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Abstract: In this contribution we present work on rapid thermal annealing of as-electrodeposited
thin films of Cu2ZnSnSs. The treatment was carried out in cold wall tubular reactor in dynamic
conditions with variations of temperature, speed and time of the specific elements of the process.
The effect of annealing was investigated by X-ray diffractometry, Raman scattering and Scanning
Electron Microscopy (SEM). The phase composition of the films in dependence on conditions of
treatment was analysed and have been shown that in slow and prolonged high-temperature process
the low temperature binaries react completely and only Kesterite and ZnS is left. In addition,
structural investigations by XRD have shown gradual decrease of crystallite sizes when the
temperature level and duration of the high-temperature segment increases and respectively increase
in the strain, due to formation of the phases in non-equilibrium conditions. In opposite, when the
speed of dynamic segments in the process decreases the both crystallite size and strain of the
Kesterite decreases non-monotonically. The grain sizes of Kesterite, presented by SEM
investigations, have shown increase when the temperature and the duration increase, respectively
the speed decreases with exemption at higher temperature near 750° C. The set of experiments gave
idea by scrupulous analysis of Raman data to elucidate the track for fine manipulating of the defects
in the structure of CZTS thin films having in mind the dependences of the ratios of Q = Izs7/Is0s and
Q'=Isss/(Is66+1374) on the process variables.
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1. Introduction

The increased capacity of the worldwide photovoltaics is on the way near the 2030 year to get
closer to the needs for zero footprint on the ecology system. Actually, Silicon based solar cells
technology dominates the market of photovoltaics with near 95 % of installed modules [1]. Multinary
chalcogenides are large class of compounds with special application in photovoltaics. Beginning with
chalcopyrite CulnSe2, Cu(In,Ga)Sez, CulnS: was established a sustainable generation of compounds
successfully competing silicon based photovoltaics technologies [2,3] with record efficiencies of 23.4
% for Cd free CIGS device [4] and 26.2% for CIGS based solar cells with electron back reflector [5].
They have several advantages as thickness in nano — to micrometric dimensions, very high absorption
coefficient near 105 cm™ and tunable band gap from 1.0 to 1.5 eV depending on kind and ratio of
chalcogens. These items encourage the mass production but scarcity of rare earth elements In, Ga
limits the perspectives for their application. In an attempt to overcome this obstacle were developed
a new class of compounds of Kesterite where the couple In and Ga is replaced with abundant
elements Zn and Sn. Similar to Chalcopyrite (CIGSSe), the Kesterite (CZTSSe) have tetragonal crystal
structure of Zinc Blende [6]. CZTSSe is a p-type semiconductor with tunable band gap between 1.0
up to 1.5 eV with direct transitions and high absorption coefficient in the range of 104 - 105 cm[7,8].
Up to date, the record efficiency of CZTSSe device regardless of the deposition method is 12.6 %
reported in 2014 by IBM research group [9]. Despite significant efforts in the years to improve
working characteristics of the CZTSSe solar cells there are mentioned several considerable issues on
weak performance parameters — deep level defects, narrow phase stability region, non-ideal device
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architecture. There is an approach for modification of properties of the absorber material by doping
or alloying with additional constituents as alkali dopants (Li, Na, K) or isoelectronic substitutions but
there were no reports for real improvement [10] and rather effective management of the intrinsic
defects is the way for optimization of the optoelectronic properties of the Kesterite absorber materials.

