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Abstract

The ultrafast carrier dynamics in CulnS,; quantum dots (QDs) was studied by means of
femtosecond transient absorption spectroscopy. The size-dependent 1S transition energy
determined from bleaching spectra is in agreement with that calculated on the finite-
depth-well model in the effective mass approximation. The transient absorption bleaching
comes from filling of electron quantized levels, allowing us to know the dynamics of the 1S
electron in CulnSy QDs. The sub-100-ps electron trapping at surface defects in bare QDs
accelerates with decreasing the QD size, while is effectively suppressed in well-passivated
CulnSy/ZnS core/shell QDs.

The electron transfer from CulnSy/ZnS core/shell QDs into porous anatase TiO, films
was studied by time-resolved photoluminescence spectroscopy. The rate and efficiency of
electron transfer can be controlled by changing the core diameter and the shell thickness.
The electron transfer rate reaches 107s™! for different-sized CulnS, core QDs. It is found
that the electron transfer rates decrease exponentially at the decay constants of 1.1 and 1.4
nm ™! with increasing Zn$ shell thickness for core diameters of 2.5 and 4.0 nm, respectively,
in agreement with the electron tunneling model. This shows that optimized electron
transfer efficiency can be realized by controlling the core/shell structures in QDs.

The QDs-sensitized solar cells (QDSSCs) consisting of a TiO, films co-sensitized with
CulnS,/CdS core/shell QDs and CdS buffer layers was fabricated. The performance
of the QDSSCs assembled with CulnS,/CdS core/shell QDs were superior to those as-

sembled with CulnS,/ZnS core/shell QDs. The improved performance of QDSSCs with



CulnS,/CdS core/shell QDs was attributed to high efficiency of the electron transfer into
TiOs films. The high efficiency came from the enhanced delocalization of electron wave
function from core to CdS shell due to lower conduction band offset. Furthermore, the
TiO, films were coated with the in situ growth of CdS layers by means of successive
ionic layer adsorption and reaction. The CdS layers provides high surface coverage to
prevent interfacial recombination between TiO, films and electrolyte. Under AM 1.5G
illumination at 100 mW cm™2, the CdS-CulnS, /CdS core/shell QDs co-sensitized solar

2 an open-circuit pho-

cells exhibited a short-circuit photocurrent (Jsc) of 9.3 mA cm™
tovoltage (Voc) of 0.48 V, a fill factor of 0.50 and a power conversion efficiency of 2.27%.
The photocurrent resulting from the CulnS, QDs is increased because of the CdS coating.

The CdS coating facilitated the separation of photogenerated electrons and holes in the

CulnS,; QDs to the electrode.
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Chapter 1

General introduction

Sunlight is an abundant and renewable energy resource, and converting sunlight into
electricity has been considered as one of the most promising pathway to provide clean
energy. Dye sensitized solar cells (DSSCs) become a promising candidate for offering low
cost solar energy, since they can be fabricated by solution-based processing, such as dip
coating, screen printing, painting and roll-to-roll processing. However, DSSCs are much
less stable so that the devices last less time because of the photo-degradation of the dyes.

Instead of molecular dyes, inorganic quantum dots (QDs) are considered as highly
promising in next-generation solar cells, because QDs have the following advantages:!'™”
(1) easy tuning of the optical band gap energy by controlling the QD size and composition;
(2) large extinction coefficient, enabling the thickness of the device to be thinner; (3)
higher stability than dyes toward water and oxygen; (4) capacity for generating multiple
excitons from single-photon absorption, through the impact ionization effect, which could
boost the theoretical power conversion efficiency beyond the Shockley-Queisser limit of
33%.8

The chalcopyrite-type I-III-VI, QDs have been proposed because of their less-toxic

components. Among them, CulnS; QDs are important candidates for optoelectronic

devices, because bulk CulnSy has a direct band gap of 1.53 eV, which is well matched
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FIG. 1.1 Schematic depiction of electron hole pair generation, trapping at surface, con-
version to emitted photons and charge transfer to external electrodes. The competition

among them determines the charge separation efficiencies from CulnSy, QDs.

with the optimal spectral range for photovoltaic applications. Furthermore, the band gap

[9,10 [11,12]

of CulnS, QDs can be tuned not only by controlling their sizel” ' and stoichiometry
but also by introducing other elements such as Zn.'3'% Therefore, they are considered
to be alternative low-toxicity materials as solar harvesters for QDs sensitized solar cells
(QDSSCs).

In QDSSCs, efficient charge transfer from QDs to external electrodes is a key factor
to achieve high power conversion efficiency. The overall charge separation efficiency from
CulnS, sensitizers, as illustrated in Fig. 1.1, depends on the competitions among photon

emission, charge trapping at surface defects and charge transfer to external electrodes.

Therefore, it is necessary for us to fully understand the dynamics of the band edge carriers



in CulnSy QDs and the way to transfer the photo-generated charges from CulnS, QDs to
the external electrodes for best performance of the solar cells.
Recently, it had been demonstrated that the radiative recombination in CulnS, QDs

[9:10] since it showed the

involves a transition associated with the localized intragap state,
long emission-lifetimes as well as the large Stokes-shift between the photoluminescence
(PL) band and the band-edge absorption in CulnS, QDs. However, the band-edge-carrier
dynamics in CulnSy; QDs is ambiguous, leading to be unable to clarify the origin of the PL
in CulnS, QDs. It is because the radiative recombination in CulnS, QDs does not come
from the band-edge transitions. Instead the transient absorption spectra are dominated
by filling of the lowest 1S quantized levels. Therefore, the dynamics of the band-edge
carriers such as the 1S electron trapping at the surface defects can be well resolved in
transient absorption spectra.

In CulnS,-TiOy donor-acceptor systems, the electron transfer from CulnS,; QDs is
energetically allowable because the lowest unoccupied molecular orbital (LUMO) level of
the porous anatase TiOs films is lower than the LUMO level in bulk CulnS,. From Marcus

theory, 6!

the electron transfer rate is determined by the electronic coupling strength
(Hpa), the total reorganization energy (), and the driving force energy (AG). In donor-
acceptor hybrid systems of CdSel'™9 CdSP?, and PbSPU QDs coupling to TiO, or
ZnQO, the effects of three parameters above on the electron transfer dynamics have been
explored widely. It was reported that both the electron and hole energies as well as the
surface densities increase with decreasing QDs size, which increases the rate of both the
charge transfer and charge trapping at the QD surface in QDs-TiO, systems. Therefore,
it remains difficult to optimize the overall charge separation efficiency by selectively and
rationally controlling the competing processes in core QDs.

The advancement in the synthesis of colloidal QDs has led to the preparation of more

sophisticated core/shell QDs with multiple component materials and shapes that can be



tuned for desired functions. The CulnSs based semiconductor materials have been exten-

sively tailored and combined into spherical core/shell QDs. 14

By tailoring the potential
energy profile through material choice and degree of quantum confinement via the size and
the shape of the components, the electron and hole wavefunctions in CulnSs; QDs can be
engineered to control the photophysical properties, including energy levels, PL quantum
yield, and the lifetimes of excitons. The CulnS, QDs have been engineered to exhibit type
I carrier localization by coating ZnS shells and quasi-type II carrier localization by coating
CdS shells.”) This gives us the opportunities to optimizing the solar energy conversion
by controlling interfacial charge separation processes through wavefunction engineering in
CulnS,; QDs.

