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1. INTRODUCTION

In the past few years, semiconductor quantum dot sensitized
solar cells (QDSCs) are receiving increasing attention.1�5 Semi-
conductors possess high extinction coefficients and large intrinsic
dipole moments.6 In addition, their optoelectronic properties
can be tailored at the nanoscale region. For example, band gap
tunability by size (and shape) control (due to quantum con-
finement) provides an excellent tool for the design of light
absorber materials.7 Moreover, the observation of multiple
exciton generation in colloidal QDs8,9 has triggered the interest
in semiconductor QDs as light harvesting materials. In spite of
certain controversy,10 very recently it has been demonstrated
that internal quantum efficiencies higher than 100% in PbS nano-
crystals are possible, provided that they are carefully coated on
single crystal TiO2 substrates.11 Despite the novelty of the
demonstration, the configuration employed has been extensively
studied in dye sensitized solar cells (DSCs).12 In DSCs, molec-
ular dyes are used as light harvesting materials, injecting the
photogenerated electrons into a nanostructured matrix of a wide
band gap semiconductor (i.e., TiO2) which subsequently trans-
ports the photogenerated electrons back to the contact
electrode.13 Dye molecules are regenerated by a redox couple
in a proper electrolyte, which acts as the hole transporting media.

In QDSCs, the molecular dyes are replaced by semiconductor
materials generally showing a quantum confinement effect.1

Despite the formal analogy between QDSCs and DSCs, the
fact that different light absorbing materials are used imposes a
whole redesign of the QDSCs architecture in order to achieve
higher conversion efficiencies. Replacing the light absorbing
material must be carried out together with the substitution of
the redox couple and electrolyte in order to maintain the
absorber stability.1,4,14 Additionally, the change of the electrolyte
may impose a change of the counterelectrode material in order to
minimize the potential drop at this interface.15�18 On the other
hand, the nanostructure of the wide band gap semiconductor
(TiO2) plays a significant role on the QDSC performance.15,19�21

Consequently, a new design of QDSCs is compulsory, in order to
increase the current power conversion efficiencies of 5%, using
liquid electrolyte21 or solid hole transporter.22

It has been shown that surface treatments play a dramatic
role in QDSCs. They can be used to protect the semiconductor
QDs23,24 or to allow the control of recombination processes
and band alignment, and, therefore, electron injection, in this
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ABSTRACT: Surface treatments of TiO2 nanostructure in semiconductor quantum
dot sensitized solar cells (QDSCs) aimed to increase the photovoltaic conversion
efficiencies of the solar cells are analyzed. A fluorine treatment, with NH4F or HF, on
the TiO2 electrodes leads to a general increase of QDSCs performance in a range of
QDSCs using different light absorbing materials: CdS, CdSe, and PbS/CdS. In
contrast, no significant effect on QDSC performance has been observed after a TiCl4
treatment conventionally used for high performance dye sensitized solar cells (DSCs).
Surface and photoelectrochemical characterization of treated electrodes and full solar
cells was carried out by means of X-ray photoelectron spectroscopy (XPS), impedance
spectroscopy (IS), and applied bias voltage decay (ABVD), to understand the origin of
the beneficial effect of fluorine. It was found that the origin of the enhancement is different depending on the semiconductor material
(CdS, CdSe, and PbS/CdS). For CdS and CdSe, the recombination of photoinjected carrier is reduced after F treatment. On the
other hand, for PbS/CdS, the treatment accelerates the deposition kinetics of PbS by successive ionic layer adsorption and reaction
(SILAR), increasing the amount of deposited material and consequently the light harvesting. Our study indicates, in general, that
treatments different from those conventionally used in DSCs are required and, specifically, that F treatment can be systematically
used in QDSCs to increase the solar cell performance.
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kind of cell.1,4,14,15,25�28 ZnS15,28 or SiO2
26 coating increases

significantly the efficiency of QDSCs, reducing the recombina-
tion and passivating the QD surfaces. The use of molecular
dipoles permits the design of injection and recombination by the
control of the band alignment in QDSCs.24,25

