3 crystallizes into an
orthorhombic crystal system and is identified in the space group Pcmn. It has a tetragonal structure between 760 and 900 oC and
above 900 oC the unit cell becomes cubic [30].

The researchers stated that NaMgF3 has an effective atomic number (Zeff=10.4) close to the tissue equivalent and is a host
compound that can be used for optical radiation dose estimation by OSL and RL methods, especially when used with lanthanide
ions. It has been observed by some researchers that NaMgF3, which had many luminescence studies before, exhibited some
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interesting photoluminescence properties with divalent or trivalent lanthanides. In addition to the luminescence of trivalent
lanthanides such as Pr [34], Er [35], Ce [36], Eu [37], Sm [38], Yb [39], Gd [40] and Dy [41], divalent lanthanides such as Sm
[42,43], Yb [44] and Eu [45] were also reported.

In generally, NaMgF; is prepared using solid-state reactions. However, direct melting of the constituent fluorides has also
been used. Simpler new techniques such as the solvothermal method, two-stage wet chemical methods have also been used
recently. Fluoride salts are used as precursors in high-temperature techniques. Due to the ability of chlorine ions to prevent
hydrolysis, some wet chemical methods that lead to the formation of OH-free fluorides are also preferred. It is necessary to
remove traces of water to avoid parasitic oxyfluoride phases and thermal treatment should be in a reductive atmosphere. We
obtained NaMgFs phosphors containing different activators by sol-gel method from metal fluoride solutions.

In this study, optimization studies were carried out for the variables (calcination temperature and CA:EG ratio) in the
production process of the NaMgFs material, which was examined by some researchers for its use in the field of radiation
dosimetry and stated to have superior dosimetric properties and very bright TL and OSL signals. NaMgFs microparticles with
fluoride-based perovskite structure were obtained in laboratory conditions by Sol-gel method. For NaMgFs, where no such
optimization was found, the differences in calcination temperature and citric acid ratio in structure and luminescence efficiency
were tested. It is thought that the optimization studies of the calcination temperature in this study will shed light on future
dosimetric studies while investigating the effect of both TL and OSL signals. In this study, in which the difference in
luminescence efficiency with the differences created by the calcination temperature in the host matrix was revealed, the
differences in both TL and OSL curves were revealed by changing the CA:EG ratio. In addition, the luminescence efficiency of
the doped NaMgF3 samples produced using the optimized calcination temperature and CA:EG ratio is also presented.

2. MATERIAL AND METHOD

2.1. Sample preparation

In this study, the NaMgF3 (Neighborite) sample as perovskite-type fluorides was synthesized using the sol-gel technique.
NaMgFs polycrystal powder were prepared using the polycrystalline compound of NaF (>99.0%, Sigma Aldrich) and MgF,
(>99.99%, Sigma-Aldrich) inappropriate proportions. Ethylene glycol (EG) solution (C,H0,, 99.8%, Sigma-Aldrich) and citric
acid (CA) (C¢Hg 0, 99.5%, Sigma-Aldrich) were used as a solvent and a reactant, respectively, with four different CA:EG ratios
(2:4, 4:4, 8:4 and 16:4). The calcination process was performed using a high-temperature furnace at four different temperatures
(700, 800, 900 and 1000 °C) for 2 h. To keep oxidation to a minimum and to prevent oxide formation, the oxygen level was
reduced by passing argon gas through the furnace chamber during calcination process.

2.2. Luminescence measurements

Thermoluminescence and optically stimulated luminescence readouts were performed using a Ris@ DA-20 TL/OSL reader
system. This reader has a 90Sr-90Y beta source with the 6.689 Gy/min dose rate and 2.27 MeV maximum energy. All
luminescence signals were recorded with a bialkaline photomultiplier tube (PMT) unit and Schott BG-39 (330-620 nm VIS
range) and Hoya U 340 (290-390 nm UV range) filters placed in front of it. The luminescent samples were first irradiated with
a beta dose of 0.2 Gy and then TL read-outs were performed from room temperature up to 500 °C. OSL readings were performed
using the blue light source with a wavelength of 470 nm for 100 seconds of continuous stimulation (CW-OSL). All TL readouts
and OSL pre-heatings were performed at 5 °Cs™ heating rate.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis
3.1.1. XRD

