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ARTICLE INFO ABSTRACT

Keywords: The present paper repocts the study of the effect of zinc content in Cu,Zn, _ Fe SnS, thin films To achieve this

Thia files purpose, CZTS, (Zg F, TS and CZTS thin films were grown at room temperature via thermal evaporation on

Thermal evaporaticn heated silicon sub which was followed by sulfidation at 400 °C. Analysis by x.ray diffraction indicates

Stwctursl prapestios the polyerystalline nature of the CZFTS films with a preferential orientation along the (112) plane with structural

Imsped SREpaI transition from stannite (x < 0) to kesterite (x = 1) as the zinc content increases. The elemental compasition of all

AC eonductivity thin films was analyzed by the FDAX technique. Morphological patterns were also explored in order to better
understand the evolution of grain size and thickness as a function of zinc content. Hall effect measurements
h d that the high ductivity was obtained for CZTS. Impedance spectroscopy (IS) was performed be-
tween 5 Hz and 13 M. The complex impedance plots of the different samples revealed a single semicircle,
mumwmmu&mawcmddweMMﬁm&emh&Mm
ment (IS) confirned the enh of the conduction mechanism with inc ing x-fraction. Experimental
hlamgeledthnAcmmhwmmahuqlmkmmmn(s<l).‘lhhuculshuuwm:
the correlated barrier hopping (CBH) model.

. Introduction similar, although they differ in the distribution of Cu™ " Zn*? and Fe*™?

[6.7]. Purthermare, it ia often reported that the optical band gap

Ower the last few decades, the study of absorber materials for thin
film photovoltaic (PV) cells has become a major focusz in order to
improve the coat efficiency of solar production and, in particular, to
reduce the cost of raw materials [1]. lnmalxunr:hfocuedonCdTe
and Culn,_,Ga,Se; bazed absorber materiala [2]. However, toxicity of

dmium and low availability of Indium (In), Gallium (Ga) and Tellu-
rium (Te) have resulted in the need for new materials that are abundant

of C(Z, F)TS decreases from 1.5 to 1.2 eV with increasing iron content [3,
9]. However, the efficiency of CZTS and CFTS thin film solar cells standa
currently at 5 % and 12.6 %, respectively [10,11]. The literature up to
2014 for the material Cu;Zn_.Fe,SnS4, CZFITS reported that the
transition from k ite to with about 40 % iron [12,
13]. Since 2016, Shadrokh et al. [4] d that the phase tranzition
from } to stannite occurs with 60 % iron Physical vapour

and non-toxic [3,4]. Among the moat widely explored alternatives to
CIGS are SnS, (CZTS) and Cu,PeSnS, (CFTS), which contain
relatively abundant and cost-effective components, namely Zn, Pe and
Sn, instead of Oa and In. Two main crystal structures can be distin-
guished, the most stable being kesterite (CZTS) and stannite (CFTS). In
addition, the high value of the absorption coefficient above 10% cm™'
and the direct band gap between 1.4 and 1.5 eV and between 1.2 and
1.4 eV, respectively, make them p larly appropriate for solar cell
industry applications [5]. The two structures are considered to be quite

* Coeresponding author.

depozition (PVD) techniques have pr to be very suitable for the
wodmdq&ﬂrnhrcdh,aldmughlbeydonthuz
in a gulphur vapor phere for the production of a pure
polyu-ymlhuphm[l-l] O(Lnrthmﬁlmnchnobgyhlbegn
Ipphedmmmyﬁeldlmdndmg
nents, high temp ndarcelhndcbumal
ingulation [14]. Mmdhgmthhm&emcmnlmof
CZFTS thin films & d on the sub type, whether & ited on an
phous inzulating sub luchugh-,wbachnlhcmcm
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substrate, or on a rystalline gub such as silicon [12,14,15].
Mozt CZFTS investigations are directed toward the synthesiz of nano-
particles, which are subsequently applied as thin films. However, theze
ﬁlmnmudymgghmthmmfxeadhzmndnmgulupmde
£ ion. To these i ting techniques and con-
ditions, as well as the nature of the substrate, :bouldbewefn]lvoon-
mized in order to achieve compact and uniform thin films with high
efficiency.

In the present study, we propoce to evaluate CZ, Py, sTS thin films
from a mixture of 50 % iron and 50 % zinc, CZTS and CPTS depogited on
pure intringic silicon substrates. In fact, the implementation of CZTS thin
filma on a zilicon substrate haz attracted conziderable focus in the design
of the CZTS/Si tandem cell [16]. Thiz study waz bazed on the modelling
of a wide bandgap CZTS sub-cell on a narrow bandgap silicon sub-cell,
separated by TiN, which represents the front contact of the lower
sub-cell. According to thiz investigation, tandem cells allow the solar
spectrum to be spread over several sub-cells with different band gaps to
better convert sunlight into electrici pared to zingle j solar
cells. The effect of direct deposition of CFTS, CZFTS and CZTS powder
on pure intringic silicon wafers on crystal growth, surface morphology
and electrical properties was investigated in this work.

