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PHOTOVOLTAIC DEVICES
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Electronic Materials and Sensors Group, Materials and Engineering Resesitotel (MERI), Sheffield
Hallam University, Sheffield S1 1WB, UK.

*Email: chartell2006@yahoo.com; Tel: +44 114 225 6910 Fax: +44 114 225 6930

ABSTRACT

The effect of electrodeposition technique on CdS thickness incoggdna€dS/CdTe-based solar cell has been
investigated using all-electrodeposited g/FTO/n-CdS/n-CdTe/p-CdTe multileyieecconfiguration. The
optical, morphological and structural properties of the electroplated CdS werégatezgsfor CdS thicknesses
between 50nm and 200 nm. The observed CdS bandgap ranges befi@emm2.46 eV. The morphological
analysis shows full coverage of underlying g/FTO substrate for 8llthidknesses except for the 50 nm which
shows the presence of gap in-between grains. The structural asalysis a preferred orientation of H(101) for
all the CdS thicknesses except the 50 nm thick CdS which showseeitlgeik crystallinity or an amorphous
nature The fabricated solar cell shows a maximum conversion efficiency of ~1itg @QdS thickness ranging
between 100 and 150 nm. These results show that although lovhiCki®ets is desirable for photovoltaic

application, the effect of nucleation mechanism of deposition technique shaakkhento consideration.

KEYWORD: Electrodeposition, Window layer, Cadmium Sulphide, Cadmium telluvdéilayer graded

bandgap.
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1 INTRODUCTION

Electrochemical deposition emerges as @iniie most advantageous semiconductor growth techniques for
binary, ternary and quaternary compounds due to its cost effectivecaisdility, self-purification ability
simplicity in layer and device fabrication, columnar growth pattern amotiyst advantagdd].
Electrodeposition of semiconductors on conducting substrates commetheerucleation of the most
electropositive element on tipeints on the conducting substrates with the highest electric field. Oibe to
unevenness of the underlying conducting substrate such adlgtas® doped tin oxide (g/FTO), the highest
electric field is experienced at the peaks of the rough conducting substfatesuNucleation starts at the
peaks and spreads out through to the lowest valley resulting ints i&igercolumnar nature [2]. This
phenomenon results an uneven thickness of the electrodeposited semiconducting layezseatlthstages of
nucleation It should be noted that columnar growth can also be achieved througholeth gemperaturard
layerby-layer growth on preferred self-substrafEise effect of substrate roughness is much more observable
on the first semiconductor layer deposited on the conducting substrateegyigtt to cadmium sulphide
window layerin the cadmium sulphide/cadmium telluridedS/CdTe) based solar cell, it is well known that the
reduction of CdS layer thickness is required for increased photocurrent. ddeseauch as Granata et al, 200
[3] and Lee et al, 1987 [4] amongst other authors have emphasisefieitt of CdS thickness without taking
into consideration the deposition technique, deposition mechanism andettteoéthe roughness of the
underlying substrate as iterated by Dedova, 2013 [5] on g/FTO/ZnO Bgsrd on mechanism of deposition in
electroplating this work focuses on the effect of deposition mechanism and undgsybstrate roughness on

electrodeposited CdS thickness optimisation in its integration into CdS/CdTeelblar

2 EXPERIMENTAL PROCEDURE

21 SUBSTRATE PREPARATION

For this work, all the chemicals and conducting substrates were prooume&igma Aldrich, UK.

Computerised GIllAC potentiostat was utilised as the power source, while/ HHCFO substrate with a sheet
resistance of7 Q/sqwere utilised as the cathodeslie electrolytic bath. The g/FTO substrates were attached
to the cathodegure graphite rod using polytetrafluoroethylene (PTFE) tapes whildhahiity graphite rod
wasutilised as the anode. The g/FTO substrates were cut into 2dreasamples. Prior to deposition, the
o/FTO substrates were washed in an ultrasonic tank containing soap swiufiSrminutes and rinsed in

deionised (DI) water. Afterwards, the substrates were degreased tgamiccsolvents such as methanol and



acetone respectively, rinsed in DI waidried in a stream of nitrogen gas and immediately transferred into the

electrolytic bath.

