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ABSTRACT

Keywords: Cﬂmﬂmmmmﬂbmw&mﬂwudﬁuMMW

TS from ic compositions (copper, iron, zinc, tin and sulfide). Subsequently, thin films of CFTS

:::mmau and CZTS were deposited on unheated n-type silicon substrates through the vacuum evaporation method. These
deposited films were sulfided for 30 min at a sulfidation treatment temperature Ts < 400 °C. The structural

Morphol 'lml' ties properties of the C (Z, F)TS thin films were studied by X-ray diffraction (XRD), Raman spectroscopy and electron

Electrical properties backscatter diffraction (EBSD).
mmummwuumdﬁwmmcmuammmmu
CFTSa i Composition analysis also indi that the synthesized C (ZF)TS powders are close to
theupadedunichiometty
A good crystallinity of CZTS followed by an increase in the average roughness value of this film is highlighted
in the thin film micrographs of C (Z,F)TS. Furthermore, the Hall effect indicates that the prepared C (ZF)TS films
exhibit a manifest p-type semiconductor, and the conductivity, mobility and carrier charge concentration are
higher for the CZTS thin film. The electrical conductivity of the CFTS and CZTS thin films were investigated using
the i dance spy py technique in the freq nlgeSH;—lSMH Values of activation energy are
indicative of th | acti ofthecm&:nnn-— ism by ji L localized states. Further, the
analysis of the freq y and temy pend -o(theACmuﬁmmmwauﬂnwtdnedb-ru
hopping (CBH) model.

1. Introduction overcome these limitations, the depositi thod and sub char-

acteristics need to be optimized to design optimal CZTS and CFTS-based

Wﬁhmwhwmaﬂﬁem thin filma.

issue of global warming, solar cell
interest worldwide in terms of

ngylnl d CZTS and CPTS thin film deposition techniques can be classified into

The Quater- mmm-bmdndmm-bmdm&]

mmﬁzh&&(m)mdmrm(m)hvebun v lly involve the deposition of the
widely explored as suitable absorber layers for solar cell applicas bazic comp ofm"mJWonlmbm:zbylpummgIQ]

Such materials have the potential as excellent alternatives to Culln, QA)

cm[lolmw[ll]ddmmme-mdua

Sey (CIGS5) and CdTe with high efficiency, whdlmnlvubodnmend and a P Such techniques benefit
melw[l.]ﬂwum ials bel to the chalcogeni &m&eahduyweaaly 1 chemical and phase and
f: offer ive properti ln:h-h:ghnhotpbmcne&m lly p hldn., ‘nluy[fs,l"l:i]
(>lo4an-l),dmbuv.|glp(l 54 eV for CZTS and 1.22 eV for CFTS) Vu\nnn-le-' ques include S printing [13,14],
and of earth dant and non-toxic elements [3,4]. None- centrifugal gs [15,16], pyrolyzia [17] and el hemical
theless, the efficiency of CZT5-based zolar cells does not exceed 12.6%, dem[l&]of&cmadumhubmuedﬁudx
while that of CFTS-based cells remainz below 8.3% [5-7]. In order to of d thin films

* Caorresponding author.
E-mail address: Sebai.marwal 1@gmail.com (M. Sebai).

hetps://doi.org/10.1016/).physb. 2023 414670

L



M. Sebai er al

The p work £ on the preparation of multi Cu2
(Zn, Fe)SnS4 powders, with mbnquent analysiz of dae structural,
morphological and electrical properties of Cu2ZnxPe (1-x)5nS4 ingots
:lndt.hnﬁlm(vndlx-o l]dq:outedbyduamgk—mvxmm
thermal e on unh d N-type zilicon substrates,
folhwedbvthmlmlﬁdanonumlermgenﬂaw It aimz to azoess the
physico-chemical properties of both materials az well az the effect of
their deposition on N-type silicon substrates, which we present for the
first time in thiz study.

It chould be noted that n-type zilicon substrates are oriented pref-
erentially (100) and are characterized by a resistance of less than 0.005
Qamladudmulofbeth.SOmd?OOpm.ou:hruhmﬁucmd

n-type semiconductors into which donor impuri are Juced
D ition of our ial mnheumhmdbwedulmgmte:
PN junction. It iz created by combining an n-doped semiconductor
(nhcon) and a p-doped semiconductor (CuzZngPe; (SnSs). Thin-film

bined with sili substrate can offer
unpcvwdeﬁﬂncy alnngvn.thugmﬁ:m cost-effectiveness, simplicity
and eaze of manufacturing.