2. Expenimental details
2.1. Synthesis of Cuy(Zn, Fe)SnS, ingoss

Cuy(Zn, Pe)SnS, ingots were synthesised by direct melting. The high
purity (99.999 %) el I comp , copper (Cu), zinc (Zn), iron
(Fe), tin (Sn) and sulphur (5) were fully picked out by stoichi
compozition [17]. They were subsequently placed in a quarts tube. The
individual tubes were sealed under vacuum (10~ Torr) and then placed
in a horizontal position in a programmable furnace (Naber-
therm-Oermany). A suitable thermal profile was maintained to form
Cuy(Zn, Pe)SnS, ingots. Pinally, they were ground to obtain powders
(Fig. 1).

-
P

Cuy{Zn, Pe)SnS4 thin films preparation

In thiz work, a vacuum thermal evaporation technique was adopted
to develop Cuy(Zn, Fe)SnS, thin films [17]. The deposition was per-
formed in a vacuum chamber (Alcatel unit) in which the pressure was
around 10~° Torr. C(Z, F)T’povrdenmunednuxgenfwamn—
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having a thickness between 250 and 300 pm and a resistance ranging
between 250 and 350 (). In order to improve the crystallinity of the

filmz, the CuyZn,Pe,_,SnS, thin films were sulphided under 2!
flow at 400°C for 30 min. The use of nitrogen allowed for minimal

oxidation while sulfur was used in thiz annealing to avoid the defecta
encountered.

2.3. Characterization

A structural study was performed using an X-ray diffractometer
(Xpert Pro PANalytical) in a 26 range from 20” to 70" with CuKu radi-
ation of (4 = 1.5406 A). Similarly, Raman analysiz was conducted using
(Horiba Jobin Yvon Lab-RAM) wn:h an excitation w:vdength of 432 nm

perature. M L| -] mr‘ Ibv
) 3 ..y(m(),ﬁxedbyanmdupmmx-
ray lpecmope (!Du) The surface topographies of the films were
investigated by force mi py (AFM), using a tapping (Veeco
Dimenzion AFM), in tapping mode. The optical measurement waz
studied by a profil to i gate the thick gression in the
mmm&mdmw&wwwmxt
analysiz in the Van Der Paw configuration using an Ecopia AMPS5T.
Electrical conductivity of post-sulfide thin films were studied using an
HP4192A impedance analyzer in the frequency range of S5Hz to
13 MHz. The config of the electrical waz done
through two electrodes, coated on both ends of the sample using a silver
paste.

at room

3. Results and diseussion

8.1. Structural and morphological study of CZFTS powders

3.1.1. Phase structure analysis

XRD diffraction patterns display that all C(Z, FITS powders are
good crystallinity and homogeneity (Fig. 2). The main peaks found at 20
= 28.57°, 32.96", 47.58° and 56.22° for CFTS (JCPDS card no: 00-044-
1476) and 20 = 28.51°, 33.06°, 47.37° and 56. 20° for CZTS (JCPDS
card no: 00-026-0575), which correspond to the (112) (200) (220)/
(204) and (312)/(116) planes of the polycrystalline stannite CFTS and
the kesterite CZTS. According to previous studies, the Cu,ZnSnS, ma-
terial iz energetically more stable in the kesterite structures than in the
structure [18]. Additionally, a few small peaks located at 32.02°

lybd crucible. The deposition waz perf: i at room temp

ondeanmm: nlmmbctratu with apceferxed orientation of (001),

CZ1S

CZFTS CFTs

Fig. 1. Ingots and powders of assynthesized CuaZn.Fe; ,SnSy (x = 0; 0.5 1).

»

ra a =

can be observed for CZTS corresponding to the (004) plane of the SnS
phase (JCPDS file no: 00-053-00526). With increased Fe content, the
dominant peak (112) shifts slightly to higher angles. Such variations
have been reported in other research [19] and can be correlated to the
amall radiug difference between Pe®* (0.66 A) and Zn** (0.64 A) and the
trancition phase from stannite to kesterite [20.21]. In order to under-
stand the effect of Zn content on the structural properties of CZFTS
powders, the lattice parameters 'a’ and "¢’ of CFTS, CZosPusTS and
CZTS powders are estimated using the relation for the .gonal
structure:

1 ¥+ P
=

(n
Where h, k and | are the Miller indices corresponding to the XRD peaks
and dyy is the inter-planar spacing calculated according to the well-
known Bragg relation:

2dusing = nd (2)

To study the structural tranzition in the C(Z, F)TS semiconductor, we
estimated the gonal disorder p N=c/2a Thu parameter
affects the el ic atr in chalcopyrite m ugmﬁcz.ndy

and iz defined as the deviation of the ratio of the major axiz ‘¢’ to twice
the minor axiz from ¢/2a = 1 [22]. Table | chows the calculated lattice



M. Sebai et ol

ls Today C 35 (2023) 105558

czrs ¢ W
s | A
o | - & | _J \
‘;. CASFCSTS o8
% i% 'r"\ \_.
£ R
- ,LJ; | ¥ s \_
CFTS
L SN I\
e ‘1 9 0'“' .
0 W & % e B ms m
Bragg Angle 26 (°) Bragg Angle 26 (")

Fig. 2. XRD patterns of assynthesized CuaZngFeq SnSs (x = O; 0.5; 1) powders, and (a) variation of (112) plane.