Early CulnS, QDSSCs showed a power conversion efficiency of less than 1%.122) Recent-
ly, the charge recombination at TiO,/QD /electrolyte interfaces was suppressed by intro-
ducing the buffer layer and the efficiency of CulnS, QDSSCs were increased to 2.52%. 12329
The Teng group further improved the CulnS, QDSSCs by optimizing the CdS passiva-
tion layer and achieved a power conversion efficiency of 4.2%.126] The trap states at the
interface or the surface of the QDs play a crucial role in degrading the performance of the
QDSSCs. Although the defects at the interface or the surface of the QDs can be effectively
passivated by CdS or ZnS layers, the actual power conversion efficiency of the QDSSCs
is far below the theoretical value. The origin of such limited performance was ascribed
to the poor charge transfer from CulnS, QDs to external electrodes. The charge transfer
from CulnSy QDs is the primary event leading to photocurrent generation in QDSSCs.
As we discussed above, we can optimize the charge transfer process from CulnS, QDs by
means of wave function engineering in core/shell CulnS,; QDs for best performance of the
CulnS, QDSSCs.

In this thesis, we have studied the ultrafast carrier dynamics in CulnSy QDs and the

electron transfer process from CulnSs/ZnS core/shell quantum dots into TiO, films. Fi-



nallly, the QDSSCs consisting of a TiO, films sensitized with CulnS, QDs was fabricated.

This paper consists of the following chapters. In chapter 2, the synthesis method of
CulnS,; QDs is explained. The ultrafast carrier dynamics in CulnS,; QDs is described
in chapter 3. In chapter 4, the electron transfer process from CulnSy/ZnS core/shell
quantum dots into porous anatase TiO, films is investigated and written. In chapter
5, the fabrication of the QDSSCs is described and the effect of the band alignment on

performance of the QDSSCs is discussed. The conclusion is given in chapter 6.
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Chapter 2

Synthesis and characterization of

CulnSys quantum dots

2.1 Introduction

Cadmium and lead based quantum dots (QDs) have toxicity. Some researchers have
turned their attention to ternary lower toxic I-1II-VI, compounds such as CulnS, QDs.!!"14
The CulnS, QDs have attracted largest research interest to date among all ternary and
quaternary QDs. In the past few years, a lot of synthesis methods have been developed
for CulnS, QDs, such as heating-up!* ?) and hot-injection techniques!** 4.

It is known that the key to synthesizing monodisperse ternary QDs is to balance the
reactivity of the two cationic precursors by their ligands, solvent matrix composition,
and reaction temperature. For example, the 1-dodecanethiol can be used to tune the
reactivity of the Cu precursor for synthesis of I-I1I-VI, QDs.[1:5%9 The 1-dodecanethiol
can simultaneously play a role in stabilizing ligand and the solvent. It can further act as

a sulfur source, because it forms thiolates with various metal salts, and because thiolates

decompose to form the corresponding metal sulfides during heating. The copper iodide



and indium acetate reacted and eventually complexed with 1-dodecanethiol at 180—270°C
yielding CulnSs; QDs in the sub-10 nm range. The exciton Bohr radius in CulnS, is
around 5 nm and is closed to the size of CulnS, QDs.[! The larger QDs can be obtained
by increasing the reaction time. This is probably due to the further decomposition of 1-
dodecanethiol. Furthermore, this simple synthetic approach leads to the nearly complete
consumption of the cationic precursors and high reaction yields.

Recently, the noninjection thermal decomposition route had been well developed for
the synthesis of CulnS; QDs.[''% The energy-tunable absorption and emission spectra of
CulnSy QDs was observed. A similar method has also been successfully employed by Li et
al.ll in the synthesis of CulnS, QDs. However, the resulting CulnS, QDs exhibited poor
crystallinity and a large size distribution. In their current work, this synthetic method is
further refined to give high quality monodisperse CulnS,/CdS and CulnSs/ZnS core/shell
QDs in a high quantum yield.l?’ The well-developed synthesis of CulnS, QDs gives the
access to a large variety of theoretical studies, giving further insight into the potential

applications of these QDs.

2.2 Synthesis of CulnS,; quantum dots

2.2.1 Chemical materials

Indium(I1T) acetate (In(Ac)3, 99.99%), purchased from Sigma-Aldrich
Copper(I) iodide (Cul, 99.5%) purchased from Wako

1-dodecanethiol (DDT, 98%), purchased from Sigma-Aldrich

Zinc stearate (ZnSt2, technical grade), purchased from Sigma-Aldrich
Cadmium oxide (CdO, 99.99%) purchased from Sigma-Aldrich
l-octadecene (ODE, 90%), purchased from Sigma-Aldrich

1-oleic acid (OA, 90%), purchased from Sigma-Aldrich

10



All chemicals were used as purchased and without further purification.

2.2.2 Synthesis procedure

In a typical synthesis of CulnSs; QDs, 1 m mol indium acetate was mixed with 1 m
mol copper iodide and 10 mL 1-dodecanethiol in a three-necked flask. The mixture was
degassed under vacuum for 5 min and purged with argon for three times. Then the flask
was heated up to 120 °C for 20 min until a clear solution was formed. The temperature
was then raised to 230 °C and maintained at that temperature for 1—45 min for growth
of the different-sized CulnS, QDs. As the temperature increases, the color of the reaction
solution progressively changed from colorless to green, yellow, red, and finally black,
indicating nucleation and subsequent growth of CulnS,; QDs. At the desired size, the
reaction was quenched by immersing the flask in ice bath. The samples were purified
three times with acetone and finally dispersed into toluene for storage.

Furthermore, the CulnS, core QDs were coated with shell of ZnS or CdS to form
core/shell QDs by successive ionic layer absorption and reaction (SILAR) methods.!'
The precursors of Cd and Zn were prepared in advance. The zinc precursor was prepared
by mixing of 2 m mol Zinc stearate and 20 mL 1-dodecanethiol and the mixture was
heated up to 100 °C until the solution turned to clear. The cadmium precursor prepared
by a mixing of 2 m mol cadmium oxide, 5 mL 1-oleic acid and 15 mL 1-octadecene and
the mixture was heated up to 255 °C under argon until the solution turned to clear.
Then 5 mL crude CulnSy solution diluted with 5 mL 1-dodecanethiol was loaded in a
three-necked flask. The solution was degassed under vacuum for 5 min and purged with
argon for three times. The solution was heated up to 240 °C. The 5 mL zinc precursor
(cadmium precursor) was added dropwise into the reaction solution at 240 °C and the
temperature was kept at 240 °C for 30 min for the growth of the ZnS or CdS shells. The

shell growth was repeated to obtain the different-thickness shell on the CulnS, core QDs.

11



After the shell growth, the reaction was quenched by immersing the flask into ice bath.
The samples were purified three times using hexane/acetone and finally dispersed into

toluene for storage.