NaMgFs microparticles were successfully produced in laboratory conditions using the sol-gel method. The inconsistencies
in TL and OSL curves obtained after the production stage and the different dose responses of different batches were problematic,
and more consistent results were aimed by obtaining optimum conditions with the variables of calcination temperature and
CA:EG ratio. In this way, the opportunity to test the luminescence efficiency with varying calcination temperatures and CA:EG
mol ratios was occurred. Figure 1a presents the X-ray diffraction patterns of NaMgFs; samples obtained using the sol-gel method
and calcined at four different calcination temperatures ranging from 700 to 1000 °C. After the calcination temperature was
determined, the CA:EG variable was tested at 2:4, 4:4, 8:4 and 16:4 ratios. The XRD patterns of the NaMgF3z microparticles
obtained as a result of the production, in which the CA:EG ratios vary, are given in Figure 1b. As seen in the figure, it was
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observed that the characteristic NaMgF; peaks as well as small oxide peaks increased with the increase of calcination
temperature. However, it was observed that the structure was completely destroyed at 1000 °C or a different structure was formed
unlike the NaMgF; phase. It is observed in the TL and OSL curves that the luminescence efficiency also decreases sharply with
the deterioration of the structure (see Figure 3a and 4a). Different CA:EG mole ratios were compared in samples produced at
800 °C calcination temperature. The samples in which both the crystallization was better than the others (see Figure 1) and
especially the OSL signals were the most intense (see Figure 4) were the NaMgF3 microparticles produced in a 2:4 mole ratio.
Miller indices of the main crystal structure of all the NaMgF; samples obtained except 1000 °C calcination temperature were
indicated for the peaks associated with NaMgF3 reported in the ICSD card numbered as ICSD:98-009-4085 and matched well
with its Pnma space group with orthorhombic structure. In order to minimize oxidation and prevent the formation of oxide
phases, the calcination process was carried out in an argon atmosphere. However, since the calcination process was carried out
in a non-completely isolated high temperature furnace, this could not be prevented. Several oxide phases not mentioned here,
for example MgO, were observed in the crystal structure.
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Figure 1. XRD patterns of NaMgF3z microparticles synthesized using the sol-gel methods with different calcination
temperatures and CA:EG molar ratios.

3.1.2. SEM

The surface morphology of NaMgF; fluoroperovskite was analyzed with SEM analysis at different magnifications of 5000
and 10000x. A series of SEM images of NaMgFs microparticles obtained with calcination conditions (700, 800, 900 and 1000
°C) and CA:EG molar ratios (2.4, 4:4, 8:4 and 16:4) were recorded. Increasing calcination temperatures in the NaMgF 3 structure
improved the crystallinity of powders. SEM images reveal that the microparticles exhibit a self-repetitive image in a continuous
distribution for all samples. (Figure 2a). In the SEM images obtained after the constant calcination temperature of 800 °C of the
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samples produced at different CA:EG ratios, it was observed that the homogeneous morphology on the surface in all case (see
Figure 2b).
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Figure 2. SEM images of the NaMgF3s samples prepared using sol-gel method () calcined at different temperature and (b)
prepared in different CA:EG molar ratios.

3.2. Luminescence characterization
3.2.1. TL glow curve analysis

TL glow curves of undoped NaMgF3 obtained using the sol-gel method are given in Figures 3a and 3b. As can be seen from
the TL glow curves due to different calcination temperatures, TL peaks were observed at around 75 and 120 °C with different
intensities depending on the trap groups of NaMgFs phosphorus. Unlike the others, there was another broad TL peak, which
appeared weaker than the other peaks between 225 and 360 °C under the 800 °C calcination condition. In generally, TL peaks
located at high temperatures in TL glow curves of dosimeters are preferred because they indicate deeper traps than those at lower
temperatures and relatively more stable signals are obtained from these traps. In such a case, the optimum calcination temperature
was chosen as 800 °C. And then, by keeping this temperature constant, NaMgFs phosphor was reproduced with the four different
ratios of CA-EG. It can be clearly seen that the 4:4 ratio of the CA:EG exhibits higher intensity TL signals than the others and
can create deep traps. It should be noted that the TL glow curves here were recorded with a Schott BG-39 VIS band pass filter
with transmittance in the visible region (330-620 nm).
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Figure 3. TL glow curves of NaMgFs differing with varying (2) calcination temperature and (b) CA:EG ratio. TL glow curves

were recorded by heating from room temperature to 450 °C without preheating, and each TL glow curve presented was
obtained by averaging the TL signals recorded from 3 samples.

The computerized glow curve deconvolution technique (CGCD) was used with the help of the Microsoft Excel spreadsheet
[46] can be used for the analysis of the complex TL curves which have overlapping peaks. The kinetic parameters such as E,, s,
and b were calculated assuming the general order kinetic which is described by Kitis et al. [47]. The components which they are
created in the TL glow curve are given in Figure 4. Goodness of fit value as Figure of Merit (FOM) was determined as 2.23%.
Calculated kinetic parameters E,, s, and b values were shown in Table 1. Activation energies were observed to have an increasing
tendency between 0.76 and 1.17 eV. The frequency factors corresponding to the peaks were determined between 108-10%° s2,
The lifetimes 1 of the traps were calculated using Equation 1 [48] as 2.45 minutes, 1.30 hours, 5.15 days, 4.50 years and 1.50x10?
years, respectively.

T=s"texp (:—T) @
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Figure 4. Deconvoluted TL glow curve from undoped NaMgF3 using sol-gel method calcined at 800 °C with the CA:EG ratio

of 4:4.

