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Abstract

Fabrication of multi-layered quantum dot sensitizetar cells, especially g-dot solar cells
that contain more than two layers of g-dots ast ligirvesting materials is a great challenge
due to adverse effects exert by the of the g-dothe outer-layers on the inner optimized g-
dot layer. In this work, multi-bandgap g-dots ofSPbandgap 1.16 eV), CdS (bandgap 2.01
eV) and CdSe (bandgapl.76 eV) are stacked ierdift combinations on the mesoporous
TiO, layer to enhance the light harvesting ability. Tineblems associated with stacking of
multi-layers of g-dots on the mesoporous F18@yer were also investigated. The observed
photovoltaic properties of multiband g-dot solaiscavith different stacking configurations
are then compared with the optical and electricaperties of multi-band gap quantum dots.
The optimized three-layer PbS/CdS/CdSe g-dot smiirshowed a solar cell efficiency of
6.2% while two-layer g-dot solar cells fabricatedhaPbS/CdS and CdS/CdSe showed solar
cell efficiencies of 5.8 and 4.2% respectively. Hmanced solar cell performance of three-
layer PbS/CdS/CdSe g-dot solar cell is found tonlénly due to proper cascade stacking of
three g-dot layers in photoanode that ensuingnhaeced charge transport as well as higher

light harvesting.

Keywords: PbS/CdS, PbS/CdS/CdSe, light harvestiiligya quantum dots sensitized solar
cell, multi-layered quantum dots, stacking of gsdot



Introduction

Quantum dot sensitized solar cells (QDSCs) are giaginext-generation solar cells
due to their characteristic features like tuneabéand gap, high extinction coefficient,
multiple exciton's generations, intrinsic dipole ment and ability to harvest the wide range
of solar energy.[1-5] However, the efficiency of QOs is inferior to that of thin film and
dye-sensitized solar cells (DSC) and the enhancewofesolar cell performance of QDSCs
has been hindered due to high charge recombinatioface defects and poor stability of
QDSCs.[4] Despite their current modest solar celfgomances, QDSCs are an important
class of photovoltaic device that has a promisinoture owing to facile modification
capability of their electrical, optical as well plsysical properties to achieve higher solar cell
efficiencies.[6-9] Structural configurations as v working mechanism of both QDSCs
and DSC are similar where they consist of photoanetictrolyte and counter electrode.[10]
The major difference in DSC and QDSC is that threnfr contains dye and the later contains
g-dots as light harvesting materials. In DSCs, d2rand 19.3 % efficiencies have been
reported for organic dye sensitized materials [AbjJd perovskite sensitized materials
respectively.[12] However, for QDSCs, the highesascell efficiency of over 9% has been
reported for CdSgssTep 35 sensitized g-dots which is well below the theawsdtiefficiency
limit of ~44% as well as the efficiency of liquiginction QDSCs.[13] The solar cell
performance of QDSCs depends on several factots asithe electrocatalytic activity of the
counter electrode,[14-16] redox properties of thecteolyte [17] and properties of Q-
dots.[18] Nevertheless, the inferior solar cellfpenance was mainly attributed to the very
short charge carrier diffusion length due to abansiarface trap states (surface defects) in g-

dots.[18-23]

Though DSCs reported a record efficiency of 12%htr enhancement of efficiency

of DSCs is hindered due to the complexity of sysitiag of new dye molecules that could



harvest wide solar spectrum. On the other handcapproperties of Q-dots can be easily
modified to capture the radiation from visible tdrared region and g-dots based solar cells
have shown promising efficiency, especially in tReregion.[24-26] However, the major
disadvantage of Q-dots that absorb near-IR regaheir high charge recombination with the
electrolyte yielding inferior device performanc&[26] Other problems associated with Q-
dots are their corrosion and stability and henesehproperties should be considered when
fabricating QDSCs. i.e. PbS nanoparticles havereowatuneable bandgap of 0.41 eV and
due to its quantum confinement effect, PbS cambeipulated to absorb light over 1100
nm.[7, 21] The poor stability of PbS g-dots duedaction with polysulfide electrolyte and
atmospheric air, has been minimized by passinatib PbS g-dot with CdS.[18, 20].
Passivation of PbS with CdS leads to decreaserfacgutrap states and together with co-
sensitized characteristic nature of p-n junctitre, PbS-CdS device enhanced the efficiency
up to 5.7%.[18] Also it has been demonstrated tttmethods of g-dots deposition greatly
influence the solar cell performance of QDSC.[F4gbrication of g-dot solar cells with the
cascade of multiband gap of materials may furthgrove both light harvesting ability and
as well as passivation effect. Hence, in this worktop of the FTO/Ti@electron transport
material, an inner PbS/CdS sensitized g-dots wegosited by Successive lon Layer
Deposition and Reaction methods (SILAR) and onafofne inner PbS/CdS Q-dot layers, the
topmost CdSe (-dots were stacked by the same Slbfdhod to enhance the light
harvesting as well as the passivation effect. Tdréopmance of such device and its properties

were investigated with optical and electrochematedracterization.

