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ABSTRACT

A study has been successfully carried out on thdgskensitizing action of a natural dye obtainechfrtndigofera
arrecta plant (a herbicious plant) on nanocrystadli Al-doped zinc oxide (AZO) thin film electrodstisesized by
chemical bath deposition (CBD) technique. The psroanostructures of the AZO enhanced dye-sensisiakzd
cell performance. This dye with strong absorptiorthe visible range with almost constant absorpfi@ak, was
found to convert visible light in the range of 3@86 nm into electrical energy. The electron injectby photo-
excited dye molecules into the conduction bandz Avas evidenced by electrochemical impedance lowef
the dye-capped AZO electrode at optimum Al impueitgl of 2 at % which facilitate fast charge carritransport
in the conduction band of the semiconductor. Oadiation of the dye-capped AZO thin film electroddéth white
light of intensity 80 mW/chmpower conversion efficiency)(of the (AZO electrode/Indigofera arrecta planedy
containing electrolyte/platinum electrode) cell wlasind to be 0.51 % with fill factor of 0.47. Thalues of short
circuit photocurrent J§, and open-circuit photovoltage,) measured as 1.35 mA/cmnd 0.643 V confirmed the
applicability of the natural dye in solar cells.

Key words: Photoelectrochemical, Al-doped Zntdigofera arrectaplant dye, Natural dye, Dye-sensitized solar
cell, Electrochemical impedance

INTRODUCTION

Dye-sensitized photoelectrochemical (PEC) cellefam nanocrystalline semiconductor thin film eledées have
become an attractive subject of research in thentetmes due to their high promise to be costctiffe and
efficient types of photovoltaic solar cells (Woltet al. 2009). The attractive result reported bwt@l and co-
workers for PEC solar cell based on nanocrystaliii thin film electrode sensitized by Rull(2,20-biptg-4,40-
dicorboxylate)2(NCS) have yielded the most efficient dye-sensitizeatptoltaic cell with light-to-electrical
energy conversion efficiencyl0% (Dhas et al. 2008)This result stimulates eamasosity in this area of research.
Nanocrystalline semiconductor thin film electroda® the key components of the dye-sensitized swdils
(DSSCs) due to their large effective surface areailable for adsorption of dye molecules, which amtes
absorption of incident light for improved power eension efficiency(Wolcott et al. 2009; Dhas et20)08; Shet et
al. 2013).

Transition-metal oxides are promising candidatesPiEC solar cell applications. However, to datdy anO, has
received extensive attention (Lu et al. 2011; Stiaea and Bahadur, 2012). ZnO has similar bandgdpband-
edge positions compared to L{Shet et al. 2013; Lu et al. 2011). FurthermoreQzms a direct bandgap and
higher electron mobility than TiHardin et al. 2012); as such, ZnO is expectedeta even better candidate for
PEC cell applications (Kuang et al. 2006).The bapdgf ZnO (about 3.37 eV) is too large to effediivebsorb
visible light, since the solar spectrum has maximuotansity at about 2.7 eV (Gratzel, 2001; Sekat &zhlot,
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2010; Argazzi et al. 2004; Nazeeruddin et al. 2008herefore imperative to reduce the bandgaprdd for better
PEC performance. Doping has been one of the méisteet methods to reduce the bandgap of ZnO. # been
reported that Al-doping can successfully narrow baedgap of ZnO and push the photoresponse inotfg- |
wavelength region (Shet et al. 2013;Mayo et al.6200

Ruthenium based dyes are the most widely studiddta best performing sensitizers for DSSC apptioadue to
the presence of one or more anchoring groups (ggliboor phosphonic acid) as a peripheral substituer
prominent polypyridyl derivatives. However, onetbé important factors in the choice of dyes is¢bst. Because
Ru is a rare metal with very low annual yield, nhéttee-organic dyes have been preferred and a wédiety of
pure organic dyes have been investigated (Mayd. &2086; Gratzel, 2004; Chen et al. 2009; Jiangle2006),
which include novel compounds such as phthalocyaihemicyanine, polyenes, mercurochrome (Ito.e2G04),
coumarins, Rose Bengal, rhodamine 6G and indolmet(&t al. 2013; Kuang et al. 2006;Jiang et al62@duad et
al. 2013; Raidou et al. 2010; Taya et al. 2013; €hal. 2011). With further efforts to search femwer dyes, natural
dyes from plants, are recently been discoveredgen@ dyes whose performance are attractive (Zletagy 2009).
Many organic sensitizers including plant dye haanbievestigated; Souad et al reported.afl0.93 mAcnf, Vo of
394 mV and a conversion efficienay,of 1.5 % for Sumac(a flowering plant)(Souad et24l13). Roy et al. also
reported DSSC performance of Rose Bengal dye asitizen with L. and V. of 3.22 mAcm? and 0.89 V,
respectively resulting tq of 2.09 % (Roy et al. 2008). Hara et al. repoedgof 14.0mAcm? V,.of 0.60 V, an of
6.0 % and fill factor of 0.71 for coumarin dye oanocrystalline Ti@ the highest performance among DSSCs
based on organic-dye as photosensitizers (Hara 20@3).