2.3 Characterization of CulnS; quantum dots

2.3.1 Optical properties

Photoluminescence (PL) spectra were recorded by a JASCO F-8500 spectrophotometer.
Steady-state absorption spectra were recorded on a UV-vis-NIR scanning spectrophotome-
ter (Hitachi U-3300). Time resolved PL was measured by means of time-correlated single
photon counting (TCSPC) system coupled to a JASCO CT-25 monochromator and visi-
ble photomultiplier. The samples were excited at 375 nm using a 70 ps pulsed diode lasers
(Hamamatsu PLP-10 ). Time resolution of the TCSPC system was about 1 ns.

It is known that the optical properties of QDs depend on their size, composition and
surface states. The absorption spectra of CulnS,; QDs were measured at room temperature
and are shown in Fig. 2.1(a). A broad absorption band for all the samples is observed
together with an absorption tail at long wavelength. Similarly to previous reports,??
no sharp absorption peak was observed for any of the samples. The absorption edge
gradually shifts toward longer wavelength with increasing the diameter of the QDs, in
consistent with quantum confinement effect.

The PL spectra of CulnSs QDs were measured and shown in Fig. 2.1(b). Like previous
reports,>3 the CulnS, QDs have a very broad PL band with the full width at half
maximum (FWHM) of more than 100 nm. It was observed that the PL band gradually
shifted to the longer wavelength in the NIR range with the increase of the diameters.
Furthermore, emission peaks of the QDs exhibit a large Stokes shift of about 300 meV

from their corresponding optical band gaps, indicating that the radiative transition does

12



not come from excitonic recombination.

After the shell growth, the average diameters of the QDs increased, as was observed in
the transmission electron microscopy (TEM) images in Fig. 2.6. Both optical absorption
and PL spectra of the CulnS,/ZnS core/shell QDs were blue-shifted with respect to those
of their parent CulnSy QDs, as shown in Fig. 2.2. It is likely indicative of etching
of the core material under shell growth conditions. CdS overgrowth proceeded with a
similar initial blue shift, as shown in Fig. 2.3(a), followed by a subsequent red shift; the
latter is consistent with slight delocalization of the electron into the CdS layer, similarly
to the report of Klimov group.?! Either ZnS or CdS overcoating results in a dramatic
improvement of the PL quantum yield, as shown in Fig. 2.3(b).

To understand the origin of the PL in CulnS,; QDs deeply, the PL lifetimes of core/shell
QDs were studied by means of time-resolved PL spectroscopy. It is found that the PL
decay curves of as-prepared CulnS, QDs are multi-exponential in nature. The PL decay
curves are devided into three decay components with the best fit. We attributed the
fast decay time component to be the nonradiative recombination process at the surface
defect states. As shown in Fig. 2.4, the PL lifetimes of the CulnS,/ZnS core/shell
QDs exhibit a significant increase compared with the bare CulnS,; QDs, suggesting the
improved passivation of surface defects in the QDs. Long PL decay components in the
CulnS, QDs emission band have been previously attributed to surface traps.>* Our
observation contradicts such an assignment. As shown in Fig. 2.3(a), the PL quantum
yields increased with the improvement of surface passivation by ZnS-shell coating.

Compared to CulnS,/ZnS core/shell QDs, PL lifetimes further increased in CulnS,/CdS
core/shell QDs, as shown in Fig. 2.4. This is because the overlapping of the wave function
for electrons and holes reduces in CulnS,/CdS core/shell QDs. The delocalization of the
electron wave function from the core to the CdS shell was enhanced due to the lower

conduction band offset between CulnS, and CdS.?l As shown in schematic diagram in
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Fig. 2.4, the CulnS, QDs are engineered to exhibit quasi-type II carrier localization by

coating CdS shells.

2.3.2 Morphology and crystal structure

As shown in Fig. 2.5(a-c), the diameters of the three types of CulnSy core QDs were
determined to be 2.5, 3.3, and 4.0 nm, respectively, by means of TEM. The powder X-
ray diffraction (XRD) patterns shown in Fig. 2.5(e) were obtained from a Rigaku-2000
diffractometer emitting Cu-Ka radiation. The reflection peaks of CulnSy QDs at 28.5
degree, 47.4 degree, and 55.5 degree in 26 can be assigned to (112), (220)/(204), and
(312)/(116) planes of a tetragonal chalcopyrite structure of CulnSs, in consistent with

the selected area electron diffraction patterns shown in Fig. 2.5(d).

2.3.3 Electrochemical properties

The band gaps and energy levels of the QDs are important parameters for devices de-
sign and material selections in solar cells. Cyclic voltammetry has been proven to be
an effective way to determine the bandgaps and the energy levels of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
QDs.[ 1% The oxidation process is related to the injection of a hole into the HOMO levels,
and the reduction process is related to the injection of an electron into the LUMO levels.
The energy levels can be calculated from the onset oxidation potential (E.) and onset
reduction potential (E,eq), respectively, according to the following equations

Eyomo = -(Fox + 4.71) €V,

Eruvmo = -(Frea + 4.71)eV,
where the unit of the potentials is V vs Ag/Ag™® (0.01 M) reference electrode.

Cyclic voltammetric curves were recorded on a electrochemical workstation (Princeton

Applied Research VersaSTAT 3). As shown in Fig. 2.7, we used a glassy carbon disk as

14



Table 2.1 The LUMO and HOMO levels of CulnS, QDs. The values of E, were

determined from cyclic voltammograms.

Diameters of CulnS; QDs (nm) LUMO (eV) HOMO (eV) E, (eV)

2.5 —3.65 —5.76 2.11
3.3 —3.77 —5.74 1.97
4.0 —3.88 —5.73 1.85

the working electrode (W), a Pt plate as the counter electrode (C), and Ag/Ag™ in 0.1
M tetrabutylammonium hexafluorophosphate (TBAPFg) dissolved in acetonitrile as the
reference electrode (R). TBAPFg was dissolved in acetonitrile (0.1 M) as the supporting
electrolyte. A drop of the high concentration CulnS,; QDs solution was placed on the
surface of the working electrode and then the solvent was evaporated to form a film of
QDs on the surface of the electrode. After measurement, the glassy carbon disk was first
cleaned in hexane for about 5 min then in acetone for another 5 min and dried before the
deposition of new samples.

The LUMO and HOMO energy levels of the CulnS; core QDs were obtained from
cyclic voltammetric curves in Fig. 2.8. The resulting energy levels were summarized in
Table 2.1 The energy of the HOMO levels decreases and the energy of the corresponding
LUMO levels increases with the increase of the diameters, in consistent with quantum

confinement effect.
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FIG. 2.1 (a) Absorption and (b) Photoluminescence (PL) spectra of CulnS, QDs with

different reaction time at tempreture of 230 °C.
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FIG. 2.4 Photoluminescence decay curves of the CulnS; QDs, CulnS, QDs/ZnS
core/shell QDs and CulnS, QDs/CdS core/shell QDs. The delocalization of the electron

wave function from core to CdS shell was enhanced due to the lower conduction band
offset between CulnS; and CdS. The CulnS, QDs was synthesized to exhibit quasi-type

IT carrier localization by coating CdS shells.

21



(112)
(220)/(204)
(312)/(116)

Intensity (a.u.)