Table 1
Lattice parameters (a and <), distortion parameter and unit cell volume of
CugZngFey _2SnSy (x = 0; 0.5 and 1) compounds.

Puxd:gmmmmeht&edmnﬁohvuydmmlwlﬂch
affirms the tetragonal zy It haz already been reported in the liter-
ature that ) iz less than unity for the kesterite CZTS and stannite CFTS

W) az=003A) c=003(h) n‘_i v+ 003 AY)
2a
X=-0 28.57 543 1072 0.9686 316.08
X=- 05 28.55 541 1084 1.001 317.26
X=1 28.51 54 1082 0.997 31785

parameters, distortion parameters and unit cell volume. The lattice pa-
rameters obtained are very similar to those reported in the standard PDF
mapa used for XRD indexing and in previous work. [19,20,23 24], witha
mﬂmmduwdudﬂmmmeﬁod&hnxe
parameter 'a’ (Fig. 3, Table 1) d with i g zinc (x
from O to 0.5) and then increases for x = 1, unlike lattice parameter 'c’.
The discontinuity of these lattice p have already been rep d
in the literature and can be attributed to the structural transition be-
tween the ite and | phase that d x = 0.5. Thiz
iz expected to be due to the rearrangement of Cu™', Zn** and Pe™*
cations in the unit cell The slightly mmall radius of Zn** (0.64 4)
substituted by Fe’™ (0.66 A) and the rearrangement of Cu™', Za™ and
Pe®* cationa [23.24].

Punhemue,T Shibuya et al. found that the phase tranzition from
! at about x = 0.4 for CuyZn,_,PFe,Sn5, [25].

5415 s
feo-a
- . . vamoe (A f-1ese
L LR
Z s ioso §
. Ll
E 5420 4 . Lios &
418 19,76 5
g Lo =
54104 o .. -
ERTE) v v v "
an " 1
Zire santent X
Fig. 3. Variation of lattice parameters a and ¢ of CuaZngFe; . SaSs (x = 0; 0.5

and 1) powders.

str , which confirms our results [15,19].
Purthumn the small variation in the distortion parameter could be
attributed to the cation order in the sub-lattices between the two

, which crystallize in different space groups. In the CZTS ma-
nenalvmhkamnemmn for ple, cation layers al with
sulphur anion layers along the crystallographic c-direction, such az

CuZn/55/CuSn/5S5, while in the stannite structure, CuCu/5S/Febn/5S
regults in a small tetragonal distortion [19,22-24
However, it can be pointed out that the volume of the unit cell in-
creases with decreasing Fe content. Thiz problem has been discussed in
previous works and was mainly due to the redistribution of cations in the
crystal lattice, which confirma the p of lent bonds in these
compounds [19“3_4].Thay:nﬂ.mmofchempw&nwu
estimated from the bazic Scherrer equation [26]:
09
poosd

D present: the average crystallite size, i iz the x-ray diffraction
wavelength (in nm). f iz the width of the X-ray peak (112) on the 2 axis,
takenudiewnlwxddxuhalfmum(FWHM)lﬁeﬂhemduem

inatr | broadening ha: been properly corrected (variance sub-
cunon)ﬂuthebcmandemd through thiz paper [27]. The dizlo-

3 v (Buis), ber of crystallites (N.) per unit area and the
llni.n(r)ueukuhtedbyd:efolbwmgeqm["‘ﬂl
S = gtte= e = @

The dizlocation density By iz defined as the length of the dizloca-
mhnupcmvohmofml,duhmumt-dﬁmdudm
disarrangement of lattice d during dep pr

D=

3

Table 2

Estimated values of the grain size (D), the full width at half maximum (FHWH),
dislocation density (84.), the number of crystallites (Nc) per unit area and the
strain () of C(ZF)TS powders.

D(am) FWHM() &a(10 sm™) N0 am™ (07
X=0 546 0.156 1225 0.0429 377
X=-05 489 0.154 1226 0.0429 373
X=1 51.2 0.150 1.230 0.0431 363
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Table 2 summarizes the calculated values of D, ), 6y, Ncand e of C
(Z, FITS powders. The higher crystallite size enhances the carrier
diffusion length and reduces the carrier recombination in the grain
boundaries, leading to an improvement in the converzion efficiency of
solar cells based on CZTS az an absorber material [30]. Moreover, the
loweat dizlocation density (fus). crystallite number per unit area (Nc)
and strain (£) obtained for CZTS thin films indicates that CZTS exhibit
the best crystallinity.

3.1.2. Morphological study

Fig. 4 chows the SEM observations of Cu;Zn, _,Fe SnS, compounds
(x =0, 0.5, 1). It can be clearly distinguished that the incorporation of
Zn in CuyZn,_,Fe SnS, compounds affects the surface morphology of
the powders. Moreover, we can identify that with increaging the amount
of Zn in the compound, the surface morphology of the CZFTS powder
becomes bright due to the effect of Zn incorporation. Nevertheless, in all
cages, a tendency towards compactness independently of the zinc con-
tent iz noticed, especially for x = 1 which denotes the presence of large
clusters.