2. Materials and Methods

Substrate layers were deposited electrochemically in potentiostatic conditions using the classic
three-electrode cell configuration. Working electrodes were 2 x 1 cm? sized tin oxide covered soda
lime glasses positioned against platinum gauze and a saturated mercury sulfate (MSE) reference
electrode (0.6151 V vs. SHE). Electrolytes for electrodeposition of Cu-Zn-Sn-S layers were 4 M KCNS
aqueous solutions of 0.4 M sodium acetate buffer containing totally 9 mM of the chloride salts of Cu,
Zn%, SnSOs and Na25:0s in related ratio. The composition of the as deposited Cu-Zn-Sn-S layers was
copper-poor and zinc — rich with deficiency of sulfur against the stoichiometry. The influence of the
substrate on the composition of the layers was estimated as negligible. The process that was set up
was described in detail elsewhere [publ25]. Reactive annealing was performed in cold walls quartz
tubular reactor under flow of 5% H2S in N2 at atmospheric pressure. Temperature profile was
controlled in dynamic equilibrium by IR Ulvac-RICO heating system supplied with PC driven
controller. The system works under continuous cooling provided by chiller-supplied circulation of
working fluid at 10 °C and blowing with 0.6 MPa pressurized air. The heating was done by direct IR
irradiation on the length of the reactor with xenon lamps. In these conditions at every segment the
process temperatures were differing from set points in values less than 0.1%. Below 220 °C the ramp-
down process temperature didn’t follow strictly the set point values but it is believed that reactions
here are faded. An example for work temperature profile is shown in Figure 1.
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Figure 1. Temperature profile of rapid thermal processing of CZTS films.

The parameters for specific program configuration in details are summarized in Table.1. After
work cycle the reactor volume was rinsed by N2 stream for 5 min.

Scanning electron microscopy and energy dispersive X-ray analysis (EDAX) was performed on
Hitachi TM 1000 unit supplied with X-ray source and detector equipment at accelerating voltage of
15.0 kV and acquisition time of 90 sec. The X-ray diffraction (XRD) analysis was performed by a
Rigaku Ultima IV diffractometer with Cu-Ka radiation (A=1.5418A) at 40 kV accelerating voltage. The

diffracted beam was scanned in steps by 0.01 ° for 2 sec in an angular range from 10 to 80 degrees 20.
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Table 1. Process parameters of rapid thermal annealing of thin films CZTS.

Speed  Speed T°C T°C T°C
fast slow 750°C  650°C 600 °C
159s1& 148s4& 148s1& 158s1&  150s1&  149s1&  148s3& 162s1&

Probe Base Duration Duration

Sample
150s2 159s2 151s3 157s1 161s1 161s2 149s3 160s2
19°C 19°C 19°C 19°C 19°C 19°C 19°C 19°C
1seg 10s 10s 10s 10s 10s 10s 10s 10s
250 600°C 600°C 600°C 600°C 600°C 600°C 600°C 600°C
Imin 1min 1min 30 sec 3min Imin Imin Imin
600°C 600°C 600°C 600°C 600°C 600°C 600°C 600°C
Ises 3min 3min 3min 3min 3min 3min 3min 3min
sseg 700°C 700°C 700°C 700°C 700°C 750°C 650°C 600°C
10s /10s 10s 5s 30s 10s 5s 5s
700°C 700°C 700°C 700°C 700°C 700°C 700°C 700°C
7seg 15min 10min 5min 15min 15min 15min 15min 15min
500°C 500°C 500°C 500°C 500°C 500°C 500°C 500°C
bseg 40s 40s 40s 20s 2min 45s 15s 15s
7seg 500°C 500°C 500°C 500°C 500°C 500°C 500°C 500°C
5min 5min 5min 5min 5min 5min 5min 5min
19°C 19°C 19°C 19°C 19°C 19°C 19°C 19°C
8seg 2min 2min 2min Imin 10min 2min 2min /2min

Qualitative phase analysis was performed on PDXL Rigaku’s ICDD PDF2 phase research
platform [11]. The room temperature (RT) micro Raman spectra was recorded on Horiba LabRam 800
high-resolution spectrometer equipped with a multichannel detector on backscattering regime. Light
source was a red laser with a 633 nm wavelength focused at least on 10 um spot diameter, providing
a spectral resolution of 0.5 cm™.

3. Results

The reactive annealing is performed in compliance with both suggested reaction path and
structural features in [12]. In conformity of the proposed reaction sequence the synthesis and
structure formation of CZTS from binaries CuzS and SnS: trough reaction of Cu25nSs with ZnS
completes at temperatures higher than 600 °C. In this sense the temperature profile configuration is
directed onto modification of the part where the direct formation of the quaternary CZTS takes place.