In this sense, the present study focuses on the specific design
of the surface conditioning of the nanostructured TiO2 matrix,
prior to the deposition of QDs. During the manufacturing of
DSCs, a TiCl4 treatment on the transparent conductive oxide
(TCO) prior to TiO2 nanoparticle deposition and also after
sintering of the TiO2 nanoparticles is conventionally carried
out.29,30 The first TiCl4 treatment aims at increasing the contact
between TiO2 nanoparticles and the conductive substrate, while
the second treatment is responsible for a higher dye loading and a
down-shift of the TiO2 conduction band (CB) favoring the
increase of photocurrent.31 Particularly, this treatment is im-
perative when efficiencies higher than 11% are desired.32�34

Likewise, we have studied the effect of different treatments for
the nanostructured TiO2 electrodes, namely TiCl4, NH4F, and
HF, on the photovoltaic performance of QDSCs. Fluorine
treatments on TiO2 have been previously reported, mainly in
the domain of photocatalytic applications.35�40 In the field of
QDSCs, the group of Toyoda reported a significant increase of
QDSCs efficiency, when a NH4F treatment was applied on TiO2

(before and after QD deposition).41 In that study, an inverse opal
TiO2 architecture, and CdSe grown by chemical bath deposition,
as light absorber, were used. Very recently, Lai and Chou
reported an increase of solar performance after NH4F treatment
of a thin layer of TiO2 for mesoporous metal oxide free CdSe
solar cells.42 In the present work, a systematic study for different
semiconductor light absorbing materials [CdS, CdSe, and the
combination of PbS and CdS (PbS/CdS)] is carried out. The
different semiconductors were deposited on TiO2 mesoporous
electrodes by successive ionic layer adsorption and reaction
(SILAR). The use of the SILAR method results in a high QDs
loading on the TiO2 surface. Consequently, high efficiency
QDSCs can be produced.43�47 We have observed that TiCl4
treatment does not lead to any appreciable increase of the
QDSCs efficiency, while both NH4F and HF treatments produce
an enhancement of the solar cell performance for all the analyzed
light absorbing materials. Solar cells with and without the
different surface treatments have been systematically analyzed
in order to understand the origin of the beneficial effect of the
fluorine treatment in QDSCs.

2. EXPERIMENTAL METHOD

Electrode Preparation.The photoanodes used in the present
study are constituted by a double-layer of TiO2 nanoparticles
(transparent and opaque particles). The opaque layer, with
enhanced light scattering, contains 300�400 nm TiO2 particles
(WER4-O Dyesol). The transparent layer is formed by either
20 nm TiO2 nanoparticles (18NR-AO, Dyesol) or 37 nm TiO2

nanoparticles (Ti-Nanoxide T37, Solaronix). The photoanodes
were deposited by doctor blade on transparent conducting
fluorine doped tin oxide (FTO) glass substrates (sheet resistance
∼10Ω/0). The FTO coated glass was previously covered with a
compact layer of TiO2 deposited by spray pyrolysis of titanium-
(IV) bis(acetoacetonato) di(isopropanoxylate). The resulting
photoelectrodes were sintered at 450 �C, in order to achieve
good electrical contact between the nanoparticles. The total

thickness of the photoanodes was 14 ( 2 μm, measured with a
profilometer Dektack 6 from Veeco.
Surface Treatments. The TiCl4 treatment consisted of im-

mersion of the as-sintered TiO2 electrodes into a 0.04 M TiCl4
solution for 30 min at 70 �C followed by calcination at 450 �C for
30 min. No TiCl4 treatment on FTO, prior to the TiO2

deposition, has been carried out. Two different fluorine treat-
ments have been studied, employing NH4F or HF. For the
former one, a 1 M NH4F solution was prepared by dissolving
the NH4F powder in Milli-Q water. For this fluorine treatment,
the TiO2 electrodes were soaked in the prepared solution for
5 min, unless other conditions are specified. After the fluorine
treatment, the samples were rinsed with Milli-Q water for 1 min
and dried with a nitrogen flow. For the later treatment, a 1 M
hydrofluoridric acid solution was prepared by diluting 48%
hydrofluoridric acid (Sigma Aldrich) with a solution of Milli-Q
water and ethanol (1:1 in volume). The TiO2 electrodes were
soaked in the prepared HF acid solution for 5 min, only exposing
the TiO2 layer to the solution and protecting both FTO and glass
with Scotch tape. After the fluorine treatment, the samples were
rinsed in a solution of Milli-Q water and ethanol (1:1 in volume)
for 1 min and then dried with a nitrogen flow.
Electrode Sensitization. Three different semiconductor ab-

sorbing materials have been employed: CdS, CdSe, and PbS/CdS.
The semiconductors were in situ grown on the TiO2 nanostruc-
tured electrodes by the SILAR methods recently described.46,48,49