Organic dyes, especially natural dyes (from plants) replace synthetic dyes since they can beyeasitacted
from fruits, vegetable and flowers with simple aticbct chemical procedures, whereas the former allymequires
many steps procedures, organic solvents and patidit procedures (Chu et al. 2011; Zhang et al92&0y et al.
2008; Hara et al. 2003). The pigments are presetita different part of the plant including flowgstals, fruits,
leaves, stems and roots.

A natural dye extracted frorndigofera arrecta(Beba, a herbicious plant from the Guinea savamegion of
Benue State, Nigeria) is extensively used for dyiocally woven textile materials. This dye has nmebeen
investigated for its chemical structure and DSS@lieptions however; it shows high potential as dficient
photosensitizer in DSSCs. The current work inveséig the DSSC performance of a natural dye extiaicten
Indigofera arrecta plant as sensitizers of nanocrystalline AZO thilmf electrodes in acetonitrile. Most
semiconductor thin film electrodes are found tofdidy stable in acetonitrile as medium of elecjtel under cell
operating conditions(Sarto et al. 2004).

MATERIALS AND METHODS

2.1. Materials

Zn(NO,),.6H,0 (sd fine chemicals) was used as the source &f ZiNO3);.9H,0 (Lobo Chemie-India) as the
source of At". NH; solution (28 %) (Thomas Baker) was the complexaggnt, acetonitrile (SDFCL-India) was
used as the medium of electrolyte. KI (Romaali-#)dind | (Lobachemie) dissolved in acetonitrile F&ID-India)
were used as electrolyte and redox agent, respéctivresh leaves dhdigofera arrectaplant were obtained from
its growth environment, dried and crushed into fpwvder. All chemicals were used as received, withany
further purification.

2.2. Methods

AZO thin films were synthesized by chemical bathpaigtion technique. An aqueous solution of 0.1 M
Zn(NGOs),.6H,0O was prepared, to this solution, aluminium nitrAlE@NO3);.9H,0 was added. The Al in the solution
was varied from 1 to 5 at. %. Aqueous NBblution (28 %)was then added under constantirggirat room
temperature. A white precipitate of Al-Zn(OHyas initially observed, which subsequently disedback into the
solution upon further addition of NBolution. The solution was maintained at~iHd.5. Ultrasonically cleaned
microscope glass slide and stainless steel substvwagre immersed vertically in the solution usirgp&elite holder
and the bath temperature was maintained at 35hK& stibstrates coated with AZO thin film were rentbaéer5 h,
washed with double distilled water dried in air gmmdserved in the vacuum desiccateurther, as-deposited films
were air annealed at 673 K for 2 h.

Fresh leaves dihdigofera arrectaplant were dried in an airy room shielded fromedfrsun rays until they were
completely dried. The dried leaves were crushealfine powder and an appropriate quantity was lieiata beaker
containing acetonitrile at a temperature of 313KH h and then filtered using WHATMAN filter papi@r obtain a
fine greenish dye solution. The AZO thin film elextes were immersed in the dye solution for ab@ut 1o fix the
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dye onto their surfaces. After dye adsorption,dhleur of the films was changed to dark green. @lketrodes were
rinsed in double distilled water to remove the Elgsadsorbed dye molecules and finally dried infairuse. The
dye was characterized for optical absorption.

2.3. Apparatus and instruments

Unless otherwise stated, all DSSC measurements eagrizd out in a two-electrode, single compartneait A
platinum wire was used as counter electrode andniffigofera arrectadye-sensitized AZO electrode was used as
the photoelectrode.