Detailed analysis of results for features of rapid thermal annealing consists of scrupulous phase
analysis and assessment of the influence of parameters of annealing process on the crystal cell
parameters of the target phase — Kesterite (Cu2ZnSnSs). In contrast to Stannite where [13,14] fine
difference between some close disposed reflexes of Cu2ZnSnSes and either ZnSe or other binaries
could become apparent trough more precise angle-resolved analysis, the case for Kesterite is rather
more complicated [15] and additional method as Raman shift is essential for a correct evaluation of
phase distribution.

On the Figure 2 are presented XRD patterns of samples 1, 2 and 3 annealed at different durations
(15 min, 10 min and 5 min respectively) of the Segment 5 at 700 °C — according to Figure 1.
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Figure 2. XRD pattern of samples annealed in different duration of Segment 5 (see Figure 1).

The patterns are dominated of characteristic reflexes for the Kesterite phase [1-01-075-4122] at
28.4° (1,1,2), 47.3° (2,2,0) and 56.1° (3,1,2) and its minorities at 16.32°, 18.23°, 23.13°, 29.6°, 32.9°, 36.9°,
37.9°,40.7°,44.9°, 56.9°, 58.8°, 67.3°, 69.1°, 76.4° and 78.8° in 20 scale. Additional appreciable reflexes
are detected near 10.2°, 13.3° 26.2° 54° and 66.1° and confirm that the system is definitely not
monophase. The formal phase analysis performed through [11] and presented in Table.2 have
specified for Sample 1-Kesterite, a-SnS [1:01-083-1758]; CurSs — [1:00-024-0061] and CuS - [1:03-065-

3928].
Table 2. Phase composition according to XRD [11] and Raman shift analyses.
Cu2ZnSnSs ZnS SnS CuS CusS¢ CuS ZnS ZnS ZnS(W)
Sample process
Kesterite-4122 h Covellite Roxbyite digenite h h 0688h
Base
1-159s1 o+ ®2201+ O 0 0 Q- ®21  ©2195 o
15min, 700 °C

2-148s4  Time-10 min o+ 02347 o+ ° . Q- o 0 °
3-148s1  Time — 5 min o+ O o+ ° ° - ¢ ¢ ¢
4-158s1 Speed-fast o+ ®4908+ ° 0 0 0+ 0 0 0
5-150s1  Speed-slow o+ @602+ 0 0 0 0 0 0 0
8-149s1  Temp-750°C o+ 2140 Q- 0 ¢ ©9133/- ¢ 0 ¢
7-148s3  Temp-650°C o+ ®4989 o+ Y 0 O+ 0 0 0
6-162s1  Temp-600°C o+ ®6009 o+ Y 0 Y 0 0 0
1-159s1 Base-700°C o+ 02201+ [} 0 [ O+ e @195 ¢

For Sample 2 (10 min) are recorded the same phases but SnS is in other structure configuration
[1:01-073-1859] in addition with ZnS [1:01-089-2347&00-012-0688]. Sample 3 (15min) is common for
all other RTP configurations and consisted only of Kesterite and Hexagonal ZnS [1:01-089-2201, 01-
089-2424& 01-089-2195].

On the next Figure 3 are presented Raman spectra of the same films. In accordance of [16-18]
could be concluded that the spectra are dominated again of signals for Kesterite at 338, 287, 252, 374
and 97 cm. After [19,20] disposition of the shoulder near 350 cm™ in conjunction with signals at 98
cm-1 and possibly near 160 cm-1 could give an idea for the distribution of ZnS. On the same way the
shift at 164 cm™ and shoulder near 311cm! could be recognized as confirmation for presence of SnS
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[21-23]. Vibration at 476 cm™ is characteristic for the bong Cu-S in nonstoichiometric unsaturated
copper sulphides [20]. This comparative analysis confirms as possible suggested phase distribution
but full identification passes through of more detailed view on the XRD patterns.

338cm
1,0 - czTs
081 3520m’ —— 15 min
1 [2ns —— 10 min
289 cm 476 cm-1 —— 5min
_czT8 . ou s
061 98 cm-1 R 251 cm 375cm 4 2
czTS 164 cm czTs . CZTS  443cm
sns Si-0-Si
0,4 4
0,2 4
o L |
0,0

T T T T T T
50 100 150 200 250 300 350 400 450 500 550

Figure 3. Raman shift — duration.