Briefly, for the deposition of CdS, two solutions with Cd and S
precursors were prepared. Cd2+ ions have been deposited from a
0.05 M ethanolic solution of Cd(NO3)2 3 4H2O. The sulfide
source was a 0.05 M solution of Na2S 3 9 H2O in methanol/water
(50/50 v/v). A CdS coating in order to stabilize PbS46,50 in PbS/
CdS QDSCs was deposited using the same process. PbS QDs
were deposited by SILAR on TiO2 nanostructured electrodes
following a procedure previously described.50 The deposition of
PbSQDs involves the use of two different solutions of metals and
sulfide precursors. A 0.02 M methanolic solution of Pb-
(NO3)2 3 4H2Owas used as Pb2+ source and 0.02MNa2S 3 9H2O
in methanol/water (50/50 v/v) was used as sulfide source. The
CdS deposition is carried out immediately after PbS deposition.
For CdSe sensitization, two solutions of 0.03 M Cd(NO3)2
dissolved in ethanol and another one containing the in situ
generated 0.03 M Se2� in ethanol were used; see ref 47 for more
details. For sensitization, the electrodes were dipped successively
in these solutions inside a glovebox under N2 atmosphere.43,45,47

A single SILAR cycle for CdS and PbS/CdS consisted of 1 min of
dip-coating of the TiO2 working electrode into the metal
precursors (Pb2+ or Cd2+) and subsequently into the sulfide
solution, also for 1 min. A single SILAR cycle for CdSe consisted
of 30 s of dip-coating of the TiO2 working electrode into the Cd

2

+ precursor and subsequently into the selenide solution, for 30 s.
After each precursor bath, the photoanode is thoroughly rinsed
by immersion in the corresponding solvent to remove the
chemical residuals from the surface and then dried with a N2

gun. All the samples analyzed in this study have been coated with
ZnS, after SILAR sensitization, by dipping alternately into 0.1 M
Zn(CH3COO)2 and 0.1 MNa2S solutions for 1 min/dip, rinsing
with Milli-Q ultrapure water between dips. It has been shown
that ZnS coating increases significantly the efficiency of
QDSCs.15,28 Two SILAR cycles were used for ZnS deposition.
Surface Characterization. The surface composition of TiO2

and HF treated TiO2 was studied by X-ray photoelectron
spectroscopy (XPS) using an Al anode X-ray source. The base
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pressure of the XPS chamber was below 1 � 10�9 Torr, and a
concentric hemispherical analyzer (Specs model EA10 plus) was
employed to measure the energy of emitted electrons from the
surface of the sample.
QDSC Preparation. The solar cells were prepared by assem-

bling the counterelectrode and a QD-sensitized electrode using a
Scotch spacer (thickness 50 μm) and with a droplet (10 μL) of
polysulfide electrolyte. The composition of the polysulfide
electrolyte was 1 M Na2S, 1 M S, and 0.1 M NaOH solution in
Milli-Q ultrapure water. We have used Cu2S counterelectrodes,
clamping the sensitized electrode and the counterelectrode.15,51

The Cu2S counterelectrodes were prepared by immersing brass
substrates into a HCl solution at 70 �C for 5 min and subse-
quently dipping into polysulfide solution for 10 min. This results
in a porous Cu2S electrode. The area of the cells was 0.24 cm