A potentiostat was used for all current-potentiglasurements. For DSSC measurements, 80W xenoanapcwas
used as the source of white light to illuminate skeniconductor photoelectrode area of £.dBptical properties of
the synthesized AZO thin films and the absorptipaecsrum of the dye in acetonitrile solution wereareled with a
Shimadzu, UV-180§pectrophotometer. Structural properties of AZ@ fiims were studied using Philips PW 1830
X-ray diffractometer with Culiradiation § = 1.5406 A) in the range between 20 2 B029. Surface morphology
was studied with scanning electron microscope (S&Ming JOEL JSM-6360).

RESULTS AND DISCUSSION

3.1. Structural characterizations of ZnO thin films

Fig. 1depicts the XRD micrographs of the AZO thiimé annealed at 673 K. It was observed that al firm
samples were polycrystalline with hexagonal wuetaitructure with lattice constants a=3.24982 A exrl20661A
corresponding to those of the ZnO patterns from#BEDS data card (Powder Diffraction File, Card 0@:036-
1451).From XRD patterns, a strong preferential ghoef high intensity in the (002) crystal plane vedsserved for
the undoped ZnO and AZO film with2 at. % Al concetibn, which is the most dense plane in wurtziteOZ
however, for 1 and 5 at. % Al concentrations therisity was reduced (Fernando and Sendeera, 2Gi8gHal.
2000; Mishra et al. 2009; Tyona et al. 2013). Afianealing at 673 K, the Zn(OjWas converted into ZnO through
the following reactions (Bahadur and Srivastav@32®@how et al. 2013; Shinde et al. 2005).

Zn(OH), - [Zn* +2(0% + H")]* I# - [Zn* +O* ] +[0* +2H "] -

) 1
[anSOhd + HZOGaS ( )

N (d)
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Fig. 1. XRD micrographs of AZO with different Al dopings: (a) undoped ZnO (b) 1 at. % (c) 2 at. %. andd) 5 at. %
The HO vapours and other impurities in vapour form aleased during annealing. For AZO films, the initees

of the (002) plane however, remained the same hftat treatment except for 2 at. % Al concentratidrere a
slight increase was observed (as-deposited notrsheve).
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The intensity of the peak corresponding to ZnO J08&s observed to decrease upon incorporation afitalZnO
(ie Al/zn of 1 at. %) and after Al concentration svaaicreased beyond 2 at. %. However, it increakadoy when
the Al content was increased from 1 at. %to 2 aas¥bevealed in Fig. 1.This indicated that the ipocation of Al
impurities into the ZnO lattice induces crystaliagnic defects and hence reduced the crystallifitthe film.
Increasing the Al concentration to 2 at. % (optimeoncentration) also increases carrier concentratia mobility
in the conduction band of the semiconductor thenmsolicing the amount of crystallographic defectshia film.
This result suggests that the crystallinity of filmx in the ZnO (002) plane at this concentratiohAd would
improve significantly as depicted in Fig. 1c(Drati al. 2004; Yao et al. 2010; Lee et al. 2010)tharras the Al
concentration was increased to 5 at. % the crimatiuality of the film sample decreased signiftbanThis is an
indication that there is more compressive stragides in the films at higher doping level(Yao etZ4l10;Lee et al.
2010). Additionally, according to Barna and Adarstkucture zone model for polycrystalline metaliimg(Yao et
al. 2010), as the impurities content increased,enimpurities segregation occurred at the grain Haties of the
film which result in shrinkage in grains size(Yaak 2010) which is similar to the case observecth

Another interesting observation here is the shifangular peak position R corresponding to the (002) upon
incorporation of Al impurities in the ZnO. It watearly noticed that diffraction peak shift of 0.66620 towards
the higher angle occurred for all Al-doped filniBhis would be assigned to the difference in ioidiirof Zrf* and
AlI** (which is higher for Zf as compared to Al)such that the length of the c-axis is expectebetshorter when
Al atoms are substituted into Zn sites in the @iystitice (Drici et al. 2004;Yao et al. 2010).