As was mentioned before the main phases in concomitant with the Kesterite dispose reflexes
quite close to those for main phase but more precise analysis could reveal the fine structure of the
films. At Figure 4 is presented part of pattern of Figure 2 in the vicinity of 13.0 — 14.0 ° 20. The picture
presents fine disposition of reflexes which allowed to distinguish the one for ZnS at 13.35° (Sample

3) from the other at 13.28° (Sample 2) belonging to CurSa.
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Figure 4. Pattern sections from Figure 2. (a) Pattern at 13.0 — 14.0 ° 20.(b) Pattern at 25.5° — 28.0° 20.
(c) disposed pattern between angles 45.5°- 47.0°. (d) Pattern at 54°.

On Figure 4(b) is presented pattern from Figure 2 at the interval of 25.5° - 28.0° 20. In accordance
of performed phase recognition the reflex at 26.24° for Sample 1 should be assumed of coming from
5nS only, for Sample 3 the small reflex at the same angle should be assumed of ZnS only but for
Sample 2 the reflex should be consistent of ZnS and SnS.

At 26.82° are disposed reflexes only for Samples 2 and 3, recognized as from ZnS whereas at
27.28° and 27.75° are seen single signals from CuS for Samples 1 and 2. Further at Figure 4(c) are
disposed pattern between angles 45.5°- 47.0°. Here the large signal from Sample 3 is due to ZnS. For
Samples 1 and 2 the reflex at 46.02° is proving for SnS whereas those at 46.11° and 46.18° are caused
of CusSs and CusS respectively.

Figure 4(d) shows in details the field near 54°. The reflex at 54.05° for Sample 1 comes from a-
SnS [1:01-083-1758] whereas from Sample 2 the reflex at 54.5° is due to SnS [1:01-073-1859]
accompanied with Wurtzite [1:00-012-0688].

On Figure 5(a) are shown XRD patterns for Sample 4 (fast) and Sample 5(slow) that on
comparison with Sample 1(base) present RTP configuration with different speeds of rising and
decreasing of temperature for the dynamic Segments No2, No4, No6 and No8 (see Figure 1).

25.025.526.0 265 27.0 27.5 28.0 28.5 29.0 31031 %20 25 30 75

(b) (9 (d)

Figure 5. XRD patterns of samples annealed at different speed (see Figure 1 - Segments No:2,4,6 &8).
(a) Superimposed diagram of all speeds. (b) Pattern in vicinity of 26° — 28° 20. (c) Pattern in vicinity
of 31.5° —32.5°. (d) Pattern in vicinity of 76° -77°.

According to [21] phase distribution of the samples is summarised at Table 2. Sample 4, annealed
at higher speed of rising of temperature contains mainly of Kesterite but pair of SnS phases —
orthorhombic [1:01-072-8499] and [1:00-001-0984] is registered as well as a Hexagonal ZnS [1:01-074-
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4998]. For Sample 5, annealed at slow rate are found Kesterite and Hexagonal ZnS [1:01-075-6022].
As was mentioned before the average rate Sample 1 contained Kesterite and Hexagonal zinc
sulphides. Comparative phase analysis has shown the Kesterite and zinc sulphides as common
structures in the three samples whereas Sample 4 contained in addition two forms of Herzenbergite
[1:01-072-8499& 00-001-0984]. They have similar layered orthorhombic structure and differ in
orientation. Obviously both of them are result of non-equilibrium interaction in the chain of
formation of CZTS caused by the high speed of change of the temperature. Apparently, in more soft
conditions - as longer reaction time (previous case) or slower dynamic parameters of the process,
according with [22] this intermediate interact further on related scheme. On Figure 5(b) are shown
XRD pattern of the samples in vicinity of 26 ° up to 28 ° 20. Reflexes near 26.2 ° are assumed for all
samples to be from ZnS but for Sample 4 it appears to be in convolution with signal from SnS. On the
same way could be spell out the reflexes at 26.8 ° and at 27.3 °. Near 27.75 ° the disposition is quite
similar but the complex reflex for Sample 4 looks well divided for both SnS and ZnS. On the next
Figure 5(c) is presented interval 31.5 ° - 32.5 °. Sample 5 disposes here an individual reflex at 32.23 °
whereas the other Samples 1 and 4 present similar twin reflex at 31.94 ° and 32.02 °. [21] spelt out the
twin for Sample 1 as came from ZnS only while for Sample 4 assumed pair of ZnS and SnS. This could
be explained with obvious difference in the height (intensity) of the reflexes. Between 76 ° and 77 °
on Figure 5(d) are disposed reflexes at 74.4 ° and 77 ° assumed of Kesterite. ZnS is presented here
with reflex at 76.68 ° and a shoulder at the first Kesterite reflex. For Sample 4 is distinguished here a
twin shoulder caused of both ZnS and SnS. Raman spectra presented at Figure 6 are in good
agreement with the supposed phase composition of the Samples 4,5 and 1. In all samples the Kesterite
is well defined with the majority of its characteristic vibrations at 338 cm, 289 cm, 251 cm?, 98 cm!
and 375 cm™. For all of samples is seen shoulder at 352 cm?, near the most intensive signal for
Kesterite attributed to ZnS. Only for Sample 4 is registered resonant vibration at 164 cm-, attributed
to SnS in confirmation with established XRD phase distribution.

