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ABSTRACT

The current work under studied the photosensitizicigon of a natural dye obtained from Indigofenaezta plant
(a herbicious plant) on nanocrystalline Cu-dopedczoxide (CZO) thin film electrodes synthesizectlgmical
bath deposition (CBD) technique. This dye, havitigng absorption in the visible range with almosinstant
absorption peak, was found to convert visible lighthe range of 300-750 nm into electrical enerfiye electron
injection by photo-excited dye molecules into tbadeiction band of CZO was evidenced by electroatemi
impedance lowering of the dye-capped CZO electeddgptimum Cu impurity level of 3 at.% which faeiles fast
charge carrier transport in the semiconductor. @adiation of the dye-capped CZO thin film electesdvith white
light of intensity 80 mW/cmpower conversion efficiency)(of the (CZO electrode/Indigofera arrecta planiedy
containing electrolyte/platinum electrode) cell wiasind to be 4.16 % with fill factor of 0.54. Thedues of short
circuit photocurrent J, and open-circuit photovoltage.,yY measured to be6.8 mA/crand 0.91 V show the
applicability of the natural dye in solar cells.

Keywords. Photoelectrochemical cellndigofera arrectaplant dye, Dye-sensitized solar cell, Cu-doped ZnO
Photoelectrode, Thin films

INTRODUCTION

Dye-sensitized Photoectrochemical solar cells (BHE@se attracted the attention of many researdhetisis area
due to its high potentials as cost-effective, &fit and an environmentally friendly alternativestid photovoltaic
devices [1, 2]. The overwhelming success ofitéal and co-workers in achieving a significanthgtilight-to-
electrical conversion efficiency (as high 11%) watlilye sensitized solar cell(DSSC)using nanoctysaliO,thin
film electrode sensitized with Rull(2,20-bipyricdie40-dicorboxylate)2 (NCg)L, 3],arose the curiosity of many
researchers to explore different kinds of dyes][4-7

In dye-sensitized solar cells (DSSCs), semiconduelectrode is the major component. The choice etiigable
semiconductor material and appropriate synthetithotk will produce thin films of the material witHfective
surface area and porosity which will greatly enleahits DSSC performance [1, 4, 9]. Such films featié greater
adsorption of dye molecules on their surfaces, whidl improve the absorption of incident light aethhances
power conversion efficiency [1, 4, 9]. Ti®emiconductor has been extensively studied fagfdication in DSSCs
than ZnO semiconductor. However, ZnO possessedasimioperties as TiODand furthermore, ZnO has higher
electron mobility than Ti@and so could be an even better material for DSB&s TiQ [14].
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Since wide band gap semiconductors with energy lgmmpdE>3 eV are the most stable materials for PEC solar
cells, this limits their light absorption only bala threshold wavelengtt [1, 14]. ZnO semiconductor with energy
band gap of about 3.37 eV can only absorb withim uhraviolet region of the solar spectrum. Therefd is
imperative to reduce the band gap of ZnO in ordeextend its absorption towards the longer wavelendt has
been reported that Cu-doping can successfully mathe bandgap of ZnO and extend the photoresponsiei
long-wavelength region [1, 4, 9].

In the history of dye-sensitization of photoeled&es in DSSCs, ruthenium based dyes have been thewidely
researched and the best performing dyes in conmbmatith nanocrystalline semiconductor (ZnO or 7){8-11].
Such cells have also shown remarkable photochensiedlility on long-term operation. However, one tbé
important factors in the choice of dyes is the cBstause Ru is a rare metal with very low annigitlymetal-free-
organic dyes have been desired and a wide varfgiyie organic dyes have been investigated foriegpbn in
DSSCs[12, 13]. These include: coumarin, metallopgrip, ferrocene, indoline, hemicyanine, Rose Bérsgal
rhodamine 6G among others [3,7,15- 17]. In theesursearch for newer dyes for DSSC applicatiorentpdyes are
being discovered as efficient sensitizers. Manyaoig sensitizers including plant dye has been tiga®d; Souad
et al. [12] reported gl of 0.93 mAcnf, V.. of 394 mV and a conversion efficienay,of 1.5 % for Sumac(a
flowering plant). Roy et al. [18] also reported BiSBerformance of Rose Bengal dye as sensitizer lyitmd V).
of 3.22 mAcm? and 0.89 V, respectively resultingijof 2.09 %. Hara et al. [19] reportedaif 14.0mAcm?, V,of
0.60 V, an of 6.0 % and ff of 0.71 for coumarin dye on nawstalline TiQ, the highest performance among
DSSCs based on organic-dye as photosensitizers.