The mean crystallite size of the AZO thin films redothe plane of most preferred growth (002) wasuwated on
the basis of full width at half maxima (FWHM) usiggherrer’s formula(Bahadur and Srivastava, 200@¢Cét al.
2013):

0.9/

- 2
[ cosé @)

where), B, andf are the X-ray wavelengthi (:1.54056,&), full width at half maximum (FWHM) and diffractio
peak angle, respectively. The estimated crystaliites showed that the mean crystallite size obpad ZnO film
increased from 28 to 29 nm for AZO as depictedablé 1.

Table 1. Estimated crystallite sizes of AZO thin fims using (002) crystal plane

% Doping of Al | Mean crystallite size (nm)
0 28
1 12
2 29
5 14

3.2. Surface characterizations of ZnO thin films

The surface morphology of AZO thin films was stubigsing scanning electron microscope (SEM) images
JOEL JSM-6360).Fig. 2depicts SEM micrographs of Athih films (as-deposited and annealed)with dififeral
concentration (1, 2 and 5 at. %) at constant satestemperature. These SEM micrographs confirmatl ttre
surface morphology of the films was affected byamortration of the dopant. The porosity of the fildecreases
upon introduction of Al impurities as was suggestsd XRD study. This behaviour could be assignedhi®
difference between the ionic radius of Zn and tleping elements, Al (Musat et al. 2004;Shrestha .et a
2010).Further, with increasing Al concentration (apn optimum concentration of 2 at. %), the nstmactures of
the film became denser as in Fig. 2d.

The SEM micrograph of the as-deposited AZO (1 ak.fifn as depicted in Fig. 2 (a) showed fibrousface
morphology with interconnected and well-defined aftakes grown randomly on the substrate, consstulen
solid films of Al-Zn(OH). Each nanoflake is crystalline and indexed to beral crystal structure. The average
thickness of the flakes was of the order@&@0 nm. After annealing at 673 K, the hydroxideg@sain the nanoflakes
were converted to pure AZO with fibrous nanoderdrinorphology of average rod diameteraf0 nm, leading to
large surface area as depicted in (b).The compressisize as earlier mentioned, may be due taselef HO
vapour by the reaction explained in Egn. 1. Suciehmorphology may find applications in dye seusiti solar
cells (DSSC), gas sensors and super capacitorg(ittsChen, 2012).
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X10, 000 1pum

Fig. 2. SEM micrographs of AZO thin films with different Al dopings (a, b) 1 at. %, as-deposited anchaealed (c, d) 2 at. %, as-
deposited and annealed (e, f) 5 at. %, as-depositadd annealed

Fig. 2 (c and d) shows the SEM micrographs of gmsdited and annealed AZO with Al: ZnO of 2 at. %eTas-
deposited film samples are identified with denseadndrite morphology of varying rod sizes with rage rod
diameter of 70 nm and high porosity as well as hligiface roughness. On post annealing treatmeditaK, the
fibrous, nanodendrites morphology of varying rozksiwere transformed to fibrous nanodendrites d¢ifdedined

and uniform rod sizes (rod diameter~o0 nm) as depicted in (d), this kind of morpholdagwery suitable for
DSSC application.

Fig. 2 (e) depicts SEM micrographs of as-deposi&® with Al concentration of 5 at. %. Dense anddamly

oriented nanorods of average diameter 65 nm weseroed. After post annealing treatment at 673 Kysde
uniform and randomly oriented nanorods of diamd®mm, with fine structures were obtained as in These
observations agree with that observed by Shredthh asing sol-gel synthesis of AZO thin films yaarakashan
and Hodes, 2003; Mondal et al. 2013).

3.3. Optical characterization of AZO thin films

Actual information about optical properties of seamiductors is essential for the design and anabfsigrious
optical and optoelectronic devices including matiyeo applications. The absorption and transmittespectraof
AZO thin films were studied at room temperaturé¢hia wave length range from 300 to 800 nm. Air afingaf the
AZO0 thin films converts any hydroxide to oxide athis explains the effect of annealing on opticaiabption (Lee
et al. 2010; Musat et al. 2004; Shrestha et al02Bisu and Chen, 2012; Burstein, 19540).

