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uantum dot-sensitized solar cells
have emerged as viable candidates
to develop the next generation of
energy conversion devices.'” The ability to
tune the effective band gap by size control of
quantum dots (QDs) 2" harvest hot elec-
trons,”> " and generate multiple charge
carriers'~'7 with high-energy photons
offers new ways to attain greater power
conversion efficiencies. Of particular inter-
est are the photoelectrochemical cells that
employ size-quantized metal chalcogenides
(e.g., CdS, CdSe, Sb,Ss3) anchored on meso-
scopic TiO, films as photoanodes.'® %’ As
the photogenerated electrons are captured
and transported through the TiO, particle
network, the holes are scavenged by a redox
couple, such as a sulfide/polysulfide.?® De-
creasing particle size of quantum dots in-
creases the charge injection rate into the
TiO,, but the increased band gap excludes
longer wavelength absorption.®%%° Although
short-band gap quantum dots, such as PbS
and PbSe, can harvest visible light energy,
their performance in liquid junction solar cells
is relatively low.>*°
Quantum dot solar cells (QDSCs), which
typically exhibit power conversion efficiency
in the range of 2—5%,*' %" have yet to
deliver efficiencies that are comparable to
their counterpart, dye sensitized solar cells.®~*'
The factors that limit overall power conversion
efficiency of QDSCs include limited absorp-
tion of the incident light, slow hole transfer
rate, back electron transfer to the oxidized
form of the redox couple, and low fill factors
arising from poor counter electrode perfor-
mance. To date, the sulfide/polysulfide re-
dox couple has been the choice for most
liquid junction QDSCs as it provides desir-
able stability during irradiation. Slow hole
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ABSTRACT The photoresponse of quantum dot solar cells (QDSCs) has been successfully
extended to the near-IR (NIR) region by sensitizing nanostructured Ti0,—CdS films with a squaraine
dye (JK-216). CdS nanoparticles anchored on mesoscopic Ti0, films obtained by successive ionic layer
adsorption and reaction (SILAR) exhibit limited absorption below 500 nm with a net power
conversion efficiency of ~1% when employed as a photoanode in QDSC. By depositing a thin barrier
layer of Al,05, the Ti0,—(CdS films were further modified with a NIR absorbing squaraine dye.
Quantum dot sensitized solar cells supersensitized with a squariand dye (JK-216) showed good
stability during illumination with standard global AM 1.5 solar conditions, delivering a maximum
overall power conversion efficiency (77) of 3.14%. Transient absorption and pulse radiolysis
measurements provide further insight into the excited state interactions of squaraine dye with
Si0,, Ti0,, and Ti0,/CdS/AI,0; films and interfacial electron transfer processes. The synergy of
combining semiconductor quantum dots and NIR absorbing dye provides new opportunities to

harvest photons from different regions of the solar spectrum.

KEYWORDS: quantum dot solar cells - squaraine dye - photosensitization - transient
absorption spectroscopy - pulse radiolysis - photocurrent generation - CdS

regeneration and anodic corrosion of the
QDs limits the use of other common redox
couples such as |7 /I;7.%%*3

One approach to maximize the absorp-
tion of incident photons in QDSC is to couple
different light absorbing components such
that a good spectral match with visible and
near-IR region of the solar radiation could
be achieved. Supersensitization of QDs (e.g.,
CdS) with an organic dye absorbing in the
infrared region provides a good combina-
tion to elucidate the feasibilty of this con-
cept. Recently, Zaban et al.**** reported the
CdS quantum dot-TiO,-dye(N719) bilayer
cosensitization that facilitated the use of
the I"/I3™ couple. In addition to significant
overlap between the absorption of CdS and
N719 dye, the reported power conversion
efficiencies remained low. In order to de-
monstrate the concept of supersensitization in
QDSC, we have now employed a squaraine
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Scheme 1. (A) Charge-Transfer Process in Multilayer
Supersensitized Nanocrystalline TiO, Film; (B) Schematic
Drawing of TiO,/CdS/Al,03/JK-216 System