2. At
least two cells were prepared at each different condition; a
complete table with all the analyzed cells can be found in the
Supporting Information.
Photoanode and Solar Cell Characterization. The optical

absorption spectra of the photoanodes were recorded at
300�800 nm with a Cary 500 UV�vis Varian photospectrosc-
ometer. J�V curves were obtained using a FRA equipped
PGSTAT-30 from Autolab and a Keithley 2612 system source
meter. J�Vmeasurements were carried out using a mask and no
antireflective layer. Cells were illuminated using a solar simulator
at AM1.5 G, where the light intensity was adjusted with an
NREL calibrated Si solar cell with a KG-5 filter to one sun
intensity (100 mW/cm2). Incident photon to electron conver-
sion efficiency (IPCE) measurements have been performed
employing a 150WXe lamp coupled with a computer-controlled
monochromator; the photocurrent was measured using an
amperometer 70310 from Oriel Instruments. Impedance spec-
troscopy (IS) measurement and applied bias voltage decay
(ABVD)52 were carried out with a FRA equipped PGSTAT-30
from Autolab. IS measurements were carried out by applying a
20 mV ac signal and scanning in a frequency range between
400 kHz and 0.1 Hz, at different forward applied bias.

3. RESULTS AND DISCUSSION

In order to determine the effect of the different surface treat-
ments, TiCl4, NH4F, and HF, on the photovoltaic performance of

full solar cell devices, several samples have been prepared at each
condition. Table 1 shows the average solar cell parameters
obtained for these QDSCs (photocurrent, jsc, open circuit
voltage, Voc, fill factor, FF, and efficiency, η), with the standard
deviation, as a function of the different surface treatments, TiO2

nanoparticle size, and semiconductor light harvesting material,
tested under standard conditions (100 mW/cm2, AM 1.5G). All
samples have been tested using polysulfide as electrolyte and
Cu2S as counterelectrode.

The effect of the TiCl4 treatment was evaluated on CdSe
QDSCs. No increase in the average efficiency of TiCl4 treated
cells was observed (see Table 1). Indeed, a small decrease in
efficiency due to the reduction of the average Voc and FF was
obtained. This result clearly reflects that the TiCl4 treatment
does not have a beneficial effect on QDSCs using TiO2 nano-
particles, conversely to that reported for DSCs. However, it has
been recently reported that the TiCl4 treatment has a remarkable
effect on QDSCs based on SnO2 spheres acting as electron
conducting media.53

On the other hand, a systematic beneficial effect is observed
for fluorine treated photoanodes for the three different sensiti-
zers tested: CdS, CdSe, and PbS/CdS (see Table 1). The
effectiveness of the fluorine treatment decreases when the
soaking time is extended from 5 to 30 min (see Table 1). Both
treatments, HF and NH4F solutions, for TiO2 surface fluorina-
tion produce an enhancement on QDSC performance, observ-
ing the same mechanism for improvement of solar cells effi-
ciency. To analyze the surface modification of TiO2 by this
treatment, fluorine treated TiO2 electrodes were analyzed by
XPS, in the case of HF treatment. Figure 1 shows the XPS spectra
of TiO2 samples before and after HF treatment. For HF treated
TiO2, a F 1s peak at 684.6 eV was observed (Figure 1a), which
can be attributed either to F� grafted on the surface of TiO2 by
substitution of the surface hydroxyl groups or to physisorbed F�.
It is known that the binding energy of the fluorine incorporated
into the TiO2 lattice is higher compared to that of F� grafted on
the surface.35,38 Since no additional peaks were identified at
higher energies, the detected F� should correspond to grafted
F�. Further validation of this assumption was carried out by
investigating the high-resolution O 1s core level of bare and HF
treated TiO2 samples. The XPS spectrum for O 1s is asymmetric,

Table 1. Average Photovoltaic Parameters of the QDSCs Tested under Standard Conditions (100 mW/cm2, AM 1.5G):
Photocurrent, jsc, Open Circuit Voltage, Voc, Fill Factor, FF, and Efficiency, η, Considering the Standard Deviation, as a Function
of the Different Surface Treatments, TiO2 Nanoparticle Size, and Semiconductor Light Harvesting Materiala

sample SILAR cycles TiO2 size (nm) Voc (mV) Jsc (mA/cm2) FF η (%)