Fig. 3, illustrates the absorption spectra of Apeld ZnO thin films for various Al concentrationsheTabsorption
spectra (Fig. 3) revealed that all AZO films extebi low absorbance in the visible region (from 408) as
compared to undoped ZnO especially for the samfile A: ZnO, 1 at. %.However, the absorption edge AZO

films with 2 and 5 at. % Al concentration were sdfted (430 and 450 nm, respectively). This cdaddattributed
to the enhancement in optical properties inducedlloping(Burstein, 19540; Moss, 1954; Cebullaletl998).
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Fig. 3. Absorption spectra of AZO thin film for different Al concentrations: (a) 0 at. % (b) 1 at. % €) 2 at. % and (d) 5 at. %

Fig. 4, depicts the plot ofifiv)? as a function of rfrom which optical energy band gapsy(Bf the films were

estimated using Tuac’s relationship between therglisn coefficient,a, and the photon energyy liLee et al.
2010):

b= (hu - E, )” -
hu

where, o, iS @ constant, s the optical energy band gap and n is a constaith depends on the probability of
transition (it takes values as 1/2, 3/2, 2 and 3dioect allowed, direct forbidden, indirect allodvand indirect
forbidden transition, respectively). The estimagdralues of AZO thin film are presented in TableTRe optical
band gap shows a marginal increase for 2 and% #ZO films though more pronounced for 2 at. % aspared
to undoped ZnO. For undoped ZnO, the band ga@dB&V and for 2 and 5 at. % AZO, it increases iband 3.10
eV, respectively. Such widening of optical energnd gap with Al

20
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Fig. 4. Optical band gap of AZO thin film for different Al concentrations (a) O at. % (b) 1 at. % (cR at. % (d) 5 at. %
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doping have been described by Burstein—-Moss e8bctistha et al. 2010; Hsu and Chen, 2012; Jayegirakeand
Hodes, 2003; Mondal et al. 2013; Burstein, 1954kxsBin-moss pointed out that an increase in tienHevel in
the conduction band ofdegenerate semiconductods leawidening of theenergy band (blue shift)(Stivest al.
2010; Hsu and Chen, 2012;Burstein, 19540; Moss418®bulla et al. 1998; Lin et al. 2005; El Manoeial.
2006).Enhancement of band gap also ensures thessfabdoping of aluminium in the ZnO thin films(kidal et
al. 2013; Burstein, 1954; Moss, 1954; Cebulla £1898).

On the other hand, it was observed that a deciadsend gap occurs for 1 at. %AZO film. Such unlised-shift

of fundamental absorption edge has been reportelldiyanty et al (Mohanty et al. 2009) and was exg@diin

terms of stress relaxation mechanism. The reduatigtope of the linear portion of the plot obsehie the present
work suggests introduction of defect states witthiea band gap. Thus we interpret this shift due &rgimg of

impurity band into the conduction band, therebyirdting the band gap(Bhattacharya and Datta, 20@gaki et

al. 2004; Kim and Honma, 2004). Formation of sucipurity band giving rise to new donor electroniatss just
below the conduction band is possible and thiseartue to hybridization between states of the Zr&lrirmand of

the Al dopant (Musat et al. 2004; Moss, 1954; Clebet al. 1998). It seems that such formation aiatdevels

compensates the Burstein-Moss effect and resuttseimarrowing of the effective band gap of AZOeTkduction
of stress is due to enhanced thickness (Moss, 1@&dulla et al. 1998; Lin et al. 2005; EI Manounak 2006) of
AZO films as compared to undoped ZnO may also tenrae contribution to the observed red-shift(Mugadle
2004). Therefore the optical band gap of the AZkesaa peak increase at Al:ZnO of 2 at. % which wlayious

be the optimum doping concentration for AZO.

Table 2. Estimated values of energy band gap and tigal transmittance for AZO thin films for differen t Al concentrations

% Al doping | Energy band gap (eV) | Transmittance (%)
0 3.12 90
1 2.80 72
2 3.15 88
5 3.10 42

The transmittance spectra, Fig. 5 depict the variabf optical transmittance of undoped (as refeegrand Al-
doped ZnO films on microscope glass slide substmatéhe visible range. The doping effect of Al onet
transparency and homogeneity of the AZO preparsgkes was evaluated and depicted in Fig. 5. Regssdif the

Al concentration, all films are highly transpareint the visible region(400-800 nm) (Lee et al. 201The
transmittance of Al-doped films showed moderatéghhvalues in the range from42 to 90 % in the Ve&sitange as
shown in Table 2 and Fig. 5. The optical transmita is found to decrease significantly at highepidg
concentration (undoped ZnO film90 %) owing to the segregated,@} and also due to decrease in the crystalline
quality of the Al-doped films. The effect of Al coentration in AZO thin films on transmittance isosm by the
inset of Fig. 5.

