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size and thermal annealing†
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and Marina E. Rincónb

Deposition of colloidal quantum dot thin films to fabricate hybrid solar cells is strongly dependent on the

nature of the quantum dot (QD) surface ligand. In order to reduce the fabrication cost and eliminate

additional steps as the ligand-exchange, water soluble quantum dots (WSQDs) can be directly assembled

in solid-state hybrid photovoltaics. In this paper we present the synthesis and characterization of solution

processed quantum dot solar cells (QDSCs) with mercaptosuccinic acid (MSA) capped CdSe QDs as the

active layer, rutile TiO2 nanorods (NRs) as the electron transport material (ETM) and Spiro-OMeTAD as

the hole transport material (HTM). Narrow size distribution and surface coordination of the WSQDs were

critical on the performance of the devices, with 3.5 nm CdSe QDs yielding the best power conversion

efficiency (PCE). Annealing of the CdSe QD layer at 190 �C and room temperature infiltration of Spiro-

OMeTAD into the active layer, simultaneously increased Voc, Jsc, and PCE. Proper annealing increases the

QD size and removes linked water and excess ligands, contributing to QD packing and better electron-

transport through the active layer. The improvement of Voc observed after further HTM infiltration, can

be ascribed to the surface passivation of in-gap trap states and weak p-doping of QDs induced by 4-

tert-butylpyridine, as evidenced by Kelvin probe measurements.
Introduction

Solution-processed quantum dot solar cells (QDSCs) continue
to be one of the most suitable candidates for 3rd generation
solar devices.1,2 In order to promote the use of low-cost green
materials, hybrid composites of inorganic QDs/p conjugated
polymers are being the subject of extensive research for
photovoltaic applications.3–5 In this sense, water soluble
quantum dots (WSQDs) are a good alternative to replace
organometallic synthesized quantum dots (ORQDs) in solid-
state solar cells. The organometallic synthesis of CdSe QDs
has been reported to be about 8 times more expensive than the
aqueous route.6 Employing high quality WSQDs eliminates the
use of organic solvents and high temperatures during the
synthesis. In addition, since WSQDs have very short ligands,
ligand exchange7 to replace the native long ligands from ORQDs
may be avoided.

Conventional deposition techniques to assemble hybrid
devices based on WSQDs are inappropriate, due to the low
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volatility and large surface tension of water as a solvent.
Subsequently, alternative techniques have been used to
assemble WSQDs of CdSe, CdS, CdTe, HgTe, in solid-state
hybrid devices. The most common techniques are electro-
static layer-by-layer (ELBL) deposition by dip-coating7–9 and
spray-coating.10,11 ELBL deposition consists of alternating self-
assembly of QD monolayers and polyelectrolyte layers, which
results in a very stable lm but with a high energy barrier for
charge transfer due to the presence of the cross-linkers
(polyelectrolytes).9 The poly-ion also constitutes the p-type
material in some devices.7 For deposition of thin layers (30–
200 nm) and assembly of optoelectronic devices, such as
LEDs10 and photodetectors,11 spray-coating of WSQDs has
been ideal although it requires complex drying control to have
good reproducibility. More recently, spin-coating was
successfully used to deposit CdTe QDs stabilized in water with
2-mercaptoethylamine (MA) over a TiO2 compact layer.12

Opposite to the high repulsion experienced between thioacid
capped QDs, this thiol–amine allows higher concentration of
QDs in water, and the amine can easily anchor to the TiO2

surface by means of hydrogen bonds.
Another big challenge in solid-state hybrid solar cells using

QDs is the charge transfer improvement at the QD surface. In
particular, efficient charge transfer at the interface n-type QD/
hole transport material (HTM) is required, due to low carrier
mobility in QDs compared to the bulk material. Hence, hetero-
RSC Adv., 2017, 7, 13543–13551 | 13543
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interfacial contact between QDs and the HTM can be improved,
through pore inltration of the HTM into the active layer and
removal of the capping agent at the QD's surface. Different
conjugated polymers have been used as solid HTMs in hybrid
photovoltaics with CdSe QDs, e.g., poly(9,9-dioctyluorene-co-N-
(4-utylphenyl)diphenylamine (TFB),9 poly(1-methoxy-4-(2-
ethylhexyloxy-2,5-phenylenevinylene)) (MEH-PPV),13 poly(3-
hexylthiophene) (P3HT)13,14 and poly[2,6-(4,4-bis(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b0]-dithiophene)-alt-4,7-(2,1,3-benzo-
thiadiazole)] (PCPDTBT).15,16 Currently, the inverted QD-
polymer solar cells has the highest power conversion effi-
ciency (PCE), 3.0–4.2%,15–17 of the spherical CdSe QD based
devices. For this conguration the active layer is frequently
a QD/polymer blend, where the donor material is a low band-
gap polymer (p-type) and the acceptor material is an inter-
connected network of spherical CdSe nanocrystals (NCs).
However, for these solar cells the CdSe QDs are still synthesized
by the organometallic route and need post-synthetic surface
modication.

