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Abstract

CdS thin films have been successfully electrodeposited on glassiibBDads using acidic and aqueous solution of
CdCbL.xH,0 and thiourea (SC(NHb). The electrodeposition of CdS thin films were carried out potentiostaticsithg

a 2-electrode system. The prepared films were characterised using diffragtion (XRD), Raman spectroscopy,
Scanning electron microscopy (SEM), Atomic force microscopy (AFM), Photoatbetmical (PEC) cell
measurements, Electrical resistivity measurements and UV-Vis spedtomioy to study their structural,
compositional, morphological, electrical and optical properties, respectively.tilictugal studies show that the as-
deposited and annealed CdS layers are polycrystalline with hexagonal strysttalre and preferentially oriented along
(200) planes. The optical studies indicate that the ED-CdS layers have direct sand@prange (2.53-2.58) eV for
the as-deposited and (2.42-2.48) eV after annealing €400 20 minutes in air. The morphological studies show the
good coverage of the FTO surface by the CdS grains. The aveeagesiges for the as-deposited and annealed layers
were in the range (60-225 nm. These grains or clusters are made out of smaller nano crystallites with thenslze
range ~{1-33) nm. The electrical resistivity shows reduction as thickness increasesediktivity values for the as-
deposited and annealed layers were in the range (0.82-4.82)xi0 The optimum growth voltage for the CdS thin
films was found to be at the cathodic potential of 797 mV with respecetgréphite anode. No visible precipitations
of elemental S or CdS particles were observed in the deposition electrawi@gla stable bath using thiourea during

the growth.
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1 Introduction

Cadmium sulphide (CdS) is a metal chalcogenide semiconductor with aavidegbp of 2.42 eV at room temperature
(300 K) [1]. This material has been widely used in many applicatiocls as optoelectronic devices, semiconductor
lasers, sensors and solar cells J[2Bifferent techniques have been used to deposit CdS thin filmsinglelose-
space sublimation (CSS) [6], metal organic chemical vapour deposition VD[Z], vacuum evaporation [8], spray
pyrolysis [9], chemical bath deposition (CBD) [10] and electrodepos{fi®) [11]. These growth techniques have
been used to grow crystalline and polycrystalline CdS thin films. Hemyeeome of these growth techniques require
expensive and complex equipmemtaddition in solution growth techniques such as GBii® production of large Cd-
containing waste is a disadvantagéectrodeposition of thin films semiconductor using aqueous soltts attracted
lots of attention due to its simplicitjow-cost growth conditions, scalability and manufacturabildyher advantages
of electrodeposition technique using aqueous solution can be related tf eempositioal variationof thin films and

production of high quality large-area semiconductor materials in a conrmanufacturing procesk?].

In the literature, the electrodepositions of CdS thin films have teeied out from acidic and aqueous solutions using
2-electrode and 3-electrode systems. In these reports different sulgroursprs such as sodium thiosulphate
(N&S,03) [13-16], ammonium thiosulphate (NJ3S,0s; [17] and thioacetamide ¢ElsNS) [18] have been used. The
CdSs thin films grown by these precursors were polycrystallineogeneous, transparent and showed good adhesion to
the underlying transparent conduction oxide (TCO) substrates. Howevenajbe disadvantages of these precursors
are the precipitation of elemental S and CdS particles in the solution duringtité gvhich can affect the quality of
the deposited thin films. Electrodeposition of the CdS from acidic anebagusolutions using thiourea (TU) precursor
has been able to overcome this disadvantage. In the literature, thereas®mngport on the cathodic electrodeposition

of CdS thin films from TU precursor using 3-electrode systesh [

This paper presents the cathodic electrodeposition of CdS thin films doidic and aqueous solution using TU
precursor. The electrodeposition of CdS was carried out potentiostatisity 2-electrode system and the main aim of
this research is to establish an electrodeposition method with high stabilitye oélectrolyte, without forming

precipitation. Such a process has a huge potential in continuous groegsgino an industrial manufacturing line.