TiO2/CdS 5 37 515 4.36 0.53 1.19( 0.07

HF TiO2/CdS 5 37 536 4.62 0.54 1.34( 0.05

NH4F TiO2/CdS 5 37 527 4.70 0.54 1.36 ( 0.15

NH4F(30 min) TiO2/CdS 5 37 529 4.17 0.56 1.255( 0.007

TiO2/PbS/Cd 2/5 37 451 7.35 0.49 1.62( 0.19

NH4F TiO2/PbS/CdS 2/5 37 425 8.72 0.51 1.89( 0.02

HF TiO2/PbS/CdS 2/5 37 434 10.09 0.48 2.1( 0.2

TiO2/CdSe 7 37 557 11.35 0.45 2.84( 0.10

HF TiO2/CdSe 7 37 564 12.50 0.51 3.64( 0.15

TiO2/CdSe 7 20 534 12.34 0.53 3.49 ( 0.19

HF TiO2/CdSe 7 20 545 12.05 0.57 3.7( 0.3

TiCl4 TiO2/CdSe 7 20 528 12.93 0.48 3.26( 0.10
aA complete summary, with the values for all the QDSCs analyzed, is provided in the Supporting Information S1.
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which arises from the presence of different chemical composi-
tions for the oxygen. The main contribution is related to Ti�O
bonds with a XPS peak at 530.49 eV. The other peaks originate
from the oxygen at the surface OH� groups (531.94 eV) and
adsorbedH2Owith a peak at around 532.7 eV.54 Accordingly, the
XPS spectra of Figure 1b and c have been fitted using the
convolution of three Gaussian peaks (O 1s from Ti�O, OH,
and H2O). The relative intensities of the fitted peaks for TiO2

and HF treated TiO2, for the O 1s region, are summarized in
Table 2. It can be seen that the contribution of O 1s (OH�) is
decreased from 10.3% to 4.5% after the HF treatment. This
decrease reveals that F� ions are replacing some OH� groups at
the TiO2 surface. The Ti�F bond can be easily formed through
the following reaction:

Ti�OH + F� f Ti�F +OH� ð1Þ

The fraction of Ti�O bonds was almost identical for bare and
treated samples (Table 2), also confirming that there is no
incorporation of F� into the TiO2 lattice. Finally, the increase

of the O 1s (H2O) fraction from 13.5% to 19.5% is related to
more adsorbed H2O on the surface after treatment with an
aqueous solution of HF acid. This analysis confirms that the TiO2

surface is modified after fluorine treatment.
Parameters such as the concentration of fluorine solution and,

particularly, the pH influence the TiO2 photocatalytic properties
by changing the amount of the surface fluorination. According to
previously reported results, the Ti�F bond on the surface
remains the dominant species in the acidic pH range.39,40 The
study of the reversibility of fluorination (back-exchange of F�

with OH�) by treating the TiO2�F samples with NaOH
solutions at increasing pH shows that no back-exchange was
obtained until pH = 12.0 was reached.39 We measured the pH of
the ammonium fluoride solution that we used for treating our
samples, and it was 5.8, which is an acidic pH and ensures the
effective surface fluorination.39,40 Also, after fluorine treatment,
samples were put in a solution of Milli-Q water for 1 min and
then dried with a nitrogen flow. Regarding the pH of Milli-Q
water (almost 7), the back-exchange of F� with OH� is not
expected to happen at this pH.39 In this sense, removal of F� is
not expected on the TiO2 surface after rinsing.

36

As shown in Table 1, fluorine surface modification produces a
systematic enhancement of QDSCs performance. Representa-
tive examples of J�V curves obtained for CdS, CdSe, and PbS/
CdS QDSCs are plotted in Figure 2c, f, and i, respectively. There
is certain dispersion in the results observed for solar cells
identically prepared (see Figure 2i and the Supporting In-
formation), which can be mainly attributed to the scattering in
electrode thickness, but a clear trend is observed in spite of this
dispersion. Comparing treated and untreated TiO2 electrodes,
no significant change in the QD loading is observed by reflec-
tance measurement for CdS and CdSe sensitized electrodes (see
Figure 2a and d). Conversely, a clear decrease of reflectance is
observed for PbS/CdS electrodes at long wavelengths (above
500 nm; see Figure 2g). The shift of the absorption threshold to
longer wavelengths has been previously observed as the number
of PbS SILAR cycles increases, and it correlates to the growth of
the PbS QDs.50 Consequently, a higher PbS loading is obtained
after the fluorine treatment, despite the same number of SILAR
cycles being performed for treated and untreated samples. This
fact indicates a change in the reaction kinetics of the PbS
deposition process by SILAR. We are currently studying this
point. The fluorine attached to the TiO2 surface produces an
acidification of the surface that probably enhances the dissocia-
tion of Pb(NO3)2, consequently increasing the deposition rate.