2. Experimental details

The synthesiz of CZTS and CFTS ingots was carried out by the direct
fusion hod. The i el of high purity (99.999%),
copper (Cu), zinc (Zn), iron (Pe), tin (Sn) and gulfur (5) were introduced
into a quartz tube in conformity with their stoichiometric proportiona.
The Silica tubes were sealed under a high vacuum of 1,33 x 107% kPa
and horizontally placed in a progr ble electric fu (Naber-
therm-Oermany) following an appropriate profile detailed in the paper
[19]. Fig. 1 chown the appearance of the ingots obtained for CFTS and
CZTS materials. The CFTS surface exhibitz a homog B
wxdxxguycolm’whdcdum'mgocpnmuabluecohn Subge-
quently, we crushed these ingotz to obtain the CuiZnSnSs and
CujFeSnSy powders which will be used as raw materials for the depo-
sition of Cuz(Zn,Pe)SnSy4 thin films (Fig. 2) The deposition waz per-
formed with a vacuum thermal evaporator (Alcatel unit) with a
molybdenum crucible. Unheated N-type zilicon wafers were initially
used and subsequenty zulfided under nitrogen flow at 400 °C for 50
min

Structural properties of C (Z, FITS powders and thin films were

Fig. .1. Ingots and powders of the solid materials Cuy(Zn, Fe)SnS,.
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performed by X-ray diffraction (XRD) with an X'Pert PRO panalytic
diffractometer with Bragg-Brentano geometry (6/26h) using Cu K radi-
ation at k = 1.54056 A. To identify the secondary phases of the C (Z, F)
TS thin films, Raman spectra were applied. Subsequently, the Blectron
Backacatter Diffraction (EBSD) te:hmquehubemmmhnesl EBSD waz
carried out using a i i pe (SEM) equipped with
mmdmmrwtd::tl:utm ph een, a low brigh
CCD camera and a compact lena. Themxfaumnrphologyandcmn
sectionz of the CZFTS samples were further f ] uzing a sc
electron microscope (Hitachi field effect SEM) coupled to an energy
disperzsive X-ray spectroscope (EDS) with the accelerating voltage set at
lSkacheckdumnrphologyanddndmunofdndnnﬁlm In
addition, AFM (“; force Py ) lysiz of the surface
morphology of the thin films was carried out Thiz AFM technique
involved the SPM Multimode (Digital, Santa Barbara, California, USA),
equ.ippedwithln!-typem(main: 10 pm x 10 pm, wertical
range: 2.5 ym) and a N pe llla controller. APM images were pro-
cessed in tapping mode using a high-quality probe (HQ-NSC15 from
Mikromasch, Sofia, Bulgaria). The electrical properties of the CZTS and
CFTS thin films were investigated with a Hall effect analyzer Ecopia
AMPSST and an impedance analyzer HP41924.

S. CZTS and CFTS powder
3.1. Structural study

The x-ray diffraction patternz of the CuyZnSnS, (CZTS) and
Cu,FeSnS, (CFTS) powders in Fig. 2 exhibited distinct diffraction peaks
indication that they are both polycrystalline. CZTS (Fig. 3a) displays
major peaks situated at 26 = 23.10°, 28.51°, 29.67°,33.06°, 37.02°,
57.96°, 44.99°, 47.37°, 56.20° and 59.94° which could be referenced to
(110), (112), (103), (200), (202), (211), (105), (220)/(204), (512/116)
and (224) planes matching the kesterite structure (JCPDS card N°
026-0575 [20]. In addition, an analysis of the XRD diffraction pattern of
the synthesized CFTS p suggests the majority of the peaks relate to
the stannite phase of CFTS (JCPDS card N° 00-044-1476) [21]. Those
peaks, situated at 26 = 28.51°,29.85° 33.06°, 36.97°, 37.82°, 40.94,
45.35%, 47.37°, 56.20° and 59.94° correspond to the (112), (103), (200),
(202), (211), (114), (105), (220)/(204), (312)/(116) and (224) planea.
Small peaks are zeen as well at 26 = 52.02° and 26 = 32.97° for CZTS
and CFTS respectively, which are consistent with the (004) plane of the
SnS phase (JCPDS cand 00-053-0526) [22].