2  Experimental Details

An aqueous solution of 0.30 M SC(MK (99.995% purity) serving as sulphswurce was made in 800 ml of de-
ionised water. Afterwards, 0.20 M CdGiH,O (99.995% purity) serving as the cadmium source was addedéidk
solution contained in a 1000 ml plastic beaker. The 1000 ml plastiebeals placed inside a 2000 ml glass beaker
containing de-ionised water to achieve homogeneity in heating th&osolAfterward, the pH of the aqueous solution
was adjusted to 2.70+0.02 at room temperature using diluted HCNBROH. The temperature of the deposition
electrolyte was increased to °85using a magnetic stirrer hotplate. The TEC-7 glass/FTO (fluorine-dapeside)
substrates with a sheet resistance of 7 Q/square were cut into small pieces with dimensions of 2x2 c¢m? These
substrates were kept in an ultrasonic bath containing detergent soluti8f fain in order to remove any residual
particles and contaminants. Afterwards, the glass/FTO substrates were cleanedyavitb solvents (methanol and
acetone) and subsequently rinsed with de-ionised water. The electrodeposit@S thin films were carried out
potentiostatically using 2-electrode system. The electrodes used for the eleasitidn of CdS thin films were high
purity graphite rod. One electrode serves as the anode while the other elemivedes the cathode. The cathode was
attached to the glass/FTO substrate using insulating polytetrafluoroethylene (PTEEAHathe reagent grade
chemicals and the glass/FTO substrates were purchased from Sigma Aldrich LtdF{kidly, the computerised
GIllAC potentiostat (ACM instrument) was used to carry out the electrodiepos/ork. The approximate ranges of
deposition voltages were determined using the cyclic voltammetry. The sttucimmpositional and morphological
properties of the ED-CdS thin films were respectively carried ougusiray diffraction (XRD), Raman spectroscopy,
Scanning electron microscopy (SEM) and Atomic force microscopy (AFM). Thizieddé@and optical properties of the
CdsS layers were studied using Photoelectrochemical (PEC) cell measyrBx@eglectrical conductivity and Optical

absorption, respectively.

3  Resultsand Discussion

3.1 Cyclic Voltammograms

Cyclic voltammograms were recorded for the acidic and aqueous solutitainiog a combination of 0.30 M

SC(NH,), and 0.20 M CdGIxH,0O in 800 ml of deionised water. The pH of the aqueous solutiecnadgusted to



2.70 £0.02 at room temperature by adding diluted BfQNH,OH. The acidic pH was used to prevent the formation of
cadmium hydroxide phase and to suppress the homogeneous preniptatlomental S and CdS particles during the
growth [L8]. Afterward, the temperature of the aqueous solution was raised t€.~8Ben, cyclic voltammograms
were recorded at the cathodic potentials range (0-900) mV with the pead of 3 mVs and result is shown in

Figure 1.
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Figure 1: A cyclic voltammogram for acidic and aqueous electrolyte containing 0.38QNH,), and 0.20 M

CdChL.xH,0 at pH of 2.70+0.02 and temperature of@5
Study on the cyclic voltammograms of the acidic and agueous solatiotaining SC(NH), and CdCJ using

3-electrode system has been reported in the literafiffe |n these solutions, CdClprovidesCd®* ions and the

electrochemical reaction @fd deposition is as follows:

Cd** +2e~ - Cd 1)

Reports show that when TU and Cg@le mixed together in acidic and aqueous solutions, most @dtdons bond

to TU and formsCd®*-TU complexes. This is due to the high tendencdf" ions to coordinate with TU through S



atoms RO]. For this reason, the concentration @f°*-TU complexes will be much higher thad®* ions in the
deposition electrolyte. In this case, the deposition of elemental Cchshokaquation 1 can only take place at higher
cathodic potentials (in this work more than 820 mV) as shown in &igutt should be noted that, the TU is fairly
stable in acidic solution but it easily decomposes in alkaline solution.idrcéise, in acidic and aqueous solution
containingCd**-TU complexes none of the constituer@s?* and TU, can electrochemically reduce to give ®dSthe
chemical decomposition atd®*-TU complex is promoted under increased pH that is generated by electrochemical

reduction of hydrogen and/or oxygen as shown in Equatiorem(2}?3):

2H* +2e¢~ > H, 2

0, + 2H,0 + 4e~ > 40H™ ©)

These reactions raise pH at the vicinity of the electrode (FTO surface) to promadteitiieat decomposition of TU.

However, in the bulk solution pH remains low. TU undergoes decompositien pH is raised as shown in Equation

(4) [21]:

SC(NH,), - H,S + NH,CN (4)

Then HS react with C# to form CdS according to the following electrochemical reaction:

Cd** + H,S - CdS + 2H* (5)

In Figure 1, the gradual increase in the cathodic current #@@¥/40) mV during the forward scan is due to reactions

shown in Equations (2) an@)(which trigger the film growth. Further increase in cathodic ctirffrem ~(740-820)

mV results in the CdS layer formation on the FTO surface which agithethe experimental observations as shown in

Equation (5). The sharp increase in the cathodic current at cathodic poterB&0omYV is due to the deposition of

elementalCd.



3.2 Visual appearance

Figures 2a and 2b show the visual appearance @afstieposited and annealed CdS layers grown at cathodic potential
ranges of 740 to 820 mV. For this experiment, all CdS layers werengrmowlass/FTO substrates for 2 hours duration.
This growth voltages rangeasselected from cyclic voltammograms study and experimental observattonsisual
appearance can give some qualitative information about the electrodeposited CdS layers

Results show the light yellowish-green colours for the samples gabvawer growth voltages. The light yellowish-
green colour is due to the S-richness of the CdS layersisThecause S (with standard reduction potentiat .14

V vs. NHE) deposits first since it has a more positive standard reductiential than Cd (&= -0.40 Vvs. NHE) [22].

As the growth voltage increases gradually, more elemental Cd isitdepand therefore layers gradually become
darker in colour.