211 CdSLAYER GROWTH

Cadmium sulphide was electrodeposited fimd®0ml aqueous electrolytic bath containing 0.03 M of
ammonium thiosulphate ((N§$S,03) with 99% purity and 0.3 M cadmium chloride hydrate (Gext,O) with
purity of 98% as the precursors of sulphur (S) and cadmiumréSgectively. Prior to deposition, the
electrolytic bath pH was set to 2.50+0.02, stirring rate to ~300 rprteamarature to 85°CThe 400 ml
aqueous electrolytic solution was contained in a 500 ml polypropylenerb@dde polypropylene beaker sva
placed insidean 800 ml glass beaker containing DI water. The external water jacket (watebgdss) helps

in the homogenous heating of the electrolyte contained within the pplypne beakeiThe optimisation of
electrodeposited CdS based on structural, morphological, compositional optical anchéfgoperties has
been documented in the literature. [6HS was electrodeposited at 1200 mV in a two-electrode configuration
with respect to a graphite anodde thickness of the CdS layer utilised in this set of experimengsiedyv
between 50 nm and 200 nm at a step of 50 nm. After grolmelg/FTO/CdS layers were rinsed in DI so as to
washoff any lose particles. The g/FTO/CdS layer was dried in a streanenigag. Afterwards, post growth
treatment of the CdS layer was performed by adding droplets of sotaidaining 0.1M CdGlin 20 ml of DI
water at room temperature to the g/FTO/CdS layers. Full coverage of the &syachieved by the use of
solution damped cotton bud. The layer was allowed to air dry priegabtreatment at 400°C for 20 minutes in
air to enhance both the material and electronic properties of CdS [7]. Beb8ggthe treated g/FTO/CdS was
washed in DI water and transferred directly into the cadmium telluridég)bath. It should be noted, that
intrinsically CdS is always n- conduction due to the presence of Cditéssind S vacancies in the crystal

lattice [8}H10].

212 CdTeLAYER GROWTH

Cadmium telluride layers were electrodeposited fesrB00 ml aqueous solution containing 1.5 M cadmium
nitrate tetrahydrate (Cd(N{3- 4H,0O) with purity of 99.98% and 5ndf dilute tellurium dioxide (Teg) solution

with purity of 99.999%Prior to the introduction of TeQnto the electrolytic bath, 0.03M of Tg®olution was
prepared by dissolving ~2g of Te@® 30 ml of concentrated nitric acid. The solution was stirred for 60 minutes
to achieve homogeneity and gently diluted with 400 ml of DI watempiolygpropylene conical flask. It should

be noted that the concentration of tellurium is kept low due to the higffivpasduction potential of Te (+593



mV) as compared to Cd4@3mV) with reference to standard, ldlectrode [11]As documented in the
literature, the conductivity type of as-deposited CdTe is dependent on the edompigsitional ratio of
cadmium to tellurium provided there is no introduction of external ddi&h It is well known that higar
atomic concentration of Te as compared to Cd in CdTe give p-CdTe wdtikr htomic ratio of Cd to Te gives
n-CdTe [13].

Before the inclusion of Tesolution, the 800 ml containing the 1.5M of Cd(>4H,0 was electropurified at
a cathodic voltage below the cathodic voltage in which Cd is reduced fdroub€to reduce the impurity level.
After the inclusion of 5 ml of pre-prepared Tg@he solution was stirred continuously for 2 hours before the
deposition of CdTe. The pH, stirring rate and bath temperature were adu2t€6+0.02, ~300 rpm and
~85°C respectively. With g/FTO/CdS as the cathode and pure graphite rod as thel2f6ae; thick n-CdTe
layers were electrodeposited at 1380 mV, followed by the depositie80 nm p-CdTe at 1360 mV in a
continuous deposition process to achieve g/FTO/n-CdS/n-CdTe/p-CdTeucatifig. The CdTe thicknesses
were kept constant for all the CdS thickness explored. It should be noted thatsatlictural, compositional,
morphological optical and electrical property analyses of electrodeposited CdTdrayecadmium nitrate
bath has been well documented by Salim et al, 2015 [14]. The incorportiwntbin p-CdTe layer is to
minimise the electrical resistance between the metal-semiconductor intéS$ared[also pin the Fermi level

close to the conduction band.