It chould be mentioned that both ials dizplay a preferred
orientation along the diffraction plane (112). ltuahopombletodetect
a shift in this orientation to a small angle of 20 from CFTS to CZITS
clearly. Such wvariation has been previouzly reported in other studies
[25]. Thiz may be related to the zmall radius difference between Fe™*
(0.66 A) and Zn** (0.64 A) a3 well a3 to the transition in phase b
the stannite and kesterite phases [24,20]

Bazed on the XRD analyuiz, the values of lattice parameters a and c of
C (Z, F)TS powders are derived using the formula below for the tetrag-
onal structure:

1
VEE S

where (hkl) are the Miller indices corresponding to XRD peaks and dyy, iz
the inter-planar spacing given by the Bragg relation

)

dues =

2d,, sin 0= ni @
@ iz the Bragg angle and 1 is the Cu-Ka radiation.
To further explore the atr 1 in the C (Z, F)TS semi-

conductor, we have estimated the tetragonal distortion parameter.
Actually, the distortion parameter iz an evaluation of the electronic
structure of chalcopyrite materials, which iz defined by the deviation of
the ratio of the long axiz ‘c” to twice the short axis with respect to ¢/2a =
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Fig. .2. (a) XRD patterns of synthesized CZTS and CFTS powders, and (b) variation of (112) plane.

Fig. .3. SEM images of CFTS and CZTS powders.

1 [25]. A summary of values of the lattice parameter, distortion
parameter and unit cell volume iz provided in Table 1. The calculated
lattice parameters for both materials are conzistent with those publiched
in previous theoretical and experimental studies [23,24,26,27]. Mean-
while, we notice that the ratio of the distortion coefficient ¢/2a iz cloge

Table 1
Lattice parameters (a) and (c), distortion parameter and unit cell volume of

CFTS and CZTS powders.

20112 a=0.01 C+om n- i V+ o.02 D
&) iy A) = (A" (zem)
(=000
CFTS 2857 5.43 10.72 0.986 316.08 »
CITS 285) 5.42 10.82 0.997 31784 a3

to 1, confirming the tetragonal system [23,20]. The amall difference in
the distortion parameter might be explained by the difference in the
cations in the gublattices in the two structures, kesterite and stannite,
crystallizing in two different space groups [23,25,26]. The crystallite
size ‘D’ of the Cuy(Zn, Pe)SnS, powders was determined from the pre-
dominant peak (112) using Scherer’s formula [29]:

0.9
" Peosd

3

where k iz the x-ray diffraction wavelength (in nm), ) iz the full widdh at
half maximum (FHWH) (in radiang), 1 iz the x-ray diffraction wave-
length (in nm) and # iz the Bragg angle. Table | zhows the obtained
values; we note that the highest crystallite zize iz obtained for CFTS

powder.
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5.2, Composition of CZTS and CFTS powders

Table 2 summarizes the results of the elemental composition of CZTS
and CPFTS powdem performed by the EDS technique. The powder
appear homogeneous and cloge to the expected stoichiometric compo-
sition. Nevertheless, the CZTS composition iz slightly richer in Cu and Zn
and deficient in Sulfur, which might for the p of the
secondary phase SnS2.

5.5. Morphological study

SEM images of Cux(Zn, Pe)SnSs powders are presented in Fig. 3. Itis
possible to notice a significant disparity between the surface morphol-
ogies of CFTS and CZTS powders. The surface of the CFTS powder
contains amall and uniformly dispersed grains, and the surface iz inho-
mogeneous and rough. On the other hand, the CZTS powder has a ten-
dency to be compact over the whole surface, indicating the presence of
large agglomerations.