20 30 40 50 60 70 80
20 (Degree)

FIG. 2.5 Transmission electron microscopy (TEM) images for CulnSs QDs (a) 2.5 nm,
(b) 3.3 nm and (c) 4.0 nm in diameter; (d) a typical selected area electron diffraction

pattern and (e) powder X-ray diffraction patterns of CulnS, QDs.
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FIG. 2.6 Representative TEM images of CulnSs/ZnS QDs with a core 2.5 nm in diameter.
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Chapter 3

Ultrafast carrier dynamics in CulnS,

quantum dots

3.1 Introduction

Quantum dots (QDs) exhibit profound size-dependent optical and electronic properties,
having attracted much interests in both fundamental science and applications to solar

cells!t2

I and light emitting diodes.!>* The carrier relaxation in QDs is extremely sensitive
to the surface characteristics due to the considerable surface-to-volume ratio. The defects
on the QD surface such as the dangling bonds act as the trap states near the band edge.
In most cases, carrier trapping at the surface defects takes place in less than 100 ps in
CdSP! and CdSelf ! QDs. The fast carrier-trapping significantly reduces the efficiency of
the band-edge photoluminescence (PL). As alternatives to II-VI QDs, chalcopyrite-type
I-ITI-VI, QDs have been proposed because of their less-toxic components. Among them,
CulnS,; QDs are important candidates for optoelectronic devices, because bulk CulnS,

has a direct band gap of 1.53 eV.['913] Naturally, the ultrafast carrier dynamics in CulnS,

QDs have become of great interest.
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Recently, it has been demonstrated that the radiative recombination in CulnSy QDs
involves a transition associated with the localized intragap state,''? since it showed
the long emission-lifetimes as well as the large Stokes-shift between the PL band and
the band-edge absorption in CulnS, QDs. However, the band-edge-carrier localization by
intragap states in CulnSy QDs is ambiguous, leading to be unable to clarify the origin of
the PL in CulnS,; QDs. It is because the radiative recombination in CulnS, QDs does not
come from the band-edge transitions. The dynamics of the band-edge carriers can not
be directly resolved in the time-resolved PL spectroscopy.l'"'? In contrast, the transient
absorption (TA) spectra are dominated by filling of the lowest 1S quantized levels and
the dynamics of the band-edge carriers such as the 1S electron trapping at the surface
defects can be well resolved.

In this chapter, we investigated the mechanisms for optical nonlinearities and ultrafast
carrier dynamics in CulnS,; QDs by means of femtosecond TA spectroscopy. We observed
a nearly symmetrical bleaching band and a broad photoinduced absorption (PA) region
in the TA spectra. Furthermore, we measured the laser-intensity dependence of the TA
to confirm that the band-edge bleach in CulnSy; QDs is dominated by filling of 1S electron
states. From the initial decay of the bleaching, the surface trapping of the 1S electrons

had been studied in CulnSy core and CulnS,/ZnS core/shell QDs.

3.2 Experimental

3.2.1 Sample preparation

We synthesized the CulnS, core and CulnS,/ZnS core/shell QDs by a wet chemical
method.['% The average diameters of three kinds of CulnS, QDs were determined to be
2.5, 3.3, and 4.0 nm, respectively, by means of transmission electron microscopy (TEM).

The QDs dispersed in toluene were sealed in quartz cells 1 mm thick for the measurements.
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FIG. 3.1 Optical setup of the femtosecond transient absorption (TA) spectrometer.

3.2.2 Femtosecond transient absorption spectrometer

The white-light femtosecond TA spectrometer used in this study is based on a regen-
eratively amplified Ti:sapphire laser system (Spectra-Physics, 800 nm, 130 fs, and 1 kHz
repetition rate). As shown in Fig. 3.1, pump pulses at 400 nm were generated by fre-
quency doubling of the 800 nm laser beam in a BBO crystal 2 mm thick. The white-light
probe was generated by focusing the 800 nm laser beam onto a sapphire plate 2 mm thick.
The pump pulses were chopped by a synchronized chopper to 25 Hz. After the sample,
the probe was focused into a fiber-coupled spectrometer (Ocean Optics USB2000+, 2048
pixel CCD, 300-1100 nm). The angle between pump and probe polarizations was set at
magic angle (54.6 degree) to ensure the dynamics free from reorientation effects. The
group velocity dispersion of the whole experimental system was compensated by a chirp
program. During the data collection, samples were constantly moved in X—Y directions

at a speed of 10 cm/min to avoid the degradation of the samples.
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3.3 Experimental results and discussion

3.3.1 Optical nonlinearities in CulnS, quantum dots

The steady-state absorption, PL and TA spectra for CulnSy QDs grown at 230 °C are
shown in Fig. 3.2. The absorption edge and PL band gradually shift toward longer wave-
length with increasing the diameter of the QDs, in consistent with quantum confinement
effect. Like previous reports,!'® 12 no sharp excitonic absorption peak was observed in the
steady-state absorption spectra. It is well known that the presence of discrete electronic
states is masked in the linear absorption spectra by large inhomogeneous broadening in
CulnS, QDs.['>™ Each QD may vary in size, geometry, and stoichiometry, especially
for CulnS, QDs because of their ternary chemical-composition. These variations cause a
strong inhomogeneous broadening of the optical transitions. In contrast, the structures of
the 1S transition can be well resolved in nonlinear TA spectra, as shown by dash-dotted
lines in Fig. 3.2. This is because the nonlinear TA spectra are dominated by bleaching of
the 1S transitions after the fast intraband carrier relaxation is completed.

Furthermore, we calculated the band gaps, the lowest optical transition energy of
CulnS; QDs on the finite-depth-well model in the effective mass approximation. The
effective masses of electrons and holes are 0.16mgy and 1.30my, respectively, where the my
is the electron mass in vacuum.'? As shown in Fig. 3.3, size-dependent 1S transition
energy determined from bleaching spectra is in agreement with that calculated. On the
other hand, the emission peak deviates from its corresponding band gap calculated, and
the deviation, that is Stokes shift, increases up to 0.38 eV with the decrease in the size
of CulnS, QDs. Besides, it was reported that the radiative recombination in CulnS,
QDs showed the long emission-lifetime of more than 300 ns.l'%9 This suggests that the
radiative recombination does not come from band-edge transition.

We investigated the laser-intensity dependence of the TA to understand the intrinsic
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characters of the carrier in CulnSy QDs. Two features are observed in the TA spectra
presented in Fig. 3.4: a rather symmetrical bleaching band and a broad PA region
extending to low-energy side in the spectra. The bleaching of 1S transitions increases
with the increase of pump fluence. As shown in Fig. 3.5, the bleaching saturated at
higher fluence indicates that the number of states of 1S transitions is finite in CulnSs
QDs. It had been suggested that the band-edge bleach at room temperature is dominated
by filling of 1S electron states without a discernible contribution from holes in CulnS,
QDs.["% This is because the degeneracy of the valence band is much larger than that of
the conduction band, which is a combined result of the large difference between electron
and hole masses (my,/m, = 8) and the multiband structure of the valence band in CulnS,.