In this contribution, the synthesis and characterization of
hybrid QDSCs with conguration: FTO/TiO2 NRs/CdSe QDs/
Spiro-OMeTAD/Au is presented. CdSe QDs were synthesized
by the aqueous route, using mercaptosuccinic acid (MSA) as the
stabilizing agent. A modied drop-coating technique was
implemented to directly deposit the QDs on top of rutile TiO2

nanorods (NRs). 2,20,7,70-tetrakis (N,N0-di-p-methoxyphenyl-
amine)-9,90-spirobiuorene (Spiro-OMeTAD) was used as HTM
due to its low molecular weight and high pore lling.18,19 The
effect of the QDs size and thermal annealing of the devices,
before and aer Spiro-OMeTAD deposition, on the solar cell
performance is discussed. The best solar cell doubled the PCE
previously reported for solid-state hybrid devices with colloidal
CdSe QDs synthesized by aqueous route.9 Direct deposition
means that nor ligand exchange neither cross-linkers were used
for QD deposition, to avoid higher cost and larger energy
barriers in the active layer, respectively. The devices herein
presented are QD-based solar cells even aer annealing of the
active layer, since the growth of CdSe nanocrystals remains in
the regime of quantum connement.
Fig. 1 (a) Absorption and (b) photoluminescence spectra of the CdSe Q
wavelength: 365 nm). The inset shows solutions of QDs grown for 2, 3 a

13544 | RSC Adv., 2017, 7, 13543–13551
Results and discussion
Aqueous synthesis of MSA capped CdSe QDs

The CdSe QDs were synthesized by modifying a method previ-
ously reported.20 First, nucleation of CdSe nanocrystals capped
with MSA was carried out inside a glove box lled with N2.
Conventional growth of water-soluble nanocrystals is usually
inside a reux system, limited by the boiling temperature of
water under atmospheric pressure. Therefore, in order to
increase the boiling temperature and consequently the growth
rate of the nanocrystals, the raw solution was heated inside an
autoclave (under P > Patm). Different raw solutions were sub-
jected to growth periods of 2, 3 and 4 h at 135 �C, henceforth the
QDs grown for these periods are referenced as: QDs-2 h, QDs-3 h
and QDs-4 h, respectively. The detailed procedure for synthesis
and growth of the nanocrystals can be found in the Experi-
mental section.
Optical and morphological characterization of CdSe QDs

Fig. 1 shows the absorption and photoluminescence (PL)
spectra of the QD solutions measured aer hydrothermal
growth. All solutions have well dened excitonic absorption
peaks as can be observed in Fig. 1a. Optical band gap energies
(Eopg ) of the QDs obtained from the UV-vis spectra and Tauc's
graphical method22 are presented in Table 1. On the other hand,
Fig. 1b shows narrow emission peaks corresponding to QDs
grown during 3 and 4 h, with full width at half maximum
(FWHM) # 31 nm (see Table 1). This indicates good size
renement controlled by the stabilizing agent (MSA). Among
different thioacid agents, MSA has shown to be an excellent
surfactant evidenced by strong reduction of non-radiative
recombination in the QDs. The absolute PL spectra of equally
diluted QD solutions, reveals a growth period of 3 h as the
brightpoint,17 transition from nuclei growth stage to Ostwald-
ripening21 is observed aerwards. Inset in Fig. 1b shows a color
red-shi (le-right) in emission of the QD solutions under UV
radiation.

Morphological characterization using transmission elec-
tronic microscopy (TEM) was also carried out to nd the average
Ds in aqueous solution, grown during 2, 3 and 4 h at 135 �C (excitation
nd 4 h (left to right) under UV radiation (365 nm).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Optical and morphological properties of the MSA capped CdSe QDs

Growth period
(h)

1st excitonic absorption
peak l (nm)

Diameter – TEM
(nm)

FWHM – TEM
(nm)

FWHM – PL width in l

(nm)
Eopg (eV)
Tauc

2 516.5 2.75 � 0.01 0.69 � 0.04 49 2.3
3 539.5 3.49 � 0.01 0.52 � 0.04 27 2.2
4 554.5 4.07 � 0.01 0.66 � 0.03 31 2.1