dye that selectively captures photons in the near-
infrared (NIR) region and CdS QD that absorbs in the
visible region (Scheme 1). The NIR squaraine dye
(JK-216)* used in the present study serves dual pur-
pose. First, the dye captures IR photons, and it sca-
venges holes from the CdS QDs, given that the valence
band energy level of CdS is more positive than the
highest occupied molecular orbital (HOMO) level of
JK-216. The results that describe the QDSC perfor-
mance and the interfacial electron transfer kinetics
using transient spectroscopy are presented.
Extending the Photoresponse of (dS with JK-216. The
mesoscopic TiO, films (4 um thick) were modified with
CdS (SILAR method) and JK-216 dye. In addition the dye
was also anchored on an Al,O3 barrier layer deposited
on CdS. The absorption spectra of CdS, JK-216, CdS/
JK-216 and CdS/Al,05/JK-216 deposited on TiO, film
are shown in Figure 1. The absorption spectra of CdS show
absorption below 510 nm corresponding to its band-
gap of ~2.4 eV with a shoulder around 450 nm. JK-216
exhibits a prominent band in the red-near IR region
with maximum at 660 nm. The dye exhibits relatively
little absorption in the 400—500 nm region. The ab-
sorption spectra of CdS/JK-216 and CdS/Al,05/JK-216
exhibit strong absorption bands corresponding to
both CdS and dye. The prominent absorption band in
the red region indicates strong adsorption of the dye
onto these films. The high optical density of the CdS/
Al,03/JK-216 film as compared to CdS/JK-216 arises from
the greater adsorption of the dye adsorption onto Al,O5
layer. Earlier studies that employed Al,Os as a barrier layer
in DSSC have also noted similar dye adsorption.*”*®
Evaluation of QDSC Performance. The photoelectro-
chemical performance of mesoscopic TiO, films mod-
ified with CdS, JK-216, CdS/JK-216, and CdS/Al,03/
JK-216 was monitored under AM 1.5 irradiation
(100 MW cm™2) using a redox couple, 0.22 M Co(bpy)s-
(PFe),, 0.033 M Co(bpy)s(PFg)s, 0.1 M LiClO,, and 0.2 M
4-tert-butylpyridine in acetonitrile. Figure 2A shows the
incident phototo-current conversion effficiency (IPCE)
of QDSCs based on CdS, JK-216, CdS/JK-216, and
CdS/Al,05/JK-216. The TiO,/CdS electrode responds
only below 500 nm. The electrodes modified with
the dye show two maxima around 450 and 660 nm, thus
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Figure 1. Absorption spectra of (a) CdS, (b) JK-216, (c) CdS/
JK-216, and (d) CdS/Al,03/JK-216 adsorbed onto TiO, films.

confirming the participation of both the CdS and dye
molecules in the overall photocurrent generation process.
The maximum IPCE observed for the CdS/Al,O3/JK-216 cell
was about 67% at 450 nm, significantly higher than TiO,/
CdS (~45%). The IPCE of 10—30% in the red-near IR region
shows the extended response of the QDSC up to 800 nm.

Comparison of IPCE spectra at 450 nm (CdS absorp-
tion region) shows an interesting dependence of the
cell response to the presence of JK-216. The IPCE values
measured at 450 nm of CdS, CdS/JK-216, and CdS/
Al,03/JK-216 were 47, 50, and 67%, respectively. It
should be noted that the absorbances at 450 nm of
CdS, CdS/JK-216, and CdS/Al,05/JK-216 were main-
tained constant at 1.50 & 0.05. Hence, the difference
in IPCE cannot be attributed to a varying degree of light
absorption by the CdS. This synergy between the CdS
and the dye in facilitating higher photocurrent genera-
tion indicates an additional role of the dye in shuttling
holes across the CdS/dye—electrolyte interface. This
electron shuttling aspect is similar to that observed
with a Cgo/Cgo couple deposited on a TiO,/Ru(ll) com-
plex in a dye sensitized solar cell.*

With TiO, films modified with JK-216 alone, we
observe photocurrent (spectrum b in Figure 2) arising
from the dye sensitization process (reactions 1 and 2)

dye 4+ hv — 'dye* (1)

"dye* +TiO, — dye" +TiO,(e) (2)

In the case of CdS (spectrum a in Figure 2) reactions 3 and
4 and CdS/JK-216 (spectrum ¢, in Figure 2) reactions 3—6
contribute to the overall photocurrent generation.