Table 1. Kinetic parameters obtained from deconvoluted TL glow curve

Tmax(°C) E(eV) s (Hz) b (a.u.) T FOM (%)
Peak 1 74 0.76 3.38x10%° 1.35 245m
Peak 2 118 0.80 4.79x10° 2.00 1.30h
Peak 3 173 0.92 6.15x10° 2.00 5.15d 2.23
Peak 4 267 0.99 2.94x108 2.00 450y
Peak 5 330 1.17 1.04x10° 2.00 1.50x10%y

3.2.2. Continuous-wave OSL decay curve analysis

The OSL decay curves of the NaMgF3 phosphors were recorded using 100 s blue light stimulation from samples calcined at
different calcination temperatures with different ratio of CA:EG. The recorded OSL decay curves after 100 °C preheating of the
NaMgFs samples are compared in Figure 5. Figure 5a presents the OSL signals of NaMgFs samples calcined at different
calcination temperatures as a function of time. It was observed that the samples calcined at 800 °C gave the most intense OSL
signals. This is thought to be due to the fact that the NaMgF; phase is formed more smoothly at 800 °C than the others and that
different oxide phases are less common in the crystal structure. Figure 5b presents the OSL signals of NaMgF3 samples produced
with different CA:EG molar ratios and calcined at 800 °C as a function of time. Here, it was observed that the samples produced
with the CA:EG ratio of 2:4 gave the most intense OSL signals among them.
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Figure 5. OSL decay curves of the NaMgF3 phosphors prepared using sol-gel method (a) at different calcination temperatures
and (b) using different CA:EG ratios. OSL curves were recorded by blue light stimulation after 100 °C preheating, and each
OSL decay curve presented was obtained by averaging the OSL signals recorded from 3 samples.

The CW-OSL decay curve of all NaMgFs samples were analyzed using the fitting method according to time decaying
functions (see Figure 6) approximated by general-order which can be written as follows;

_b1 _ b2
1) =bkg + 1 [1+ =D o] "+ L1+ G~ D] P (2)

where, each component is named as fast, medium and slow component, respectively, according to their lifer times 7, , 3
values. I(t) is the OSL intensity as a function of time, I, , 3 are the amplitudes, ¢t is the stimulation time and bkg is the
background signal of the reader. The decay of the undoped NaMgFs; samples prepared with different conditions were
characterized by a fast initial decay and then the medium and a slower decay. The fitting curves for all the undoped NaMgF3;
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samples estimated using the three components were statistically found well. The related kinetic parameters and FOM value are
given in Table 2.
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Figure 6. The OSL decay curve of the undoped NaMgFs calcined at 800 °C with the CA:EG ratio of 2:4 and its fast, medium
and slow components.

Table 2. Decay constants for fast, medium and slow components of the OSL decay curve of NaMgF.

Fast Medium Slow
Al 1l A2 2 A3 t3  bkg FOM
CA:EG Temp.
4:4 700 °C 4853.87 046  2689.24  2.82 887.37 1858  793.22 214

800°C | 180917.70  0.38 | 32811.33 422  26785.06 25.25 3807.55 2.01
900 °C 13861.43 042 703830 266 176343 1926 936.01 235
1000 °C 232334 045 | 260824 313 4811763 1838 = 920.05 2.96

Temp. | CAEG

800°C 42 200588.01 ~ 0.43  40062.94 496 3722276 28.06 543.50 1.76
4:4 180917.70 038 | 32811.33 422  26785.06 25.25 3807.55 2.01
4:8 13744070  0.62  50339.46  3.34  15867.50 23.42 2307.60 2.11
4:16 2192339 047 1070147 283 | 285822 1869  989.36 2.86

4. CONCLUSION

In this study, NaMgFs; samples were produced successfully with the uncommon sol-gel production technique. In XRD
diffraction patterns, it is observed that the crystal structure gradually deteriorates due to the increasing calcination temperature
and at the same time, different oxide phases increase. At the calcination temperature of 1000 °C, it is seen that the structure has
completely deteriorated. This was an expected situation [30]. Obtained NaMgFs; samples except 1000 °C are reported in the
ICSD card numbered ICSD:98-009-4085 and fit well with the orthorhombic structure in Pnma space group. The complexity of
the surface morphology (possibly due to the presence of oxide phases) makes it pointless to observe the effect of varying
calcination temperature or CA:EG ratio. It is seen that TL peaks at low temperature are more intense in TL glow curves taken
from samples obtained under different conditions. It was observed that high temperature TL peaks were obtained only in NaMgFs
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samples calcined at 800 °C and with a CA:EG ratio of 4:4, and the kinetic parameters of this curve were estimated by the CGCD
method. Its activation energies of the traps corresponding to each TL peak were observed to have an increasing tendency between
0.76 and 1.17 eV. The situation did not change much in the OSL decay curves taken from the NaMgF3 samples. Only NaMgF3
samples calcined at 800 °C and with CA:EG ratios of 2:4 or 4:4 had high-intensity. The decay constants with its fast, medium
and slow components of these OSL curves were estimated using fitting curve method.

This study reveals the changes in TL and OSL curves with changing calcination conditions and CA:EG ratio in the use of
NaMgFs samples for dosimetric purposes, and the kinetic parameters that change depending on these changes. It is suggested
that NaMgF3 phosphorus has a high potential as a radiation dosimeter and should be investigated further for this purpose, and it
is thought that this study will shed light on future studies.
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