IPCE measurements are plotted in Figure 2b, e, and h, shown
as a slight increase of current efficiency at longer wavelengths.
This increase is particularly significant for PbS/CdS cells, is in
good agreement with reflectance measurements, and explains the
higher photocurrents observed for fluorine treated PbS/CdS
cells (see Figure 2i). Conversely, very similar reflectance and
IPCE spectra have been obtained for both treated and untreated
CdS andCdSeQDSCs. Then, the origin of the beneficial effect of
fluorine treatment on these solar cells must be sought elsewhere.

Table 2. Relative Intensity of the Three Fitted XPS Peaks for
TiO2 andHFTreatedTiO2, in theO1sRegion (Figure1b and c)

sample O 1s Ti�O (%) O 1s O�H (%) O 1s H2O (%)

TiO2 76.2 10.3 13.5

HF TiO2 76 4.5 19.5

Figure 1. XPS spectra of the bare and HF treated TiO2: F 1s high
resolution spectra in HF treated TiO2 (a); O 1s region for the bare
(b) and HF treated (c) TiO2.
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For this purpose, impedance spectroscopy and applied bias
voltage decay measurements were carried out on QDSCs.
The chemical capacitance, Cμ (Figure 3a, d, and g), and
recombination resistance, Rrec (Figure 3b, e, and h), have been
extracted from IS measurements using the previously developed
model.43,55,56 Impedance characterization allows separation of
the effect of each part of the photovoltaic device, as sensitized
electrode, counterelectrode, diffusion in the electrolyte, and
series resistance at each applied voltage bias, Vapp.

56 In Figure 3,
Cμ is plotted against the voltage drop at the sensitized electrode, VF,
removing the voltage drop of series resistance, Vseries (contacts,
counterelectrode, electrolyte diffusion), by VF = Vapp � Vseries. The
slope of Cμ reflects the TiO2 density of states; consequently, a
shift in the chemical capacitance (as observed in Figure 3d and g)
indicates a displacement of the TiO2 conduction band edge.56

In the case of CdSe QDSCs, a downward movement of TiO2 CB
is observed, while for PbS/CdS an upward displacement is
obtained.

The recombination process can be analyzed by the recombi-
nation resistance, as this resistance is proportional to the inverse

of the recombination rate. But to evaluate properly the recombi-
nation resistances of different cells, they have to be compared
under the same conditions of electron density in TiO2, n, as the
recombination rate is proportional to n. VF is proportional to the
rise of the Fermi level of electrons in TiO2, VF = (EFn � EF0)/q,
where q is the positive elementary charge and EFn and EF0 are the
electron Fermi level and the electron Fermi level at equilibrium,
respectively. To analyze the recombination resistance, Rrec, on
the basis of a similar number of electrons (i.e., the same distance
between the electron Fermi level, EFn, and the conduction band
(CB) of TiO2, ECB), the shift of CB has been corrected in
Figure 3e and h, where the voltage scale is the voltage drop in a
common equivalent conduction band (CB), Vecb, where the
effect of the different TiO2 CBs between samples is removed.
The criterion for the modified scale is to shift the chemical
capacitances of the analyzed samples until they overlap. The
same shift applied to the chemical capacitance, in order to attain
the overlap, has been applied toRrec to obtain theRrec vsVecb plot.
In this representation, the effect of the different TiO2 CBs between
samples is removed. The methods to obtain the dependences