Materials and methods

Fabrication of TiO, mesoporous layer: The TiG, photoanode was fabricated on FTO glass
plates by sequential deposition of a compact,Ti@yer and a mesoporous TLiCayer as
described in our previous work.[16, 18] TH&, compact layer was deposited on the
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cleaned FTO glass plate by spin coating of a mextantaining titanium isopropoxide
(0.177 ml, 97%, Fluka), diethanolamine (0.1 ml, 9%¥ka) in butan-1-ol (1.822 ml,
99%, AnalaR) solution at 5000 rpm and the proceas vepeated three times and
finally sintered at 50 for 45 minutes. The TiOmesoporous layer was fabricated on
top of the compact TiPlayer with sequential deposition and sinteringcpss with
Dyesol TiQ (18-NRT, 20 nm average particle size) paste art wie TiQ paste
prepared by modified Pichini method (LEIchinil and TiQPichini2). The detailed
procedure of preparation of TiRichinil and TiQPichini2 methods are available in
our previous publication.[18] Finally, Téphotoanode treated with mixture of 40mM

TiCl4 and 0.4 mM MgGlfor thirty minutes and sintered at 480

Fabrication of Q-dots on top of TiO,photoanode: The PbS, CdS and CdSe g-dots were
deposited sequentially on top of the Fi@esoporous layer by the SILAR method.
Prior to deposition of g-dots on the Ti®urface, the prepared TiPhotoanode was
immersed in  solution-A [(3-mercaptoproponic a@d15M) and (0.03 M N&aq)]

for 90 seconds followed by immersing in solution[@03 M Pb(Ac)g) solution] for

90 seconds. For the full conversion of adsorbed fttio PbS, the PH adsorbed
photoanode was dipped again in solution A for 96omds. The electrode was
thoroughly washed with methanol in between everyodgion and the process was
repeated for three times. Likewise, for the depmsiof CdS g-dots on PbS layer, the
PbS coated Tigphotoanode was immersed into the 0.05 M Cdf{Ao)ution followed

by immersing into the 0.05 M MN& solution for 90 seconds and this step was regeate
for three times to obtain a desired CdS layerktiess. Finally, on top of the CdS
layer, the topmost CdSe g-dots were deposited baSImethod. For the deposition
of CdSe, the photoanode FTO/BIPbS/CdS was immersed into the 0.1 M CdgAc)

and 0.1 M NaSeSgsolutions for four minutes and the process wasatga for six



cycles to optimize the CdSe layer thickness andbatween the photoanode was
thoroughly washed with distilled water. FinallyZaS over-layer was deposited on top
of the FTO/TIQ/PbS/CdS/CdSe photoanode by immersing the photeamid the
0.05 M Zn(Ac) solution and 0.05 M N& solution consecutively for three times to
get a thick ZnS layer. The photoanodes with difiereombinations of g-dots were
labeled as followsA- PbS, B-CdS, C-CdSe, D-PbS/CdS, E-CdS/CdSe, &89S G-

PbS/CdS/ CdSe, H-PbS/CdS/CdSe with a barrier layer.

Preparation of NaSeSOzand polysulfide electrolyte: To prepare NaSeS®olution,
2.5 g of NaSGQO; solution and 0.25 g selenium powder were mixed the 12.5 ml
water and refluxed at Y0 for six hours. Finally, 2.08 ml of resultant N&&3
solution was taken into a small bottle and dilutgedto 5.00 ml by distilled water to
prepare 0.1 M NaSeSQ@olution. The electrolyte was prepared by mixing Ra,S,
2M S and 0.2M KCI in water: methanol mixture of Bratio and stirred it for three

hours in a closed vessel af60

Fabrication of the devicee To assemble the QDSC, the prepared
FTO/TiO./PbS/CdS/CdSe photoanode was sandwiched with,@ €aated brass plate
as the CE. The polysulfide liquid electrolyte waked in the space in between the
photoanode and the CE. To prepareSZiorass CE, a brass plate was dipped into a 50
ml beaker containing 1.5 ml HCI and heated untitta¢ HCI get evaporated and then
the brass plate was washed thoroughly with digtMeater and dried off. The Parafilm
spacer with a hole was placed on top of the cledmmads plate (treated with boiled
HCI) and then the prepared polysulfide electrolytes placed on the exposed area of