When the pump-photon energy (3.1 eV) is much higher than the band gap of QDs
so that the saturation at the pump wavelength is insignificant, the populations in the
QDs following the Poisson distribution: P(N) = (N)¥e= " /N! can be calculated, where
P(N) is the probability of having N electron-hole pairs in a dot in case the average
populations of QDs are (N).[®1% The 1S absorption change (AA) is proportional to the
population of the 1S electron state. It can be expressed as AA o (ns), where (n;g)
is the average occupation number of the 1S electron state. Because of the twofold spin
degeneracy for the 1S electron state shown in the inset in Fig. 3.5, (nis) can be calculated
as: (nig) = 1 —e N (1 4+ (N)/2).05 At the initial stage (At = 4 ps) of the 1S electron
relaxation, (V) is directly proportional to the pump fluence (j,) and can be expressed as:

(N) = jpaa,[16] in which the o, is the absorption cross section of a QD at the excitation

(17] 1:(8:15,17)

wavelength of 400 nm.!"" Therefore, we obtain the following expressio

(nig) =1 —e (1 + j,0./2). (3.1)

The pump-fluence-dependent changes of the 1S absorption can be well fitted by Eq. (3.1).
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As seen in Fig. 3.5, the data show the initial linear growth followed by saturation similarly
to the behavior observed in CdSe QDs.[%®! The fitting yields o, of 3.9x 1076 (¢cm?), which
is comparable to the calculated value of 3.5 x 107'% (cm?) for a 2.5 nm CulnS, QD at
the wavelength of 400 nm."” The good fit confirms that the band-edge bleach in CulnS,
QDs is dominated by filling of 1S electron states.

The PA observed in QDs is associated with either the Coulomb multiparticle in-
teractions, such as the biexciton effect!®¥ or the trapped-carrier related excited-state
absorption™?. Although the ground biexciton states can be formed in CulnS, QDs, the
sharp biexcitonic features are not observed probably due to the broadening of the 1S
bleach band. As shown in Fig. 3.4, there is little wavelength selectivity in the spectra
of PA of CulnS; QDs. Moreover, the PA signals show the linear growth with the pump
fluence and do not show saturation as shown by hollow squares in Fig. 3.5. Therefore,
the spectrally-broad PA observed in CulnSy; QDs most likely originates from the transi-
tion of carriers trapped at defect states. Furthermore, the PA observed in well-passivated
CulnSs/ZnS core/shell QDs indicated that carriers are trapped even inside the CulnS,
QDs, in consistent with the recent report claiming the internal defect states stem from

the substitution of the copper and indium ions in CulnS, QDs.!")

3.3.2 Ultrafast carrier dynamics in CulnS; quantum dots

It is an important concern that a high probability of the carrier trapping at surface

s.[10,18,19] Tt wag

defects degenerates the performance of QD-based optoelectronic device
found that the low efficiency of the electron injection into TiO, films from small CulnS,
QDs was attributed to the large amount of surface-localized states.*”) Recently, the car-
rier trapping in CulnS, QDs has been studied mainly by means of time-resolved PL

spectroscopy.'% 13 These reports show that the luminescence of the CulnS, QDs is signif-

icantly reduced due to the surface trapping effects. However, it is unable to distinguish
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electron and hole trapping at the trap states in the time-resolved PL spectroscopy, be-
cause both electrons and holes contribute to the PL dynamics.[®) As discussed above, the
TA spectra are dominated by filling of 1S electron states after the intraband relaxation.
Therefore, we can use the 1S bleaching decay dynamics to evaluate the depopulation rate
of the 1S electrons in CulnS,; QDs. The 1S electron relaxation paths in CulnSy QDs can
be clearly revealed.

For all the decay curves shown in Fig. 3.6, the TA kinetics can not be fitted by a single-
exponential decay. The TA kinetics show two distinct regions: the initial fast decay in
sub-100-ps followed by slow nanosecond decay. A quantitative analysis of the decay curves
was carried out by a simple bi-exponential fit. The initial decay in sub-100-ps as well as
the corresponding signal decrease is sensitive to the size of the CulnS, QDs. In smallest
CulnS,; QDs, the population of 1S electron decreases quickly at a time constant of 14 ps
by 23% of the initial peak amplitude followed by slow decrease at a time constant of 1.8
ns by 77% of the initial peak amplitude. The TA measurement was performed in the
low-intensity excitation regime (average number of absorbed photons equals to 0.5) where
the fast multiparticle Auger recombination was insignificant.["8 The initial 14 ps decay
is most likely due to the electron relaxation from the 1S state to a new state, such as
the surface-defect state in the band gap. The inset in Fig. 3.6 shows a plot of initial-
decay rate (1/7;) as a function of the average radius (R). The initial-decay rates slow
markedly as the QD radius increases. The solid line in the inset in Fig. 3.6 shows the
best fit of these data by a power-law expression: 1/7; = CR"™, where C is a constant and
n describes the order. The fitting yields n of —1.8, which is comparable to the reported
one (—1.5) for CdSe QDs.?") The electron capture rate at the surface of CulnS,; QDs
was evaluated to explain the relationship between QDs radius and the initial-decay rate.

[19]

The details of the calculation were described previously.'"” As shown in the inset in Fig.

3.6, the calculated radial electron densities at the QD surface as a function of QD radius
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follow the size dependence of R~ in reasonable agreement with the size dependence
of the initial-decay rate of R~!8. The agreement with the calculation indicates that the
initial-decay rate is proportional to the existing probability of electron at the QD surface.
Therefore, the initial decay in sub-100-ps in CulnS, QDs is due to the electron relaxation
from the 1S state to the surface-defect state.

We further investigated the 1S electron trapping at the defects by making ZnS shells
on CulnS; core QDs. After overcoating with ZnS, the quantum yield of PL increased
from 3.5% in the core QDs to 81% in the CulnSy/ZnS core/shell QDs. The significant
increase in efficiency of the band-edge PL indicates that the surface defects in bare QDs
are effectively passivated by ZnS shells. As seen in Fig. 3.7, the bleaching in CulnS,/ZnS
core/shell QDs recovers extremely slowly in contrast with the fast recovery of the bleaching
in CulnS, core QDs. The initial-decay time increased up to 91 ps with a small decay
amplitude of 1.3%. The improvement in surface passivation leads to the suppression of
the fast decay component, confirming that the fast decay component comes from electrons
trapping at surface defects. However, the PA is observed at the lower energy side of the
bleaching band in well-passivated CulnSs/ZnS core/shell QDs, as shown in Fig. 3.8.
The observed PA in CulnS,/ZnS core/shell QDs originates from the transition of carriers
trapped at internal defects. Besides, the 1S bleaching spectra show the red shift (about 10
nm) as the time proceeds in CulnS, core QDs. This indicates that the different relaxation
behavior is associated with a size inhomogeneity in CulnSy core QDs. The relaxation of
the 1S electrons is faster in smaller QDs with larger density of electrons at surface.

The PL in CulnSy; QDs had been previously attributed to the recombination of donor-
acceptor pairs.!'3 In recombination of donor-acceptor pairs, the electrons and holes at the
band edge are fast trapped by the donors (about 10-20 ps) and the acceptors (within 1
ps), respectively, and then the trapped electron-hole pairs recombine to emit photons.®!

However, we observed that the electrons in CulnSs/ZnS QDs are not localized. Our
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observation contradicts with the previous report which claimed that the PL in CulnS,
QDs comes from the recombination of donor-acceptor pairs. The localized carrier in
CulnS; QDs must be the hole. The long-lifetime emission is most entirely involved with

the transition from a 1S electron state to a hole-localized state.