Fig. 2 TEM images of the CdSe (a) QDs-2 h, (b) QDs-3 h and (c) QDs-4 h.
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diameter and particle size distribution (PSD) of the QDs. TEM
images (Fig. 2) show good monodispersity of the QDs and PSDs
of Fig. S1† (from the ESI†) are narrow. The average size and
FWHM based on TEM are also summarized in Table 1, with the
respective standard deviation. As expected, the narrowest PSD
from TEM and the minimum FWHM calculated from the PL
spectra corresponded to QDs-3 h, and the nanocrystals grown
during 4 h presented the largest diameter and the lowest band
gap energy.
Deposition of CdSe QDs lms on top of rutile TiO2 NRs

In order to increase the hetero-interfacial area between the
electron transport material (ETM) and CdSe QDs, TiO2 NRs were
used instead of a compact thin layer. The TiO2 NRs were directly
grown on uorine-tin oxide (FTO) substrates by hydrothermal
route, following a procedure published elsewhere.23,24 This
method results in TiO2 NRs with rutile phase, and average
nanorod length of 600 nm corresponding to 1.5 h of hydro-
thermal growth inside an autoclave. These properties were evi-
denced through the XRD pattern of Fig. S2† and SEM image of
Fig. S3.† For reaction times less than 1.5 h the NR lms were not
homogeneous. Subsequently, the NRs surface was subjected to
a second hydrothermal treatment to avoid short-circuit and
reduce electron recombination through trap-states.

Two different techniques were evaluated in order to nd the
best deposition of CdSe QDs layers on top of TiO2 NRs. CdSe
QDs deposition by a spray-coating was rst assayed following
conditions previously reported.11 A substrate with TiO2 NRs was
placed over a hot-plate and kept at 45 �C, then, an amount of
CdSe QD solution was spread on top of the TiO2 NRs surface
using an airbrush with nozzle of 0.3 mm and 40 spray applica-
tions. The key for this technique lays on the time interval
between applications. If it is long just tiny spots are formed and
disappear in subsequent spraying. Otherwise, if it is short
a thicker liquid layer is deposited and only one – large – spot is
formed aer drying (see Fig. S4a, ESI†). For the last case, the
usual coffee-ring effect was not observed, since dense
This journal is © The Royal Society of Chemistry 2017
deposition was experienced at inner areas instead of at the
perimeter. In fact, controlling the homogeneous deposition of
CdSe QDs was very difficult.

In order to simplify the deposition technique, frame assisted
thermal drop-coating was a good alternative. Although normal
drop-coating still resulted in spots at inner areas, homogeneous
CdSe QD layers were obtained by using a frame of copper wire
around the deposition area. The substrate with TiO2 NRs was
rst fastened over a metal sheet with copper wire (as shown in
Fig. S4b, ESI†), the assembly was placed over a hot plate and
kept at 47 �C, then the QD solution was dripped and distributed
inside the limited area. Aer just 15 minutes a dried layer was
achieved with small accumulation at the border limited by the
frame, but with homogeneous deposition at the inner area. The
coffee-ring was well controlled by driving the capillary ow to
the edge of the substrate. Neutral pH of the QD solution (�7.5)
allowed interfacial affinity between TiO2 NRs and MSA capped
CdSe QDs (see Fig. 3a), aiding to the wetting of the whole
surface. One key to obtain homogeneous deposition was the
complete wetting of the frame, Fig. 3b illustrates the thermal
deposition and the meniscus formed over the wire due to the
large surface tension of water. Finally, the high porosity of the
TiO2 NRs lms increased the adsorption of the nanocrystals and
the thermal treatment improved the diffusion rate and ordering
of the nanocrystals through the interstitial matrix of the NRs.

Once the drop-coating conditions were stablished, the
maximum thickness of the QD layer was determined by the
maximum concentration allowed for the initial QD solution. For
the MSA capped CdSe QDs, saturation in water solution under
room conditions was usually around 13.6 mg mL�1. However,
the concentration for deposition must be lower, around 10 mg
mL�1, due to the drying dynamics. When the dripped solution
was above 10 mg mL�1, the solution reached saturation before
total evaporation of water. Visible agglomeration of the nano-
crystals across the surface evidenced drying under saturation
condition. The average thickness of the CdSe QD over-layer
deposited with 10 mg mL�1 solution was 96 nm, measured
RSC Adv., 2017, 7, 13543–13551 | 13545
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Fig. 3 (a) Schematic illustration of a MSA capped CdSe QD, stabilized in water through dissociation of carboxylic acids into carboxylates. (b)
Sectional sketch of the CdSe QD layer deposition by frame assisted thermal drop-coating.