Organic dyes, especially natural dyes (from plants) replace synthetic dyes since they can beyeasitacted
from fruits, vegetable and flowers with simple atigect chemical procedures, whereas the former albymequires
many steps procedures, organic solvents and patidit procedures [20-23]. The pigments are pregernhe
different part of the plant including flowers petairuits, leaves, stems and roots.

A natural dye extracted fronmdigofera arrecta(Beba, a herbicious plant from the Guinea savaregion of
Benue State, Nigeria) is extensively used for dyiocplly woven textile materials. This dye has rebeen
investigated for its chemical structure and DSS@liegtions however; it shows high potential as #icient
photosensitizer in DSSCs. The current work inveséig the DSSC performance of a natural dye exttecten
indigofera arrectaplant as sensitizers of nanocrystalline Cu-dope@® ZCZO) thin film electrodes in acetonitrile
[24].

MATERIALSAND METHODS

2.1. Materials

Zn(NOs),.6H,0 (sd fine chemicals) was used as the source §f[@uCh.2H,0) (Chemcofine-India) as the source
of C/" and NH solution (28 %) (Thomas Baker) was the complexament. KI (Romaali-India) and |
(Lobachemie) dissolved in acetonitrile (SDFCL-INdias used as electrolyte and redox agent, respéctiFresh
leaves ofindigofera arrectaplant were obtained from its growth environmemted and crushed into fine powder.
All chemicals were used as received, without amghfr purification.

2.2. Methods

CZO thin films were synthesized by chemical battpadition technique. An aqueous solution of 0.1 M
Zn(NG,),.6H,0 was prepared, to this solution, cupric chlofi@eCh.2H,0) was added. Cu content in the solution
was varied from 1 to 5 at. %. Aqueous Nkblution (28 %)was then added under constantirgiirat room
temperature. A greenish white precipitate of Cue), was initially observed, which subsequently disedlback
into the solution upon further addition of hgélution. The solution was maintained at~dH.5. Ultrasonically
cleaned microscope glass slide and stainless stdmdtrates were immersed vertically in the solutising a
bakelite holder and the bath temperature was magdaat 353 K. The substrates coated with CZO filimwere
removed after5 h, washed with double distilled waltged in air and preserved in the vacuum desicc&urther,
as-deposited films were air annealed at 673 K for 2

Fresh leaves ahdigofera arrectaplant were dried in an airy room shielded fromedirsun rays until they were
completely dried. The dried leaves were crushealfine powder and an appropriate quantity was lieiate beaker
containing acetonitrile at a temperature of 313K5 h and then filtered using WHATMAN filter papker obtain a
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fine greenish dye solution. The CZO thin film eledes were immersed in the dye solution for ab@uh 1o fix the
dye onto their surfaces. After dye adsorption, ¢blour of the films were changed to dark green. €letrodes
were rinsed in double distilled water to remove ldasely adsorbed dye molecules and finally driedir for use.
The dye was characterized for optical absorption.

2.3. Apparatus and instruments

Unless otherwise stated, all DSSC measurements eegreed out in a two-electrode, single compartnosit A
platinum wire was used as a counter electrode lahdigofera arrectadye-sensitized CZO electrode was used as
the photoelectrode.