-
o
o

(a) —=— Undoped ZnO
4 ((b) —#— AZO,1at %
(c) —A— AZO, 2 at %
(d) —v— AZO,5at%

(o]
o
1

S (=23
o o
N N

Transmittance (%)
N
o

0
300 400 500 600 700 800
Wavelength (nm)

Fig. 5. Transmittance of AZO thin films for different Al concentrations (a) 0 at. % (b) 1 at. % (c) 2&at. % (d) 5 at. %
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3.4. Optical property of Indigofera arrecta plantel

The absorption spectra bfdigofera arrectaplant dye extracted in acetonitrile is shown ig.F along with that of
unsensitized AZO thin film for comparison (only 2%).It is clear that the dye shows very good light apson
across the spectrum from UV to visible light in thege of 300-750nm wavelength with almost const@sbrption
peak across the range. Sifdondigofera arrectaplant dye absorbs light of appropriate wave lejigtian be used as

photosensitizer for wide-band gap semiconductougshsas AZO (g 3.16 eV),which cannot solely absorb
reasonably in the visible light spectrum as shawhig. 6.

4

)

: (b}

8 3]

@ {

e

© 2-

Ko

=

8

Q 14

< (a) —+— Unsensitized AZO
o (b) —— Indigofera arrecta plant dye
300 400 500 600 700 800

Wave length (nm)

Fig. 6.Absorption spectrum ofl ndigofera arrecta plant dye in acetonitrile

4.Photoelectrochemical studies

4.1. Current-potential (I-V) curves

To investigate the photoelectrochemical activitéshe synthesized AZO thin film electrodes in giresent work,
all experiments were performed in a single compantneellinpolyiodide solution as the electrolytdoBelectrode
(AZO thin film) area of 1 crhwas illuminated with an input power;{Pof 80 mW/cni from a xenon arc lamp. The
PEC solar cell fabricated in this work is depiciedrig. 7.The I-V curves of AZO DSSCs with diffeteld contents
(1, 2 and 5 at. %), sensitized imgigifera arrectaplant dye are depicted in Fig. 8. A careful pera$ahese curves
shows that in the dark, the current obtained ah &80 electrode was not zero however, showed irifsigmtly
low values. The measurement of the dark currerdtgrehan zero here may be ascribed to the fattthieacell
might be partially illuminated by the backgrounghii in the experimental room. Furthermore, whenetleetrodes
were illuminated with white light, all photoelecttes showed significantly high photocurrent densitieough;
higher photocurrent density was recorded for theOAZample with Al: Zn of 2 at. %. These currents aver
comparatively higher than that recorded for undofe® sample (as shown in the inset of Fig. 8a, @n2gcnT)
under the same conditions. This confirmed that As&niconductor materials are better candidates Ef® Bolar
cell application (Bhattacharya and Datta, 2005).

Fig. 7. DSSC using ndigofera arrecta dye-sensitized AZO photoelectrode
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These increase in photocurrent densities of thetreldes upon dye-sensitization can be assignedigixely to
charge carriers injection by photoexcited dye males alongside the valence electrons excited bynfhige light
which increases total charge carriers and hendeehighotocurrent as observed (Fernando and Send98).
This was in line with the expectation since whighi consist of photons of energy=t, of ZnO hence, can excite
the electrons from the valence band to conductamdbof the semiconductor to produce photocurrent{Tet al.
2013; Fernando and Sendeera, 2008).

Table 3. PEC solar cell parameters of AZO thin filmelectrodes sensitized bindigofera arrecta plant dye

AZO Electrodes with % Al | Photocurrent Density (Is) [mA/cm?] | Photovoltage (Mo [MV] | | max (MA/CM?) | Viax (MV)
0 0.29 595.0 0.18 421.0
1 1.27 596.0 0.74 428.0
2 1.35 643.0 0.93 438.0
5 0.84 664.0 0.55 425.0