CdS + hv — CdS(e + h) (3)
CdS(e) 4 TiO, — CdS + TiOx(e) (4)
CdS(h) + dye — CdS + dye"™ (5)
dye*™ 4 Co(lll) — dye -+ Co(ll) (6)
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Figure 2. (A) IPCE spectra and (B) J—V curves recorded for nanostructured TiO, film electrodes modified with (a) CdS, (b)
JK-216, (c) CdS/JK-216, and (d) CdS/Al,03/JK-216. (Electrolyte: 0.22 M Co(bpy)s(PF¢),, 0.033 M Co(bpy)3(PFe)3, 0.1 M LiClO,4, and

0.2 M 4-tert-butylpyridine in acetonitrile).

TABLE 1. DSSC Performance Parameters of Dyes®

dye Jyc (mA cm ) Vo (V) FF 7 (%)
[ 2341 0.704 0.62 1.01
JK-216 5.932 0.65 0.67 2.59
(dS/JK-216 6.489 0.657 0.66 2.80
(dS/A1,05/JK-216 7.186 0.728 0.60 3.14

“ performances of DSSCs were measured with 0.18 cm? working area. Electrolyte:
0.22 M Co(bpy)s(PFg);, 0.033 M Co(bpy)s(PFg)s, 0.1 M LiClO,, and 0.2 M 4-tert-
butylpyridine in acetonitrile.

Evidence for the hole transfer reaction (reaction 5) was
independently obtained from transient absorption spec-
troscopy and this will be discussed in the latter part of this
paper.

The |-V characteristics of the QDSC employing
various photoanodes are presented in Figure 2B. The
short-circuit current density (Jsc), open-circuit voltage
(Voo), fill factor (FF), and overall conversion efficiency (1)
of CdS/Al,03/JK-216 are 7.18 mA cm ™2, 728 mV, 0.60,
and 3.14%, respectively. For CdS/JK-216, the photo-
voltaic parameters are 6.48 mA cm 2,657 mV, 0.66, and
2.80%, respectively. The improvement in the cell per-
formance resulting from the modifications in the ar-
chitecture is evident from the results summarized in
Table 1. There is a 70 mV increase in V. of the CdS/
Al,03/JK-216 cell under illumination compared to CdS/
JK-216. This significant increase in V,. suggests that the
Al,O3 layer suppresses the recombination reaction be-
tween the oxidized dye and injected electron at the CdS
interface. In addition to increased V., we also noted a
significant increase in the short circuit current. J; of
CdS/Al,03/JK-216 cell is 3 times higher than the CdS
cell. This high current s attributed to the increased spectral
response of the cell containing the dye as well as en-
hanced electron—hole separation via dye scavenging.

In addition to increased photoelectrochemical
performance of the CdS/Al,03/JK-216 electrode, the
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Figure 3. Photocurrent response of CdS/Al,03 (dashed line)
and CdS/Al,03/JK-216 (solid line) electrode under AM 1.5
sunlight in cobalt based electrolyte. Electrolyte: 0.22 M
Co(bpy)s(PFg),, 0.033 M Co(bpy)z(PFe)s3, 0.1 M LiClIO,4, and 0.2
M 4-tert-butylpyridine in acetonitrile.

photochemical stabilization of CdS is seen with JK-216
dye. Figure 3 shows the photocurrent response to
on—off cycles of illumination of a photoelectrochem-
ical cell with CdS/Al,O3 and CdS/Al,05/JK-216 as an-
odes. The photocurrents were normalized to the first
cycle of illumination. Whereas the CdS/Al,03/JK-216
electrode shows stable behavior, the CdS electode
alone undergoes continuous decrease of the current,
indicating a progressive degradation of CdS in the
presence of the Co(ll)/Co(lll) redox couple. These
results further point out the beneficial aspect of
JK-216 in stabilizing the CdS against anodic photo-
corrosion by scavenging the photogenerated holes
(reactions 5 and 6).