A potentiostat was used for all current-potentiglasurements. For DSSC measurements, 80W xenoarapctas
used as the source of white light to illuminate seeniconductor photoelectrode area of .cfihe absorption
spectrum of the dye in acetonitrile solution wasorded on a&Shimadzu, UV-180€§pectrophotometer. Structural
properties of the CZO thin films were studied uditglips PW 1830 X-ray diffractometer with CuKadiation § =
1.5406 A) in the range 20 — Bih 20. Surface morphology was studied with the scanmilegtron microscope
(SEM) (using JOEL JSM-6360). The surface wettabdit the films was studied using water contact amgéter.

RESULTSAND DISCUSSION

3.1. Structural characterizations of CZO thin films

X-ray diffraction technique is used for the deteration of crystal structure and lattice parametdomg with
structural changes and identification of phasethefprepared CZO thin films. Fig. 1depicts the XR&iterns of
undoped ZnO and CZO thin films annealed at 673 Kuds observed that all the film samples were pgbtalline
with hexagonal wurtzite structure with lattice ctamgs a=3.24982 A and ¢=5.20661 A correspondirthdee of the
ZnO patterns from the JCPDS data card (Powderdaififon File, Card no: 00-036-1451).From the XRDigras, a
strong preferential growth of high intensity in t{@92) crystal plane was observed for the undop®d Znd CZO
films with3 at. % Cu concentration, which is theshdense plane in wurtzite ZnO, however, for 1 arat. % Cu
concentrations, it was highly diminished [25, 26].

The observed decrease in intensity of the ZnO pgak incorporation of Cu impurities (ie; Cu/Zn o&tl%) could
be due to fact that the incorporation of Cu impesitinto the ZnO lattice induces some crystallobr@aplefects and
hence reduced the crystalline quality of the filgv9]. By increasing the Cu content to 3 at. %tifopm

concentration), the carrier concentration and nitgbih the conduction band of the semiconductoo atereases
[30, 31] thereby reducing the amount of crystaliguric defects in the film [32]. This result sugge#itat the
crystallinity of the film in the ZnO (002) plane this concentration of Cu would improve signifidgras depicted
in Fig. 1c [32]. As the doping concentration wastar increased to 5 at. %, the crystalline quabtythe film

sample decreased significantly. This is an indicatihat there is more compressive strain in thadfiat higher
doping level[33, 34]. Additionally, according to @& and Adamik structure zone model for polycrystalmetallic

films[33], as the impurities content increased, enonpurities segregation occurred at the grain Haties of the
film which result in shrinkage in grains size[33hieh is similar to the case observed here.

A shift in angular peak positions in 62 corresponding to the (002) plane in ZnO upon tipooation of Cu
impurities was observed. It was clearly noticed thdiffraction peak shift of 0.54f 20 towards the higher angle
occurred for all CZO films. This could be assignedhe difference in ionic radii of Zhiand C@" (which is higher
for Zn** as compared to Gsuch that the length of the c-axis is expectedeoshorter when Cu atoms are
substituted into Zn sites in the crystal lattice[33-34]. According to Shannon [34], the 4-folcbodinated ZA*
and Cd*cations have ionic radii of 0.074 and 0.057 nmpeesively and stable electronic configurations Z3d')
and CG*(3d’%). The 4-fold coordinated, Glihas ionic radius of 0.06 nm &&d'%) [34].

The mean crystallite size of the CZO thin filmsrajdhe plane of most preferred growth (002) wasutated on the
basis of full width at half maxima (FWHM) using Sher’s formula [30]:
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wherel, B, andf are the X-ray wavelength. (:1.540562\), fullwidth at half maximum (FWHM) and diffraction
peak angle, respectively. The estimated crystadiites showed that the mean crystallite size ofpadgnOfilm
increased from 28 to 30 nm for CZO as depictedahld 1.