3.4 Conclusions

In summary, we have investigated the mechanisms for optical nonlinearities and ultra-
fast carrier dynamics in CulnSy QDs by means of femtosecond TA spectroscopy. The
size-dependent 1S transition energy was obtained from bleaching spectra in agreement
with the calculated one. From pump-intensity dependence of the TA spectra, we found
that the 1S absorption changes as a function of pump fluence could be well fitted on the
state-filling model. In state-filling model, the population of electrons follows the Poisson
distribution. Therefore, the TA bleaching in CulnS; QDs is dominated by filling of the 1S
electron states. Based on such a verdict, the ultrafast electron dynamics was investigated
in CulnSy QDs. The decay in sub-100-ps is due to the electron relaxation from the 1S
state to a surface-defect state. We found that the sub-100-ps electron trapping in bare
QDs accelerated with decreasing QDs size. The rates of the electron trapping were shown
to scale with the inverse of QD radius (1/7; o< R71%). These surface trapping states were
effectively passivated in CulnS,/ZnS core/shell QDs. The experimental results clearly
show the intrinsic characters of the 1S electron states in CulnS,; QDs and the way to

further optimize the CulnSy; QDs-based optoelectronic devices.
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FIG. 3.2 Steady-state absorption (A) (dashed lines), photoluminescence (PL) spectra
(solid lines) and TA spectra (dash-dotted lines) of CulnSy QDs with three average diam-
eters. Steady-state absorption (circles), PL spectra (triangles) and TA spectra (squares)
of CulnS,/ZnS core/shell QDs with core diameters of 2.5 nm. By the peak values AA
and PL normalized. The absorption is normalized at 450 nm. For TA measurement, the
pump fluence is set to (Ng) = 0.5 for each sample (average number of absorbed photons

equals to 0.5) at wavelength of 400 nm and pump-probe delay time is 4 ps.
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FIG. 3.3 The size-dependent 1S transitions determined from bleaching spectra is illus-
trated by circles and size-dependent energy levels of PL are illustrated by squares. The
solid line represents the calculated band gaps as a function of the diameters of CulnS,

QDs on the finite-depth-well model in the effective mass approximation (EMA).
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FIG. 3.4 Transient absorption spectra of CulnS,; QDs 2.5 nm in diameter recorded at
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FIG. 3.5 The bleach amplitude of CulnS, QDs at the 1S absorption peak as a function
of the pump fluence. Pump-probe delay time is 4 ps and the solid line is the best fit by
Eq. (3.1) in the text.
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FIG. 3.6 The normalized TA kinetics of CulnSy QDs with three diameters. The rates
of the electron trapping are plotted in the inset by hollow squares. The solid line in the
inset shows the fit by a power-law expression. The calculated electron densities at the
QD surface as a function of radius are shown by a dashed line in the inset. The electron
densities were normalized to the slowest measured-trapping-rate for comparison. For TA
measurement, the pump fluence is set to (Vg) = 0.5 for each sample (average number of

absorbed photons equals to 0.5) at wavelength of 400 nm.
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FIG. 3.7 Transient absorption spectra of (a) CulnSy QDs and (b) CulnS,/ZnS QDs
in toluene. The pump fluence is set to (Ny) = 0.5 for each sample (average number of

absorbed photons equals to 0.5) at wavelength of 400 nm.
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FIG. 3.8 The normalized TA kinetics of CulnSy QDs and CulnS,/ZnS core/shell QDs.
The inset shows the enlarged TA kinetics in a short time scale. The probe wavelengths
for CulnSy and CulnSy/ZnS core/shell QDs are 550 and 530 nm, respectively. For TA
measurement, the pump fluence is set to (INg) = 0.5 for each sample (average number of

absorbed photons equals to 0.5) at wavelength of 400 nm.
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Chapter 4

Electron transfer from CulnS-

quantum dots to TiO- films

4.1 Introduction

Quantum dots (QDs) have been considered as a revolutionizing material in next-
generation photovoltaics (PVS)[1’2] because of their size-dependent properties, flexible
solution-processing, and higher photostability compared to traditional organic dyes. Ef-
ficient electron transfer (ET) from QDs to external electrodes is a key factor to achieve
high power-conversion-efficiency in PVs. From Marcus theory,® the ET rate is deter-
mined by the electronic coupling strength (Hpa), the total reorganization energy (),
and the driving force energy (AG). In donor-acceptor hybrid systems of CdSe,*6 CdSI”
and PbS QDs!® tethered to TiO, or ZnO, the effects of above three parameters on the
ET dynamics have been explored widely. The photoelectrochemical response has been
tuned via the size control of CdSe QDs to obtain the maximum photoconversion efficien-
cy in QD-sensitized solar cells.l® It is well known that overcoating CdSe QDs with wide

band-gap shell materials, such as ZnS, to form type I core/shell structures can greatly
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enhance their photo- and thermal-stability!®) and efficiency'” in QD-sensitized solar cells.
Bulk CulnS, has a direct bandgap of 1.53 eV, which is well matched with the optimal
spectral range for photovoltaic applications, resulting in Cd-free solar harvesters in solar
cells. The band gap of CulnS, QDs can be tuned not only by controlling their sizel!*>!?

(13,14 but also by introducing other elements such as Znl'> '8/, There-

and stoichiometry
fore, they are considered to be alternative low-toxicity materials as solar harvesters for
the solution-processed PVs.') We need to fully understand the extraction efficiency of
photogenerated charges from CulnSs; QDs to the external electrodes, such as TiO,, by
controlling their size and surface structures for better performances of the PVs.

In this chapter, we demonstrated efficient electron injection from CulnS, core and
CulnS,/ZnS core/shell QDs to the porous anatase TiOs films by using steady-state and
time-resolved photoluminescence (PL) spectroscopy. The relevant energy levels of CulnS,
QDs are obtained by cyclic voltammetry (CV) measurements, which is in accordance
with the values calculated by the effective mass approximation (EMA).'2 The lowest
unoccupied molecular orbital (LUMO) level in CulnS, QDs is above that of the TiO,
films, resulting in the efficient electron injection into TiO, films from CulnS, QDs. The
effect of the core diameter and the ZnS shell thickness on the ET rate and efficiency is

studied in detail. We make the tunneling calculation to describe the ET rate as a function

of the shell thickness and to understand the ET rate and efficiency in the QD /TiO, system.

4.2 Experimental

4.2.1 Sample preparation

The CulnSy core and CulnS,/ZnS core/shell QDs were synthesized by means of the
wet chemical method.!"¥l Transmission electron microscopy (TEM) images of the QDs

are shown in the inset of Fig. 2.5, which determine the diameters of three samples of
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FIG. 4.1 Optical setup of the time-correlated single photon counting system.