Mechanistic Insights into the Role of JK-216 Dye. As ob-
served from the photoelectrochemical behavior of the
squaraine dye modified TiO, and TiO,/CdS film, the dye,
JK-216, plays two different roles. (i) On the TiO, surface,
the dye injects electrons from the excited state to
produce dye*" as a reaction intermediate (reaction 2).
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(i) On the CdS surface its major role is to scavenge
photogenerated holes to produce dye®" (reaction 5).
In both of these reaction pathways, the reaction
intermediate is the dye cation radical. We employed
femtosecond transient absorption spectroscopy and
pulse radiolysis to establish the formation of the
dye*". Figure 4A shows time-resolved transient ab-
sorption spectra recorded following 387 nm laser
pulse excitation of JK-216 adsorbed onto a meso-
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Figure 4. Differential absorption spectra obtained upon
femtosecond flash photolysis (387 nm) of JK-216 adsorbed
onto the (A) SiO, film and (B) TiO, film.
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scopic SiO, film and a TiO, film. Since the dye is the
only absorber at the excitation wavelength, we can
follow the deactivation of the excited dye by these
two processes. Since SiO, is an insulator, it serves as a
neutral substrate, not directly participating in any
electron transfer process. The observed spectral
characteristics correspond to the singlet excited
dye. The difference spectrum of the singlet excited
dye exhibits a broad absorption maximum around
530 nm and a strong bleaching in the region of
the ground-state absorption (600—700 nm region).
From the exponential decay of the transient, the
singlet excited state lifetime is calculated to be about
25 ps.

On the other hand, the difference absorption spec-
tra recorded following laser pulse excitation of the dye
adsorbed on the TiO, film exhibit two absorption
maxima at 580 nm and >760 nm accompanied by
the bleaching around 660 nm (Figure 4B). This transi-
ent is long-lived and contrasts in spectral characteris-
tics to that observed with SiO; film in Figure 5A. We
observe about 50% decay during the monitoring time
of 1.6 ns. We attribute this transient to the oxidized
state of the dye*" formed as a result of charge injection
from the excited dye into TiO, surface. Since we
observe this transient within 1 ps following the laser
pulse excitation, we expect the charge transfer rate
constant to be ~10'2 s ",

We have independently confirmed the spectral
identity of dye*" using pulse radiolysis experiments.
Solutions of JK-216 in O,-saturated methylene chlor-
ide were subjected to electron pulse irradiation to
generate the dye"" radical. Methylene chloride was
used as the solvent for pulse radiolysis since it pro-
vides good solubility for JK-216 as well as the posibility
of generating a predominantly oxidizing environment
during the experiment.*®' Similar methods have also
been successfully adopted to characterize other
squaraine dyes.>?>*
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Figure 5. (A) Time resolved absorption spectra obtained during the pulse radiolysis of JK-216 solution in oxygenated
methylene chloride. (B) The build-up traces of the transient specie(s) and decay of the ground state.

CHOI ET AL.

VOL.5 = NO.11 = 9238-9245 = 2011 ACY

WWww.acsnano.org



The radiolysis of methylene chloride leads to the
carbon centered radicals, *CH,Cl and *CHCl,:

CHaCly — @701 + (CHyCly)™ (7

CH2C|2 +e o — .CH2C| +Cl™ (8)

In oxygenated solutions, the chloromethyl and dichlor-
omethyl radicals rapidly react to yield the respective
oxidizing peroxy radicals, “OOCH,Cl. These peroxyl
radicals further react by oxidizing the JK-216 dye.

*CH,Cl+ 0, — *00CH,CI (9)

dye +*O0CH,Cl — CH,ClIO, ~ +dye"" (10)

Time-resolved transient absorption spectra recorded
following the pulse irradiation of JK-216 in O, saturated
CH,Cl; are shown in Figure 5A. The dye exhibits a broad
absorption band in the 420—600 nm region, and one
above 720 nm as well as strong bleach in the spectral
range of the ground state absorption (620—700 nm). The
buildup of the transient intermediate and the decay due
to the depletion of the ground state shown in Figure 5B
show similar growth kinetics. The observed transient
absorption features match well with the spectra recorded
for the TiO,/JK-216 system in Figure 4B, thus confirming
the identity of dye cation radical.