Table 1.Estimated crystallite sizes of CZO thin films using (002) crystal plane

% Doping of Cu | Mean crystallite size (nm)

0 28
1 7
3 30
5 8

3.2. Surface characterizations of CZO thin films

The surface morphology of CZO thin films was stddising scanning electron microscope (SEM) imaged(
JSM-6360). In chemical bath deposition of ZnO tfilm, as-deposited films contained hydroxide antheot
impurities [35], so thermal annealing was necesstingrmal annealing causes remarkable change isutface
morphology of the thin films [36].Fig. 2depicts SEMicrographs of the CZO thin films (as-deposited an
annealed)with different Cu concentrations (0, Bn8 5 at %). These SEMmicrographs confirmed thatstirface
morphology of the films was affected by the concatidn of the dopant. The grain size of thefilmsréases upon
introduction of the Cu impuritiesas suggested bypXsudy.This behaviour could also be assignededtfierence
in the ionic radii of Zn and the doping element,28, 37].Further, withincreasing Cu concentratiap o an
optimum concentration of 3 at %), the microstruesuof the film becamedenser as in Fig. 2f.

The scanning electron micrograph of the undoped#n@films, both as-deposited and annealed showedus
nanorods of approximately 115 nm as in Fig. 2(al@ndror the CZO, the as-deposited (ie; 1 at ) fis depicted

in Fig. 2 (c), showedfibrous surface morphologyhwitell-defined nanodendritic rodsgrown randomly the
substrateas thin solid films of Cu-Zn(OH)Each dendritic rod is crystalline and indexedhtexagonal crystal
structure, as seen in Fig. 2 (c). The average tieisk of the rods was of the orderofO nm. After annealing at 673
K, the hydroxide phase in the nanodendritic rods w@nverted to pure CZO with fibrous nanorods molqiy of
average rod diameter f30 nm and randomly oriented, leading to largeaa@farea as depicted in Fig. 2 (d).Such
novel morphologymay find applications in photoetechemical (PEC) solar cells, gas sensors and sigpercitors
[38].

Fig. 2 (e and f) represents the SEM micrographasedeposited and annealed CZO with Cu:Zn of 3 afllé as-

deposited film samples are identified with densé ®aartically aligned nanorods morphology of varyimgl sizes

with average rod diameter of 120 nm and high ptyas well as high surface roughness. Post anmeabatment
at 673 K, converted the former morphology to filmamanorods, vertically aligned with well-defineddamearly

uniform rod sizes (mean rod diameteraf12 nm) as depicted in Fig. 2 (f). This morpholégguitable for DSSCs
application (Fig. 2y andh shows cross-sectional view of the nanorods in f).

The SEM micrographs of CZO with Cu concentratiorb @ft. % are depicted in Fig. 2 (i) and (j). Agdsited film
samples, (i), show densely oriented nanodendridét®r post annealing treatment at 673 K, densefoumiy
oriented nanodendrites with fine structures wertaiakd as in (j). These observations agree wih dhserved by
Chow et al. [25] using chemical synthesis of CZ{ fiims, and is suitable for PEC solar cell apation.

3.3. Characterization for surface wettability of GZ

Wettability involves the interaction between liquathd solid in contact. Thewetting behaviour of tfilm is

characterized by the value of contact angle, aoe@picparameter. The contact angle is an impopargmeter in
surface science and itsmeasurement provides a esianpdl reliable technique for the interpretationudtsce
energies. Both super-hydrophilic and super-hydrbphsurfaces are important for practical applicasi@39].