the brass plate. The active area of the photowottali was 0.159 cfn



Char acterization: Characterizations of fabricated photoanodes wer@peed by using-
ray diffraction (XRD) measurements, UV-visible spescopic measurements,
Scanning Electron Microscopy (SEM) analysis, elsdtemical impedance analysis
(EIS), cyclic voltammetric analysis (CV) and darkirent measurements. XRD
analyses were performed by using powder diffracti@®@emens D5000 X-ray
diffractometer with Cu K radiation operating at 40 KV, scanning frorth 2 20 to
80°). Current-voltage (IV) characterization of thaar cell was done with Keithley
2400 source meter under one sun illumination usingplar simulator at AM1.5G
(Newport AAA solar simulator at 100 mW/én The intensity of light was calibrated
with a standard Si-reference cell. External quantefficiency (EQE) of the
corresponding solar cell was recorded in the 3AA00 nm range by Bentham
PVE300 unit with a TMc300 monochromator based IRGtH the Xenon arc lamp.
Electrochemical impedance measurement was performigld Zahner Zannium
universal electrochemical workstation equipped vdtlirequency response analyzer
(Thalas) at 10 mV amplitude ac signal and in thegdency range from 0.1 Hz to
1MHz under dark and illumination conditions at .50 0.1 V with 0.05 V intervals
and at open circuit voltage respectively.[28] Cyalbltammetric analysis and Mott-
Schottky analysis were performed with three-compoisgstem in which platinum as
the counter, Ag/AgCl (0.01M), saturated KCI| as theference electrode and
FTO/TiO/quantum dot photoanode as working electrode atmlO amplitude ac
signal and 1KHz frequencyyclic-voltammetry measurements were performed sdaan

rate of 50 mV.<.
Results and discussion

In this work multi-band gap g-dots of PbS (bandf@jd® eV), CdS (bandgap 2.01 eV)
and CdSe (bandgap 1.76 eV) were grown on the ifi€oporous layer. The crystalline
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properties as well as surface morphology of g-eaee investigated by XRD, HRTEM and
SEM are shown in Fig. S1, S2 and S3 respectivétythe three-layer system, crystalline
CdSe (hexagonal), PbS (cubic) and CdS (cubic) reatiojes were clearly identified by
XRD diffraction patterns. In HRTEM image shown kig. S2, particles with the average
diameter of 3.63 nm can be attributed to g-dot€ad8 (111 crystalline plane with fringe
width d=0.337 nm), PbS (111 crystalline plane wftihge width d=0.346 nm) and CdSe
(100 crystalline plane with fringe width d=0.372 rand 012 crystalline plan with fringe
width d=0.255 nm). Additionally, bigger particlegth fringe width of 0.352 nm were
identified as TiQ. The measured Tiayer thickness from the cross section SEM imagfe

FTO/TiO,/PbS/CdS/CdSe is found to be ~irB.

Photoanodes with different combinations of g-dotsenfabricated with PbS, CdS and
CdSe g-dot particles and the observed photovofieaperties of multi-bandgap g-dot solar
cells were then compared with the optical and atsdtproperties of multi-bandgap quantum
dots. The absorption spectra of PbS, CdS and Gafees shown in Fig. 1a clearly indicate
that g-dots of PbS, CdS and CdSe can harvesteawdagy mainly in 600-1100 nm, 300-400
nm and 500-600 nm regions respectively. For corsparipurpose, absorption spectra of
multi-bandgap g-dots of PbS/CdS, PbS/CdSe, CdS/@Ga8ePbS/CdS/CdSe are shown in
Fig. 1b. As shown in Fig. 1, considering the optmaperties of PbS, CdS and CdSe, a solar
cell fabricated with these multi-bandgap g-dotspiinciple could harvest solar energy
covering VU-Vis-IR regions of the solar spectrums Ahown in Fig. 1b, the stacked
PbS/CdS/CdSe g-dots absorb light entirely from W IR regions and the combined
absorption of stacked PbS/CdS/CdSe layer is foon8et higher than that of individual
absorptions of g-dots. When assembling multi-lagegdots in an anode, especially
deposition of three types of g-dots sequentialtywas noted that the g-dots deposition

sequence and methods are very critical for sollipegformance where the new layer will



lead to improve or decrease the solar cell perfocealue to passivation or damage of the
previous layer respectively. Although the combine®bS, CdS and CdSe absorber layer
harvest light in the wide solar spectrum, to achithe highest performance of the solar cell,
alignments of quantum dot absorber layer shouldrlenged in a proper cascade manner for
a facile electron flow towards mesoporous Jifiom the cascade of g-dots. For proper
assembling of g-dots in the anode, energy levelsg-ofots were analysed by cyclic

voltammetry.