4. C(Z, FITS thin films

4.1. X-ray analysis

The X-ray diffr was i d to identify the
crystallized phases. 'I’heXRDpammxofC(Z,ﬂT“dlmﬁlmdepocmd
at room temperature on n-type silicon and sulfided under nitrogen flow
shown in Fig. 4 exhibit different diffraction peaks indicative of their
polycrystallinity Por CZTS, various diffraction peaks can be identified
that are associated with (110), (112). (200), (103), (200) (004) (211),
(220)/(204), (312)/(116) and (224) of the kesterite structure (JCPDS
sheet n° 00-026-0575) [30]. In addition, we can identify small amounts
of.emdnyphmd;nmldbeumnedmﬂzd&hpbm CFTS
thin film reveals distinct diffraction peaks mt.htlle(ﬁOO)
(004), (204)/(220) and (312)/(116) lats of the
structure (JCPDS cheet n° 00- 044-1476) [21]. Similarly, we note the
P of small Jary ph associated with the S5nS2, SaS and
FeC phases. Moreover, it can be clearly depicted that the domi peak
(112) shifts to lower 20 angles from CZTS to CFTS. Such a variation,
which haz been reported by previous studies [24], could be attributed to
the transition from stannite (x = 0) to kesterite (x = 1) and small dif-
ferences in the radius of Pe2+ (0.66 A) and Zn2+ (0.64 4) [5,20].

In addition, we can notice a higher intengity for the CZTS thin film
towards the preferred orientation plane (112), ndn:atmg the good
crystal quality of this film. We list all of the mi
inTable 5. ltnmmmmchucheaylnﬂnemnhgbefu
the CZTS thin film, which testifies to itz good crystallization.

- \}
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Fig. .4. XRD patterns of Cuy(Zn, Fe)SnS, thin films.
Table 3
Microstructural parameters of CFTS and CZTS thin films,
) ) D (nm)
CFTs 28.57 022 72
ars 28.59 ol6 »

more detailzs, B2 and E modes are active IR modes that exhibit LO-TO
splitting due to their polar characteristica, while A2 mode iz not an
umnmmmk.ﬂulmmolkm(lpxegmpﬂ)wbm
the 1 dez az foll G=3A+ 6B+ 6E Fig. 5chows the
Rmm-pmofCﬂ“andCZT'dzmﬁlmnmcmHnmm
temperature.

For the CZTS thin film, we note that the majority of the peaks are
attributed to the CZTS phase with in particular very strong peaks at 332
cm™~! which correspond perfectly to the A mode of the CZTS kesterite
phase az rep J in the lites [31]. We also notice that CZTS pre-
sentz 2 significant peak at 285 cm™' corresponding to the (A) mode a2

B¥2em’

Intensity (arb.units)

'"Cll 2”“" ‘”?‘9:-1
4.2. Raman scattering analysis m .2“61!
Due to the similarity in diffraction peak p b the qua- 3’30'
tmyphnelCZToanJCﬂ'nddxhuryphu&umdfu
Raman Py Pr a valuable identification of the ph
i l I I Ll ' 1 I 1 I I I T
Previous research haz indicated that the optical modes of the 15 Ll » ot 3% “ “w
¥ 1
structure (space group I-42m) can be described by the following for- Raman shift (Cm )
mula: = Al + A2 + 2B1 + 462+ 6 E, where Al iz given to the symmetry s. R £ CPTS and CZTS thin films
mode that Jz to the line of the Raman spectra. For - " “ .
Table 2
Elemental compositions of CFTS and CZTS powders.
Theoretical compositions Elements in atomic percentage (%) Experimental
Compositions
QugamFe, Sabs Cua (=2) Fe (£3) Zn (=3) Sa (=2) §(=3) CuayZngFe, (SnSs
Qu.FesnS, 2554 1299 0 1210 49.01 Oy 0 Fe, 0sS0q ecSs 03
CQusZaSas, 29.04 o 1377 n7s 4543 Cuiy 35201, 30508455363
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well 2z other minor peaks at 256 cm™' and 355 em™' which could be
attributed to the B2 modes [31-35]. Az a result, we note the presence of
low intensity impurity phases ponding to SnS (186 cm™', 224
em™), SnaSs (212 em™) and FeS; (405 cm™') binaries [36-35]. The
CFTS thin films also display two dominant Raman peaks located at 289
em™' and 349 ecm™' azcribed to the Al and B modes of the stannite
structure.