Fig. 4 (a) Cross-sectional SEM micrograph of CdSe QD layer deposited by thermal drop-coating on top of the TiO2 NRs. (b) Zoom of the cross
section to identify the upper tip of TiO2 NRs.
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with eld emission scanning electron microscopy (FESEM).
Fig. 4a shows a SEM image of the cross-section, where inltra-
tion of the CdSe QDs between the NRs can be observed, and the
over-layer is highlighted in light orange (eye guideline). The
baseline to calculate the over-layer was placed over the upper tip
of TiO2 NRs, Fig. 4b shows a zoom of the cross section where the
upper tips are clearly visible.

Concentrations of the CdSe QD solution below 10 mg mL�1

were also used for deposition, 6 and 7.5 mg mL�1, but the
respective thinner layers led to reduction on the photovoltaic
performance of the devices.
Fig. 5 (a) J/V curves of annealed devices with QDs-2 h, QDs-3 h andQDs
QDs-3 h. Under AM1.5G 100 mW cm�2 illumination. (b) Optical absorban
190 �C, respectively. (c) Energy level scheme of the solar cells QDSC 3 h

13546 | RSC Adv., 2017, 7, 13543–13551
Effect of QDs size and annealing treatment on the solar cells
performance

Fig. 5a shows the J/V curves of the QDSCs based on CdSe QDs
grown for 2, 3, and 4 h, labeled as: QDSC-A 2 h, QDSC-A 3 h and
QDSC-A 4 h, respectively. –A means CdSe layer annealed aer
deposition, and only the non-annealed device with QDs-3 h is
presented to observe the annealing effect (QDSC 3 h). The
electronic band gap coupling and the active layer porosity were
considered as the main size-dependent properties affecting the
assembly and photovoltaic performance. First, effective charge
transfer at the interfaces must be guaranteed by proper energy
-4 h (annealing before HTM deposition), and non-annealed devicewith
ce spectra of CdSe films with QDs-3 h: non-annealed and annealed at
and QDSC-A 3 h, respectively.

This journal is © The Royal Society of Chemistry 2017
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Table 2 J/V photovoltaic parameters obtained from 3 solar cells for each configuration

Jsc (mA cm�2) Voc (V) FF PCE (%)

QDSC-A 2 h 0.04 � 0.008 0.13 � 0.0003 0.24 � 0.004 0.001 � 0.0003
QDSC 3 h 0.12 � 0.02 0.25 � 0.0003 0.33 � 0.002 0.010 � 0.002
QDSC-A 3 h 0.22 � 0.04 0.34 � 0.0003 0.37 � 0.001 0.028 � 0.005
QDSC-A 4 h 0.16 � 0.03 0.29 � 0.0003 0.29 � 0.001 0.014 � 0.003
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level alignment as the QD size changes. For the size range of the
CdSe QDs evaluated the conduction band edge energy (CBM)
changes quickly with the QD size, meanwhile the valence band
edge energy (VBM) does not change signicantly respect to the
bulk VBM.25 Therefore, variation of the QD size mainly modies
the driving force for electron injection at the interface CdSe
QDs/TiO2 NRs, and also the visible light absorption. An increase
of both driving force and light absorption leads to an increment
of the photo-generated current; however these phenomena
change inversely along with variation of the QD size.26 In this
sense, an optimum QD size corresponding to maximum
photocurrent can be found in a size range limited by two
conditions: zero electron injection (largest size) and poor visible
light absorption (smallest size). For the present case, an
optimum was found (QDs-3 h) in the size range evaluated,
although this optimum is inuenced by morphological and
surface effects. As shown in Table 2, the best short circuit
current density (Jsc) of 0.22 mA cm�2 was obtained aer
annealing the CdSe lm with QDs-3 h. Annealing at 190 �C
causes a red-shi of the excitonic peak (35 nm), indicating in
situ growth of the QDs (Fig. 5b). By using the Tauc's graphical
method, an optical band gap energy of 2.06 eV was calculated
aer annealing. When comparing with the Eopg of 3.5 nm QDs
(2.2 eV, see Table 1) and the bulk band gap energy of the CdSe
(1.74 eV), it can be inferred that the slightly grown CdSe nano-
crystals are still under quantum connement. The energy level
scheme of the solar cells QDSC 3 h and QDSC-A 3 h shows
proper band alignment for charge transfer, as depicted in
Fig. 5c. All values are indexed to the vacuum energy,27,28 and the
Fig. 6 (a) FTIR spectra of: non-annealed CdSe QD layer (blue curve); Cd
annealed CdSe QD layer; (II) CdSe QD layer annealed at 190 �C.