Cyclic-voltammetry analyses of quantum dots werefgomed to determine the
HOMO and LUMO levels (valence-band and conductianeb minimum, respectively) and
extracted results were used to predict the enexggld of semiconductor. [29, 30] The CV
spectra of PbS, CdS, CdSe are shown in Fig. 2de whFig. 2b, the CV spectra of PbS/CdS,
CdS/CdSe and PbS/CdSe g-dots were given. Appregisrergy level positions of HOMO,
LUMO and bandgap of g-dots were extracted fromciyadic voltammetry analysis shown in
Fig. 2 by using the equations (1) and (2). The gnéevels of the conduction and valence
band edges were calculated from the onset oxidgidential (Eox) and the onset reduction

potential (Ered), respectively, according to thaaopn (1) and (2).
ELumo = — Ea= - e(E®+ 4.71)eV (1)
Evomo=—-Ec=- e(EOX + 471) eV (2)

i.e. in the case of PbS, it exhibits an oxidationcpss at about -0.841 V with a step onset of
ca. -0.281 V and while the reduction process @& Bhobserved at ~1.841 V with an onset at
~0.881 V corresponding to HOMO and LUMO levels o4.429 eV and -5.591 eV

respectively. The estimated CB and VB positionsnfithe electrochemical measurements in

the QD materials are given in Table 1.



To elucidate the solar cell performance of mumled g-dots PbS/CdS/CdSe
photoanode, PbS, CdS and CdSe g-dots were segjlyedéposited on the Tinesoporous
layer on the FTO glass plate and the current gevsltage (J-V) curves of QDSCs under
one sun illumination was measured. For comparisopgse, we also studied the solar cell
performance of individual and different combinasoof g-dot photoanodes. J-V curves of
QDSC fabricated with the individual PbS, CdS an&€d-dot are given in Fig. 3a and the
solar cell performances of two-component PbS/CdS/@dSe, CdS/CdSe are given in Fig.
3b. In Fig. 3c, J-V curves of three component syst®ntaining PbS/CdS/CdSe with and
without a MgO batrrier layer are given and the eated solar cell performance from J-V
curves are given in Table 2. The corresponding IRGfzes of individual PbS, CdS, CdSe
photoanode, two component PbS/CdS, PbS/CdSe, C88/Cdnd PbS/CdS/CdSe with and
without a barrier layer are shown in Fig. 3d, RBg.and Fig. 3f respectively. From the J-V
curves, the observed.Jvalues of photoanode fabricated either with Rbx$S or CdSe g-dots
were 10.14, 2.71 and 7.22 mA/cmespectively while for the sameMWalues of 279.5,
498.2 and 503.4 mV were observed respectively yigldolar cell efficiencies of 1.0, 0.87
and 2.46% for PbS, CdS and CdSe respectively. Aashn Fig.3b, J was increased from
10.14 mA/cri to 22.35 mA/crfi upon deposition of a CdS layer on PbS layer while
deposition of a CdSe layer on top of the PbS lagsulted in the decrease i ffom 10.14
mA/cn? to 6.25 mA/cm. However, when a CdSe layer was deposited on &ytS$,lenhance
in X from 2.71 mA/cmto 13.42 mA/cmhwas noted. Solar cell performance presented in
Fig.3b for two-layer g-dot photoanode indicated theposition of CdSe g-dots on the PbS g-
dots layer leading to deterioration of solar c@tfprmance while it has a positive effect on
the CdS layer. The negative effect or deterioratibeolar cell performance upon deposition
of CdSe g-dots on the PbS g-dot layer could betadlee conversion of PbS into PbSe by the

reactive and corrosive Séons of CdSe.[27] It is known that the PbSe tsdue extremely



unstable under the atmospheric condition and a sfeoyt exposure of PbSe QDs to ambient
air could result in their degradation leadingthe generation of $dons. It has been
reported the decrease in overall solar cell perémwe of g-dot solar cells due to the
presence of Seions that makes short-paths and resulting in itteease in charge
recombination leading to decrease in overall satefl performance.[27] Hence, it can be
assumed that due to the formation of 8ms in PbS by the CdSe particcles may lead to
higher charge recombination and hence resultingwer Jsc of PbS/CdSe photoanode can
be justified.

As given in Table 2, when a three component syst@ntaining g-dots of
PbS/CdS/CdSe photoanode was fabricated by appéythgn CdSe layer on PbS/CdS layer,
Jsc of PbS/CdS/CdSe photoanode was decreased frons 28.38.11 mA/crhwhile the
efficiency was decreased from 5.69 to 4.5%. As maet earlier, deposition of CdSe on
PbS resulted in degradation of PbS g-dots that dvdebd to enhance in charge
recombination and thereby decreasesinAls such, to minimize the formation of PbSe and
decrease of the charge recombination in PbS/Cd®@dsti-band g-dot solar cell, a charge
barrier layer was introduced on the mesoporousrlaiyee observed solar cell performance
for PbS/CdS/CdSe photoanode with a barrier layewshin Fig. 3c clearly indicate the
increase in bothsd (from 18.11 to 23.46 mA/cfh and efficiency (from 4.5 to 6.24%) of
PbS/CdS/CdSe photoanode after introducing adsdayer. These results evidently indicate
that the second g-dot layer can either enhanceegredse the solar cell performance
especially CdSe has a negative effect on PbS wities a positive effect on CdS. As shown
in Fig. 3d, IPCE of individual photoanodes fabtezh with CdS and CdSe clearly
resemblance to thecvalues shown in Fig. 3b and c. However, thesma quantum
efficiency results shown in Fig. 3d for PbS g-dotsTiO; is remarkably very low and very