PEC solar cell application of CZO thin film requsra film of high porosity with high surface rougkeewhich
implies hydrophilic or super-hydrophilic surfaceor@act angle provides information relating to thates of
hydrophilcity of a thin film. In the present caség. 3 depicts the measured water contact angléseo€ZO thin
films which indicated that all the films are hydtdlgc. This result implies that the porosity of tfiem increases
upon thermal annealing at 673 K which means lasgeface area and better dye adsorption as eadgartad;
resulting in enhanced photo absorption.
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It was also observed that the water contact ardgeseased (as compared with undoped sample Fanda) upon

incorporation of Cu impurities up to optimal pertage impurity of 3 at. % (Fig. 3e and f) and furtircreases as
the impurity concentration is increased beyond gl (Fig. 3 g and h). This result is in agreetngith the earlier

observations from SEM. Since the morphology is psr{pores of the size of fewmicrons), the watersgodo the

pores and craves making contact anglehydrophilie fydrophilic nature of the film has been attrdaluto the

fibrousmorphology of the films [40].

3.4.0ptical property of indigofera arrecta plantely

The absorption spectra ofdigofera arrectaplant dye extracted in acetonitrile is shown ig.H along with that of
unsensitized CZO thin film for comparison (only 8 &b).It is clear that the dye have shown very good light
absorption across the spectrum from UV to visilghtlinthe range of 300-750nm wavelengths with aheonstant
absorption peak across the range. Heindgyofera arrectaplant dye, having absorbs light effectively acrdss
visible spectrum can be usedas photosensitizawifte-band gap semiconductors, such as CZ@ @&El4eV),which
alone cannot absorb reasonably in the visible kgletctrum as shown in Fig. 4.

Photoel ectr ochemical studies

4.1.Current-potential (I-V) curves

Photoelectrochemical characteristic of an electidetrolyte interface is one of the important oml identifying
stability of a semiconductor material (electrode) €lectrochemical photovoltaic applications [4L investigate
photoelectrochemical activities of thesynthesizedOCthin films in the present work, all experimenigere
performed in a single compartment cellinpolyiodmaton as the electrolyte.Photoelectrode (CZO filim) area

of 1 cnf was illuminated with an input power;{Pof 80 mW/cni from a xenon arc lamp.Fig. 5 depicts |-V curves
of CZO PEC solar cells with different Cu concentmat(1, 3 and 5 at. %), sensitized by indigiferaeta plant dye.
A careful perusal of these curves shows that inddud, the current obtained at each CZO electrode mot zero
however very low. This could be due to the fact tha cell might be partially illuminated by thedkground light

in the experimental room. Further, when the eletdsowere illuminatedwith white light, all photodiedes showed
significantly high photocurrents though; higher fdourrent was recorded for the CZO sample with GwEZ3 at.
%. These currents were comparatively higher thah riécorded for undopedZnO sample (as shown inntet of
Fig. 5a, 0.29 mA/cf) under the same conditions; this confirmed thaDCgmiconductor materials are better
candidates for PEC cell application [44].

This improvement in photocurrent of the electrodpsn dye-sensitization can be assigned exclusiwelgharge
carriers injection by photoexciteddye moleculesngbide the valence electrons excited by the wiitet Wwhich
increases total charge carriers and hence highetoglrrent as observed [24]. This is a normal phermon
because white light consist of photons of enengyEj of ZnO that can excite the electrons from the vedeband to
conduction band of the semiconductor to producequhwrent [19, 24].

It was observed here that the photocurrent incceasth Cu concentration with the highest currertoreled for
Cu:Zn of 3 at. %. Further increase in Cu conceiuinabeyond 3 at %, current decreased rapidly; tmmirming the
earlier assertion that 3 at. % Cu concentratiothésoptimum doping level for CZO for DSSC applicas. This
enhanced performance at optimal doping concentrasigprobably due to optimal carrier concentratieached in
the semiconductor which facilitates fast electreangport and consequent suppression of charge bégation
activities [45].