This journal is © The Royal Society of Chemistry 2017
band edge energies (CBM and VBM) of the CdSe QDs were
calculated using semi-empirical equations.29 More effective use
of photon energy could be achieved with a well-dened range of
QD sizes in the same device, but cascaded energy alignment is
needed. In a cascaded-junction QD solar cell, the loss of elec-
tron kinetic energy and extracted electrochemical potential is
reduced by selective photon absorption.30

Incident photon to current efficiency (IPCE) measurements
were also carried out to compare the annealed solar cells. The
IPCE spectra shown in Fig. S5, of the ESI,† indicate that the
QDSC-A 3 h yields the highest external quantum efficiency
(EQE), with a maximum of 6% at 460 nm, in contrast with
a maximum EQE of 2.2% at 390 nm reported for thioglycolic
acid (TGA) capped CdSe QDs.9 This result is consistent with the
reduction of carrier recombination and maximum Jsc found for
QDs-3 h, aer annealing. The trend of the EQE increase for
different sizes is equally consistent with the J/V curves of Fig. 5a,
and the onset of the IPCE spectra matches with the onset of the
absorption spectra in Fig. 1a.

While the electronic band alignment directly affects the Jsc,
the morphological effect is assumed tomainly inuence the Voc.
As the QD size increases, the QD layer porosity also increases. In
consequence, larger hetero-interfacial area between the QDs
and the HTM are expected under higher inltration of the Spiro-
OMeTAD at larger QD size. One proof of higher pore lling at
larger QD size is the substantial reduction of the series resis-
tance (Rs) observed when comparing the QDSC-A 2 h and QDSC-
A 3 h devices (Table S1, ESI†). An 80% reduction of the Rs can be
ascribed for the most part to better hetero-interfacial contact
Se QD layer annealed at 190 �C (red curve). (b) XRD pattern of: (I) non-

RSC Adv., 2017, 7, 13543–13551 | 13547
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and QD surface passivation (discussed later). Moreover, the
important increment of Voc observed in larger QDs (see Table 2)
suggests the removal of in-gap trap states in these QDs. In
addition, from Table S1† a size dependence of the shunt resis-
tance (Rsh) can be inferred. Since larger QDs yielded lower Rsh,
higher porosity (i.e. higher inltration of the HTM) may lead to
irregular deposition of the top-layer by spin-coating. On this
basis, achieving an optimum HTM loading by using lower spin-
rates could reduce the leakage current associated with physical
defects and low Rsh.

Surface coordination and size distribution can be correlated
to the growth kinetics of QDs, affecting both the trap-states
surface density and the energy alignment. From the PL
spectra (Fig. 1b), the QDs-2 h show the widest FWHM (49 nm)
and lowest PL intensity. Low photoluminescence is the result of
poor surface coordination which lead to trap-assisted non-
radiative recombination. Moreover, although both QDs-3 h
and QDs-4 h showed a narrow size distribution, the maximum
photoluminescence quantum yield (PLQY%) makes the differ-
ence. Therefore, since the QDs-3 h yielded the highest PLQY
(�11% respect to rhodamine 6G), this suggest a better coordi-
nation of Cd atoms and fewer trap-states at the QD surface,
leading to recombination reduction for charge transfer.

In order to evaluate the annealing effect on the composition
of the CdSe QD layers, infrared (IR) spectra by attenuated total
reectance (ATR) were obtained for non-annealed and annealed
lms. In Fig. 6a, broad absorption band around 2750–3600
cm�1 observed in the non-annealed prototype almost dis-
appeared aer thermal annealing (red curve). –OH stretching
vibrations corresponding to linked water and carboxylic acids
(–COOH) are located at this region. C–H stretching vibrations
found between 2800 and 3000 cm�1, characteristic of alkyl
chains, are usually overlapped by the –OH acid contribution.
Removal of excess ligands and water – accumulated or weakly
linked, contributes to better contact between the HTM blend
and the core surface of the QDs, explaining the 37% reduction
of Rs and the increment on Voc (from 0.25 to 0.34 V) aer
annealing.