213 DEVICE FABRICATION

After the growth of both the 1200 nm n-CdTe and 30 nm p-CdTeslayethe g/FTO/n-CdS to give g/FTO/n-
CdS/n-CdTe/p-CdTe configuration as described in Section 2.1.2, all the layers weredted at 420°C for 20
minutes in air in the presence of CdCI2. After the CdCI2 treatment,yibis levere washed and etched using
solutions containing concentrated H2SO4 and K2Cr207 for acid etching atidrsabntaining NaOH and
Na2S203 for alkaline etching for 5 seconds and 2 minutes respectiwelgrtove the metal/semiconductor
contact [23], [24]. Using 2 mm diameter mask, 100 nm thick Atamts were evaporated on the g/FTO/n-

CdS/n-CdTe/p-CdTe layer at a pressure of 10-5 Nm-2 prior to curoétagge (I-V) measurements.

22 EXPERIMENTAL TECHNIQUESUSED
With major emphasis on the characteristic properties of CdS as it is affedtedHigkness, the experimental
techniques are focussed on bothdkeleposited and Cd&treated g/FTO/CdS layers. The optical properties

such as the absorbance and transmittance were measured using CaryB0SGsihle spectrophotometer at



room temperature. Prior to optical measurements, the system waatedlibsing a thoroughly cleaned blank
g/FTO as a baseline to eliminate the effect of the underlying substrate &ahttined results. The
morphological properties were obtained using FEI Nova 200 NanoSEM equighzgentagnification of
x60,000. The structural properties such as crystallite size and phase taéredbsing Philips PW 3710
X’pert diffractometer with both the X-ray generator tension and current set to 40 kV and 4@spActively
The XRD system was incorporated Wl-Ka monochromator of wavelength A=1.54 A. The CdS layers
thicknessswere measured using UBM Microfocus optical depth profilometer (UBM, &esknik GmbH,
Ettlingen, Germany) while the electrical properties such as the currentespltagerties of the fabricated solar

cell were obtained using RR267MON calibrated Rera Solution |-V measurersensy

3 RESULTSAND DISCUSSIONS

3.1 OPTICAL PROPERTY

Figurel (a) and (b) shows theauc’s plot of a/v versushv [16] and percentage transmittance versus
wavelength for CdGltreated g/FTO/CdS layershere a is absorption coefficient anlal is the energy of the
incident light. From Figure 1 (g was observed that the bandgap lies within 2.44+0.02 eV with thedtig
bandgap was observed at 50 nm.. This observation might be due tahetbarly nucleation stage in which the
underlying g/FTO substrate is not fully covered due to the columnatlgiowlectroplating as discussed in
Section land/or the comparatively low crystallite size and crystallinity [17] as shoWalite 1for 50 nm thick
CdSs layer. Significantly, an increase in the steepness of the absagtie and a shift of the absorption edge
towards shorter wavelength were observed with increase in CdS thickhessbservation is documented in
the literature [18], [19] with researchers such as Bosio et al, 20084r]et al, 2011 [20] suggesting superior
semiconductor material quality with steeper absorption edge.

The transmission of all photon through gaps is equivalent to a widég&anThe reduction in bandgap
observed with increase in thickness to 100 nm might be due toltlteyerage of the underlying substrate
Consequently, reduction in transmittance from ~90% to ~75% was obsetkedcreasing thickness from 50
nm to 200 nm as shown kigure 1(b). It is important to note that although thinner CdS layers give higher
transmittance, hence higher photocurrent can be generated, although ifeafieufdiscontinuities and
defects such as pinholes [10], [21]. Therefore it is pertinent that the qpigedrty of the semiconductor layer

must be considered to achieve optimum photocurrent
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Figure 1:(a) Tauc’s plot of ahv versus hv and (b) transmission versus wavelerfigth€dS layer
with varying thickness.