The reason whyndigofera arrectaplant dye can effectively sensitize CZOis dueheirt energy band gaps [24]
(1.91 eV estimated for indigofera and 2.96, 3.14 @/ eV for CZO with Cu:Zn of 1, 3 and 5 at. %).8vh
indigofera arrectadye molecules absorb photons withenergies greéhter 1.91 eV, the electrons in the excited
states ofindigofera arrectaplant dye can bequickly injected into the conduttbands of CZO nanostructures [1,
22].This attests to the improved performancendigofera arrectaplant dye on nanocrystalline CZO electrodes.
The estimated photocurrent and photovoltage vaoepresented in Table 2.
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Table 2. PEC solar cell parametersof CZO thin film electrodes sensitized by indigofera arrecta plant dye

CZO Electrodeswith Cuat % | Photocurrent (1<) [mA/cm? | Photovoltage (Vo) [MV] | lmax (MA/CM?) | Ve (MV)
0 0.29 595.0 0.18 421.0
1 0.91 656.0 0.60 535.0
3 6.80 844.0 4.10 742.0
5 1.20 790.0 0.59 667.0

Table 3.Equivalent electrical circuit analog data estimated from the electr ochemical cell measur ement of indigofera arrecta plant dye-
sensitized CZO (with different Cu dopings) PEC solar cellmeasured in dark condition in a 2-electrode configuration at biaspotential of

0.656, 0.914 and 0.790 V (a) 1 at % (b) 3at % and () 5 at %

@

Parameter Value Error
Qyl 3.26E-11| 1.42E-1(
Qal 1.60676. | 0.35278:

R1 2089.592| 5801.134
R2 33.87533| 22.39476
Qy2 0.00017 | 0.00025
(b)
Parameter Value Error
C1l 7.84E-08| 5.68E-0§
R1 51.88532| 15.10799
C2 0.00021 | 0.00085
R2 76.55203| 310.4269
w 0.000986| 0.001161
(c)

Par ameter Value Error
Qyl 3.88E-10| 1.76E-09
Qal 1.410639 0.370128

R1 340852.8| 4.81E+08
R2 45.2399! | 26.8414
Qy2 0.00040; | 0.001001
Qa2 0.502641] 0.308698

Table 4. Estimated values of power conversion efficiencies and fill factor s of indigofera arrecta plant dye-sensitized CZO PEC solar cells

CZO Electrodeswith % Cu | Efficiency (%) | Fill Factor (FF)
0 0.10 0.44
1 0.40 0.54
3 4.16 0.54
5 0.49 0.42

4.2. Electrochemical impedance spectroscopy (Elilys

Electrochemical Impedance Spectroscopy (EIS) snai gjuantitative technique and is versatile forestigating the
dynamics of the bound or mobile charges in the lolknterfacial region of a PEC solar cell systedf][ In EIS
measurements, the potential applied to the solbisgeerturbed by a small amplitude sinusoidal mation and the
resulting sinusoidal current response is measuea fanction of the modulation frequency systenis kine of the
most useful experimental techniques, as it pereggnultaneous characterization of the differenicpsses taking
place in the cell; that is, at the semiconductothie electrolyte and at the counter-electrode gide The electrical
current response is measured when a certain sttalsaltage is applied to the system. This curresponse will
be a sinusoid at the same frequency, but shiftethase [47].

EIS of CZO electrode annealed at 673 K was caroiedusing a Frequency Response Analyzer couplea to
Potentiostat in a two-electrode mode [46,4fie electrochemical processes occurring in theeengll arrangement
were evaluated in the dark condition. The EIS @atacommonly analyzedby fitting into an equivalelgctrical
circuit model [48]. Most of the circuit elements tine model are common electrical elements suctesistors,
inductors and capacitors. The impedance responsaacbf ideal resistors, inductors and capacitorgimen below
[46]:
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Zr =R @3)
2= ek (4)
1
Z =——
c jaC (%)

EIS models usually consist of a number of elemeatsnected in the network either in series and/oalfeh
combinations. For a highly nested electrical circiie equivalent impedance is calculated by lumpogether the
simple circuits [49].