3.2. Stuctural, surface morphological and eectrical properties of C(Z, F)
TS thin film

3.2.1. Composition analysis
The atomic ratio of the elements and the experi 1 p

of the C(Z,F)TS thin films were further evaluated by EDS analysis (Fig. 5
and Table 5). Thiz analysiz confirmed the presence of constituent ele-
ments in each material az chown in Table 3. However, CFTS thin film has
been found to be deficient in sulphur and rich in copper. The compoai-
tion of thiz material iz therefore almost stoichiometric. On the other
hand, EDS analysiz revealed that the CuyZng sPe)sSnSy thin film de-
viates from stoichiometry. Thiz composition exhibitz high copper and
zinc content with a slight loss of sulphur, which could be the origin of
secondary phases such as CuS, SaS and ZnS. CZTS presents a chemical

“',‘. e .
' “,.‘.‘I'
‘,-.'1;,\ oy
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compogition cloze to stoichiometry.

3.2.2. Svuctural seudy

The X-ray diffraction (XRD) patternz of CuyZn, _,Fe SnS, thin films
(x = 0; 0.5; 1) presented in Fig. 6 chow that all the CZFTS thin films are
polycrystalline and exhibit clear and distinct diffraction patterns, indi-
cating good arystallinity and homogeneity. The CFTS (x = 0) exhibit
major peaks detected at 28.48°, 33.01°, 47.44°, 56.37° and 61.70°
associated with (112), (200), (204), (116) and (321) reticular planes
corresponding to the stannite structure (JCPDGS cheet N: 00-044-1476).

From the X-ray diffraction (XRD) pattema of CZTS, a prominent peak
at 2= 28.56° corresponding to the (112) plane iz highlighted. Similasly,
several peaks are visible bazed on the (110), (103), (200),/(004), (202),
(211), (114), (105), (220), (312) and (224) lattice planes. A minor peak
can also be d to the secondary phasze of the ZnS layer (JCPDS
#00-036-1450) [31]. Por x = 0.5, it iz also noted the appearance of
peaks corresponding to the stannite kesterite structures of CFTS and
CZTS respectively, with the presence of minority peaks that can be
attributed to the ZnS secondary phases [31], SnS (JCPDS card o
01-089-2028) [32] and SnS; (JCPDS card n° 00-039-0354) [33].

The crystallite size Dps of CZFTS thin films is calculated from the
most intense (112) by using Scherer's formula [34] and then dizlocation
denzity (64is), number of crystallites (Ne) per unit area and strain (£) are
alzo calculated [35,36].

Table 4 chows a summary of the calculated values of D, f, Suis, Ne,
and £ of C(Z, P)TS thin filme. Based on the findings reported in this
Table, it can be observed that the values of the crystallite gize D found by
thiz study are higher than those found in other investigations. Thiz may
be explained by the homogeneity of the depoait and the good crystalli-
zation of the materials deposited on the Silicon substrates. It has been
shown that zilicon substrates provide a good adhesion of the materials
depozited on them [37].

The lowest crystallite size value iz obtained for CZ, 5Py <TS. Indeed,
as a regult of the change in composition, the incorporation of different

.

e
i
e
A\

Fig. 4. SEM images of as-synthesized CupZnFe; oSnSy (x = 0; 0.5; 1) powders.
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o 0s 1 15 2 5 3 s s 45

Fig. 5. EDS spectrum of (a) CFTS, (b) (Z,F,.TS and (c) CZTS thin films
depasited on Si-intrinsic substrates.

ionic radius jons (substitution of Fe** (0.66 A) by Zn"" (0.64 A) leads to
a competition between the two ionz in order to occupy the zame position
in the crystalline structure. Thiz will increaze the disorder and the
deformation inzide the unit cell, leading to the decreaze of the crystalline
quality and thus of the crystallite size. The highest crystallite gize D
obtained for the CZTS thin filmas waz 113 nm. It should be noted that the
largest value of crystallite zize obtained is i with the good
crystal structure of the CZTS thin filma. The same result was previoualy
publizhed by Jiang et al. [33). Bagically, the larger crystallite size in-
creases the carrier diffusion distance and decreases the carrier recom-
bination at grain boundaries, which ultimately leads to an improvement
in the convemion efficiency of solar cells based on CZTS 2z an absorber
material. Purthermore, the lowest dizlocation denaity (f4,), number of
crystallites per unit area (Nc) and strain (£) were obtained for CZTS thin
filma, regulting in better crystallinity of CZTS.