Aiming to demonstrate that the photocurrent improvement
aer annealing (see Fig. 5a) is caused by a dense packing of
QDs, instead of crystalline phase transition, X-ray patterns of
the CdSe QD lms were measured. All the diffraction peaks can
be assigned to zinc blende structure, similar to CdSe QDs
synthesized at low temperature.20 The characteristic peaks of
zinc blende were found at 2q: 26.5�, 43.5� and 51.6� corre-
sponding to planes (111), (220) and (311), respectively. Other
diffraction peaks can be indexed as the tetragonal rutile phase
of TiO2 and FTO (see Fig. S2†). Based on the literature,20 tran-
sition temperature between zinc blende and wurtzite structure
is around 200 �C, and the annealing temperature (190 �C) was
closed to this limit. However, the annealed CdSe QD layers kept
the zinc blende structure, as shown in Fig. 6b.
Fig. 7 J/V curves of device annealed after HTM deposition, and
devices left under N2 atmosphere at 25 �C (1 day to 1 week). Under
AM1.5G 100 mW cm�2 illumination.
Evaluation of the HTM (Spiro-OMeTAD) and pore lling effect

Herein, pore lling was considered in devices with QDs-3 h
under two different temperatures and periods: (1) assembled
13548 | RSC Adv., 2017, 7, 13543–13551
devices were kept at room temperature (�25 �C) for 1 week. (2)
Aer Spiro-OMeTAD deposition, the devices were annealed at
190 �C for 1 h on a hot plate. In both cases the devices were
inside a glovebox with N2, to avoid over-oxidation and conse-
quent loss of conductivity of the Spiro-OMeTAD.

The photovoltaic performance and J/V parameters of fresh (1
day) and aged (1 week) devices can be observed in Fig. 7 and
Table 3, respectively. Aer 1 week, the PCE of the QDSCs
increased from 0.028 to 0.045% with a simultaneous increase in
Voc, Jsc and the ll factor (FF), as in previous report.31 It is
noticeable the signicant increase in Voc compared to the other
parameters. This result suggests that during 1 week of aging,
further inltration of Spiro-OMeTAD took place from the over-
layer into the pores of the CdSe QD layer. Under N2 atmo-
sphere, the Voc increase is not attributable to HOMO level
change of the Spiro-OMeTAD by oxidation.

On the other hand, thermal annealing at 190 �C aer Spiro-
OMeTAD deposition (above the glass transition temperature,
125 �C (ref. 32)) led to lower PCE despite the expectation of pore
lling increment.31 This performance reduction was ascribed to
fast evaporation of the 4-tert-butylpyridine (tBP) additive during
the heat treatment, starting at 85 �C. Usually, for solution
deposition of the HTM layer, Spiro-OMeTAD is diluted in
chlorobenzene with two additives: the lithium salt Li-TFSI and
the tBP. Li-TFSI is expected to catalyze the Spiro-OMeTAD
oxidation, and the tBP aids in LiTFSI dilution, keeping
a homogeneous HTM layer aer deposition. Although LiTFSI
and tPB have been reported without any effect on the HTM
conductivity, tBP adsorption into the active layer may inuence
the interfacial charge transfer improving both Voc and Jsc.33,34

Recently, remote molecular doping of QDs has been found35 to
effectively p-dope QDs by compensation of trap states and
contribution of free charge carriers through hole-injection into
the QDs. In the present case, the tBP may act as oxidizing agent
(p-dopant) due to its deeper HOMO level compared to the
ionization energy of the CdSe QDs. Therefore, by using
This journal is © The Royal Society of Chemistry 2017
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Table 3 J/V photovoltaic parameters obtained from 3 solar cells for each configuration

Jsc (mA cm�2) Voc (V) FF PCE (%)

QDSC (25 �C-1 day) 0.22 � 0.04 0.34 � 0.0003 0.37 � 0.001 0.028 � 0.005
QDSC (25 �C-1 week) 0.25 � 0.04 0.46 � 0.0003 0.39 � 0.001 0.045 � 0.007
QDSC (190 �C-1 h) 0.20 � 0.04 0.30 � 0.0003 0.21 � 0.001 0.013 � 0.003
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scanning Kelvin probe (SKP) the Fermi level of the CdSe active
layer with and without tBP-treatment was measured, aiming to
detect any shi induced by molecular doping. In fact, a shi of
0.062 eV toward a deeper energy level was measured aer
absorption of a tBP solution (0.015 mL mL�1 in acetonitrile) in
the CdSe layer, indicating a weak p-doping.
Conclusions