The question that remains to be answered is the hole-
transfer from excited CdS to JK-216 in the supersensitized
films (SiOo/CdS/Al,03/JK-216 and TiO,/CdS/Al,0s/JK-
216). Figure 6A shows the transient absorption spectra
recorded following laser pulse excitation of SiO,/CdS/
Al,03/JK-216. These spectra exhibit stong bleaching in
the region of ground state excitonic band (490 nm) of
CdS. The dominence of CdS bleaching ensures that the
excitation is centered mainly at CdS. The contribution of
the excited dye to the overall absorption spectra is small
because of the low absorption of the dye as compared to
CdS. The spectra in Figure 6A point out the existence of
small absorption bands at 580 nm and at >750 nm
indicating the formation of small amount of dye cation
radical as a result of interaction between excited CdS and
JK-216. The transient absorption at 580 and 760 nm is
prominently seen when CdS/JK-216 were deposited on
TiO, films (Figure 6B). The close similarity between the
difference spectra of TiO,/JK-216 and TiO,/CdS/Al,Os/JK-
216 confirm the dye cation radical formation albeit the
origin rests in different reaction pathways (viz., reactions
2 and 5).

In conclusion, we present a new design for the
development of quantum dot sensitized solar cell

EXPERIMENTAL METHODS

Materials. Co(bpy)s(PFe),, Co(bpy)s(PFe); was synthesized
using the procedure described in the literature.>®
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Figure 6. Differential absorption spectra obtained upon
femtosecond flash photolysis (387 nm) of CdS/Al, 05/
JK-216 absorbed onto (A) SiO, film and (B) TiO, film. The
inset shows the difference absorption spectrum of CdS/
Al,03/JK-216 recorded at 1500 ps.

that couples semiconductor nanocrystal and a red-
NIR organic dye with complementary spectral ab-
sorption in the visible region. Quantum dot sensi-
tized solar cells with JK-216 show good stability
using a cobalt-based electrolyte under illumination.
In the presence of JK-216, the direct excitation of
CdS leads to transfer of the hole from CdS to JK-216.
We conclude that the use of JK-216 is energetically a
good match to regenerate CdS by capturing photo-
generated holes while concurrently serving as a
sensitizer in the red-IR region. The introduction of
a barrier layer is also crucial in maintaing the sy-
nergy between CdS and the dye and in enhancing
the overall performance of QDSC. The results dis-
cussed here pave the way for the design of new,
efficient quantum dot supersensitized solar cells
with improved stability and absorption character-
istics through the addition of a NIR dye.

Optical and Electrochemical Measurements. All experiments were
carried out at room temperature. All solutions were deaerated
by bubbling with nitrogen or argon. Absorption spectra were
measured with a Varian Cary 50-Bio UV—vis spectrophotometer.
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A Princeton Applied Research model PARSTAT 2263 was used
for recording I—V characteristics. Newport Oriel QE Kit (QE—PV-SI)
was used for measuring IPCE values.

Nanocrystalline Ti0, Electrode Preparation. FTO glass plates
(Pilkington TEC Glass-TEC 8, Solar 2.3 mm thickness) were
cleaned in a detergent solution using an ultrasonic bath for
30 min, rinsed with water and ethanol. The FTO glass plates
were immersed in 40 mM TiCl, (aqueous) at 70 °C for 30 min
and washed with water and ethanol. A transparent nano-
crystalline layer on the FTO glass plate was prepared by doctor
blade printing TiO, paste (Solaronix, Ti-Nanoxide T/SP) and
then dried at 25 °C for 2 h. The TiO, electrodes were gradually
heated under an air flow at 325 °C for 5 min, at 375 °C for 5 min,
at 450 °C for 15 min, and at 500 °C for 15 min. A paste for the
scattering layer containing 400 nm sized anatase TiO, parti-
cles (CCIC, PST-400C) was deposited by doctor blade printing
and then dried for 2 h at 25 °C. The TiO, electrodes were again
gradually heated under an air flow at 325 °C for 5 min, at 375 °C
for 5 min, at 450 °C for 15 min, and at 500 °C for 15 min. The
TiO, electrodes were treated again by TiCl, at 70 °C for 30 min
and sintered at 500 °C for 30 min.