hard to match with the observed current densityle$ in Fig.3a which could be due to rapid
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corrosion and instability of PbS when it contactishvthe polysulfide electrolyte directly.
Nevertheless, IPCE results shown in Fig. 3e for/€dS (Fig. 3e-plot D) and CdS/CdSe
(Fig. 3e-plot E) demonstrated the enhancement©ElRalues than the individual g-dots due
to enhanced light harvesting as well as passivaitect. However, the IPCE values of the
two-layer PbS/CdSe photoanode (Fig. 3e-plot F) iafierior to that of individual PbS or
CdSe due to adverse effect of CdSe g-dots on Rbiisg On the other hand, three-layer g-
dot photoanodes fabricated with PbS/CdS/CdSe (Mt 3f-plot H) and without (Fig. 3f-
plot G) barrier layer showed enhanced IPCE valles tthe accumulated individuad: J
values and more importantly as expected a thres-lay:dot cascade of PbS/CdS/CdSe can
harvest solar energy from UV to IR regions.

The observed IV and IPCE results for different edecarrangements of g-dots clearly
demonstrated the importance of proper layering -alot$ in photoanode and hence the
behavior of different g-dot layers on solar celtfpemance is vital to explain the observed
solar cell performance of different combinationsgediot layers in photoanode of QDSCs.
Since, solar cell characterization under dark doons is a widely used technique as it
provides essential information necessary for thalyasrs of performance losses and device
efficiency, IV and EIS of the PbS, CdS, CdSe, PWS/CPbS/CdSe, PbS/CdS/CdSe
photoanodes were investigated under dark conditids] Dark IV measurements of
individual PbS, CdS, CdSe g-dots and two-layer 0S/ CdS/CdSe, PbS/CdSe g-dots on
top of the TiQ photoanode are given in Fig. 4a and 4b respeygtiWhile in Fig.4c, the
dark IV of the three-layer g-dot system of PbS/@itf8e with and without barrier layer is
given. The Fig. 4c illustrates that the three congm system (PbS/CdS/CdSe) shows lower
leakage current and high rectification ratio wititCll, and MgC} treatments (Table 3). The
rectification ratios were calculated by using ratiaf forward and reverse dark current at

1.8V.[32] As given in Table 3, the three compongydtem (PbS/CdS/CdSe) shows higher
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rectification values (rectification values befomedaafter the TiC) and MgC} treatment are
2.50 and 4.54 respectively) than the PbS/CdS bisygstem (rectification value of 2.44) and
PbS quantum dots alone (rectification value d®9)..High rectification values indicate the
high charge career in only one direction at aapbias voltage and hence the enrichment of
retention ratio would lead to higher efficiency PIHS/CdS/CdSe QDSSCs with TjGnd
MgCI, treatment.[32, 33]

Additionally, EIS of the PbS, CdS, CdSe, PbS/Cd$5/EBdSe, PbS/CdS/CdSe solar
cells were also investigated under dark and illanon conditions. Impedance
measurements under the illumination condition efitidividual PbS, CdS, CdSe g-dots, two-
layer PbS/CdS, CdS/CdSe, PbS/CdSe g-dots andldyeePbS/CdS/CdSe with and without
barrier layer on top of Tigphotoanode are given in Fig. 5a, 5b and 5c resedet The
electrochemical impedance measurements shown ioré=i§ were measured by using
Zenner-Zannium electrochemical workstation andesponding curves were fitted with Z-
view software and under dark condition. In EIS ptbe first semi-circle in higher frequency
region corresponds to charge transfer process wihtep electrode and electrolyte and the
second large semicircle adjacent to the first sgrole of is regards with recombination
resistance (Rk), charge transport resistancg @ the QD-electrolyte interface and the
chemical capacitance (ff of the TiO2 layer. Third semi-circle in lowereffuency region
usually corresponds to Nernst diffusion which was abserved in this analysis.[34, 35] The
variation and estimated charge recombination @&si&t (R), charge transfer resistancedR
chemical capacitance (¥; electronic lifetime T) and conductivity are shown in Figure 6a,
6b, 6¢ and 6d respectively and in Table 4.