CulnS, core QDs to be 2.5, 3.3, and 4.0 nm, respectively. Furthermore, the CulnS, core
QDs were coated with a ZnS shell to form the CulnS,/ZnS core/shell QDs by means of
a successive ionic layer adsorption and reaction (SILAR) methods.'¥ The size and the
size distribution histogram of the CulnSy/ZnS core/shell QDs determined by TEM are
shown in Fig. 2.6. The TiOy and ZrO, metallic oxide electrodes used in this work were
fabricated by the same method reported by Heimer et al.?%) As for the QDs-sensitization,
metallic oxide electrodes were tethered 3-mercaptopropionic acid (MPA) first and then

immersed in QDs in toluene. [
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4.2.2 Time-correlated single photon counting system

Time-resolved PL was measured by means of a time-correlated single photon counting
(TCSPC) system with a visible photomultiplier and a 70 ps picosecond pulsed diode laser

emitting at 375 nm. Time resolution of the TCSPC system was about 1 ns.

4.3 Experimental results and discussion

4.3.1 Energy levels of CulnS, quantum dots

The absorption and PL spectra of synthesized CulnS, core QDs are shown in Fig. 4.2.
The absorption edge gradually shifts toward longer wavelength with increasing the diame-
ter of the QDs, in consistent with quantum confinement effect. Emission peaks of the QDs
exhibit a large Stokes shift of about 300 meV from their corresponding optical band gaps,
indicating that the radiative transition does not come from excitonic recombination.!!* 14

The LUMO and the highest occupied molecular orbital (HOMO) energy levels of the
CulnS, core QDs were obtained from a CV method. The resulting energy levels shown
in Fig. 4.3 by red circles are consistent with the energy levels calculated in EMA with
a finite-depth well,l'? where LUMO and HOMO levels of bulk CulnS, are assumed to
be -4.1 eV and -5.6 eV,?! respectively. The effective masses of electrons and holes are
0.16m and 1.30my, respectively, where the my is the electron mass in vacuum.!'” The
LUMO level of the porous anatase TiO, film obtained from the CV method is located at
-4.21 eV, which is much lower than the LUMO level of -3.88 eV for the largest CulnS, core
QDs. Therefore, the ET from the QDs to the porous anatase TiO films is energetically
allowable. According to the Marcus theory, the ET between two states is dominated by

AG B4 In the case of electron injection into TiO,, the AG is the difference between

the lowest quantum electron level of the QDs and the LUMO level of TiOy. As the
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Table 4.1 The efficiency (ngr) and the rate (kgr) of electron transfer (ET) from CulnS,
QDs to the porous anatase TiO, film.

Diameters of CulnSy QDs (nm)  sgr (107s7Y) g (%)

2.5 6.0 69
3.3 5.4 74
4.0 4.5 83

AG between acceptor and donor systems increases, the ET rate increases and reaches a

maximum when the AG is equal to the reorganization energy.

4.3.2 Electron transfer from CulnS,; quantum dots to TiO, films

In Fig. 4.4, PL decay curves of the CulnS, core QDs 2.5, 3.3, and 4.0 nm in average
diameter deposited on TiO, and ZrO, films are shown. From the PL dynamics of the
CulnS, core QDs, the fast decay comes from nonradiative surface-traps and the slow
decay comes from radiative recombination emission. Recently, the long lifetime emission
was suggested to originate from the recombination from an electron quantum state to
a localized hole state.''! The LUMO level of the ZrO, film was obtained to be —3.17
eV, which is even higher than the LUMO level of -3.65 eV in the smallest CulnS, core
QDs. Therefore, the ET from CulnS,; QDs to ZrOs is energetically unfavorable, and thus
the observed PL decay curves in this system can be used as a reference. The significant
shortening in the PL decays of CulnS, core QDs is clearly observed. This suggests that
the ET adds another decay channel to the excited states of the QDs. To calculate the
ET rate, we assume that the average PL lifetimes of the QDs on TiO, and ZrO, films are
given by 7qp-tio, = 1/(kr+knr + ker) and 7qp-_z:0, = 1/(kr + knr), respectively, where
kr and kyg are radiative and nonradiative decay rates for QDs, respectively. [46] The ET
rate (kgr) and efficiency (ngr) can be calculated as: kgr = 1/7qp-Ti0, — 1/TQD-220, and

ner = 1 — TQD-Ti0,/TQD-7:0,, Tespectively. The evaluated ET rates and efficiencies are
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summarized in Table 1. The ET rate reaches 107 s~ close to the rate in CdSe-TiO, donor-
accepter systems.[*%23 The rate slightly increases with decreasing the core diameters of
the CulnS; QDs, in consistent with the Marcus theory. However, the size dependence of
the ET rate is clearly lower than that of CdSe QDs.[¥) On the other hand, the ET efficiency
shows the opposite trend. The maximum efficiency is obtained in the largest CulnS,; QDs.
It has been reported the ET process is impeded in QDs by the considerable amount of
surface-localized trap states.[''® Considering that the luminescence of the CulnS, QDs
is significantly reduced by the surface traps and that the PL lifetimes of CulnSy; QDs in
toluene are shortened with decreasing the diameters, we attribute the low ET efficiency
in small CulnSs; QDs to the relatively large amount of surface-localized states.

As is known, the stability of bare QDs remains an issue due to photo-induced oxida-
tion in photovoltaic devices.’) We further investigated photoinduced ET into TiO, from
CulnS,/ZnS core/shell QDs. With increasing the ZnS shell thickness, the PL peak of
the QDs slightly shifts to higher energy compared with the bare QDs, which is slightly
different from the case of CdSe/ZnS core/shell QDs.['t:13 For CulnS,/ZnS core/shell QD-
s, the surface coating by a ZnS shell involves an interdiffusion alloying process, perhaps
resulting in formation of an inner alloying layer and etching of the CulnS, cores. However,
we ignored the size change of the CulnS, core in order to facilitate the estimation of the
ZnS shell thickness. As shown in Fig. 4.5, the PL lifetimes of the CulnS,/ZnS core/shell
QDs tethered onto the ZrOs films exhibit a significant increase with increasing the shell
thickness, suggesting the improved passivation of surface defects in the QDs.

In Fig. 4.5, PL decay curves of the two series of CulnSy/ZnS core/shell QDs 2.5 and
4.0 nm in core diameter tethered onto the TiOs films are shown. It is expected that the
ZnS shell acts as a tunneling barrier for ET from the photoexited CulnSy QDs to the
TiO, film because the Hpa between CulnS,; QDs and a TiOs film would be weakened

with increasing the ZnS shell thickness. The ET rates for the two series of core/shell QDs
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plotted as a function of ZnS shell thickness are shown in Fig. 4.6. As we expected, the ET
rate rapidly decreases with increasing the ZnS shell thickness. The decrease in the ET rate
is considered to result from the weak electronic coupling between the TiO, films and the
QDs with the increase of the ZnS shell thickness. Surprisingly, the ET efficiency slightly
decreases with the increase of ZnS shell thickness. For example, the ET efficiency of QDs
2.5 nm in core diameter decreases from 65% for the 1.1 monolayer (ML) ZnS shell to
38% for the 3.2 ML ZnS shell. Despite the significant decrease in the ET rate in contrast
with that for the CulnS; core QDs, the CulnS,/ZnS core/shell QDs exhibit only a slight
reduction in ET efficiency with increasing the ZnS shell thickness. This is because a thin
ZnS shell can effectively reduce the number of the traps as nonradiative recombination
centers and results in efficient enhancement in the PL quantum efficiency.l™'] This gives
us a hint that how we can control the ET rate and the ET efficiency in such a donor-
accepter system by controlling the QDs shell thickness to optimize the performance of the

QD-based solar cells.

