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ABSTRACT

Bandgap of the CdSe nanocrystals was tailored using low temperature
synthesis and these nanocyrstal s were used to fabricate ZnO based Quantum
Dot Sensitized Solar Cell (QDSSC). CdSe nanocrystal sizevaried from0.85to
2.25 nmwithincreasein synthesistemperature from 225 to 255°C. Bandgap

KEYWORDS

CdSe nanocrystals;
Synthesis temperature;
Bandgap tailoring;
QDSSC.

of CdSe nanocrystals decreased from 3.50 to 1.97 eV with increasein size
from 0.85 to 2.25 nm, resulting in the absorbance of a broader spectrum of
visible light in the range 350 to 700 nm. QDSSCs were fabricated by using
individual nanocrystals of different size and ablend of all the nanocrystals.
Asthe size of the nanocrystal increased from 0.85 to 2.25 nm, efficiency of
QDSSC wasfound to decreasefrom 2.06 to 0.25 %. Theefficiency of colloidal

QDSSC cell wasobtainedtobe 3.6 % at AM 1.5.
© 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Semiconductor nanocrystals of narrow bandgap
materialssuch asCdSe, CdS, PbSand InAshavebeen
the subject of considerableinterest dueto their poten-
tia to replacethe sengtizer dyesin Dye Sendtized So-
lar Cells(DSSCs)i*®. QDSSCshavethe possibility of
boosting the power conversion efficiency beyond the
traditional Schokley and Queisser limit of 31%for S
based solar cellg¢. QDSSCs make use of quantum dot
nanocrystals as sensitizersin the front wide bandgap
electrode. DSSCs have exhibited amaximum power
conversion efficiency of 11.1 % and agood long term
stability but in order to outwit thetraditional Schokley

and Queisser limit of 31%for S based solar cdlls, fur-
ther research needsto befocused to increase the effi-
ciency of DSSC4d”. For maximum power conversion
efficiency in DSSCs, the dyes used as sengtizersshould
highly absorbintheentirevisblespectrum. Thisispos-
sibleonly when severd dyesabsorbing different wave-
lengths of thevisibleregion areused smultaneoudly in
colloidal form. QDSSCs make use of quantum dot
nanocrystal sinstead of dyesbecausethesize quantiza-
tion property of quantum dot nanocrystasallowsone
to modulate bandgap offsetsandinturnto tunethevis-
ibleresponse. Thesmaller sized nanocrystd haslarger
bandgap and vica-versa. The main advantage with
quantum dot nanocrystalsisthat, because of the high
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leve of control possibleover theszeof thenanocrystd's
produced, it is possibleto have very precise control
over the conductive properties of thematerid®. Thus
quantum dot nanocrystasof thesamematerid, but with
varying sizes, can absorb aswell asemit light of differ-
ent wavel engths. Compared to traditiona dyes, quan-
tum dot nanocrystals have broader and tuneabl e ab-
sorptionwave ength, high extinction coefficient, more
resi stant to chemica and metabolic degradation, higher
photobl eaching threshold, and high quantum yield®.
Furthermore, thesenanocrysta sutilize hot d ectronsand
generatemulltiplechargecarrierswith asingle photon
Thisphenomenoniscalled Multiple Exciton Genera-
tion (MEG). Asaresult, they have superior transport
and optical properties, and are being researched for
usein solar cells, diode lasers, amplifiers, and biologi-
cd sensorsetc. Dueto MEG quantum dot nanocrysta's
areabletoincrease the efficiency and reduce the cost
of today’s typical Si photovoltaic cells!**3, This com-
paresfavorably to today’s photovoltaic cells which can
only manage one exciton per high energy photon, with
high kineticenergy carrierslosing their energy as hest.
QDSSCsare cheaper to manufacture, asthey can be
made using simplelaboratory techniquesd.