The calculated R Ry, C, and T values given in Table 4 indicate that the charge
recombination resistance Rof PbS/CdS is the highest among the differenbgedscade

investigated on top of PbS g-dots. However, whe&d&e layer is introduced on both PbS
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and PbS/CdS electrodes, a clear decrease is Roted while an increase in:®as noted
upon a deposition of a CdSe layer on the CdS layese EIS results are in accordance with
the observed solar cell performance of these gpthotoanodes. i.e the enhanceg af
PbS/CdS anode can be attributed to  the incr@aRg value (less recombination) when a
CdS layer is deposited on top of the PbS due t® d¢bsrge recombination. Similarly, the
observed decrease ig. &f photoanodes of PbS/CdSe and PbS/CdS/CdSe ypyirg a
topmost CdSe layer to the anode could be due teehigharge recombination process (lower
Rk values). The conclusions one could arrive from E8ults are that; (1) enhancement of
charge recombination when a CdSe layer is deggbsither on PbS or PbS/CdS resulting in
lower J. values; (2) decrease in charge transport resistaten a CdSe layer is deposited
on CdS yielding highersd (3) increase in charge recombination resistanoerva CdS layer

is deposited on PbS layer. These results are stensiwith the ¢} variations observed with
the different Q-dot assemblies shown in Fig.3 aadld be explained as follows. In our
previous results [18], enhancement daupon coating of a CdS layer on PbS Q-dots was
demonstrated and the observed highgrwhs assigned to the enhanced charge
recombination resistance of PbS/CdS system duymagsivation effect (elimination of trap
states in PbS) of CdS on PbS.[18, 20] Additionaftlya recent publication, a detailed study
was reported by Clark et.al [20] on the effecCafS on PbS electrode in which they clearly
demonstrated the passivation effect of CdS on B)SJ0] and hence enhance ig Jpon
coating of g-dot CdS layer on PbS g-dots. On theerohand, as mentioned earlier, the
negative effect of the PbS/CdSe and PbS/CdS/Cd8ebeaunderstood based on the
formation of PbSe and Sewhich leads to enhanced charge recombination aedharge
recombination can be minimized by the introductod charge barrier layer in multi-layered
PbS/CdS/CdSe cascade of g-dots. Additionally, theeonsed lower Y. value of the

photoanode PbS/CdS/CdSe with a MgO barrier layell ¢¢) than that of CdSe and
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CdS/CdSe photoanodes is anomalous. Howeveritelggpsence of a MgO barrier layer,
the R value of PbS/CdS/CdSe is still lower than tHaEdSe and CdS/CdSe indicating that
short paths are not completely clogged-up by th@OMayer and hence lower,y¥can be
justified. However we believe that a dense MgO ibalayer may enhance the,Mof the
PbS/CdS/CdSe photoanode.

The lifetime measurements of excited electrons vestemated by the open circuit
voltage decay measurements with time. TRedécay curves are shown in Fig 7a (PbS,
CdsS, CdSe), Fig. 7b (PbS/CdS, CdS/CdSe, PbS/Ca8efig. 7c (PbS/CdS/CdSe with and
without a barrier layer). The estimated lifetimafsrespective voltage decay curves of
photoanodes are shown in Fig. d, e and f respdgtivEne electron lifetime of QDSCs was
calculated by equation (3) where; i the Boltzmann constant (1.38%Q) K, T is the
absolute temperature, q is the elementary chardedafy/dt is the gradient of the open
circuit voltage decay measurements. A higher edcéiectron lifetime is an indication of
effective transfer of excited electron, an enhandgdcan be expected from such g-dot

materials as a result of diminish charge recomimngB6]

e = (o) () ®

As shown in Fig. 7d, the electron lifetime of Pip&antum dots is shorter than CdS or CdSe
due to higher corrosion of PbS quantum dots by squifile electrolyte. As reported
earlier,[18] after coating of CdS on PbS, anease in electron lifetime is observed due to
passivation of PbS by CdS (Fig. 7e-plot D). Howedeposition of CdSe g-dots on PbS and
PbS/CdS resulted in the decrease in electronnitet{Fig. 7e-plot F and Fig. 7f-plot G)
which agrees well with the observed. &s well as EIS measurements. Similarly, the
comparison of electron lifetimes of PbS/CdS/CdSé \{fig. 7f-plot H) and without (Fig. 7f-

plot G) a barrier layer indicated an enhanced elactifetime for PbS/CdS/CdSe with a
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barrier layer strongly support that the MgO treatitnprevents the charge recombination in

PbS/CdS/CdSe g-dots due to inclusion of CdSe hr@onultilayered cascade photoanode.