32 MORPHOLOGICAL PROPERTY

The SEM micrographs of 50, 100, 150 and 200 nm thicknes$edGif treated CdS layers grown on g/FTO are
shown inFigure 2(a-d) respectively. Although the as-deposited layer, g/FTO/CdS is not presetiteddaper
due to its triviality, grain growth and the coalescence of grains wereveldsafter CdGltreatment. As

observed irFigure 2(a), full coverage of the underlying g/FTO substrate has not been attaihatle g/FTO
grains still visible beneath the CdS layer due to significant gaps betwagas. d his observation might be as a
result of the early stage of nucleation of CdS to the underlyingueting substrate and also the columnar
growth mechanism in electroplated semiconductors. With an increttieknesgo 100 nm and above as
shown inFigure 2(b-d), grains tend to be more closely packed with full coverage of the g/Fdi€lyimg
substratelt should be noted that the fabrication of a solar cell using threrBfinhole infected CdS layer will

lower the performance of the solar cell due to low open-circuit voltage, fillfantbshort-circuit current

density as a result of shunting.

Figure 2: SEM micrographs for of dQGreate CdS layers with varying thlcknsses; Q@
nm, (b) 100 nm, (c) 150 nm and (d) 200 nm.



3.3 STRUCTURAL PROPERTIES

For theseexperimentsonly the results obtained from CdQ@teated CdS layer will be discussed due to the focus
of this paperFigure 3shows the XRD micrographs of g/FTO/CdS with variation in the CdS thisleta/een
50 nm and 200 nm. The figure shows the plot of X#iREk reflection against 20 angle. It should be taken into
account that the XRD fingerprints were stacked together for better peakrisonpinFigure 3 From
observationsall the layers are polycrystalline in nature with peaks associated with me4#60), (002),

(101) and (10Bwere observed at 26=24.9°, 26=26.7°, 26 =28.4° and 26=48.0° respectively. It should be noted
that as documented in the literature, CdS can be grown in hexagonal (wurtzitgrestraicti the cubic (zinc
blende structure) crystallite structure with the hexagonal phase beiegmatastable [22]. Therefore only the
hexagonal phase is retained after Gdt&atment [10] as shown in this work. From observation, the peak
H(002) at26=26.7° overlaps with an FTO pealVith the effect of the FTO peak being unquantifiable, the
second dominant peak along the H(101) plane was considered for detailesisafabm observation of tt
nm thick CdS layer, it is clear that the peak associated with H(101) is #tidl amerging stage with no visible
presence of peaks associated with H(100) and H(103). Increase ini€ld®shk to 100 nm and above, peaks
attributed to H(100) and H(103) planes were observed along with the H@®i)crease in reflection intensity
with increasing thickness was also notice able. Based on this obseritationbe said that the increase in the
reflection intensity to directly associated with increasing thickness [&]], The reflections observed in this

work matches the JCPDS reference file No0O80-0006 for the hexagonal phase of CdS.

H(002) + FTO
800 -

XRD peak reflection (arb. unit)

20 (degree)

Figure 3:Typical XRD spectra observed for CdQteate:
CdS layers with varying thicknesses.



Other structural properties such as the peak position, full-veighiadf-maximum (FWHM), d-spacing and
crystallite size are tabulated Tiable 1 The crystallite sizes were calculated using Scherrer equation as shown in
Eqg. (1) whereD is crystallite sizef is the FWHM of the diffraction peak in radiahis the Bragg angle aridis

the wavelength of the X-rays used (1.54 A).

o _ 0941

- pcoy @

As observed ifTable 1 the H(101) preferred orientation reflection of the of 50 nm thicR @gler was
indistinguishable by the Philips PW 3710 X’pert diffractometer for analysis due to its thinness or weak
crystallinity. It should be noted that the electrodeposition of CdS commences with thé&idepdsulphur
before the deposition of cadmium is triggered [6], therefore, a suthuCdS and weak CdS can be
experienced at the initiation stages of nucleation of CdS. Furtheramdrerease in crystallite size was
observed to be associated with the increasing thickness. Similar obseneatialso been documented in the

literature by other independent researchers [10], [18]

Table 1: Summary of results from the XRD analysis for CdGt2ated CdS layers eith increasing
thicknesses.