3.2.5. Raman spectroscopy

Due to the similarity of CZTS peaks with binary and temary phases,
the XRD technique cannot distinguich between the different phases.
Therefore, Raman spectroscopy waz performed to confirm the prezence

Mazerials Today Commumications 35 (2023) 105558

of thiz material by identifying itz vibrational modes (Fig. 7). It can be
seen that the majority of the peaks are atributed to the Cu2ZnSnS4
phase, with the presence of a significant peak at 337 em™, which cor-
responds perfectly to the A mode of the kesterite structure [39]. The
presence of this strong band indicates the complete incorporation of the
atoms into the structural lattice and the homogeneous formation of the
CZTS [39). Several vibrational modes are alzo observed at 285 em™',
305 cm™', 331 em™' and 367 cm™! respectively, confirming the poly-
crystalline nature of the material

In addition, the pesks identified at 260 cm™' and 354 cm™ are
attributed to the Zn-S vibration mode [40,41]. These investigations
confirm the XRD results and are in good agreement with those reported
by different authors, Table 5.

3.2.4. Morphological propertics

In order to und ] the trancition process between the stannite
and kesterite phazes, the morphology of CZFTS was investigated by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM, tap mode).

Fig. 0 shows the morphological structure of the deposited CZ,F| (TS
films for 0 <x < 1. Accordingly, we can see that the SEM images are
formed by small crystallites and the layers are compact and uniform
[45]. By increaging the Zn precursor in the mixture, a clear improvement
in the particle size iz observed, especially at x = 0.5. The remarkable
difference found in the SEM images of CZo. 5sPosTS compared to the other
filmz iz reflected by amall grains adhering to flakes irrigated in the form
of thick hexagonal plates. It iz possible that thiz phenomenon iz due to
the mixing of two different crystalline structures, stannite CFTS and
kesterite CZTS, in the alloyed CZFTS films [46] and/or to the deposition
of p-type semiconductors on intringic silicon substrates with a (001)
preferred orientation Fig. O(a and b) clearly shows the obtained
morphology of the CZy Py sTS thin filma. In addition, the SEM image of
CZTS illustrates the formation of large grainz compared to CFTS. The
surface morphology iz inh 2 with ¢h islands separated by
rough regions; this surface iz formed by the aggregation of clustered
aggregates. This increase in grain size io strongly related to the increaze
in crystallite size, decrease in grain boundary and improved crystallinity
of the CZTS material It has alzo been reported that the conversion ef-
ficiency of CZTS films in a solar cell iz strongly related to grain size, aza
large grain zize aboorber layer maximizes the minority carrier diffusion
length and the intrinzic potential of a polycrystalline solar cell [47].

The cross-sectional image for CFTS, CZy 5Py <TS and CZTS reveals
well crystalized and compact graina, Fig. 3(a, b and c) [45]. Notably, all
films have approximately similar thickness with a slight improvement
from CFTS to CZTS resulting from the increase in grain size. A gimilar
result has been reported in the literature [17]. The grain size and
thickness obtained from SEM and cross-sectional image of C(Z, F)TS
films are shown in Table 6. The derived values obtained for the grain size
are in cloge agreement with those derived from the crystallite size.

Atomic force microscopy (AFM) analysias provides surface wviguali-
zation and he average rough of filmz dep dona
surface (2 pm _2 pm) in contact mode. Three-dimensional (5D) and two-
dimensional (2D) APM micrographs of C(Z, FITS deposited on intringic
silicon substrates are shown in Fig. 9. Table 6 lists the root mean square
(RMS) values of the mean surface roughness. From the 3D AFM analyzes,
the CFTS thin film chows a uniform topography and thickness, the sur-
face iz amooth, homogeneous and the grains are denze with different

Table 3
Elemental composition of CugZngFe; _.SnSy (x < 0; 0.5; 1) thin films.
Thearetical Composition Element [ard] Experimental Composition
Cu Zn Fe Sn s
CuyFeSnSy 29.67 o 1114 1389 4537 Cuy poFengsSng 11520
CuaZng sFeg sSnS, 7.82 7.2 53 1253 47.12 Cuz 33700 s7Fen 250,51 %
CusZnSnS, 25.38 10.87 0 15 48.75 Cuz oo oSay 3536
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Fig. 6. XRD patterns of CuaZn,Fe;_SnSy(x < 0, 0.5, 1) thin films.
Table 4 * CuyZasas,
Estimated values of the full width at half- maximum (FHWH), grain size (D), v 2a$ s
dislocation density (54), the number of crystallites (Nc) per unit area and the
strain () of C(ZF)TS thin films. *337
Pan ®» FWHM D fau N E z f\
©) (am) (0" ao'! E j |
) em ™) : ,' "

-

CFTS 112) 2848 o021 75 017 062 0.05 s {1
CZaFasTS  (112) 2855 073 2 2.06 3.09 017 z { "
czTs (112) 2856 0.4 N3 o.o7e 0.025 0.08 ‘g *285 | |

z [

- w250 0308 / 'Losl
mdmhudm&enu&oeof:heﬁlnﬁe“mgeof [ _»_/
&nsfo.s'l"‘llw\nmguhxm and‘ h of: vr
which confirms the micrograp ly bt 'bySBMPunher ——]
more, for the CZTS thin film, agglomenxad particle disperzion on the T T T T T T
surface iz observed [45]. 25 2/ M5 W WS 30 IS5 400

Raman shift Cm'",

2.5. Variations in film thickness _— of CZTS thin

To investigate the effect of varying the zinc content in the CZFTS Wig- 7. Roman spectrmns S thia flwe.