Based on the solar cell performance of differerstcade arrangements of g-dots and
the energy levels derived for PbS, CdS and CdSe fvoltammetry method and Mott-
Schottky methods, the best g-dot arrangemetitdarihree-layer system was schematically
shown in Fig. 8. According to the estimated eneilgyels from electrochemical
measurements and Mott-Schottky plots, the Fengl¢eof PbS, CdS and CdSe g-dots are
situated at -0.003, -0.203 and -0.213 (vs NHEpeesvely. Due to the lower flat-band
potential of PbS/CdS with respect to CdS/CdSe,azisalignments of g-dots were fabricated
in the order of PbS/CdS/CdSe quantum dots thatvadlectron transfer and flow from CdSe
to CdS and then PbS. As the flatband potentidliGf, and MgC} treated TiQ is situated at
~ +0.031 eV, the mesoporous Ti@an collect and accommodates the excited electro
efficiently from the cascade of g-dots. Hence, le tPbS/CdS/CdSe cascade structure,
efficient charge collection can be expected dugrdper alignment of energy band positions.
It was noticed that a good barrier layer on the,n@soporous layer is essential to avoid the
back injection of electron from Tio quantum dots. By treating the mesoporous, Ta@er
with MgCl,, a strong charge barrier layer can be formedhennmesoporous TiOlayer
which also leads to enhance the career densityegtliotoanode (charge density calculations
of bare and treated TOwere explained in the supporting information). WhZnS layer
prevents the injection of excited electron frommjuan dots to electrolyte.[37] Hence, based
on the solar cell performance and the electroch&mimeasurements of different
combinations of g-dot assembilies, it can be daad the less charge transfer resistance and
wide solar light harvesting ability of PbS/CdS/Cdfmntum dot lead to better performance
of the g-dots solar cell. Moreover, further reshamn reduction of recombination of

PbS/CdS/CdSe quantum may boost the efficiencydurth
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Conclusions

A three-layer photoanode consisting of g-dotsPb5, CdS and CdSe was successfully
fabricated to harvest light from UV-Vis-IR regionosthe solar spectrum. The enhanced solar
cell performance of the three-layer PbS/CdS/Cd&mgement of g-dot on mesoporous FiO
layer was found to be mainly due to higher lightvieating ability and enhanced charge
transport ability of such cascade arrangement oéethayer arrangement. It was
demonstrated that the g-dot deposition sequenceretidods are very critical for solar cell
performance especially deposition of CdSe g-datsthe PbS layer leads to deterioration of
solar cell performance due to annihilation of Pb®og particles. A suitable charge
recombination barrier layer is an essential compbmeassembling multilayer g-dot cascade

photoanode in QDSC to minimize the charge recontioina
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Table captions

Table 1: The calculated cathodic, anodic peak opsé&ntials from cyclic voltammetry
measurements and differences of cathodic, anadik pnset of g-dots &- PbS, B-CdS, C-
CdSe, D-PbS/CdS, E-CdS/CdSe, F-PbS/CdSe, G- PRSEd&e, H-PbS/CdS/CdSe with a
barrier layer

Table 2: Solar cell performances of photoanodeidated withA- PbS, B-CdS, C-CdSe, D-
PbS/CdS, E-CdS/CdSe, F-PbS/CdSe, G- PbS/CdS/ Bd3#5/CdS/CdSe with a barrier
layer

Table 3: Rectification values of photoanodes fated withA- PbS, B-CdS, C-CdSe, D-
PbS/CdS, E-CdS/CdSe, F-PbS/CdSe, G- PbS/CdS/ Bd3&5/CdS/CdSe with a barrier
layer. Rectification values obtain from dark current-vgtameasurements at 1.8 V.

Table 4: Summary of electrochemical impedance (Ei®)asurements of photoanodes
fabricated with A- PbS, B-CdS, C-CdSe, D-PbS/CdS, E-CdS/CdSe, E&#9S G-
PbS/CdS/ CdSe, H-PbS/CdS/CdSe with a barrier lapeler one sun illumination. Where
Rk, Rct, G and T denotes recombination resistance, charge transgsidtance, chemical
capacitance and lifetime measurements obtain frtgn E

Figure captions

Fig. 1: (a) UV-Visible absorbance spectrumfefPbS, B-CdS, C-CdSe, arfd) UV-Visible
absorbance spectrum BfPbS/CdS, E-CdS/CdSe, F-PbS/CdSe, G- PbS/Cd8/ CdS

Fig 2: (a) Cyclic-voltammetry measurements of phatudes fabricated with- PbS, B-CdS,
C-CdSe The magnified inset images of anodic and cathodget of Fig. 2(a) denote as [a]
and [b] respectively. (b) Cyclic-voltammetry measuents of photoanodes fabricated with
D-PbS/CdS, E-CdS/CdSe, F-PbS/CdH®e magnifiedinset images of anodic and cathodic
onset of Fig. 2(b) denote as [c] and [d] respebtivE€yclic-voltammetry measurements were
performed at scan rate of 50 mV.s