Purthermore, we could notice other minor peaks at 182 cm™', 254
em™', 329 cm™', and 393 cm-1 attributed to B2 and Al modes, which
are conaistent with the literature [31,33,39). Az well, it iz possible to
identify weak peaks with low intensity that could be attributed to binary
secondary phases SnS (171 em™ and 229 em™') and FeS2 (401 em™ 1)
[31,33,38,39). Previous work [26] suggests that this chift may be related
to the vibration of the pure sulfur anion, since the Al and A symmetry
modes alzo depend on the Pe-5 and Zn-5 bond. From these expected
results, it appears that the Raman tz are with the
XRD analyziz as well as the presence of CZTS and CPTS phases. It is
posaible to confirm that the best h ity and crystallinity iz ob-

4.3. Electron BackScatter diffraction (EBSD)

The structural analysis was carried out by EBSD. Indeed, through this
technique, it iz possible to identify the phases of the material and to
assign orientation planes. The ICDD database was also used az a refer-
ence. Although thiz method iz more focused than the XRD technique,
multiple points were analyzed in each ple. To perfe an EBSD

a flat, policshed polycrystalline sample iz placed in the
SBMchmbexuauepangle( —70° from horizontal) toward the

diffr toi the ¢ of the bacl l electron
pattern [40].
Fig. 6 chows the el diffr P for the CZTS and CFTS

thin films. From this plate, we can clearly distinguish the pr of
(1-11) plane for both materialz, according to the ICDD database, these
results reflect the highest percentage [100%)] of tetragonal kesterite
structure CZTS (I-4) and stannite (14-2m). Thiz supports the findings of
the XRD techniq ly the identification of the tetragonal CZTS and
CFTS, Our study was able to recognize only the main phaze of the ma-
terials as a result of their high roughness.

4.4. Chemical compositions of CZTS and CFTS thin films

EDS were perfi ] to evaluate the stoichiometry of
CZT’mdm"dnnﬁlmdeponmedatmmﬁempenmonn«typcul-
icon substrates. ﬁn:u.uly led the p e of the el-

of each m (Cu,h,!e,»nand:)in:beCZTSande
materials. The proportions for each element are presented in Fig. 7. In
addition, the ic perc btained from EDS measurements are
pmuiedfwalldxedﬁmﬁlmpme.ednhble-!

We Jed that the obtained itions of the CZTS thin film are
vcyduew:heapeczdlwthuymthamaﬂdeﬁamy
copper and sulfur. The proportions are cloze to unity, which justifies the
good crystallinity of the CZTS material. On the other hand, a composi-
tion far from the desired stoichi v was obtained for the CFTS thin
film. This thin film presents an excess of copper, iron and tin and a
deficit of sulfur, leading to the formation of binary SnS, SnS; and FeS
secondary phases of low intensity, the calculated ratios are also far from
unity, which can affect the crystallinity of the thin layer.

4.5. Morphological study

hoﬂuwdumbelhglurﬁumphobgyof&szemdun
filma, 1 mic py waz perfi J. Fig. 5(a), (b) and
(J)Juphyndtemucumalmxniamfxemrphologyafm“
and CPFTS films, respectively. A significant difference between the
structure of CZTS and CFTS iz evident from these figures. The
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Fig. .6. Electron diffraction pattern for the CZTS and CFTS thin films.

micrograph of the CFTS film (Fig. 0a) shows small grains confirming the
low crystallinity observed in the XRD regults, the character of the film is
uniformly pact with no grain formation. However, we also note
the pr of voids b the grainz, reducing the transition of
decmb«mn&eymmd&umﬁecmqofthe
thin Alm.
Themfaceofm“hagwdayuaﬂmemmmthmﬂ
J ing it suitabl forphomolmc;pphnmn.We
uoce,dun,duxthe arfs iz p In lower
magnificati arfa (Fig. ob) ademlnn:mhm
obosvedfocCZ‘l’"dlmﬁlma whthghzbeuwntedforbythe
ofah j the I (p-type) [41] and the
mbame(n-qpc) Tofunhuvahdmthnupen,mopnalmcpe
was used (Fig. Oc), the f iti
mpbdogyfu&zm“&mﬁlmnndthecompwmcfdum’
surface into small grains separated by voids. The cross-sectional images
(Fig. 5d) reflect complete crystallization with a very compact nature for
the CZTS thin films with larger grain sizes emerging. Additionally, it was
possible to estimate the thickness of these thin films from these images.
We found that the thickness of CPTS iz approximately 350 + 20 nm
while that of CZTS iz about 400 + 20 nm, consistent with previous re-
sultz [19]. Prom the AFM measurement (Fig. 9), the average roughness
of 15.21 am for the CFTS thin film and 66.10 nm for the CZTS may
nﬂect:hempmedayrnlhmtyefduﬁlnuuwmlﬂ:nu
i in thicl of these thin films. Addition-
ally,thgmmgnphnkmmvealamfuecmpmedofmngnm
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Fig. .7. Chemical composition of the C (Z, F)TS.

separated by void for CPTS and large agglomerated grains for CZTS,
coherent with the resulting SEM images.