Thickness CdS(101)H Peak FWHM d-spacing (nm) Crystallite size
(nm) reflection (arb. unit) position (°) D (nm)
~50 27 - - - -
~100 35 28.45 0.390 0.313 220
~150 37 28.38 0.260 0.314 32.9
~200 50 28.42 0.195 0.317 43.9

34 THICKNESSMEASUREMENT

Figure 4shows the both the as-deposited, Géi€hted CdS layer and average growth current density against
CdS thickness. The thickness of thedapesited CdS layer was estimated using Faraday’s law of electrolysis as
show inEq. (2)

_Jt™ )
nFp )
whereT is the thickness of the filnd,is the average deposition current density,the deposition timey is the

T

molar mass of CdTe (144.48 grifln is the number of electrons transferred for deposition of 1 molecule of
CdTe (n = 2 for CdS), F=96485 Crildk the Faraday constant apik the density of CdTe. While the thickness

of the CdC} treated CdS layers is measured using the UBM Microfocus optical depibrpeiér. It should be



noted thathe Faraday’s law of electrolysis assumes that all the electronic charges flowing through the

electrolytic bath contribute to the deposition of the CdS layers withouideoimg) the electronic charges

involved in the dissociatioof water into its constituent 300 - - 64
. . . . As-deposited .
ions. Therefore, the CdS layer thickness estimated using 250 - ’ —_
- \ , 625
Faraday’s law of electrolysis is always higher than the g <é:
. . . . >, 200 - NG
measured thickness. It is clear that an increase in 3 - 60 £
o . | 1 2150 3
deposition time results into increase in the deposited layér =
bt CdCl treated | 58 @
thickness in a non-linear relationship between depositior§ 100 - 3
| o
thickness and deposition time. As observeHigure 4 501 / 56 Z
an increase in the deposition time results into the 0. ’ Avg f:urrent derl15|ty 54
. - . 0 20 40, 60
reduction of average deposition current density due to the Growth time (min)

o ) o ] Figure 4:Typical graph of as-deposited CdS, Cg
reduction in the substrate conduction with increasing Cglgated Cdsindaverage deposition current dens

) against growth time.
thickness.
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35 SOLARCELL PERFORMANCE
Figure 5(a) shows the band diagram of the g/FT-CHSh-CdTep-CdTe/Au device an&igure 5(b) shows
the 1-V curve of a cells incorporating 150 nm thick CdS layer at AoMihile Figure 5(c) and (d) shows the

linear-linear and log-linear I-V curve of the of the g/FM@dSh-CdTep-CdTe/Au device incorporating 150

nm CdS layer.
(a)
p-CdTe

0
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x| front back
W icontact contact
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Figure 5: (a) The band diagram of the g/FTO/n-CedSdTe/p-CdTe/Au thin film solar celinc
(b) current-voltage curve of g/FTO/n-CdS/n-CdTe/@T€/Au champion cell incorporating 150
Cds, while (c) and (d) are its the linear-lineaddag-linear I-V curve under condition.
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The band diagram as depictedFilgure 5(a) is a result of prior material investigation as reported in the
literature by Salim et al [14] that the conductivity type of electrodeposited l@g@eis retained after CdLl

treatmentalthough, a shift towards the opposite conductivity type was observed.
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Figure 6: Histogram of three champion solar celisgmeters from g/FTO/
CdS/n-CdTe/p-CdTe/Au with different CdS thicknessesasured at AM1.5 (a) .
against CdS thickness, (b) Voc against CdS thickn@3 FF against CdS thickn
and (d) n against CdS thickness.