Three methods of assembling quantum dot
nanocrysta sinto mesoporous TiO,/ZnOfilmshavebeen
reported sofar: in situ growth of nanocrystalson TiO,/
ZnO surface using Chemical Bath Deposition (CBD),
deposition of presynthesi zed colloidal nanocrystalsby
direct adsorption and deposition of presynthesized col-
loidd nanocrystasby using bifunctiond linkingmolecule
such asMercapto PropionicAcid (MPA)™M. Research
isbeen going on thefabrication of QDSSCsusing al
threemethods. But growth of quantum dot nanocrystas
using CBD and then fabricating QDSSC on thislayer
has been rigorously studied. Direct adsorption of
nanocrystalson TiO,/ZnO surfaceresultsin poor link-
ing of the nanocrystal swith nanoporous structure of
TiO,/ZnO. So, asuitablehidirectiond linking molecule
isused whose one end is attached to the nanocrystals
and other end is attached to TiO,/ZnO nanoporous
structure. Useof suitablelinking moleculeenhancesthe
power convers on efficiency because of theproper link-
ing of nanocrystaswith TiO,/ZnO network. Now adays
researchismorefocused on ZnO asfront electrodein
QDSSC because of itsvery nature of being self acti-
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vated n-type semiconductor, large exciton binding en-
ergy of 60 meV, morestability to high energy radiation
and wet chemical etching*¥. Luan et. a haveasore-
ported efficiency of ~ 1%inaZnO nanorod/CdS/CdSe
based QDSSC™*® while Chen et. al have used CdS
and CdSe as a co-sensitized in QDDSC with ZnO
nanowire, However maximum efficiency isreported
1.4%)

This paper reportsasimple chemical routeto syn-
thesize of CdSe nanocrystals for preparation of
QDSSCs. Theeffect of synthesistemperatureon struc-
turd and optica propertiesof thenanocrystasisinves-
tigated. Effect of nanocrystal size onthe QDSSC per-
formanceisa soinvestigated. Anempirical relation has
been devel oped to correl ate the efficiency of thecells
withthesizeof CdSenanocrystals.

EXPERIMENTAL

Synthesisof CdSenanocrystals

CdSenanocrystd swere prepared by low tempera-
turesynthesis. For Sesource, 30 mg of Selenium (Se)
and 5 ml octadecenewere added in aflask and stirred
on amagnetic stirrer with 80°C temperature. 0.4 ml
Tri-Octyl Phosphine (TOP) was added to the above
mixture. Thesolutionwasstirred whilegiving thetem-
perature at the sametimeto completely dissolvethe
selenium. When Sewas dissolved compl etely, the so-
|ution was cool ed to room temperature. Thissolution
may be prepared ahead of time, and has enough Se
precursorsfor severa preparations, and can be stored
in asealed container for at least several months. To
prepare CdSe nanocrystas, 13 mg of CdO wasmixed
in 10 ml octadecenein aflask. To the sameflask, 0.6
mL oleicacid wasadded. Hask wasswirled to mix the
liquids. Thissolution washeatedtill the temperature
reached 225°C. 1mL of Se solution wasthen added to
this CdO solution. The control of the size of the
nanocrystal swas achieved simply by controlling syn-
thesistemperature®®. The temperature wasincreased
gradualy (225-255°C) as the reaction progressed.
CdSe nanocrysta swerethen removed at frequent in-
terva swith help of micropipette asthe CdSe particles
grew in size by noticing the changein the color of the
solution. Asthereaction progressed, the solution was
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observed to changeitscolor from greentored. XRD
measurements of CdSenanocrystalswere carried out
using Bruker AXS—DS8 discover diffractometer having
CuK__ incident beam (. =1.54A). Structural proper-
ties of CdSe nanocrystals were observed by using
TECNAI G?> T30, u-TWIN TEM.

Preparation of ZnO electrode

Slurry of ZnO nanoparti cleswith polyethylenegly-
col (PEG ) in Di-ionized (DI) water wasused to
prepare ZnO d ectrode using Doctor-bladetechnique.
BareZnO el ectrode wasfirst prepared and sintered at
4507 C. Thedetails of preparing ZnO dectrode with-
out and with nanocrystals are reported el sewherel*7,
Absorbance of CdSe nanocrystals and CdSe
nanocrystalsadsorbed ZnO dectrodeinthevisblere-
gion was measured using Shimadzu solidspec-3700
UV-VIS-NIR spectrophotometer.