4.6. Electrical properties

4.6.1. Hall cffect

An investigation of the electrical properties of Cux(Zn, Pe)SnSy thin
filme was carried out by measuring the Hall effect at room temperature.
The films have a p-type conductivity [41]. The carrier concentration,
conductivity, resistivity and mobility of the films are provided in
Table 5. We note that the carrier concentration, conductivity and Hall
mobility increases from CFTS to CZTS. This increased mobility could be

Table 4
Composition results of CFTS and CZTS films obtained by EDX technique.

Physica B: Condersed Matter 653 (2023) 414670

attributed to the enhanced crystallinities and grain sizes [42], as chowm
by XRD, Raman, FE-SEM and AFM analyses. Similarly, it is noted that
the increase in crystallite size of the CZTS thin film leads to a reduction
in inter-crystalline scattering and an increase in carrier durability, which
increases mobility [43,44].

The presence of secondary phases has been reported to affect the
electrical properties of thin filma [45]. So, the minor peaks attributed to
the SnSy secondary phasze formed for the CFTS thin film affect itz elec-
trical properties. Since mobility iz inversely proportional to resistivity,
the removal of the SnS secondary phase increazes the mobility of the thin
film, which further reduces the resistivity and thus improves the overall
electrical properties of the thin film. We also notice that the secondary
phases are a minority for CZTS which account for the large values found
for the carrier concentration, mobility and conductivity.

4.6.2. Impedance spectroscopy

The process of impedance spectroscopy iz an effective technique that
allows identifying the contributions of various processes such az elec-
trode effects, grain effects, interfaces in thin films and dielectric prop-
erties [46,47].

Fig. 10 depicts the plex impedance spectra (-Z" versus Z') derived
by plotting the imaginary part with the respective real part for CFTS and
CZTS thin films [41]. The CPTS thin film Nyquist plot displays a large
capacitive loop in the high freq y region and an inductive loop in the
low frequency region. Note that the inductive loop tends to cloze in on
iteelf, giving rice to another capacitive loop indicating the active tran-
sition of the semiconductor. However, in (A) of Fig. 10, RL in series with
L iz connected in parallel with the circuit (Ry,Cy,), where Ry, and Cy, are the
resistance and capacitance of the grain, respectively, RL and L denote
the constant phase el (CPE), resistance and inductance, respec-
tively [43]). Purthermore, the impedance diagramo reveal that the
semicircles show a slight depression and their maximum shifts to higher
frequencies with increazing temperature. The di
the semicircles for CFTS also decrease with increasing temperature.
These observations lead to the conclusion that the electrical conduc-
tivity iz thermally activated az well az the relaxation time distribution
[49].

Por CZTS thin films, a semicircular arc is highlighted in the imped-
ance diagram, indicating RyC), elements parallel to the grains. It iz
convenient to indicate that each semicircle was an equivalent circuit

ted az a combi of resi and capacitor usually placed in
parallel, az shown in Fig. 10 (B). The resulting semicircles are dightly
depressed and their centers are shifted downward from the actual axis,
showing the unique relaxation pr A depressed arc iz also typical of
a dipolar system involving multiple relaxation processes [46,50-52].
Similarly, the semicircles could indicate the homogeneity of evaporated
CZTS thin films, which iz in good ag with the phological and
structural results.