From the visual appearance of as-deposited CdS layers, it is obvioubeteg-tieposited CdS layers require post
deposition annealing in order to improve their microstructural and opticpémies suitable for device fabrication.
After annealing at 40C for 20 minutes in air, the CdS layers become uniformly orgediewish colour as shown in
Figure 2b The CdS formation is also possible by combining excess elemental Scanpon heat treatment. CdO
formation is also possible by oxidation of elemental Cd due to heat treatmeint The energy bandgap of CdO is

~2.28eV [23] very close to that of CdS-@.42 eV) and therefore layers become uniformly orange-yellowish colour




Figure 2: Variation of visual appearance as a function of growth voltage foréasfdeposited and (b) annealed CdS

layers.

3.3 Structural analysis

33.1 X-ray Diffraction

The XRD measurements were carried out with a diffractometer (Philips3P¥0 X'pert) using the CuzK
monahromator of wavelength A=1.542 A over the interval 10¢0°26. The X-ray generator voltage and current were

setto 40 kV and 40 mA respectively.

Figure & shows the XRD patterns of the as-deposited CdS layers grown offgjlassubstrates at different cathodic
potential ranges of 740 to 820 mV. This investigation was carried outién tw find the optimum growth voltage by
observing the most intense XRD peaks for the CdS layers. The gdowations for all the as-deposited CdS layers
were 2 hours. Among all the CdS samples, the layers grown irdingywof 800 mV showed better crystallinity as
shown in Figure 3b.

According to the results presented in Figure 3a, all CdS layers weraystalline with hexagonal crystal structure.
Three small XRD peaks observed at 20 values in the range (24.88-24.95%, (28.21-28.5Pand (48.01-48.42yepresent
the diffractions from (100), (101) and (103) hexagonal plarespectively. The preferred orientation peak was
observed at 20 values in the range (26.53-26.59} representing the diffraction from (002) hexagonal plane which
overlaps with the underlying FTO peak. For this reason, the sigalere mainly focused on the (101) XRD peak
which is the second intense peak next to the (002) peak. In this thve experimentally observed XRD peaks are in a

good agreement with JCPDS file number:GB0-0006 for the hexagonal CdS.
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Figure 3: (a) The XRD patterns of the as-deposited CdS layers gaivime cathodic potentials range (740-820) mV,

and (b) the intensity variation of (101) peak as a function of grguithge.

The similar hexagonal crystal structure has been reported by Yamaguahfor the electrodeposited CdS layers
grown on the ITO substrates from the combination of TU and CiaChcidic and aqueous solutiohd]. In their
reports, the (002) peak is clearly shown to be preferred orientatien don-overlapping (002) with underlying ITO
peaks. In other reports, the similar hexagonal structure or migfunexagonal and cubic crystal structures have been
reported for the as-deposited CdS layers grown from different grgsuincluding Ng5,0; [15], (NH,).S,03 [17],
C,HsNS [18]. In these reports, the hexagonal phases were shown to be moretlstableubic phases at high
temperatures for the electrodeposited CdS layers as the cubic phases wéstebowamished after annealing at 400
for 20 minutes in air.

The optimisation of the growth voltage was narrowed down byigmtihe CdS layers close to the cathodic potential
of 800 mV. For this reason, the CdS layers were grown at thedtathotential ranges of 330 801 mV with 2.0 mV
potential step difference while keeping other growth parameters constantd8lllayers again were grown on
glass/FTO substrates for 2 hours. Afterwards, the as-deposited CdSnayerasnnealed at 480D for 20 minutes in air

and results are shown in Figures 4a and 4b
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Figure 4: The XRD patterns of (a) as-deposited, (b) annealed CdS layers, and if@etisity variation of (101) peak
as a function of growth voltage for the as-deposited and annealethy@dS. All CdS layers were grown at growth

voltage ranges of 793 to 804V for 2 hours duration and then annealed af@dr 20 minutes in air.



In order to find the best growth voltage for the CdS layers, thesities of (101) peaks were plotted against the
growth voltages for both as-deposited and annealed CdS layers asishBigare 4c. The best crystallinities were
observed for the CdS layers grown at the growth voltage of 797afdreband after annealing. This growth voltage is
related to the stoichiometric poiiV;) where the ratio of Cd/S is close to unity. The lower peak intensities were
observed for the layers grown away from the growth voltage9@f ifiV due to non-stoichiometric properties (S-
richness or Cd-richness) of the deposited layers (see later EDX ffesutampositions)The (101) peak intensities of

all as-deposited layers were improved after annealing as shown umeHg. This is due to enhancement in
crystallinity, grain growth and recrystallisation in the CdS layetsrafnnealing. This shows that in the low
temperature solution growth techniques such as electrodeposition and CBposthgeposition annealing is an

essential step to improve the material quality of the CdS layers.