Fabrication of quantum dot sensitized solar cell

QDSSCswerefdoricated by usngindividua QDs
of different szeand ablend of al thenanocrystals. The
blend of nanocrystalswasformed by ultrasoni cation of
all thenanocrystalsfor 2 h. QDSSC fabrication tech-
nique has been reported in detail e sewhere™ of the
ZnO e ectrode changed to dark yellow after nanocrystd
adsorption. |-V characteristic of the cell was measured
using computerized digita 2400 K eithley source meter
and aM-91190 Newport class-A solar smulator. The
mesasurement wasmadeat 1 sunillumination (100 mw/
cn?, AM 1.5). Theactiveeectrodeareawastypically
lcm?

RESULTSAND DISCUSSION

CdSenanocrystals

The XRD pattern of CdSe nanocrystalsis shown
inFigure1l. Thewurtzitecrystallinestructure of CdSe
corresponding to (002) planeat 25° isobservedinall
spectraof nanocrystal§?!. The extremely broad dif-
fraction peak of XRD pattern indicates about the ex-
tremely small sizeof thenanocrystals. Thesingle peak
in(002) planeindicatesthe preferentia growth of crys-
talitesinthisparticular planeshowingthesingly crys-
talline nature of nanocrystals. No additiona impurity
peaks arefound in XRD spectra. Full Width at Half
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Maximum (FWHM) isfound to decrease as synthesis
temperaureincreases showing that nanocrystal sizein-
creaseswithincreasein synthesistemperature. Debye-
Scherrer’s formula was used to calculate the nanocrystal
size(D)=,

_ Ka
- 3 coso (1)
Where, K isthe particle shapefactor which depends
on the shape of the particlesanditsvalueis0.94, 3 is
FWHM of the sel ected diffraction peak corresponding
to (002) planeand 6 is the Bragg angle obtained from
26 value corresponding to the sameplane.
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Figurel: Effect of synthesistemperatureon XRD patter n of
CdSenanocrystals
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Figure2: Variationin FWHM and CdSenanocrystal szeas
afunction of synthesistemperature

Figure 2 showstheeffect of synthesistemperature
on FWHM and nanocrystal size. The size of the
nanocrystalsincreasesfrom 0.85t0 2.25 nmwithin-
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creasein synthesistemperature may bedueto highre-
actionrateor the expans on of capping agent polymer
matrix because of increased synthesistemperature.

TEM andysswasfurther carried out to investigate
more about structural analysis CdSe. Figure 3 shows
the TEM imagesof CdSe nanocrystdsat different syn-
thesistemperature. Size of CdSe nanocrystasisvary-
ingfrom 0.85t0 2.25 nmwith increaseinthe synthesis
temperaturefrom 225to 255°C. TEM imagesare ar-
rangedinincreasngorder of synthes stemperaturewich
also support the formation of CdSe quantum dot
nanocrystals. Size of CdSe nanocrystalsas calculated
by XRD matcheswell withthe TEM results.
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Figure3: TEM imagesof CdSenanocrystalswith different
synthesistemperature