Accordingly, to explore the relaxation time as a function of tem-
perature, we plotted -Z¥ versuz frequency at different temperatures
(Fig. 11). We found that the -Z' exhibits a maximum w,, (#,, defined a2

and maximum of

Elements (Aloauic %) Theoretical results

Experimental results

CusFeSns, CuyZaSnSs Cuz aaFey 4350 1 TSam Cus ey 15505 2553 o

Cu 25 25 2807 23.30
In o 125 0 14.21
Fe 125 0 1576 0

Sa 125 125 1473 12.89
s 50 50 4).44 49.60
In/Se o 1 0 1.10
Fe/Sa 1 o 1.06 0
5/Metal 1 1 o7 0.98
Cw/(Zn + Sa) o 1 1] 0.85
Qu/(Fe + Sn) 1 0 o9 0
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Fig. .8. (a) and (b) Plane-view field-emission scanning electron microscopy (FE-SEM) images of CXTS thin films deposited with x — Fe and Zn respectively, (<)
images of CFTS and CZTS respectively performed by scanning optical microscope, (d) cross-section image for C (Z, F)TS thin films.
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Fig. .9. 3D AFM images respectively of CFTS and CZTS thin films.

Table § m_:u.,gé “@
Hall Effect measurement results of CFTS and CZTS thin films.
@pisa kg is the Bol and Ea io the activation
Subswase  Caier Comducrivity (2. »
ope o i - (em) (e Vi) energy. A y of the Ea values for CFTS and CZTS is presented in
(an?) Table 6. As chown in Fig. 11, the spectra for Ln (@) = £ (1,/T) exhibit a
TS 1.83 x 10 22 36x 107 312 Nnser featuse, in goed 29 t with the expression (4).
czTs 212 x 10™ 483 207 x 1070 295 To further assess the DC & char results, we

1 the AC response of CFTS and CZTS thin films to identify and
differentiate the origin of the conduction process. The electrical con-
@ % T= 1) that chifted to 2 higher frequency by increasing the tem-  Juctivity can be calculated using the relation [50]s

perature [53]. Moreover, we could find that the frequency of the peak

indicates an Arrhenius behavior and we can then estimate the activation ox =onc +Ad’ 5
mg?z]nhxaﬂmdmd:baempktobeyﬂdufmk&e— The variation of electsical conductivity at &ill — wa
niug 54 .

(A)
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Fig. .10. Nyquist diagram of CFTS and CZTS thin films and the equivalent circuits (B) of CFTS (a) and CZTS (b).
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Fig. .11. Angular frequency dependence of 2* at different temperatures for CFTS and CZTS thin films

Table 6
Calculated values of E, for CFTS and CZTS.
TS TS
Ea(sV) Eay =~ 3.24 Eag =~ 077 1.4

function of frequency iz depicted in Fig. 12.
A stable conductivity iz found for impulsiona below iy, that could be

d to the fi of free ch in the filma [51]. It iz also
posaible to detect a shift of the AC ductivity to a higher freq v
with temp e, which iz i with a th lly ac i process

[Sssel'm&equmtvdependen:eofthecomlucﬁvityhimﬁotiveo(
jump Juction at a higher fi v b localized states [57,50].

In general, themunonof s"" with temperature iz amociated with
the conduction mechanizm and can be derived from the zlopes of the In
(Oac) versus In(®) curves at different temperatures [52]. This parameter
"'s"" ia generally employed to further characterize the interaction be-
tweenthedxﬁenmdnxgetpecmmvolvedmd&pohn:mpmm

2z well 2z to describe the AC P ibuting to the dizp e
region [51,52] (Fig. 12).

Theaevalueembelnwunity,..‘, g the pr of extrinsic
lipoles or ch c 1g from i itiez and defects in the

ﬁlm [59,60]. Addmonally, it Jeaeaaen with increasing temperature
which could be in accordance with the Correlated Barrier Hopping
(CBH) model presented by Elliot et al. [61,62]). Thiz model suggests that

thehoppmgofcharge carriers between sites on the potential barrier
them with i [66, 67].

5. Concluzion

In thiz paper, CusFeSnSs and CusZnSnS4 powders were synthesized
by the direct fusion method. The X-ray diffraction analysiz of these
powders reveals that the CFTS powder crystallizes in the stannite
structure, while the CZTS powder crystallizes in the kesterite structure.
Crushed powder waz employed a2 a source for the fabrication of CFTS
and CZTS thin films by thermal vacuum evaporation method followed
by sulfidation. A study of the structural morphological and electrical
properties of these thin films was carried out. The obtained results
showed that only Cu;ZnPeSnS4 exhibits good crystallinity, improved
surface morphology and excellent electrical properties. Such properties
make this material a suitable candidate to be uzed as absorber material
in solar cells.
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