This work explored a simple processing and direct assembly of
WSQDs into hybrid photovoltaics. Ideal polarity of the capping
agent is necessary to avoid either easy agglomeration or low QD
concentration caused by high repulsion in solution. Narrow size
distribution and surface coordination of the QDs determined
the best power conversion performance. The growth period of
the optimum QDs can be correlated to the brightpoint, where
the best PLQY% and narrowest FWHM are reached simulta-
neously. Simultaneous increase of the Voc, Jsc and the PCE was
achieved aer thermal annealing of the CdSe QD layer and the
room temperature inltration of Spiro-OMeTAD. Annealing
caused in situ growth of QDs and removed linked water and
excess ligands, causing dense packing of the QDs and better
electron-transport through the active layer. In addition, the
improvement of Voc observed aer further HTM inltration can
be ascribed to the surface passivation of in-gap trap states and
weak p-doping of QDs induced by 4-tert-butylpyridine, as evi-
denced by Kelvin probe measurements. For future works,
increasing the nanocrystal size to obtain larger hetero-
interfacial contact area and higher light absorption can
improve the photovoltaic performance, as long as proper energy
alignment is kept. Larger CdSe QDs at their respective bright-
point can be obtained either by changing the synthesis condi-
tions or increasing the growth temperature. Finding the
brightpoint of larger QDs and surface passivation to obtain high
quality WSQDs will be essential to compete with ORQDs. In
addition, optimization of the HTM layer thickness is also
required since inltration can be limited by the reservoir of the
HTM over-layer. Currently, we are advancing in impedance
spectroscopy characterization to study the recombination and
charge injection at the TiO2 NRs/CdSe QDs interface.
Experimental
Materials and reagents

For synthesis of MSA capped CdSe QDs the following reagents
were obtained: cadmium chloride 2.5 hydrate CdCl2$2,5H2O (Alfa
Aesar, 80.7%), mercaptosuccinic acid (MSA) (Sigma-Aldrich,
97%), sodium borohydride NaBH4 (Panreac, 96%), sodium
This journal is © The Royal Society of Chemistry 2017
selenite Na2SeO3 (Sigma �98%) and sodium hydroxide NaOH
(Sigma-Aldrich, 97%). For preparation of the solar cell prototypes
the following materials were used: deionized water (DI, 18.2 MU

cm), FTO glass slides (8 U sq�1 resistance) from Dyesol, Spiro-
OMeTAD (2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-
spirobiuorene). And titanium(IV) isopropoxide (TTIP, 97%),
chlorobenzene (99,8%), 4-tert-butylpyridine (tBP, 96%), bis(tri-
uoromethylsulfonyl)amine lithium salt (LiTFSI, 99.95%)
Aldrich, gold (Au, 99.99%), all from Sigma-Aldrich.

Synthesis of MSA capped CdSe QDs

Briey, the QDs were obtained by reaction of the respective
precursors: Cd+2 and Se�2. Cadmium precursor was prepared by
mixing 0.5659 g of CdCl2$2,5H2O and 0.4954 g of MSA in 100
mL of DI water. Later, the pH was adjusted to 11.0 by using
a NaOH 0.1 M solution. Selenide precursor was obtained by
reaction between 0.053 g of Na2SeO3 and 0.1 g of NaBH4 in 5 mL
of water (colorimetric tube). Aer 6 minutes of reaction, Se�2

solution was added to the Cd+2 solution under magnetic stir-
ring. These reactions were carried out inside a glovebox with N2

atmosphere.

Growth of the CdSe NCs/obtaining NCs powder

The as-prepared QD solution (�120 mL) was poured under
room conditions into an autoclave of 200 mL, and once sealed it
was introduced into an oven at 135 �C. When heating was over,
4/5 of the water was evaporated in vacuum (60–70 �C) to obtain
a concentrated solution of �24 mL. This was followed by
addition of 2-propanol (non-solvent) under stirring to precipi-
tate the NCs. Then, the solution was subjected to centrifugation
(1900 rpm) for 15 minutes. The supernatant was removed and
the precipitate was re-diluted in deionized water to wash the
NCs. Precipitation–dilution was repeated one more time and
nally, the wet powder was dried inside a vacuum oven at 70 �C
for 1 hour. Visible residual of water was drained before drying.

Device fabrication

At rst, the FTO substrates (2.0 � 2.5 cm2) were partially etched
with zinc powder and HCl (2 M) to prevent short circuit (free
area of 0.5 � 2 cm2), cleaned by hand with soap and deionized
water, followed by sonication in a mixture 2-propanol/DI water/
ethanol (1 : 1 : 1 v/v) for 20 min. TiO2 NRs were prepared using
hydrothermal method as reported elsewhere.23,24 Briey, 1 mL of
TTIP was added drop by drop into a mixture of DI water (25 mL)
and HCl (25 mL–37 v/v), and kept under vigorous stirring to
obtain a transparent solution. The solution was transferred to
the Teon liner of an autoclave where the FTO substrates were
RSC Adv., 2017, 7, 13543–13551 | 13549
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tilted against the inner wall, FTO face downward. The autoclave
was placed inside a furnace and hydrothermal growth was
conducted at 180 �C for 1.5 h to obtain TiO2 NR length of
�600 nm. Aer the synthesis, the NR-substrates were taken out,
rinsed with abundant DI water and dried in air. Additional
surface treatment of the TiO2 NRs was carried out as follows. 1
mL of TTIP was added drop by drop into a mixture of DI water
(39 mL) and HCl (830 mL–37 v/v), and kept under vigorous
stirring for 1–1.5 h to obtain a transparent solution. Then, the
solution was transferred to the Teon liner of the autoclave
where the substrates covered with TiO2 NRs were tilted against
the inner wall, this time NRs face upward. The autoclave was
placed into the furnace (pre-heated) and hydrothermal treat-
ment was conducted at 90 �C for 1 h. When heating nished,
the substrates were taken out, rinsed with DI water and dried in
air. Later, the NRs were scratched off to uncover the FTO contact
in one extreme of the substrates (0.5 � 2 cm2). Finally, the NR-
substrates were annealed inside a furnace at 450 �C for 1 hour,
and cooled down by natural convection (furnace off).