Table 1 shows the variation of the FWHM and the corresponding crystallite siadsragion of growth voltages for
the as-deposited and annealed CdS layers. The FWHM and crystallite size calculetebased on diffraction from

CdS (101) XRD peaks. The crystallite sizes were estimated using the Scherrer’s formula as given by Equation (6) [2#

_0.94A
- B cosb

(6)

Where,D is the crystallite size in (nmj),is the X-ray wavelength in (AR is the full width at half maximum (FWHM)

in degrees and is the Bragg angle in degrees. For the as-deposited CdS layersajrthengrowth voltage ranges of
793 to 801 mV, the crystallite size values were in the ranffel-22) nm. After annealing, the crystallite sizes were
improved with the values in range(26-33) nm. This is due to the recrystallisation and coalescence of crystallites
reduction in stress/strain and improvement in the structural propeft@dS layers after annealing. It should be noted
that, depending on the growth techniques and growth conditions, thiallitey sizes of the CdS thin films can be
different. In electrodeposition growth technique, the crystallite sizes cabaldidferent depending on the precursor,
growth temperature and pH values used for the growth of thin fil)slf, 25]. Reports show that, CdS layers grown
by high temperature growth techniques produce larger crystallites anddeages as compared to the low temperature
growth techniques such as CBD and electrodepositior?[A6

10



Table 1: Variation of crystallite size as a function of growth voltage for the aesiigel and annealed CdS layers

based on (101) peak.

Growth 26 FWHM Crystallite size

voltage © © (nm)

(mV) As-deposited| Annealed | As-deposited| Annealed | As-deposited| Annealed
793 28.44 28.28 0.519 0.259 16 33
794 28.25 28.28 0.779 0.324 11 26
795 28.21 28.32 0.519 0.324 16 26
796 28.27 28.57 0.519 0.324 16 26
797 28.41 28.26 0.389 0.259 22 33
798 28.38 28.26 0.779 0.324 11 26
799 28.49 28.41 0.779 0.259 11 33
800 28.41 28.27 0.779 0.324 11 26
801 28.39 28.26 0.519 0.259 11 33

3.3.2 Raman Spectroscopy

Raman spectroscopy as a non-destructive technique can be usedtify tthe molecular finger print, crystallinity,
strain and stress of the solid-state materials. The Raman spectra of thenCd®s were measured using Renishaw's

Raman microscope. The excitation laser used was an Argon ion laser withvilevgth 0614.0 nm.

In this experiment, CdS layers were grown on glass/FTO substrates & gadtage of 797 mV for 2 hours duration.
Then, the as-deposited layers were divided into two parts; the firstgmagined as-deposited and second part was
annealed at 46Q for 20 minutes in air. Raman study was carried out orashéeposited and annealed layerd an
results are shown in Figure 5

In the as-deposited sample, two Raman peaks were observedlac2d2nd 304.9 cm which are related to the TO
and 1LO phonon peaks of CdS, respectively. After annealing, the T plpeak disappears and the intensity of the

1LO peak increases drastically as compared to the 1LO peak of theasstetbgample. Also, the second Raman peak

11



appeared at 601.1 ¢hafter annealing which is corresponding to the 2LO phonon peale @df$. An increase in the
intensity of 1LO peak and appearance of the 2LO peak after anngaliogte the improvement in the crystallinity and
material quality of the CdS layers. The 1LO and 2LO peaks positidghddsulk CdS crystal are 305 €rand 610 cn,
respectively [28]. Obviously, as observed in this work, 1LO drd Beaks for the as-deposited and annealed samples
have red shifted as compared to the bulk CdS crystal. The red dRdhian peaks can arise due to the tensile stress in
CdS thin films [29].

In a production line, Raman spectroscopy can be used as a fasbrax@structive method to check the

material quality of the deposited thin filrasa quality control technique.
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Figure5: Raman spectra of as-deposited and annealed CdS layers grownsgifilglasubstrates. The CdS layers were

grown at cathodic potential of 797 mV and annealed aiG@fr 20 minutes in air.

3.4 Optical absorption studies

Optical absorption measurements were carried out using a Carry 50 scaisibl¥-spectrophotometer (Varian
Australia Pty. Ltd.). This experiment was carried out to study the eaffedifferent growth voltages on the optical

properties of the CdS layers. For this experiment, the CdS layers vesva gn glass/FTO substrates for 2 hours

12



duration. Afterwards, CdS samples were cut into two parts; the first parésremained as-deposited and the second
parts were annealed at £400for 20 minutes in air for comparison.