75000 - Lad ) . (d)
60000 - (d——C20,5at %
5 (c)—— €20, 3at %
. (b)—— €20, 1at %
45000 - (002) (a) —— Undoped
> .
=
@ 30000
o N R
b
£ 15000 - ®)
3 “°°?_Ju“°" (102) (103) (a)
20 30 60 70 80

40 S0
Fig. 1. XRD micrographsof CZO with different Cu dopings: (a) undopedZnO (b) 1 at % (c) 3at % and (d) 5at %

Fig. 6a-c, depicts the impedance spectrandfgofera arrectaplant dye-sensitized CZO PEC solar cells with
different Cu concentrations (1, 3 and 5 at. %) mez in the dark at various applied voltages (0.&844 and
0.790 V). Fig. 6 a(iii) and c(iii) indicate thateHPEC cells of CZO for Cu:ZnO of 1 and 5 at. % hsiveilar circuit
models; in fact, it is a transmission line mode3,[80]. In the model, RKthe series resistance, whichincludes the
sheet resistance of the stainless steel and therneitontact resistance of the cell (e.g. wire eations), is
negligible. Theparallel R(ohmic resistance) and,(@epresented by constant phase elements, CPEgl€@ments
characterize the charge transferresistance andiotlige layer capacitance, p the semiconductor,respectively[47,
48]. The Nyquistplots, Fig. 6 a(i) and c(i) (fouZnO of 1 and 5 at. %) indicates a relatively nratke overall cell
impedance which showed an exponential decay oweretitire frequency range of measurement (aii and c
however, the observed impedance values are mucérléav Cu:Zn of 5 at. %. The impedance is obserted
decrease rapidly from Cu:ZnO of 1 at. % to a mimmat 3 at.% doping concentration and there afteregses
again.

Underthe measured condition (ie; in the dark),tharge-transfer resistancein the semiconductor edliffusion
within theelectrolyte are represented by/®; (aiii and ciii) and is lower foindigofera arrectaplant dye-sensitized
CZO electrodes with Cu content of 5 at. %. Thisliegpbetter PEC performance. Fig. 6 a(ii) and c@irve b in
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each case), shows single time constants denotetieohigh frequency peaks in the Bode-Phase diagvhiob
correspond to the diffusion within the electrolytda the electron transport/recombination process in
thesemiconductor [51, 52]. In both cases, the ehalansport impedance at the mesoporous oxide taygributed

by the series resistancein the high frequency rarfigieNyqist plots (ai, iii and ci, iii) is low 8ce the series
resistance of the oxide layer in these cases @& Zé&e Bode plots a(ii) and c(ii) (curve a) shomitar results.

X20, 00
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X20, 000 X20, 000

Fig. 2.SEM micrographsof CZO thin filmswith different Cu dopings (a, b) 1 at %, as-deposited and annealed (c, d) 3 at %, as-deposited
and annealed (e, f) cross-sectional view of (d) (g, h) 5 at %, as-deposited and annealed

Fig. 6b, represents the impedance spectra of tizdekar cell of CZO electrode for 3 at. % dopingele Similarly
(to 1 and 5 at %), the series resistance of tHe<ekro (biii)) and the cell impedance is minimdion this doping
concentration (bi) which implies maximum PEC satali performance as seen in Table 2. The transomidsie
model is also employed here to determine the ceffedance [48, 50, 57]; theparalle, Bnd G elements
characterize the charge transferresistance anddtlible layer capacitance in the semiconductor dearlg
represented, thus the diffusion of charge caraerthe semiconductor/electrolyte interface can hewepresented
by an R//C-circuit element [51, 52]. In a similaayy the platinizedcounter-electrode is charactdrizg a charge-
transfer resistance;Rand a double layer capacitance,[®1, 52, 57]. In the dark, thediffusion of Zwithin the
electrolyte solution is representedby a Warburgnela, W as depicted in Fig. 6 b(iii) [53-57]. Ircfaa very good
agreement betweenexperimental and fitted data W@sned as in b(i). The estimated values of this ¢elpedance
elements derived from the electrical analogs, aesgnted in Table 3 (a, b and c), and were usédthef EIS
experimental data in the two-electrode configuratiodark condition.