position, the thicl of the ials was ] uzing a pro-
fil Table 6 p the ponding results of thick mea- tbmforenuendduxdu b the ite and kes-
surements of O(ZFITS films deposited on intrinsic silicon. This table  *erit® phases is responsible for the : in thickness, which i in
clearly ill that i g the percentage of zinc in CusZny lmg:pmtwnhthewphobmalmuh.
Pey_ ,..n...fmmomlnholejdlman in film thick Thiz

btained with gimilar materialzs [17]. It iz

Pr



Table 5
The experi | values obtained by Raman spectroscopy with those reported
by other authors.
This woek (Cm ™) Further woek
260 262 [40) 252 [41]
288 28€ (201 286 (41] 287 fan) 221 7143}
306 306 (39] 302 [40] 309 [44]
am 33 [«0] 3315 [42] 3327 (44)
337 337 (39) 337.5 (40) 338.5 [43) 335.2 [44)
354 354.8 [44] 352 [39) 357 [43)
367 366 [40) 3653 [43]

3.2.6. Electrical propertics
In order to confirm the conductivity type of C(Z, FITS, the hot probe
thod wa: adopted. P-type Juctivity was found for CPTS,
CZusPosTS and CZTS materiala. Since p-type semiconductors are used,
the Juctivity iz provided by the holes. In fact, the holes can move
freely in the solid, jumping from atom to atom, from near to near. They
act az charge carriers that circulate in the solid and allow the current to
flow. |-V curves of the samples were highlighted under normal lumi-
All the ples p d an almost linear and symmetrical
current-voltage curve at the origin. With increazed voltage, the current
increases linearly, suggesting the ohmic nature of the silver paste/CZFTS
contacts (Fig. 10). With thiz excitation, the valence band holes can be
stimulated, leading to an i in the ivity of the sample. This
photo responze behavior suggestz the potential of exploiting CZFTS
nanocrystals under thermal vacuum evaporation as an absorbing layer
in solar cella.

s Today C 35(2023) 105558
leads to a decreage in the grain boundary zones. C dy, these
atr ]l changes may ibute to the reduction in electrical re-

sistivity. CZq <P, <TS showed the J bilicy (thiz can be explained
by itz surface morphology, the growth of nanoflakes reduces the electron

fer and therefore their mobility). Furth e, it has been previ-
wdvobnwedthat&gmhd;wd&em:muumlv
pendent on the mic and the Jary phase, such az SnS,
and ZnS [55]. Hall perf onC(Z.F)T“alwwalahxgh
values of carrier and 1 to previous

studies [49,53], thumxybeexplamedbyd:efxctthaxmhxvedepouud
a p-C(Z, FITS on a resistive intringic silicon.

83.2.6.2. Impedance spectroscopy. In order to properly understand the
interactions between spinz and ions, the magnetic properties and the
electrical properties of CZFTS thin films, some deep investigations must
be carried out [56-59). In thiz section, we focus on the study of the

useful inf ion for imp d | of the
mwuﬂfucmwmw@nﬂuﬂ
structure [60]. Dupudaemmoflwdmduelectnulpwp—
erties of semiconductors using the impedance
fewuudu-hmbeencunedwtnun;thumhmqueumthm
filmas. In fact, this method iz mainly characterized by the application of a
mulmdﬂmtv(t)bmd:evalueofd:ewl(o The

iala were subj d o pl ped: studies at
ﬁeqnuaumdmmpmmmm“' their ponding
elgctnca.loonslucu“!y

Fig. 11 displays the complex impedance spectra (Z° versuz Z') ob-

3.2.6.1. Hall In the p seudy, i ic silicon sub-  tained by tracing the imaginary versus real part of post-sulphurized
with a b 250 and 35042 and a gap energy of CuyZn,Fe, ,SnS,. A zingle icircular arc iz d 1 for all temp.

1 &V with a preferred orientation (001) were adopted. The synthesiced tures. It can therefore be suggested that the grain: dominate the con-

thin filmz were led in a sulphid, phere under nitrogen flow. duction process [61].

Iulumldbemddnnhue have a ng infl on the In addition, a d in the di and maximum of all the cir-
ical properti ofthe' loped materials. In order to better un- cular arcs iz clearly noticeable with i i P e, suggesting a

dentmlduﬁeaofthue;-- on the electrical properties of C decrease in their electrical resistivity and thus an increase in electrical

(Z, F)TS films, Hall effect were ied out. The V! Juction in thesze ialz [61]). Such results are evidence of the

obtained are shown in Table 7. iconducting beh of these zamples. It can be d that the

Dhruba B.etal [49] d out the ling of CFTS thin films 1 | juction iz th lly activated [61]. In addition, the

under a sulphur gas atmosphere and found a higher electrical mobility diameter and maximum of the semicircles for CFTS, CZysF TS and

after this process. They explained the change in p by the ionization of CZITSi with increasing zinc from 3.5 x 10° Q for CFTS to

intrinzic donor and acceptor defects, which generate electronz and holes 3.5 « 10° £ for CZTS. Thisv could be attributed to the change in

respectively, and thus the large population of intrinsic defectz leadzs to a crystalline structure.