Figure 6a and 6b shows thei()? vs. photon energyh() for the asdeposited and annealed CdS layers grown at the
cathodic potential ranges 093 to 801mV, in the vicinity of M = 797 mV. For the as-deposited CdS layers shown in
Figures 6a, as the growth voltage increases the gradient of the optsiogbtaim also increases gradually while the
energy bandgaps reduce. The gradual reduction in energy bandgapgastite incorporation of more elemental Cd in
the CdS layeras the growth voltage increases as shown in Table 2 and Figure 7. Itishowitéd that Cd is a metallic
elementtherefore incorporation of more elemental Cd in the CdS layers lead to the reductiogrgy éiandgap. Also,
experimental observations show that as the amount of elemental Cd inangases deposited CdS laysrthe layers
become darker in appearance showing the reduction in energy bandgaps

The estimated energy bandgap values for the as-deposited samples grotvodid patential ranges of 793 to 801 mV
were in the range (2.53-2.58) eV as shown in Table 2. The highgyydrmamdgap values at lower growth voltages can
be due to the S-richness of the layers or nano crystalline nature eletttrodeposited CdS layers. Also, presence of
pinholes or gaps in between grains in CdS layers can provide a#isyfgp UV-vis light to pass during optical
absorption measurement which can lead to the increase in energgandg

After annealing, as the growth voltage increases gradually the gradi@etapftical absorption also increases gradually
and reaches its maximum values at 797 mV as shown in Figusb8lbe 797 mV, the gradient of optical absorption
reduces again. Results show that, after annealing the energy basdiges of the as-deposited samples were shifted
towards the lower energy in the range (2.42-2.48) eV as showabile 2. It should be noted that, the lowest energy
bandgap valuégg = 2.42 eV) were observed af ¥ 797 mV, which coincide with that of bulk CdS. When the growth
voltage deviate from Ythe energy bandgap increases due to the non-stoichiometric afféexpose of gaps between
the grains as shown in Table 2 and Figure 7. Also, reporty #at incorporation of oxygen in the CdS during
annealing can increase the optical bandgap of CdS layers and hencegimtitegshotocurrent in the fabricated solar

cells [30Q].

13
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Figure 6: Optical absorption spectra of (a) as-deposited andr(bealed CdS layers at #Q0for 20 minutes in air. The

CdS layers were grown on glass/FTO substrates at different cathodic potamgies of 793 to 801 mV for 2 hours

duration.
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Table 2 and Figure 7: Variation of energy bandgap with growth voltage for the as-depositbdrarealed CdS layers

at 400C for 20 minutes in air. The CdS layers were grown on glass/FT€Iratés for 2 hours duration.

Growth voltage Energy bandgap + 0.01
(mV) (eV) As-deposited CdS
As- Annealed 2.58 7
deposited
793 258 2.46 > 254 |
S i
794 2.57 2.45 = :
2 250 '
795 2.56 2.44 S !
Re! Annealed CdS
796 2.56 2.43 3 P :
o 246 |
797 2.55 2.42 W !
798 2.55 2.44 par oo TN .
799 2.54 2.45 i
800 2.53 2.46 2.38 ; : ; .
793 795 797 799 801
801 2.53 248 Growth voltage (mV)

Figures & and 8b, respectively show the transmittance spectra of the as-depositadnealed CdS layers groan
glass/FTO substrates at the cathodic potential ranges of 793 1@\8@dr 2 hours durations. Results show the large
scatter in the transmittance spectra of the as-deposited samples as comphee@roealed samples. In the as-
deposited sample, as the growth voltage increases transmittance reduces ygrddhealpradual reduction in
transmittances can be due to the gradual increase in the amount of elébdeatathe growth voltage increases as
shown in Figure 8a.

Experimental observations show that the transmittances were in the En@80)%% at the wavelength ranges of
(530-800) nm for the as-deposited samples. After annealing, the trameesttaf the CdS layers were improved and
absorption edges became sharper. Also, annealing brought the transmjtectice doser together and narrow them
down to the ranges of (68-89)% within the same waveleragiges of (530-800) nm as shown in Figure 8b. The

highest transmittance was observed for the annealed sample gréfwna @7 mV. When the growth voltage deviates

15



from V;, the transmittances show reduction due to non-stoichiometric properttes tdyer. The CdS layers with

higher transmittances and sharper absorption edges are more suitablier fogllsoapplication.

(a) As-deposited CdS (b) Annealed CdS
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Figure 8: Transmittance spectra of (a) as-deposited and (b) annealed CdS layerdair2 hours at different cathodic

potential ranges of 793 to 801 mV.

3.5 Microstructure and morphological studies

3.5.1 Scanning electron microscopy (SEM)

The surface morphology of the CdS thin films were studiedgusEl Nova 200 NanoSEM. This experiment was
carried out in order to study surface morphology of the ED-agl&rs For this work, CdS layers were grown on
glass/FTO substrates at growth voltage of 797 mV for 2 hours dur&aoh of the as-deposited CdS samples was
annealed at 400 for 20 minutes in air for comparison of SEM images.