4.3. Power Conversion Efficiency) @nd Fill Factor (FF)

Energy or power conversion efficienay) (of solar cell is the percentage of powerconveftedh the absorbed light
to electrical energyand collected, when a solaisaetbnnected to an electrical circuit. The powaipats ofthe dye-
sensitized CZO thin film PEC solar cells in thereat work were determined in the dark and undemilhation
with aninput power (B), of 80 mW/cm.

All the currents and potentialsdl Voo Imax @nd Vina) measured for the CZO thin film electrodes sezesiti with
indigofera arrectaplant dye are shown in the I-V curve of Fig. 5 déimel measured values are presented in Table 2,
respectively. The light energy to electrical powenversion efficiencyr) and fill factor (FF) were evaluated from
the following Egns:

2
,7(%) - lmax(A/ cm )Vr;ax(\/) XlOO
P, (W/cm’)

(6)
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—_ Imax(A/ sz)vmax(v)
(AT MRV, (V)

(@)

The estimated values of power conversion efficiem@nd fill factors for all the CZO thin film eleatles are
presented in Table 4.

4

Contact angle = 68.4° Contact angle = 24.1°

Contact angle = 62.4° Contact angle = 15,2°

Contact angle = 52. 3°

Fig. 3.Water contact angle measurementof (a, b) undopedZnO, as-deposited and annealed (c, d) CZO thin filmsl at %, deposited and
annealed (e, f) CZO thin films3 at %, deposited and annealed and (g, h) CZO thin films5 at %, deposited and annealed
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Fig. 4.Absor ption spectrum of Indigofera arrecta plant dyein acetonitrile

0.0 0
@
<04 -2
5 §
< <
£.03- E4;
= £
g 1.2 su §-6- = (a) Dark
-1.24 =5 ) —Dark —_—
a3 (a) — Dark 3as —— o
b) ——Ligh 0 200 40 600 800
Potential V) -84
0 100 200 300 400 500 600 700 0 200 400 600 800 1000
(a) Potential (mV) (b) Potential (mV)
0.0 ——
@
05-
1.0- )

Current (mA/cm?)

i (a) — Dark
15

0O 200 400 600 3800 1000
(C) Potential (mV)

Fig. 5.Current-potential curvesfordye-sensitizednanocrystallineCZO electrodeswith different Cu dopings(a) 1 at % (b) 3at % and (c) 5
at %
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Fig. 6. mpedance spectra of indigofera arrecta plant dye-sensitized CZO PEC solar cell with different Cu dopings: (a) 1 at % (b) 3at %
(c) 5at % obtained in dark at bias potentials of 0.656, 0.914 and 0.790 V

CONCLUSION

PEC solar cell characterization of CZO thin filmre@rodes sensitized by a natural dye obtained fratigofera
arrecta plant has been successfully carried out. The shadyshown that, the synthesized CZO thin filmtedeles
has porous nanostructures, were strongly hydraphiid indicated red shifts in their absorption seap to 450
nm wavelength. Further with the useilfligofera arrectaplant dye on CZO electrode, the spectral respohsiee
wide band gap CZO (3.14 eV, optimal) was extendedl mto the visible region up to 750 nm wavelength
Indigofera arrectaplant dye was seen to anchor well on nanocrys&{iZO thin film electrode. The use of the dye
on CZO electrode shows significant enhancementE@ Bell properties of the semiconductor. Photocureand
photovoltage of 6.8 mA/cfrand 0.844 V were measured which yielded lightlezteical energy and fill factor of
4.16 % and 0.54, respectively. EIS study of the BBI@r cells also confirms good performance. tibsious from
this study that CZO semiconductor materials sexgsitiwithIndigofera arrectaplant dye are better candidates for
PEC solar cells application than undoped ZnO.
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