It was further observed that the photocurrent dgnisicreased with Al concentration, with the highesarrent
recorded for Al: Zn of 2 at. %. Further increaseAlirconcentration beyond 2 at. %, current decreaapdlly; thus
confirming the earlier assertion that 2 at. % Ahcentration is the optimum doping level for AZO 18EC solar
cell application. This enhanced performance atnagitidoping concentration is probably due to optiralrier
concentration reached in the semiconductor whichiittetes fast electron transport and consequeppr@ssion of
charge recombination activities (Bhattacharya aattd) 2005).
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Fig. 8.Current-potential curves for dye-sensitizedhanocrystalline AZO electrodes with different Al dgings (a) 1 at. % (b) 2 at. % and (c)
5at. %

Indigofera arrectaplant dye can effectively sensitize AZO becausehefir energy band gaps (Fernando and
Sendeera, 2008) (1.91 eV estimated for indigofarhza80, 3.15 and 3.10 eV for AZO with Al: Zn of2and 5 at.
%).Whenlindigofera arrectadye molecules absorb photons with energies gréfader 1.91 eV, the electrons in the
excited states oindigofera arrectaplant dye can be quickly injected into the condrctbands of AZO
nanostructures (Wolcott et al. 2009; Roy et al.800his shows improvement in performance of tret thre on
nanocrystalline AZO electrodes. The estimated photent densities and photovoltages are present&dhle 3.

26
Pelagia Research Library



M. D. Tyonaet al Adv. Appl. Sci. Res., 2016, 7(4):18-31

4.2. Electrochemical impedance spectroscopy (Elflys

Electrochemical Impedance Spectroscopy (EIS) &nai guantitative technique and is versatile foreistigating the
dynamics of the bound or mobile charges in the loulknterfacial region of a PEC solar cell systévtishra et al.

2009). In EIS measurements, the potential applieth¢ solar cell is perturbed by a small amplitsdeisoidal

modulation and the resulting sinusoidal currenpoese is measured as a function of the modulatiequéncy

systems(Mishra et al. 2009). It is one of the mastful experimental techniques as it permits a kamaous

characterization of the different processes takiiage in the cell; that is, at the semiconductthi electrolyte and
at the counter-electrode (Kim and Honma, 2004; Rekhal. 2013; Sekar and Ramasamy, 2013). Theriekdct
current response is measured when a certain stalsgltage is applied to the system. This curresponse will

be a sinusoid at the same frequency, but shiftgdhase (Kim and Honma, 2004).

EIS of AZO annealed at 673 K was carried out usiriyequency Response Analyzer coupled to a Posttio a
two-electrode mode (Yao et al. 2010; Kim and Hong&@)4).All the processes taking place in the ertak were
evaluated in the dark condition. The EIS data ammonly analysed by fitting into an equivalent &lieal circuit
model Rekha et al. 2013; Sekar and Ramasamy, 2013).

Fig. 9 (a-c), depicts the impedance spectrdrfdigofera arrectaplant dye-sensitized AZO DSSCs with different Al
contents(1, 2 and 5 at. %) measured at variouspoigntials: 0.596, 0.643 and 0.664 V. In Fig. aral 9 ci, for Al
contents of 1 and 5 at. %, the Nyquist plots shoredatively high impedance characteristics, contd mainly by
the photoelectrode and the ionic solution (ie tleeteolyte). The charge transfer process at thémplan counter-
electrode/electrolyte/photoelectrode interfacegobed in the intermediate frequency range are foeaich case due
to relatively high charge tranfer resistance of #iectrolyte as observed in (aii) and (cii) (curaein each
case)andTables 4 a and c, respectively.

The electron transport resistand&sn the mesoporous layers (photoelectrodes) areifiotivese cases, due to low
series resistances of thedigofera arrectadye-sensitized electrodes. Warburg impedance serobd in the high
frequency range in the case of AZO of 1 at. % ebele as depicted in (aiii) which accounts for daseein diffusion
impedance of redox speciesin the electrolytethufiaecing moderately high photocurrent density ie tell.
Similar case is observed for AZO of 5 at. % eledtrowhere the low diffusion impedance of redox gmmn the
electrolyte is represented by the CPE of low impedéRodriguez; 2011;Patil and Singh, 2011).
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Fig. 9.Impedance spectra ofndigofera arrecta plant dye-sensitized AZO DSSCs with different Al antents: (a) 1 at. % (b) 2 at. % (c) 5 at.
% obtained in dark for bias potentials of 0.596, 643 and 0.664 V