Figure 2. Diffuse reflectance, IPCE, and J�V curves for fluorine treated and untreated QDSCs. CdS QDSCs (a) diffuse reflectance, (b) IPCE, and
(c) J�V curves. CdSe QDSCs (d) diffuse reflectance, (e) IPCE, and (f) J�V curves. PbS/CdS QDSCs (g) diffuse reflectance, (h) IPCE, and (i) J�V
curves. The black line represents an identically treated sample showing the dispersion between cells. The exact photovoltaic parameters of the solar cells
represented in these plots can be found in the Supporting Information.
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against VF and Vecb from IS measurements have been previously
reported,25,43,50 and they are extensively reviewed in a recent
paper.56

Regarding PbS/CdS QDSCs, an upward shift of the TiO2 CB
takes place on fluorine treated samples, as derived from the
capacitance measurements (Figure 3g). After correcting this
shift, the fluorine treated samples exhibit lower recombination
resistance (higher recombination) compared to their untreated
counterparts (Figure 3h). These two trends are in excellent
agreement with the increase of PbS loading (Figure 2g), as has
been previously reported when comparing samples with different
numbers of PbS SILAR cycles.50 Therefore, the enhanced
performance of PbS/CdS QDSCs after fluorine treatment can
be attributed to faster PbS deposition kinetics, as has been
previously noted. This higher PbS loading leads to higher light
harvesting and concomitantly higher jsc, while the lower Rrec
explains the reduced Voc (see Figure 2i and Table 1).

On the other hand, the fluorine treatment does not affect the
deposition reaction kinetics for CdS and CdSe QDSCs, since the
same amount of light harvesting material is obtained for both
treated and untreated samples (Figure 2a and d). However,
higher recombination resistance is measured on fluorine treated
samples, particularly for CdSe QDSCs (Figure 3e). The surface

Ti�F group seems to act as an electron-trapping site slowing
down the interfacial electron transfer rates by tightly holding
trapped electrons due to the strong electronegativity of fluorine.36

The slower recombination extracted from IS for CdS and
CdSe QDSCs has been further confirmed by comparing the
electron lifetimes, τn, of fluorine treated and untreated samples
(Figure 3c and f). τn has been measured by applied bias voltage
decay (ABVD).52 Consistently, shorter lifetimes are obtained for
fluorine treated PbS/CdS cells (Figure 3i), as expected from the
lower recombination resistance measured.

4. CONCLUSIONS

We have shown that the TiCl4 treatment, conventionally used
in DSCs, did not offer any improvement for the QDSCs tested.
Conversely, fluorine treatments, either with NH4F or HF, on
TiO2 nanostructured electrodes have a general beneficial effect
on the QDSCs efficiency, using CdS, CdSe, and PbS/CdS QDs
directly grown on the TiO2 electrodes by SILAR. The reason for
the increase of efficiency observed after the fluorine treatment
depends on the semiconductor light absorbing material. The
faster deposition reaction kinetics of PbS leads to a higher
amount of light harvesting material in PbS/CdS QDSCs. In

Figure 3. Chemical capacitance, recombination resistance, and electron lifetime for fluorine treated and untreated QDSCs. CdS QDSCs (a) chemical
capacitance, (b) recombination resistance, and (c) electron lifetime. CdSe QDSCs (d) chemical capacitance, (e) recombination resistance, and
(f) electron lifetime. PbS/CdS QDSCs (g) chemical capacitance, (h) recombination resistance, and (i) electron lifetime. Chemical capacitance and
recombination resistance were obtained from IS measurements, while electron lifetime was obtained from ABVD measurements.
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contrast, the decrease of recombination rate is responsible for the
improved efficiency in CdS andCdSeQDSCs, as evidenced by IS
and ABVD measurements. After the fluorine treatment, efficien-
cies as high as 1.54%, 2.36%, and 3.93% have been obtained for
CdS, PbS/CdS, and CdSe QDSCs, respectively (see the Sup-
porting Information). Two important conclusions, one practical
and another one more general, can be extracted from the present
study: First, the fluorine treatments can be systematically used to
enhance the efficiency of QDSCs, as TiCl4 is used with the same
purpose in DSCs. On the other hand, in order to improve the
efficiency of QDSCs, a specific design of the device architecture,
taking into account the particular characteristics of semiconduc-
tor QDs, is compulsory.
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