The optical absorption spectra of the CdSe
nanocrystalsare shownin Figure4 (). The bandgap
of bulk CdSeis 1.74 eV and the absorption peak is
observed at ~ 715 nm. The absorption peak of CdSe
nanocrysta sisred shifted withincreasein synthes stem-
perature duetoincreasein nanocrystal size. Theinset
of Figure 4 (a) showsthe changein color of synthe-
sized nanocrystal's. Bandgap (Eg) of nanocrystalswas
calculated using Tauc’s plot method (Eq. 2) is given
byf17,
ahv=A (hw-E))" 2
Where, a is the absorption coefficient, hv is the photon
energy, A isthe constant, E, isthebandgap. Thevalue
of nis's or 2 depending upon whether the transition
from va enceband to conduction band isdirect or indi-
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rect. Thevaueis': in case of direct transition and 2 in
case of indirect transition. Since CdSe is a direct
bandgap semiconductor, the value of nis % in the
present case. TheTauc’s plot is shown in Figure 4 (b).
Intersection of the slope of (ahv)? Vshv curve pro-
videsbandgap. Thebandgapisfoundtovary from 1.97
to 3.50 eV asthe synthesistemperature decreases. The
Bohr radius of exciton for CdSeis 5.6 nmi#?3, The
CdSenanocrystal sizeislessthan theexciton Bohr ra
diusindicating astrong quantum confinement.

ZnO electrode

The surface morphologies of bare ZnO electrode
and CdSe sensitized ZnO e ectrodewerestudied using
SEM. SEM images show that bare ZnO electrode has
porous structure which is necessary for CdSe adsorp-
tion (Figure5). After adsorption of CdSe nanocrystals
on themesoporous ZnO el ectrode, the poresof ZnO
arefilled by thenanocrystas. SEM image confirmsthat
thenanocrystalssit in the porous structure of ZnO elec-
trode. It can be seethat after nanocrystal adsorption,
the ZnO nanoporous structureis partially blocked so
asto providethe necessary pathway for the movement
of charge carriersaswell asel ectrolyte redox couple
ions.

Absorbance spectraof ZnO el ectrode beforeand
after CdSesengtizationisshowninFigure6. BareZnO
electrodeabsorbed light inonly UV region of lessthan
400 nm, dueto itswide bandgap (3.37 eV for bulk).
Absorbanceincreased in the visibleregion and cov-
ered amost entire visible spectrum from 350 to 700
nm with sensitization of ZnO e ectrode with CdSe
nanocrystals. Size quantization effect red shifted the
absorption edgeindicating the adsorption of al CdSe
nanocrystals having different absorption wavelength,
thereby covering theentirevisiblespectrum.

Quantum dot sensitized solar cell

I-V characteristic of theQDSSCisshowninFig-
ure7. The power conversion efficiency (n) and fill fac-
tor (FF) wereeva uated using following relations (Eq.
3& 4)

I xV

n= "‘P %100 (%) ©)
I, xV,

= v, @
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Figure 4 : (a) Absorption spectra (inset - CdSe nanocrystalsin increasing order of size) and (b) Tauc’s plots of CdSe

nanocrystals
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Figure5: SEM imagesof (a) bareZnO electrodeand (b) CdSeadsorbed ZnO electrode

05 = 7n0 electrode
: q — CdSe adsorbeded ZnO electrode

—~ 04}
3
S
8 03}
&
5 o2}
@
<

01}

00 1 i

400 500 600 700
Wavelength (nm)

Figure6: Absorbancegraph of ZnO electrodewithout and
with CdSeadsorption

Where, | istheshort-circuit photocurrent, V__isthe
open circuit photo voltageand P, istheincident light
power. | _andV _arethe current and voltage at the

TABLE 1: Effect of nanocrystal Szeon variouspar ameter sof
QDSsC

Nanocrystal lsc Voc I'm Vi FE n

sze(hm) (MA) (V) (MA) (V) (%)
0.85 5 071 44 047 06 206
1.2 37 066 43 04 08 19
1.34 219 058 18 037 052 0.66
2.25 117 038 088 028 0.6 0.25