4 —— 157s1fast
338 cm —— 159s1base
—— 150s1slow

08 - 4
289 cm
CzTs

o
o
1

Norm.intensity, a.u
o o
Y S
% %\

B 1
1 teacm 251 cm

98cm

czTs sns czts |

e
=)
‘ E

T T T T T
100 200 300 400 500

Raman shift, cm”

Figure 6. Raman shift for samples annealed at different speeds.

At the next Figure 7 is presented XRD pattern of Samples 6, 7 and 8 annealed in different
temperature (level of Segment 5, Figure 1) respectively 600 °C, 650 °C and 750 °C which together with
Sample 1 (700 °C for level of Segment 5) are the process set configuration for investigation of influence
of the temperature. The Pattern present a well-crystallized Kesterite in all samples accompanied with
different ZnS phases in almost the same structure [1:01-073-6009, 01-074-4989, 01-089-2201, 01-089-
2424, 01-089-2195, 01-089-2140].
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Figure 7. XRD patterns of Segment 5, RT-processed at different temperatures (see Figure 1.). (a)
Superposition at different temperatures. (b) Pattern at 26 © —28 °. (c) 45.5°-47 °. (d) 53 ° - 55 °.

For low temperature Samples 6 and 7, respectively annealed at 600 °C and 650 °C are registered
hexagonal tin sulphides while for high temperature Sample 8 (750 °C) is attributed Digenite [1:01-
070-9133]. Detailed XRD analysis at the interval 26 ° - 28 © is shown at Figure 7(b). Sample 6 disposed
three reflexes (at 26.30 °, 26.83 ° and 27.32 °) attributed to ZnS/SnS, ZnS and ZnS/SnS respectively. The
reflex at 26.83 ° is common for the all samples whereas Sample 8 disposed a peak at 27.5 ° identified
to ZnS and may be Cu1sS. On the next Figure 7(c) are shown interval of angles between 45.5 ° - 47 °.
Samples 5 and 6 (600 °C and 650 °C) showed reflex at 46.08 ° recognized as caused from SnS. Between
46.2 ° and 46.4 ° is seen large reflex for Sample 1 attributed to ZnS. Sample 8 showed a peak between
45.80 ° and 45.82 ° attributable to ZnS and may be Digenite and a shoulder at 46.08 ° recognized as
caused from SnS and may be Digenite. Further in Figure 7(d) at 53 © - 55 © Sample 5 (600 °C) disposed
a twin at 54.09 ° and 54.16 ° whereas for Sample 8 (750 °C) at 54.38 ° was recognized a signal from
Digenite.

On the next Figure 8 is presented set of pattern for Raman shift of the same samples. Raman
spectra showed presence of Kesterite, ZnS and SnS for Sample 5 and Sample 6, Kesterite and ZnS for
Sample 1 and Sample 8, but there were no seen confirmation for Cu-S bond. In sequence the features
for phase composition recognized from XRD [21] analysis is confirmed by Raman shift, but only with
exception of the phase Cu1sS. XRD reflexes for it was not defined uniquely and absence of specific
Raman resonant vibration give reasons to consider this phase as non-existent.
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Figure 8. Raman shift for samples annealed at different speeds.