(dS Deposition by Successive lonic Layer Adsorption and Reaction (SILAR)
Method. TiO, films prepared by the above-described procedure
were successively exposed to CdSO, and Na,S solutions to
deposit CdS nanocrystallites. The TiO, electrodes were immersed
in a solution of CdSO,4 (0.1 M) for 1 min. They were then rinsed
with DI H,O and immersed in a Na,S (0.1 M) solution for another
1 min followed by another rinsing with DI water. This SILAR
process was repeated 5 times.

Ti0,/CdS/Al,03/JK-216 Samples. The TiO,/CdS was immersed in
a 15 mM aluminum isopropoxide solution in isopropanol for
15 min at room temperature. To achieve the hydrolysis of the
aluminum ispropoxide, the film was exposed to ambient air for
20 min. The aluminum oxide coated TiO,/CdS electrodes were
then immersed into the JK-216 (0.1 mM in EtOH containing
20 mM 3a,7a-dihydroxy-5b-cholic acid (Cheno)) and kept at
room temperature for 4 h.

Ti0,/CdS/JK-216 and Ti0,/JK-216 Samples. The TiO,/CdS and TiO,
electrodes were immersed into the JK-216 (0.1 mM in EtOH
containing 20 mM 3a,7a-dihydroxy-5b-cholic acid (Cheno)) and
kept at room temperature for 4 h.

Solar Cell Fabrication. The sensitized TiO, film is used as a
working electrode. The FTO plate (Pilkington TEC Glass-TEC 8,
Solar 2.3 mm thickness) used for the counter electrodes was
cleaned with ultrasonic bath in H,0, acetone, and 0.1 M HCl(aq),
subsequently. Counter electrodes were prepared by coating
with a drop of H,PtClg solution (2 mg of Ptin 1 mL of ethanol) on
the cleaned FTO plate and sintered at 400 °C for 15 min. The dye
adsorbed TiO, electrode and Pt-counter electrode were as-
sembled into a sealed sandwich-type cell by heating at 80 °C
with a hot-meltionomer film (Surlyn SX 1170-25, Solaronix) as a
spacer between the electrodes. A typical electrode area was in
the range 0.25—0.3 cm?. A drop of electrolyte solution (electrolyte
of 0.22 M Co(bpy)3(PFs)2, 0.033 M Co(bpy)s(PFs)3, 0.1 M LiClO,,
and 0.2 M 4-tert-butylpyridine in acetonitrile) was placed over a
hole drilled in the counter electrode of the assembled cell and
was driven into the cell via vacuum backfilling. Finally, the hole
was sealed using additional Surlyn and a cover glass (0.1 mm
thickness).

Femtosecond Laser Flash Photolysis. Femtosecond transient ab-
sorption experiments were conducted using a CPA-2010 1 kHz
amplified Ti:sapphire laser system from Clark MXR, combined
with Helios optical detection system provided by Ultrafast
Systems. The fundamental output of the CPA-2010 laser system
(775 nm, 1 mJ per pulse, pulse width 150 fs) was split into two
beams: a pump (95%) and a probe (5%). The pump beam was
directed through a second harmonic generator to provide
387 nm excitation wavelength used in all of the experiments.
The probe beam passed through an optical delay rail, allowing
regulation of an appropriate delay time between the pump and
the probe.

Nanosecond Pulse Radiolysis. Pulse radiolysis experiments were
carried out using the Notre Dame 7-MeV Titan Beta model TBS-
8/16-1S linear accelerator (LINAC), with a pulse length of 2.5 ns.
Each experimental point is the average of at least five replicate

CHOI ET AL.

shots using the continuous flow mode of the instrument. The
dosimetry was carried out with N,O-saturated solutions of 10 mM
KSCN, based on the extinction coefficient for (SCN)," ™ of €475 am=
7580 M~" cm™" and the radiation chemical yield G = 6.13. The
G-value is defined as the number of species formed per 100 eV. The
oxidation of the JK-216 was investigated in methylene chloride;
the concentration of the JK-216 was 50 uM. Methylene chloride
(Fisher) was HPLC grade. Analysis of optical absorption versus time
was done using Origin (Microcal) software.
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