higher carrier concentration in the films, affecting the camrier mobility The complex impedance of each arc iz given by [62]:

50

- Z(@) =R/ (1+ joRC) (5)

ﬁeﬂaﬂlﬁectmmumutmaledamcondmfﬂaﬂ
In atoichi CZTS, oxidation states of Cu, Zn, Sn and 5
are +1, +11, +1V, and —II, respectively. H , due to multivalancy of

Indeed, for CFTS, CZosFosTS and CZTS materials, the response of the

Snummnnnbodt+lland+lvondnwnmtu.lnfanumwdl
hwwnduxnabuedannntedefecﬂmnwdefecﬂnndaemm

the available most probable acceptor d such az CuZn
andVlemtm:heMHm,dtueu:h@bmbahhyofm
at Zn site because of lower formation energy of Snil in CZTS [51]. The
cmdu:mntyofCuan.’-nS. (W]nmmwﬂhd&&u&ud

1 fol]mngd:eapplxamofndecm:ﬁddnleen.m
P can be iated with the interg;
nism appearing at higher frequencies. Tl:emmnmumvrndum
enudbymnguhrfrequexymmmdumbedbyamm
h = 1/wy,, where w,, iz the

>

lar polari -

or c 3 time T=RC
mnmmmguhrpuh:mbhtwv« with the presence of semi-
circles, it iz possible to d the homogeneity of post-sulfurized

P suggesting that ductivity with i in Cu/Sn C(Z, F)TS thin films. Such characteristics are in accordance with the
ratio in CZTS ples [52]. Therefore, it app that the ion tin Sn** morphological and structural analysis.
plays an important role in the conductivity of the Cu;X5nS, compounds. ﬁerdmmmbewﬂuudbyplﬂnngru:ﬁmmof
Az can be seen from the Table 7, the mobility values obtained are frequency at different g Pig. 12 ilk the
um:hh:ghexdnntboaexeponedfo:duCﬂ“aleT‘dmxﬁhqu vamnmoflmcmry r' (Z")ug ion of freg: v for
531. Indeed, the ab dary ph carrier mobili CZFTS. The _plotl adeu" lening of the peak to-
furtbexredu:mgmxumyandthmmmvmgduwmﬂdecﬁxal mhluﬁaﬁ with i C ly, a
m-obmudfnrmlndcn'mﬂm-mhdydz' pend elmal:elaxnmphmmmmthcmtz—

lues are obtained for the CZTS thin films. Thizs may be due
mﬁek&mmﬂn&qaﬂmmﬂdmﬂ:d&mma&dmm
(confirmed by SEM) and the & of the pr

nalnp:vpc-ed[SS] The relaxation processes could be related to the
plmofhohlml/otv at low temp and defectz at

Mmmaﬂ[ﬁ]mteummm&cmemm

Mpenhmbemmpu:dmemof

o L
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|CFTS

150KY 551 40000 WD AS s I

150KV SEl «10000 WD 17.5 man 1p 150KV SEI »10.000 WD 17.5 man 1p

CZTS

150KV SEX «4000) WD AS mun  lew

150KV SEI x10.000 WD 17.5 mam 1y

Fig. 8. Marphological FE-SEM images of CuzZn,FPe;_ »SnSy thin films for x < 0, 0.5 and 1 (a and b represent the morphology of the CZa<Fo sTS thin film at 40 K and
60 K magnification) and cross-sectional images of different films (a) CFTS, (b) CZasFosTS and (c) CZTS.
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Table 6
Morphological and optical properties of CZFTS thin films.
Film RMS Thickness (nm) Thickness (nm)
(mm) (cbeained by the cross. (obtained by the
sectional lmage) profilometer)
Cu_FeSns, Wam 220:20 264 nem
CuaZng sFeq sSnSy 40 s 320+ 20 330 nm
CusZnSnS, 47 nem 350+20 370 nen
Arrheniuz behaviour giving a of the acti energy. The

relaxation time T of these samples follows the Arrhenius law [64].

w, = o@xp(E/KyT) 6)
E, is the activation energy and & iz a Therefore, a2 sh

in Fig. 12, the expression of Ln(wy,) = f{1000/T) leads to a linear func-

tion. The calculated values of ‘E," are presented in Table 5.