Subsequently, for deposition of the CdSe QD layer, the NR-
substrate was placed over a metal sheet (SS) and fastened to it
with copper wire (dia. 0.25 mm) as shown in Fig. S4b (ESI†). The
substrate was also blown off with compressed air to remove any
speck of dust. Then, the assembly (substrate-sheet) was placed
over a hot plate inside a fume hood, and the sheet was kept at 45–
47 �C. Before deposition, the CdSe QD solution was always passed
through a 0.22 mmsyringe lter to remove large aggregates. Then,
by using a micropipette, 0.27 mL of 10 mg mL�1 QD solution
were dripped and distributed inside the limited area. Right aer,
the window of the fume hood was lewith a small opening (8 cm)
to let ow the room air at higher velocity. Aer 15 minutes the
assembly was taken out, and the substrate removed from the
sheet. Before HTM deposition, most devices were annealed at
190 �C for 1 h inside a vacuum oven (�0.09 MPa). To deposit the
HTM layer, a solution consisting of 72.3 mg Spiro-OMeTAD in 1
mL of chlorobenzene was prepared. Then, the solution wasmixed
with 28.8 mL of tBP and 17.5 mL of a stock solution: 520 mg
lithium salt (LiTFSI) in 1 mL acetonitrile, and spin-coated onto
the CdSe QD layers at 4000 rpm for 30 s under air conditions.
Finally, the prototypes were completed by thermal evaporation of
57 nm thick gold counter-electrodes.
Characterization

UV-vis absorption spectra of QD solutions and CdSe QD layers
(with TiO2 NRs lm as blank) were obtained using a UV-vis-NIR
scanning spectrophotometer Shimadzu UV-3101PC. Photo-
luminescence (PL) spectra were measured under excitation at
365 nm in a Jasco FP-8500 spectrometer. Average size and
particle size distribution of the QDs were measured with high
resolution transmission electron microscopy (HRTEM, JEOL
JEM-2010). The cross section and layer thickness were examined
with Field Emission Scanning Electron Microscopy (FESEM)
using a Hitachi S-5500. The current–voltage (I–V) curves were
recorded by a Keithley digital source meter and xenon arc lamp
simulator (Oriel Sol 3A, Newport) with an AM1.5G spectral lter.
The power density was calibrated to 1 sun illumination (100
13550 | RSC Adv., 2017, 7, 13543–13551
mW cm�2). All the measurements were performed using a dark
mask with an active area of �0.1 cm2. Measurements of the
IPCE spectra were carried out using a Gamry PCI4-750 electro-
chemical system and a 100 W tungsten-halogen lamp (27 mW
cm�2) coupled with a monochromator (Oriel 77250). The IPCE
system was calibrated with a standard silicon photodiode.
Infrared (IR) Spectroscopy by Attenuated Total Reectance
(ATR) was measured using a Perkin Elmer Spectrum GX. Film
structure was characterized by X-ray diffraction (XRD) per-
formed at a grazing angle of 5� with a Rigaku Diffractometer (D/
MAX 2200) using the CuKa (l¼ 1.54 Å) radiation source. Finally,
the contact potential difference (CPD) measurements were
conducted in a Kelvin probe station (KP Technology SKP-5050
system), using a 2 mm gold tip as reference (4.9 eV). Prior to
the measurement, all the samples were allowed to stabilize in
the dark.
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15 K. Jeltsch, M. Schädel, J. B. Bonekamp, P. Niyamakom,
F. Rauscher, H. Lademann, I. Dumsch, S. Allard, U. Scherf
and K. Meerholz, Adv. Funct. Mater., 2012, 22, 397–404.

16 M. Eck, C. van Pham, S. Züe, M. Neukom, M. Sessler,
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