Figure 6(a-d) shows the short-circuit current densily)( open-circuit voltage\(,o), fill factor (FF) and
photonto-electron conversion efficiendy)) measured at A.M1.5 against CdS layer thickness respectively
while Table 2summarises the tabulated I-V parameters of the three champion cellfiérgoldr devices with

varied CdS thickness. As shownHigure 6(a), the comparatively lods. observed in the device incorporating
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the 50 nm CdS layer was not expected due to the high transmitteb@e&m thick CdS layer as discussed in
Section 3.1, hence, high photocurrent is expected. But based on the incaoydesge of the underlying
o/FTO substrate, the gaps will serve as shunting paths and therebygettiecphoto-generated current due to
increases recombination of the electron-tpaies and poor quality diode

The increase in the CdS thickness in the device configuratib®0 nm shows highek. due to better CdS layer
coverage over the g/FTO and high transmittance as discussed in Sectibime3dévices incorporayCdS

with thickness above 100 nm, shows a gradual reductidy ifhis might be as a resulf the reduction in
transmittance, photo-generated current and also increased parasitic absorptioncheased CdS thickness
[3], [7]. Low CdS thickness (40 nm) was demonstrated by Ganata2€t04l,[3] to achieve the highest
photocurrent using high temperature (600°C) closed-space-sublingatiath technique due to the unique
gualities of CdSHowever, electrodeposition at low temperature (~85°C) on the other legpitess increased
thickness of CdS layer sappress the effect of surface roughness and deposition/nucleation mettian
should be noted that tldg. as observed in this work is higher than the Shoelepisser limit on singlp-n

junction [23] due to the incorporation of the multilayen-p configuration [24]

Table 2: Tabulated device parameters of g/FTO/n/@Cd@3RTe/p-CdTe/Au incorporating
different CdS thicknesses.

CdS (nm)| J. (mAcm?) Vo (MV) FF Efficiency (%)
50 20.1 0.34 0.31 2.11
28.7 0.45 0.36 4.64
13.4 0.48 0.46 2.95
100 35.0 0.67 0.47 11.03
38.2 0.68 0.44 11.43
36.6 0.67 0.46 11.29
150 29.9 0.72 0.52 11.29
29.9 0.73 0.51 11.15
29.3 0.73 0.53 11.34
200 20.7 0.71 0.51 7.50
28.0 0.72 0.51 10.29
27.4 0.70 0.50 9.59
250 23.9 0.37 0.37 3.27
26.4 0.37 0.35 3.42
24.5 0.42 0.36 3.71

An increase in botW,. andFF with increasing CdS thickness up to 200 nm as showiigiare 6(b-c) is also
observed. This observation can be associated with the redatgbant [4] and other defects relating to the

early CdS nucleation stagedltimately, the efficiency of devices incorporating both the 100 nm &Achin

13



thick CdS layer appears to be the best devices with fairly similar efficiency vhlede comparatively high,
observed in the 100 nm CdS and highplusFF in the device incorporating 150 nm thick CdS layer. It
should be taken into account that shunt resistance is associated with sectmolager quality [25] which
explains the low efficiency observed in the device incorporating the electsitleh50 nm thick CdS layer.
While the gradual reduction in efficiency with increasing thicknessésta the low transmittance, reduced

photocurrent as a result of increased parasitic absorption [4].