Thexmmmrgyu&gmsgynqmdfmanmnmm(mn
one zite to another. In other words, it is the height of a p ial b

35 (2023) 105558

M als Today C

between two zites. The act energy values of C(Z,F)TS thin films
depozited on ordinary glass subatrates have been previoualy evaluated
[61]. Thiz research revealed that for each material, the ionz need two
different activation energies to move from one gite to another. In
contrast, our study conducted under the same conditions az above for C
(Z.FITS deposited on intrinsic szilicon substrates has the merit of
reporting a single activation energy at each ial with an imp

ment in the conductivity of these materials. Additionally, a slight
1 in Ea values can be d when the from C(F)TS to
C(Z)TS takes place. Actually, the activation energy iz closely related to
the dicorder in the ial C ly, the activation energy in-
muafmﬁmof:ﬁedmkranddummrplwmdum—
terial. However, the X-ray diffractograms of the CFTS layers chow that
the layers are less crystallized, which may explain why the activation
energies are lower than those for the CZTS material The Charge carrier
mempmuh:hdu,mmkabewmdenmdm;
of the electrical p asafh and freq -
d:e ep 'cmmoflnﬁlmln(m)::dxﬁm

Fig. 13 zh

CZTS

Fig. 9. 3D and 2D AFM images of (a) CFTS, (b) CZo.<FasTS and (c) CZTS thin films.
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Fig. 10. Linear 1V plots of Silver past/CZFTS contacts.

lxcnbeleendnxa]ld:mcumdwwdumbdum The

Table 7 ) conductivity at high freq with freq and displaye a
Electrical properties of C(Z, FITS films estimated from the Hall measurements. rked shift in slope from the critical -, pul 0y,
Conductivity Carrier Resistiviry 2. lal:.lty while at lower freq jes it ia almost pletely independ of fre-
ype ::ﬁ';mw =) '™ quency, which could be attributed to the ib oft.luDCcnnun.
CFTS P 55388 x 10°*  25812x 1077 43661 x 107 lt‘hw“ﬁnh'\cmm“lylhfrmh# 1 'mh
CZosFasTS P 22881 x 10  1,0875x 10°* 25086 :mwm‘r:hfh"mmﬁh | change in
czTS r 18837 % 10 4,5230x 107%  7,3266 x 10° quency- thu’""‘h“muy p——
L_.L 'hh & q v 1. P " - m_
MMML ,L r';v 8 ) | 8 1 1;. Im
temperatures for CFTS, CuyZng sFey s8nS, and CZTS. The plot reveals [65].
two distinct regions: The clopes "'a’ ofthgln(a‘c)udh(m)mndxﬁu!nm
atures have been calculated [66 67]. Thiz p 2" is id
— The low-frequency region in which the conductivity iz not affected to be related to the i ion b alldnx!e.peqauwdvalmdu
bydn&equency In thiz region, it can be seen that the conductivity poh;inn'onpmcm [66,67], it iz used to describe the AC comp
e, which indicates that the Juction ib to the dizpersi [66,67]. The obtained values of

me:hm-nndzm:llya:uvated.

— -The high frequencies where the & in Juctivity iz linearly

Fig. 15 depicta two distinct behavioral profiles that are consistent
with the Jonacher model

Ot Ok = & @
ou+ AW’ = o{m) ®)
Where Aiza that evolves with temp - "z" iz the fre-
quency coefficient. "s” iz related to P and ial charac-

free jonz (2 < 1).

10

'y mfoundmbelenthmun;yamlmapondmemdxpdu

charge from def and imp in the film [63,69). The
frequency depend of conductivity iz an indic of the conducti
through high frequency jumps b localized states [70,71].
The duction mechanizm iz blizhed by exploiting the obtained
lues of the p 3". Following CBH model, the charge carrier
cross a ial b dnt the different sites [72,73].

¥ ¥

PFurthermore, we note that the exponent decreases with increaszing
and p a straight curve, which iz conzistent with the

Elliott model [73,74].

4. Concluszions

Thiz paper reportz the synthesiz of CujZn,Fe;_ySnS4 thin films
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Fig. 11. Complex impedance spectra of CZFTS materials as a function of the
annealing temperature.

deposited on intrinzic silicon substrates: Cu,FeSnS,, CuyZn, sPe; s5nS,

and CuyZnSnS, were fully synth d by a solid-state reaction
thod. St al byx-nydﬁrmmeddthataﬂdu

mpowdenmpolycymﬂmemxha, £ ial

along the (112) plane. A otr 1 from (x=0) to

kemu(x—l)mbeoboervedvnth eazing zinc EDS
l_‘ 'y Imﬁe mp: 2 \ lm&‘ ohans 1

powdenwmvexydooewtheexpecnd“ scal stoichi

mdunﬁlmadepomudonmuhmbyduxmalmpeﬂmm
vacuum and then sulphided under nitrogen flow at 400 °C. Structural
orientation along the (112) plane. Morphological studies chow the in-
creage in grain size and thickness of the thin films as a function of Zn
content caused by this crystallographic change. Blectrical analyziz by the
hot tip method indicates p-type behavior for CZFTS. Hall
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Table 8
Activation energy values obtained for C(Z, F)TS.
Material's Ea (V)
CugFeSnS, 1.69
CugZa; sFen sSnss 1.37
CugZnSnsS, 0.83
nhowthaxm“huﬂmbetamer bility and the ]

values.

The imp
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‘
The freq y

values "'z”" suggest that the correlated barrier hopping (CBH)
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peratures. Inset shows variation of the “s” parameter as a function of the
annealing temperature,

of AC conductivity at different tem-

1al 8 -

mnddudaenwn pri to the electrical

chani ofdle beained Cu,Zn,Fe,_,SnS, thin filma. In
concluzion, the CZFTS compound could be suitable for application as
absorber layer in solar cell.
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