In Fig. 9b, for Al content of 2 at. %, the cell &its much lower impedance as compared to 1 and % aloping
levels which results from overall decrease in oefpedance initiated by the CPE (Q as in biii) anel ibw ohmic
resistances which lowers the charge transfer easist and the diffusion impedance of redox specieshé
electrolyte system (Rodriguez; 2011; Patil and BiP11). The zero series resistance of the prexttelde also
observed in (bi) reduces electron recombinatiorcgsses in the photoelectrode and facilitate faet rdglecules
injection and transfer thus, enhancing higher PE(L merformance as noted in Table 3 (Patil and Sirp11;
Bisqquert and Vikhrenko, 2004; Zaban et al. 2018pds et al. 2010; Jeong et al. 2003). Values ¢fiogledance
elements estimated from the electrical analogs\itimodels) are shown in Tables 4 a-c, which aeduo fit the

EIS experimental data.
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Table 4.Equivalent electrical circuit analog data stimated from the electrochemical cell measuremendf | ndigofera arrecta plant dye-
sensitized AZO (with different Cu contents) PEC salr cell measured in dark condition in a 2-electrodeonfiguration at biaspotential of

(a

Parameter| Value

Rs

15.3624

Rp

0.00091pt

W

6.45E-01

Cdl

2.22E-16

(b)

Parameten Value

Qyl [4.49E-10
Qal |1.400136
R1 767.9184
R2 51.70941L
Qy2 |7.17E-0b
Qa2 |0.752214

(©

Parameten Value

Rs | 33.815
RL |4720.164
Qyl |2.12E-0b
Qal | 0.71399
R2 |4720.11B
Qy2 |2.22E-1p
Qa2 |0.768824

4.3. Power Conversion Efficiency) @nd Fill Factor (FF)
Energy or power conversion efficienay) (of solar cell is the percentage of power conwkeftem absorbed light to
electrical energy and collected, when a solarisedbnnected to an electrical circuit. The poweipats of the dye-
sensitized AZO thin films PEC solar cells in thereat work were determined in the dark and undamination

0.596, 0.643 and 0.664 V (a) 1 at. % (b) 3 at. %difc) 5 at. %

with an input power (B, of 80 mW/cn.

All the currents and potentialsg{l Voe, Imax and Vina) measured for the AZO thin film electrodes semsili by
Indigofera arrectaplant dye are shown in the I-V curve of Fig. 8 d@inel measured values are presented in Table 3,
respectively. The light energy to electrical powenversion efficiencyr() and fill factor (FF) were evaluated from
the following Eqns (Lee et al. 2010):

—_ Imax(Alcrnz)Vmax(\/)
(%) = b Wit 100 ()
—_ Imax(Alcrnz)Vmax(\/)
(AT, (V) ©

The estimated values of power conversion efficieneind fill factors for all the ZnO film sample® gresented in
Table 5.

Table 5. Estimated values of power conversion effencies and fill factors ofl ndigofera arrecta plant dye-sensitized AZO PEC solar cells

AZO Electrodes with % Cu | Efficiency (%) | Fill Factor (FF)
0 0.16 0.44
1 0.40 0.42
2 0.51 0.47
5 0.29 0.42
CONCLUSION

A study of PEC solar cells of AZO thin film electi®s sensitized with a natural dye obtained filonigofera
arrecta plant has been carried out. In the study, chetyicinthesized AZO electrodes were found to possess
fibrous nanostructures that well favoured DSSCdliegjion. Optical studies carried out on the AZOntfilms
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indicate red shifts in their absorption edges up36 nm wavelength. Energy band gap was found g fvram 2.80
to 3.15 eV and high transmittance of up to 88 % aaseved. Further with the uselotligofera arrectaplant dye
on AZO electrode, the spectral response of the Wwatted gap AZO (3.15 eV) was extended well into thsible
region.Indigofera arrectaplant dye was seen to anchor well on nanocrys&aiZO thin film electrode. The use of
the dye on AZO electrode shows significant enhameegrm DSSC properties of the semiconductor. Photeat
density and photovoltage of 1.35 mAfcand 0.643 V were measured for optimum doping lefedZO (2 at. %)
which yielded light to electrical energy and fiidtor of 0.51 % and 0.47, respectively. EIS stuidhe DSSCs also
confirms good performance. It is clear from thigdst that AZO semiconductor materials are bettedickaies for
PEC solar cells application than undoped ZnO.
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