Table 3: Diode parameters extracted from dark bV ¢hampion cells of g/FTO/n-CdS/n-
CdTe/p-CdTe/Au incorporating different CdS thickees in Table 2

CdS (nm) Ran(©) Rs(Q)  log (RF) lo (A) n v (V)
50 51.1 23.3 0.3 2.81x10° >2.00 >0.42
100 4.3x10 5000 4.1 1.02x10°  1.86 >0.80
150 6.2x10 577.7 4.4 1.26x10° 1.71 >0.80
200 3.5x10 800.0 3.5 3.98x10° 1.95 >0.77

Table 3shows the diode parameters such as shunt resiskgneseries resistande, rectification factoRF,
saturated current, ideality factom and barrier heighg, as obtained from the champion cells of T Oh-
CdSh-CdTep-CdTe/Au devices incorporating different CdS thicknesses tabulafiexble 2 As observation in
Table 3 the low Ry, observed for devices incorporating 50 nm thick CdS layer signifeegréssence of shunt
paths. The shunting might be due to the incomplete coverage of the g/FTQd®its@iscussed in Section.3.2
Therdoy creating direct leakage path between the g/FTO substrate and the grown @u3 adayurther
suggested by the comparatively higlvalue observed using the 50 nm thick CdS layer. From observéton, t
Rs under dark condition are high for layers incorporating CdS thiclafeB30 nm and above. HoweveryI-
measurements under illuminated condition shows a reductiogvaltre to (106- 200) Q ranged. This

reduction is due to the photoconductivity of the material layer. dsederated by Dharmadasa et al [1], high
efficiency solar cells can only be achieved providedRhealue is >10%. TheRF values as observed for devices
incorporating CdS with thickness >100 nm shows the tendency of achieving high efficiency. Furthermore, the
ideality factorn which depicts the charge carrier transportation mechanisms show th&t Tiah-CdSh-
CdTep-CdTe/Au devices incorporating CdS with thickness between 100 ni20&ndm are governed by both
recombination and generation (R&G) centres and thermionic emissiale ¥éncharge carrier transportation
mechanism of devices incorporating the 50 nm CdS thickness isngaveot only by R&G centres and
thermionic emission but also due to tunnelling of high energy eledtiomsgh the barrier height [26] resulting

into a reduction in the barrier height as observethinle 3 The lowest ideality factors observed for 100 & 150

14



nm shows the presence of low defects reducing R&G process. Tledteddy. values can be large for such

devices as we experimentally observed in this work.

351 PHOTOVOLTAIC (PV)DEVICE YIELD

Figure 7shows the graph of the percentage yadlthe active cells as against the CdS thickness incorporated in
the g/FTO/n-CdS/n-CdTe/p-CdTe/Au structure. The number of cells inealhbiticated solar cell devices
incorporating different CdS window layer thicknesses was 12. It was discdbatedtie percentage of PV

active cell in the device incorporating 50 nm thick CdS was low. Thisredtson can be related to the

morphological analysis as discussed in Section 3.2
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Figure 7: Graph of percentage yield against
thickness in a g/FTO/n-CdS/n-CdTe/p-CdTe

device structure.

There is a high tendency that the non-functional cells are g/FTO/n-C@tdiptAu due to the incomplete
coverage of the underlying CdS laykrshould be noted that although the grown CdTe layer with a supposed
depletionin-between the n-CdTe and p-CdTe but due to the characteristic large ¢psemgeal in CdTe after
treatment, the increased grain growth of CdTe on a rough stafames the inclusion of pores or pinholes in-
between the grains after treatment. Which leaves Au with the tendenaytaétiog directly with g/FTO

creating a shunting paths and electron-hole pair recombination centriesrdase in the CdS thickness above

50 nm improves the percentage yield close to 100% at 150 nm CdS #Hsickne

352 STANDARD DEVIATION
Figure 8shows the normal distribution curve of bdthands using standard deviation parameters as calculated

in Table 4 As stated in Section 3.5.1 only three champion cells from each fabraetee incorporating 50
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nm, 100 nm and 150 nm thick CdS was considered in this wortochigh parasitic absorption observed with
higher CdS thickness. Both the mean &nd the standard deviatiot \ were calculated as shown in Eq. (3)

and Eg. (4) respectively, whemds the number of cells explored axi the value to explored cells.

K=13x ©)

5o [2XX @
n-1

It should be noted that the data utilised in the calculations shoWabile 4is an extract fronfable 2 The
standard deviation as depicted using the normal distribution curve is usedsare the dispersion in a set of
explored data. The horizontal axis represents the dependent variable whithdake of the work i&. andy

in Figure 8(a) and (b) respectively while the vertical axis shows the probabiitythike value of the standard

deviation will occur.