On the next Figure 9 are presented dependences of crystallite size and lattice strain, calculated
by Williamson-Hall method [21] on dependence of process parameters for sets of investigating of
influence of Duration of the Segment 5 (Samples 1, 2 and 3); Speed of change of temperature at
dynamic segments 2, 4, 6 and 8 (Samples 4,1 and 5) and Temperature level of Segment 5 (Samples 6,
7,1 and 8) respectively for 600 °C, 650 °C, 700 °C and 750 °C.
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Figure 9. Crystallites size and strain of Kesterite formed by RTP at different duration.

As can be seen that the trend of crystallite size with rising of duration of Segment 5 from 5 to 15
min is decreasing from 1530 A down to near 760 A whereas the strain of the cell rises from 0.00143 %
up to 0.00230 %. The same trend is seen for the temperature where the crystallite size drops from 1193
A for 600 °C to 609 A for 750 °C respectively and strain rises from 0.00133 % up to 0,0036 %.

For dependence of crystallite size and strain on the speed of change of the temperature the
general trend is the same, but curves are not monotonous, as can be seen by Figure 10. The crystallite
size is 1521 A for the fast process and decrease down to 1010 A for the slowest while at average speed
is as low as 761 A. The strain drops from 0.00139 % up to 0.00026 % while at average speed is at the
maximum of 0,0023 %.
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Figure 10. Crystallites size and strain of Kesterite formed by RTP at different speed.

Regarding the influence of temperature, as is shown in Figure 11, in comparison with the last
data at [24-RenartCP] it is seen a remarkable difference. While the cell parameters for 700 °C at [24]
are respectively a=5.6177 A and c = 11.2232 A in our case they are a = 5.4262 A and c=10.8519 A. This
is the reason in consequence to register a difference in the cell volume at 600 °C from 335 A3[24]
whereas cell volume in our case is near 320 A3,
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Figure 11. Crystallite size and strain for Kesterite phase formed by RTP at different temperatures.

Generally, could be concluded that slower and longer process at higher temperatures give from
copper-poor zinc-rich near stoichiometric substrates a preferable phase composition of Kesterite and
zinc sulphides, whereas the cell strain increase with rise of temperature and increase of duration of
Segment 5, but decreases when the speed of the process decrease. Results are in agreement with [25]
and the older one [26] but in some details are quite different from the newer works [24]. For example,
the shown difference in cell parameters [24] at 700 °C is easy to explain having in mind the dynamic
of the process — at [24] the process is near the equilibrium whereas in our case we demonstrate time
resolved (faster) process which in slower stages coincides with previous results [24-26].

Figure 12 presents SEM micrographs of samples, annealed in different duration.



https://doi.org/10.20944/preprints202306.2134.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2023 doi:10.20944/preprints202306.2134.v1

11

Figure 12. SEM footprints of samples, annealed at different time (Segment 5, Figure 1): (a) — 5 min; (b)
—10 min; (c) — 15 min.

For short time of annealing small part of as deposited layer crystallized on the substrate area,
leaving un-reacted mass on the top surface. For 10 min (Figure 12 b) is formed pin-hols layer with
grains sized between 1 — 4 um whereas at 15 min (Figure 12 c) the grains are much larger sizing 4 - 5
um at thickness near 1 pum.

Figure 13 presents morphology issues for samples annealed at different speed. It is seen
enlarging of grain sizes from 1-2 um for fast (Figure 13 a) annealing through 4-5 pm for average
(Figure 13 b) going up to 8 — 10 um for samples annealed at slow process (Figure 13 c).

(a) (b)

Figure 13. SEM fingerprints of samples RTAnnealed at different speed: a-fast process, b-average
speed; c — slow process.

Figure 14 shows footprints of morphology for samples processed at different temperature.
Figure 14(a) presents CZTS layer with single independent grains with size near 1 — 2 um. At
temperature 650 °C surface concentration of the grains raised and pinholes are seen as well. At 700
°C the grain sizes reach maximum 4-5 um while at higher temperature 750 °C got smaller with
heterogeneous residuals on the grain borders.