Figure 9a and 9b, respectively shows the SEM and cross section iafafesas-deposited CdS thin films grown at
optimum growth voltage of 797 mV for 2 hours duration. A¢ 860,000x magnification, the SEM image of as-
deposited CdS thin films show that the layers contain nano crystallies range of(11-22) nm. The agglomeration

of these nano crystallites produces small clusters/grains with the sittes rainge~(60-225) nm as shown in Figure

9a. In this figure, the gaps in-between the grains can be cldmtywed. The presence of these gaps can be due to the
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nature of the electrodeposition technique and the substrate used. The Fib@risté have rough and spiky surface as
shown in Figure 9b. During the electrodeposition, the electric field at thess spik higher than that of the valleys. In
this case, the nucleation starts at these spikes first and tends topyravdsi perpendicular to the FTO surface. This
will create columnar-like growth for the electrodeposited thin films witigah be seen in Figure 9a and 9b. The
columnar growth behaviour has some advantages and disadvanthagesdisdadvantages of columnar growth are
pinholes formation and creation of non-uniformity in the electrodiégpd layers. These pinholes are known as shunting
paths and should be treated otherwise they will drastically reducdfittieney of the fabricated thin film solar cells
due to short-circuiting of front and back contacts after metallisatiba.abivantages of the columnar growth are the
high crystallinity and high electrical conductivity along the columnar shagies. In this case it is easier for charge
carries to flow normal to the FTO surface during the PV action of @iil8¢ solar cells with higher mobility through

this path with minimized scattering from the grain boundaBép [

The SEM cross section image of the as-deposited CdS layers witlifiozigm of 200,000x show the good coverage
of FTO surface by the CdS grains. However, the non-uniformityeastirface of the CdS thin films can be due to the
high surface roughness of the underlying glass/FTO substratalematan be due to upward growth nature of the
electrodeposited layers. The average thickness of the as-deposited CdS lagdecdftom SEM image was120 nm.

In addition, some voids were observed at FTO/CdS interface. These voithe aaiginated from the columnar type

growth, incomplete cleaning or introduced during the sample prepafatiS&M experiment.

i CdS (120 nm)

\/ ETO (240 nm)

Voids Glass + Buffer
layer

17



Figure 9: (a) Surface and (b) cross section SEM images of the as-deposited CdSgieyen at the growth voltage of
797 mV for 2 hours duration with 650,000x and 200,00@gmnifications, respectively. The thickness of CdS layer is

estimated close to 120 nm.

Figures 10a and 10b, respectively shows the SEM images abtleposited and annealed CdS layers with the lower
magnification 0f120000x The SEM images of as-deposited and annealed layers approximatelythshamiform
coverage of the FTO surface by CdS grains. However, presences depinoh@aps between grains are clear in the
layers. The estimated grain sizes obtained from the SEM image of theasitetb©dS layers were in the rang@0-
225) nm. After annealing, no noticeable changes were observed in thesigesirof the as-deposited CdS layers as
shown in Figures 10tAfter annealing, the number of gaps in between the grains has retlue¢al the coalescence of

these grainslt also can be due to slight increase in crystallite sizes of the CdS fayershe ~22 nm for the as-

deposited te~33 nm after annealing as shown in Figure 10b and Table 1.

Figure 10: The SEM images of the CdS layers grown on glass/FTO substratés) thie as-deposited and (b) the

annealed layers. The CdS layers were grown at cathodic potential of 79% e\Wdars duration.
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3.5.2  Atomic force microscopy (AFM)

The AFM studies were carried out using JSPM-5200 system (JEGKyoT Japangnd Nanoscope lIlla multimode
atomic force microscope in order to evaluate the crystallite and grain sizethig~experiment CdS samples were
grown on glass/FTO substrates at cathodic potential of 797 mV for r8 Hawation. As-deposited CdS layers were
divided into two parts; the first part was left as-deposited and the spadnaias annealed at 4@for 20 minutes in
air.

Figures 11a, 11b and 11c show the 2D and 3D-AFM images of-thepasited CdS layers. The AFM images of the as-
deposited CdS layers show coverage of FTO surface by CdS grainsowith gaps in-between the grains. The 2D-
AFM image shows that the as-deposited CdS layers contain nano crystallitakendtizes in the ranges ©{10-25)

nm as shown in Figure &1These results are imgood agreement with the results obtained from SEM images. The
non-uniformity at the surface of the as-deposited CdS layerbeabserved in the 3D-AFM images CdS thin film
shown in Figure 11b. These non-uniformities are due to high surtaghness of the underlying FTO substrate and
upward growth nature of the electrodeposition technique. The upwardolomnar-like growth leaves some

gaps/pinholes in between the grains as can be seen in Figure 11c

109.6nm CdS S1
(b) 499.8 x 499.8 x 109.6 nm

87.7nm

65.8nm

43.8nm

21.9nm

100.0 nm li o)

Cds $1

0.0nm
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Figure 11: (a, b, c)2D and 3D-AFM images of the as-deposited CdS grown on glass/FTO subfdra?ehours

(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan).

3.6 Compositional characterisation

The EDX measurements were carried out on in order to study theositimp and atomic percentage of the deposited
CdS layers. For this experiment, CdS layers were deposited on glass/FItestfor 2 hours duration. The first layer
was grown at the stoichiometric growth voltage of 797 mV. The nextl&yers were grown at 787, 792, 802 and 807
mV respectively.