Calloidal

ODSSC 105 078 74 048 05 36

maximum power point (P ) respectively. Thevauesof
. V.. P, FF and n for QDSSCs fabricated using
different sized nanocrystalsaregivenin TABLE 1.
Theefficiency of theQDSSCisfound toincrease
with decreasein the size of the nanocrystals. Thisis
because theefficiency isdirectly dependent on number
of photo-generated charge carrierswhich inturn de-
pend on the chargetransfer rate between nanocrystals
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Figure7: 1-V characteristics of CdSe nanocrystals sensi-
tized QDSSCs
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Figure8: Simplechargeinjection model

and ZnO. Larger nanocrystals may absorb more pho-
tons, but may not transfer the generated charges effi-
ciently to the acceptor material. Thechargeinjection
rate is dependent on the difference between the
nanocrystal excited state and conduction band of ZnO.
Sincelarger sized nanocrystal hassmaler bandgap as
compared to the smaller sized nanocrystal which has
larger bandgap (Figure 8), therate of chargeinjection
ishigherin case of smaller sized nanocrystals. There-
forethel_ and henceefficiency isimproved asthesize
of thenanocrystal decreases. The highest power con-
version efficiency of 3.6 % hasbeen obtained in case
of blended nanocrystal QDSSC. Thisisattributed to
theefficient light harvesting and charge collection re-
sulting from enhanced light absorption duetothelarger
distribution in size of nanocrystals. When all the
nanocrystal's having absorption maximum edgesin the

entirevis ble spectrum aremixed together, then the ab-
sorption of the photons by the nanocrystalsis maxi-
mized and theresultisan overal improved efficiency.

Anempirical model (Eq. 5) isalso obtained by fit-
tingtheexperimentd data, to seetheeffect of nanocrystd
sizeontheefficiency of thecells. Where, A =2.05,A,
=0.33,D,=1.27,dx = 0.03.

=A + (A,-A,)
=" (1+exp((D-D, )/ dx)) ®)
Thevaridioninefficiency with nanocrysta sizeus-
ing the aboverelationship isshownin Figure 9. For
better understanding, Figure 9isdividedintothreere-
gions—region-I, region-II and region-II1. It can be seen
that rate of changeof efficiency ishighestinregion-II.
Thismay be explained by the chargeinjection model
(Figure8). Asweknow that the major mechanism of
charge separationinaQDSSC istheenergy level po-
sition of the whole system. The excited state of the
nanocrystalsshould lie above the conduction band edge
of theZnO and ground state of the nanocrystalsshould
lie below the chemical potential of theelectrolyte, for
efficient chargeinjection and separation. Sotherate of
chargeinjectionin caseof smaller sized nanocrystasis
higher because of high energetic driving forcewhich
injectstheelectronsinto the conduction band of ZnO
duetowhichtherateof efficiency increaseismorein
region-11 as compared to region-111. But, the rate of
efficiency changeissmall inregion-I although it con-
tainsmore small nanocrystals. Thismay beduetothe
smdler density of thecrystalsor not good compatibility
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20k E’ :
= 16} A
) . : m Experimental Deta
5 ; ! — Fitting Data
g 12} i '
[T | .
o8} o\
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Nanocrystal size (nm)
Figure9: Effect of nanocrystal sizeon efficiency of QDSSC
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between nanocrystal sizeand ZnO poresize.
CONCLUSION

CdSenanocrystalsof sizevaryingintheentirevis-
ible spectrum offer new waysto design QDSSCswith
abroader absorption range. So, an easy, cost effective
and sizetunable synthes sof the CdSe nanocrystalswas
employed to tunethe bandgap intherange 400 to 700
nm. Synthesi stemperaturewas shownto haveastrong
effect onthe size of nanocrystalsand hence absorption
onset. Thedeposition of such QD nanocrystals cover-
ingtheentirevigblespectrum, into ZnOfilm formsmaxi-
mizesthelight harvesting capability of QDSSCs. As
the size of nanocrysta sincreased from 0.85t0 2.25,
theefficiency of QDSSC wasfound to decreasefrom
2.06 to 0.25 %. The QDSSC with smallest size
nanocrystals have maximum efficiency of 2.06 % due
tofaster chargetransfer rate because of high energetic
driving force. Theefficiency of colloida QDSSC was
obtained 3.6 % due to better synergy for harvesting
incident photonsof abroader spectrum of visiblelight.
Thefabrication of colloidal QDSSC pavestheway for
improving theefficiency of solar cells.
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