Table 4: Table of mean and standard deviation rfelthampion cells device parameter incorporating
different CdS thickness in g/FTO/n-CdS/n-CdTe/p-€M configuration.

n =
Mean ¥ = %Z)ﬂ Standard deviation’ = %
i=l —_
Cds Jse Vo (V) Fill Efficiency Jse Vo (V) Fill Efficiency
(hm) | (mAcm?) factor (%) (mAcm?) factor (%)
50 nm 20.70 0.423 0.38 3.24 7.66 0.074 0.0764 1.2879
100 nm 36.62 0.673 0.46 11.25 1.59 0.006 0.0153 0.2039
150 nm 29.72 0.726 0.52 11.23 0.37 0.006 0.0100 0.0971
200 nm 25.37 0.710 0.51 9.12 4.06 0.010 0.0058 1.4537
250 nm 24.95 0.386 0.36 3.47 1.33 0.029 0.0100 0.2222

As shown inFigure 8(a), the highesl;. was observed in the device incorporating the 100 nm thick CdS layer
with a 50% probability of achieving 36.62 mAZmand ~30% probability of occurrence as compared to the
devices incorporating 150 nm thick CdS layer with 50% probability of achieuisgof 29.72 mAcrt and

~80% probability of occurrence. In both the device incorporating fd@mmd 150 nm thick CdS interesting
features such as higl. and high probability of occurrence can be explored by carefullyniging the CdS

layer thickness to fall in-between 100 and 150 nm CdS thicknes$muldsbe noted that one of the advantages
related to an increase in the thickness of the CdS window layer aglsning out the surface before absorber
layers such as CdTe can be grown. Device incorporating the 50aknCt layers shows the largest
dispersion ofl., lowestJs. value range and less that 10% probability of achieving comparably high

photocurrent based on the results obtained from this work. For exdrapég] on the normal curve generated in

16



Figure 8(a), less that 5% of the fabricated cell in a device can achi#af 30 mAcn¥ and above for cells
incorporating 50 nm CdS thickness as compared to the devices withOtinenldhd 150 nm thick CdS with
100% and 50% probability for achieving 30 mAéshort-circuit current density respectively. The effect of
both pin-holes and parasitic absorption is clearly annotated for the lawr(b@nd high (150 nm) CdS

thickness in this work.

0.9 - (@) ; (b)
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2 05+ 2
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& |—100m & | ——100mm
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Figure 8:Normal curve of probability of occurrence against (a) Jsc and (b) 1.

FurthermoreFigure 8(b), shows that the highest 1 can be achieved with devices incorporating both 100 nm and
150 nm thick CdS with high occurrence probability of ~90% olesbat 100 nm and ~30% occurrence
probability for the 150 nm thick CdS. It should be noted that the n) of the device incorporating the 50 nm thick

CdS showsow 1 values range and low probability of occurrence

4 CONCLUSIONS

In conclusion, this work supports work done by other researohdtse optimisation CdS thickness as related to
CdS/CdTe cell but focuses on the iteration of the effect of deposition technignadeation mechanism of
electroplated semiconductor materials. But contrarily, the proposed thin Cd&wniayer with thickness <b
nm by other authors cannot achieve comparatively high efficiency ekotyodeposition technique without

detrimental effect as demonstrated in this paper.
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From the observed results, optical properties such as transmittance favduntheCslS thickness while
crystallinity favours the highest CdS thickness with increasetim érystallite size and preferred orientation
reflection intensityBut with a more critical observation on PV property and statistical aratisi g/FTO/n-
CdS/n-CdTe/p-CdTe/Au show better device property with the incorporatib®Oafim to 150 nm thick CdS
layer relative to the optical, morphological, structural and electronic propertigsesal the incorporated CdS

layer. Work is progressing in the optimisation of other layerstlamé@mprovement of the utilised configuration.
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