The EDX spectrum of the sample grown at stoichiometric growth volthd®7mV is shown in Figure 1All the
EDX spectra clearly show the presence of Cd and S atoms in the depositedrfie other two peaks, Sn and O, are
related to the underlying glass/FTO substrates. The atomic percentages calcutatEdXoneasurement are shown
in Table 3. The EDX work show that the samples deposited at growtheslager than 797 mV are S-rich, whereas
samples grown at growth voltages higher than 797 mV are Cd-riehsdrhples deposited at the growth voltage of 797

mV were approximately stoichiometric with the Cd/S ratio close to unity asnsimoviable 3
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Figure 12: EDX spectra of the Stoichiometric CdS. The CdS layer was grown on gl@ssiHistrate for 2 hours
duration at growth voltage of 797 mV.

Table 3: Atomic percentages and Cd/S ratio of the CdS layers grown at 787798, 802 and 807 mV respectively
All as-deposited CdS layers were grown on glass/FTO substrates fors2doation.

Growth voltage Atomic percentage (at%) Cd/S ratio Conditions
(mV) Cd S Sn
787 28.1 331 38.8 0.84 S-rich
792 29.8 311 39.1 0.95 S-rich
797 30.0 30.4 39.6 0.98 Stoichiometric
802 31.7 29.0 39.3 1.09 Cdrich
807 33.0 24.2 42.8 1.36 Cdrich

3.7 Electrical properties

3.7.1  Photoelectrochemical (PEC) cell Analysis

The PEC cell measurements were carried out to determine the electricattogtydiype of the CdS thin filmdn PEC
cell measurements, a semiconductor/liquid junci®iormed by immersing glass/FTO/CdS into 0.10 M,8i®;
aqueous solution. The voltage of the semiconductor/liquid junction is reglagnder both lighfV,) and dark (\p)
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conditions and the difference (Wp) represents the magnitude of PEC signal. The sign of the BE&l shows the
electrical conductivity type of the semiconductor. In this work, the Hd#cEfmeasurement cannot be applied to

glass/FTO/CdS layers due to the presence of lower resistance path of the up#arisubstrate.

For PEC cell measurements, CdS layers were grown on glass/FTitatasbat different growth voltage ranges of 793
to 801 mV for 2 hours duration and PEC signals were meastheth, the as-deposited samples were annealed at
400°C for 20 minutes in air for comparison and results are shiowfigure 13. For both as-deposited and annealed
samples, the negative PEC signals were observed which represamtiypleeelectrical conductivity. After annealing,
the values of negative PEC signal increases as compared to the d@tedegaaples. This shows an enhancement in
electrical properties and material quality of the CdS layers upon annealiagn-fype conductivity nature of CdS
layers arises due to the presence of S vacancies and Cd interstitiads drystal lattice of this material. The S

vacancies and Cd interstitials are generally known as intrinsic doremts!@0)].

Cathodic potential (mV)

0 T T T T
793 794 795 796 797 798 799 800 801

As-deposited CdS

-120 -

PEC signal (mV)

-160 - e’

4
s-./

L d
-200 T’ Annealed CdS

Figure 13: The PEC signals of the as-deposited and annealed CdS layersagrivercathodic potential ranges of 793
to 801 mV. The CdS layers were annealed af@@dr 20 minutes in air. All CdS layers were grown on glass/FTO

substrates fo? hours duration.
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3.7.2  Electrical resistivity measur ements

The resistivity measurements were carried out at room temperatur&)300the CdS layers grown on glass/FTO
substrates with different thicknesses. Circular indium metal contdct® mm diameter were evaporated on
glass/FTO/CdS structures using EDWARDS 306 vacuum coater (metalliser)reBsene of the evaporation chamber
during the evaporation of indium metal contacts W85 Pa The average resistances of the glass/FTO/CdS/In
structures were then measured under dark condition using a computevissgstem including a Keithley 619
electrometer and a multimeter. Table 4 and Figure 14 show the variatiaisak8istivity as a function of thickness for
the as-deposited and annealed layers atG@fr 20 minutes in air. In this experiment, all the CdS layers grenen at
optimised cathodic potential of 797 mV.

Results show that as the thickness of CdS layers increases thgitesiscreases as shown in Table 4 and Figute 14
The reduction in resistivity can be attributed to improvement of afigsties due to formation of improved crystakite

in CdS layers. It should be noted that in CdS thin films, sulphumescand Cd interstitial defects act as electron
donor. Therefore, as the thickness of the layers increasegetheléctron concentration in the CdS thin film also
increases due to increase in the sulphur vacancy and Cd interstitial tfaisdsading to the reduction of the resistivity
[32]. The other possible reason of reduction in CdS resistivityoeasue to the increase in grain size as the thickness
increases. It should be noted that as the grain size increases, the grainie®uedaces. The grain boundaries act as
electron traps or scattering centres. Therefore, larger grains mean témsngcaentres, and as a result electrons can
move eady within the CdS crystal [33].