Fig 3: (a) Current density-voltage curve of ofofganodes fabricated with- PbS, B-CdS,
C-CdSe,(b) Current density-voltage curve of photoanoddsiated with D-PbS/CdS, E-
CdS/CdSe, F-PbS/Cd&ad (c) Current density-voltage curve of photoasddericated with
G- PbS/CdS/ CdSe, H-PbS/CdS/CdSe with a barriarl&yg. (d), (e) and (f) are External

guantum efficiency measurements of respective QD8Cx), (b) and (c) respectively
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Fig 4. (a) Dark current-voltage measurements otgdnwodes fabricated with- PbS, B-CdS,
C-CdS¢b) Dark current-voltage measurements of photoasddbricated withD-PbS/CdS,
E-CdS/CdSe, F-PbS/CdSeand (c) Dark current-voltage measurements of pnodes
fabricated withG- PbS/CdS/CdSe, H-PbS/CdS/CdSe with a barrier.laye

Fig 5: (a) Dark electrochemical impedance measunésnef photoanodes fabricated with
PbS, B-CdS, C-CdSe) Dark current-voltage measurements ofphotoasmdalericated with
D-PbS/CdS, E-CdS/CdSe, F-PbS/CdSand (c) Dark current-voltage measurements of
photoanodes fabricated wik PbS/CdS/CdSe, H-PbS/CdS/CdSe with a barrier.laye

Fig 6: (a) Charge recombination (Rk) (b) Capacitd@g) (c) Lifetime derived from
electrochemical impedance measurements (d) Coniyctneasurements against applied
voltage of QDSSCs &fF PbS, B-CdS, C-CdSk) Dark current-voltage measurements of
photoanodes fabricated witb-PbS/CdS, E-CdS/CdSe, F-PbS/Cd&ed (c) Dark current-
voltage measurements of photoanodes fabricated ®@4tRbS/CdS/CdSe, H-PbS/CdS/CdSe
with a barrier layer.The measurements were done at dark condition @itA9 cni active
area.

Fig 7: (a) open circuit voltage decay measureméphotoanodes fabricated with PbS, B-
CdS, C-CdSdb) open circuit voltage decay measurement of @maides fabricated with-
PbS/CdS, E-CdS/CdSe, F-PbS/Cdfd(c) open circuit voltage decay measurement of
photoanodes fabricated witls- PbS/CdS/CdSe, H-PbS/CdS/CdSe with a barngr(d),

(e) and (f) are lifetime measurements of respe@SSCs calculated from the Fig. 7(a), (b)
and (c).

Fig 8: Energy level diagram of FTO/T#PbS/CdS/CdSe QDSCs. Position of energy level
derived from cyclic voltammetry analysis. (a) Stla¢ic diagram with energy level cascade
arrangement of PbS/ CdS/ CdSe QDSSCs with,a@dl MgC} treated TiQphotoanode.
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Table 1:

(o)

QDSCs| Cathode peak onset Anode peak onset Differences of
with respect to with respect to cathodic, anodic peal
Vacuum Vacuum onset

(V Vs Ag/ Ag) (V Vs Ag/ Ag) (V Vs Ag/ Ag)
A -4.43 -5.59 1.16
B -4.31 -6.32 2.01
C -4.19 -5.95 1.76
D -4.39 -6.31 1.92
E -4.31 -6.11 1.80
F -4.43 -5.83 1.40
G -4.47 -6.07 1.60
H -4.43 1.40 1.68

Table 2:
QDSCs|Jsc(mA.cmVoc (mV) FF 11(%)
2
) (%)
A 10.14 279.50, 35.43 1.0C
B 2.71 498.20| 64.43  0.87
C 7.22 503.40, 57.46 2.46
D 22.35 499.00, 51.05 5.69
E 13.42 513.90] 59.2¢ 4.09
F 6.25 363.40; 56.1§ 1.5(
G 18.11 427.80 58.07 4.50
H 23.46 471.10, 56.42 6.24
Table 3:
QDSCs | rectification values

A 1.99

B 4.51

C 2.72

D 2.44

E 4.16

F 1.83
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G 2.50
H 4.54
Table 4.
QDSCs Rk(Q) | Rct@) |Cu(F.cni®)| T(s)
A 26.47 | 0.18 0.005 | 0.022
B 1543 | 0.20 0.019 | 0.472
C 157.6 | 0.15 0.020 | 0.491
D 3496 | 0.12 0.018 | 0.102
E 38.69 0.02 0.010 | 0.0%9
F 21.81 0.17 0.013 | 0.046
G 21.99 0.10 0.014 | 0.047
H 29.71 | 0.14 0.015 | 0.071
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Highlights

* Athree layer g-dot solar cell was fabricated with PbS/CdS/CdSe
e Solar cell performance of three layer system strongly depends on stacking order
* A charge recombination barrier layer plays a significant role in cell performance