(a) (c) (d)

Figure 14. SEM micrographs for samples annealed at different temperature: (a) — 600 °C; (b) - 650 °C;
(c) - 700 °C and (d) — 750 °C.

SEM observations gave slightly different imagination for the crystallite size from the values,
calculated. Figure 9 , Figure 10 and Figure 11 shows, derived from XRD analysis, crystallites sizes
from 0.05 up to 0.15 pm whereas SEM present sizes near 1 — 8 um at thickness near 1 pm.

Here we can conclude that tendences for change of the crystallite sizes, derived by XRD data by
Williamson-Hall method [1-arvo] differs by an order of magnitude and in addition, are opposite of
the tendences of change of grain sizes, derived by SEM. In fact, Williamson-Hall method gives sizes
of short-ordered crystal unit of the Kesterite that is quite different from the visible grain structure of
the layers.

As was reported elsewhere [RTA]JScrag2012 and CZTS2014], the Raman spectroscopy could be
used for characterizing of Cu/Zn disorders and distinguish the origin of the substitution in slow-
cooled Kesterite thin films. Here is present a rough idea about dependences in time resolved RTA
process.

On Figure 15(a) are presented dependences of Q and Q' on the duration of the high-temperature
annealing step of the process. It is seen that the both Q and Q’ increase with increasing of the duration.
The order of magnitudes of increase of the Q is quite small — from 1.39 through 1.5 up to 1.86, whereas
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the Q' is quite higher and increases near twice from 2.9 up to 4.7. The same trend is observed at the
dependence of Q and Q' on the temperature (level of segment 5), but at higher level of 750 °C the
both Q and Q’ drops sharply. This effect could be interpreted as an increase in the disorder in the
Kesterite structure. The increase of the speed of the increase and decrease of the temperature
influence in opposite way the Q and Q’. This effect could be explained with increase in the disorder
of the structure at high speed in the dynamic stages bringing the process closer to the case of
quenching in the experiments in [CZTS2014].

50-
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Figure 15. Dependences of Raman peaks ratios Q = I2s7/I30s and Q’ = Isas/(Ise6+1374) on the RTA process
parameters: (a) — duration of the segment 5; (b) — speed of the change of the temperature in the
dynamic steps — segments 2,4 and 6; and (c) — temperature of the segment 4 (see Table 1).

5. Conclusions

Time resolved annealing process for CZTS thin films is performed. The peculiarities of phase
composition and structure parameters of so formed thin Kesterite layers in dependence of process
parameters (as time, speed and temperature) are analysed. Have been shown that phase composition
of the layers depends on time and speed of the stage of formation of the Kesterite. At short time un-
reacted binary residuals as both copper sulphides and tin sulphides left. The dependence is the same
for fast process where the dynamic change of the temperature gave not ability of binary reaction
precursors to react up to the quaternary compound. For slow and long enough (at least 15 min in our
case) processes low temperature binary precursors, according (schurr et al) react fully and only
Kesterite and the high temperature ZnS left. Situation is the same regarding the temperature of the
process of formation of CZTS. At low temperatures are registered un reacted binary copper and tin
sulphides whereas at high temperatures (700 — 750 °C) is formed well crystallised Kesterite with
immersions of ZnS, which is favourable phase composition regarding of properties of the
photovoltaic properties of absorbers films. On the other side time dependent properties of the
Kesterite are elucidated. It is shown that crystallites size decrease with increasing of the time of CZTS
synthesis stage of the process. On the same way the strain in the cell rises. Generally, the same trend
is observed for the process performed at different speed — for fast process the crystallites size is
comparatively high and decrease with decreasing of the speed whereas the strain rises. When the
temperature raises the crystallites size decreases, which is in formal contradiction with [14-Schurr et
al]. But whereas [14-Schurr et al] lead the reactions near the equilibrium and it is reasonable to register
well crystallised phases, time resolved process gives shorter time for equilibrium disposition of the
atoms in the structure and formation of the phase appears in non-equilibrium condition. As
consequence the strain in the crystal cell has gone up. The general trends evolved from the features
of the RTP are better crystallization we have at longer and slower process at comparatively lower
temperatures. But RTA favours extremely the thermal budget of thin absorber films processing and
an appropriate optimisation will raise sharply the cost-efficiency ratio.
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