In this work, annealing of the CdS layers were shown to haverlossistivity than those of the as-deposited layers.
The reduction in CdS resistivity indicates an improvement in electrical amctustrl properties. This can be due to
recrystallisation, increase in grain size, carrier concentration and mobilitgeoklectrons in the CdS thin films and
reduction in lattice defect sites after annealing. The resistivity valuesvetser this work are in agreement with

resistivity values reported in the literature [32].
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Table 4: Variation of resistivity with thickness for the as-deposited and annead&l |&ers grown at cathodic

potential of 797 mV. The CdS layers were grown on glass/FTO substratdearahnealed at 480 for 20 minutes in

air.
Thickness Rav (Q) Resistivity x 10 (Qcm)

(nm) As-deposited | Annealed | As-deposited | Annealed
335 525 495 4.92 4.63
393 494 452 3.94 3.61
465 424 385 2.86 2.59
483 291 268 1.89 1.74
500 274 236 1.72 1.48
550 180 145 1.02 0.82
6.0 -

—_ 5.0 As-deposited CdS

g

& 4.0 + .

| ""-.,.

X “tee.,
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@ 20-
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Figure 14: Variation of electrical resistivity as a function of thickness for the as-depasitbéinnealed CdS layers
grown at the cathodic potential of 797 mV. The CdS layers were grovglass/FTO substrates and then annealed at

400°C for 20 minutes in air.
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3.7 Thickness M easurement

Thickness measurement is an important step in thin film solardmlidopment. The CdS thickness can directly affect
the performance of the solar cells. In the device application, CdS thindienasually used as a window or buffer
layers. Reports show that CdS with a thickness1d0 nm can absorb about 63% of the incident photons with energy
greater than the bandgap,(Eue to its high absorption coefficient of abouf 17 cm* [34, 35]. For this reason, in
order to increase the photocurrent in the solar cells, the CdS thickne#s Isb@s low as possible about 50 to &) n
[36]. It should be noted that by lowering the thickness of @& possibility of creation of pinholes in the layer also
increases. These pinholes create shunting paths between the front andrbackduring metallisation in the thin film
solar cells which will affect the performance of the solar cells. Howegducing the thickness of CdS can adversely
affect the open circuit voltag®/ .. and fill factor (FF) of fabricated solar cells [37]. The ability to gq@wholes-free
CdS layers with low thicknesses depends on the growth techniqualssichte used.

In this work, the CdS layers thicknesses were measured experimemsally UBM microfocus optical depth
profilometer (UBM, Messetecknik GmbH, Ettlingen, Germany). The theoreticalnéssles were estimated using

Faraday’s law of electrolysis for comparison as shown in Equation 7 [38]:

JtM
T=— ()
nFp

WhereT is the thickness of the CdS laydiis the average deposition current dengityis the molecular weight of the
Cds, n is the number of electrons transferred in the reaction for formafimne mole of CdSn(= 2), F is the
Faraday’s constant and p is the density of CdS.

Figure 15 shows the variation in CdS thicknesses as a functiorowthgtime. Both theoretical and experimental
values show approximately linear increase in film thickness vatiosition time. The difference in the theoretically
estimated and experimentally measured thickness values is due to thesosgadflectronic charges in the electrolyte
during electroplating.

The two dotted lines show the extrapolation to the point of zero (t =h@j.sImply means when no current passes
through the deposition electrolyte, no deposition will take place. In thexiexgnt, the error in thickness measurement

was about 50 nm.
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Figure 15: Theoretical and experimental thickness variation with growth time fadkdeposited CdS layers grown at

cathodic potential of 797 mV.

4  Conclusions

CdS thin films have been successfully electrodeposited using 2-dieslystem. All CdS layers presented in this work
were deposited at temperature~85°C and pH of 2.70+0.02. The precursors used were agqueoti®issloontaining
0.30 M SC(NH), and 0.20 M CdGIxH,O. The deposited CdS thin films showed good adhesiotheoglass/FTO
substrates. Based on the experimental observations, the best cathodic potethéatiéposition of stoichiometric CdS
thin films is identified as 797 mV. From the XRD results, all the dégbsayers were identified as polycrystalline in
nature with hexagonal crystal structure and preferentially oriented along (083e. Improvements in the
crystallinities of the CdS layers were observed after annealing &€ 46020 minutes in air. All deposited CdS layers
grown at different cathodic potential showed n-type electrical conductivisp, Alptical absorption results showed the
bandgap values in the range (2.42-2.48) eV after annealing.

Observation from SEM and AFM images revealed the columnar-like growthef@dB grains. SEM and AFM images
also show that the CdS grains contain nano crystallites with the sizegamgjee-(11-33) nm. The EDX spectra show

that the layers grown at the growth voltage of 797 mV were approxinstéthiometric. The CdS layers grown below
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and above the growth voltage of 797 mV were found to be SaridhCd-rich respectively. The electrical resistivity
show a reduction as the CdS layer thickness increases. The rgsistiviés for as-deposited and annealed CdS were in
the range (0.82-4.92)xi@cm. No visible precipitations of elemental S or CdS particles were observed in the

deposition electrolyte showing a stable bath using TU during the growth.
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