4.3.3 Electron tunneling model

We assume the LUMO and HOMO levels of the CulnSy core remain unchanged for
different thickness of the ZnS shell and ignore the intersphere distance between the

CulnS,/ZnS QDs and TiO, films.?)l The ET rates should be related to the thickness

of the shell and could be described by the following expression:[>22

k(d) = koe ™7, (4.1)

where d is the thickness of the ZnS shell, ky is the ET rate for bare QDs. Experimental
plots of the two series of ET rates as a function of ZnS shell thickness can be well fitted by

the above equation. The good fit confirms the tunneling of the electron through the ZnS
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barrier shell. The fitting by the equation (4.1) yields semilogarithmic slopes, 3, of 1.1 and
1.4 nm~! for CulnS,/ZnS core/shell QDs 2.5 and 4.0 nm in core diameter, respectively.
The slope is comparable to reported one (3.5 nm™") for CdSe QDs.”! The value of 3 for
2.5 nm QDs is less than that in the 4.0 nm QDs. This is because [ is dependent on
the barrier height for the 15 electron in the CulnS, core to tunnel into the ZnS shell.
Therefore, the 1.5 electron in the small CulnS, core is easier to tunnel into the ZnS shell
than that in the large core, resulting in smaller factor 5.

The eigen function and energy of the electron in CulnS,/ZnS core/shell QDs were
calculated to quantify the effect of ZnS shell thickness on the ET rate by modeling them
as a particle confined in a spherical well of finite depth.?*2%! The effective mass of electrons
is 0.28mg for ZnS.’) The LUMO levels are -4.1 eV for the CulnS, core, -3.1 eV for the
ZnS shell® and -0.4 eV for the MPA, as shown in Fig. 4.7.26] To intuitively illustrate
the radial distribution of the wave function for the 1S electron, we performed a potential
well calculation in spherical symmetry for CulnS,/ZnS core/shell QDs with a 4 ML ZnS
shell, as shown in Fig. 4.7. The electron wave functions spread into the ZnS shell and
their amplitudes decrease exponentially with increasing the shell thickness. We performed
the calculation for the CulnS,/ZnS core/shell QDs having the same core and ZnS shells
differently thick. The diameter of the CulnSy; core was chosen to be 2.5 and 4.0 nm
based on TEM images. As shown in Fig. 4.6, the calculated radial electron densities
at the ZnS surface as a function of the ZnS shell thickness are in reasonable agreement
with the experimental plots of the shell-thickness-dependent ET rates for the two series
of CulnS,/ZnS core/shell QDs. The good agreement with the theoretical calculation
confirms the tunneling of the electron through the ZnS barrier shell. On the other hand,
this result suggests that optimizing ET efficiency can be realized by controlling the density

of the surface states and the ET rate via the change of the shell thickness.
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4.4 Conclusions

In summary, we have investigated the ET process from CulnS, core and CulnS,/ZnS
core/shell QDs to the porous anatase TiO, film. The ET rate reaches 107 s™! for different-
sized CulnS, core QDs. The ET rate as a function of shell thickness was well expressed
by an exponential function for the core/shell QDs with core diameters of 2.5 nm and 4.0
nm. This trend is well explained by the electron tunneling calculation of the core/shell
QDs. The ET rate is proportional to the existing probability of electrons at the QD
surface decreasing exponentially with increasing the shell thickness. These results show
the possible ways of optimizing the ET efficiency and QD stability by controlling the core

size and shell thickness in QD-based solar cells.
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FIG. 4.2 Steady-state photoluminescence (PL) and absorption spectra of CulnS, core
QDs with diameters of 2.5nm, 3.3nm, and 4.0 nm, respectively, in toluene and the corre-

sponding high-resolution TEM image from left to right. The scale bar is 5 nm.
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FIG. 4.3 The lowest unoccupied molecular orbital (LUMO) and highest occupied molec-
ular orbital (HOMO) levels of CulnSy QDs shown by circles were measured by cyclic
voltammetry (CV). Solid lines represent LUMO and HOMO levels of the CulnS, QDs
calculated in effective mass approximation (EMA). Dashed lines represent the LUMO
and HOMO levels of the TiOs film measured by CV and optical absorption.
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FIG. 4.4 Photoluminescence decay curves of CulnS, core QDs deposited on the ZrO,
(solid masks) and TiO, films (open masks).
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FIG. 4.5 Photoluminescence decay curves of CulnS,/ZnS core/shell QDs with various

core diameters and the ZnS shell thicknesses deposited on the ZrOs (solid masks) and

TiO, films (open masks).
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FIG. 4.6 Plots of electron transfer (ET) rates of CulnS,/ZnS core QDs with core
diameters of D=2.5 nm (squares) and D=4.0 nm (circles), respectively, as a function
of ZnS shell thickness. The solid line represents the fit of the ET rate. The calculated
electron densities at the ZnS surface as a function of ZnS shell thickness are shown by
dashed lines. The electron densities were normalized to the fastest measured ET rates for

comparison.
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FIG. 4.7 The LUMO level alignment (solid lines) and radial distribution functions (dotted
lines) for 1S electron levels of CulnSy/ZnS core/shell QDs (4 ML) with cores 2.5 nm in

diameter.
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Chapter 5

CulnS; quantum dot sensitized solar

cells

5.1 Introduction

Quantum dot-sensitized solar cells (QDSSCs) have attracted increasing scientific and
technical interests and they are considered as an emerging alternative for next genera-
tion photovoltaics due to their low cost, easy fabrication and the possibility of boosting
the power conversion efficiency beyond the Shockley-Queisser limit of 33%.% Quantum
dots (QDs) offer many advantages, such as tunable bandgap, high absorption coefficient,
multiple exciton generation and extraction of hot electrons. Recently, Nozik et al. suc-
cessfully demonstrated an internal quantum efficiency of more than 130% in the PbSe
QDs-based solar cells.¥! The chalcopyrite-type CulnS, QDs have been proposed because
of their less-toxic components. Besides, the band gap of CulnSy; QDs can be tuned not
only by controlling their size and stoichiometry but also by introducing other elements
such as zinc, hence they are considered to be an ideal material for QDSSCs.[>12:16,17]

At the beginning, CulnS, QDSSCs showed a power conversion efficiency of less than
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1% because of the poor charge separation and the serious electron-hole recombination

at the interface between TiO, and electrolyte.['?)

Recently, the charge recombination at
TiOy/electrolyte interfaces was suppressed by passivizing a CdS buffer layer and the
efficiency of CulnS, QDSSCs were increased to 2.52%.114716 Very recently, Teng et al.
further improved the CulnS, QDSSCs by optimizing the CdS passivation layer and they
achieved a power conversion efficiency of 4.2%.07 The trap states at QDs surface play
a crucial role in degrading the performance of the QDSSCs. Although the defects at
surface of the QDs can be effectively passivated by the CdS or ZnS shells, the actual
power conversion efficiency of the QDSSCs is far below the value in dye sensitized solar
cells (DSSCs). The origin of such limited performance was attributed to the lowly efficient
charge transfer from CulnSy, QDs to external electrodes.

The charge transfer from CulnSy QDs is the primary event leading to photocurrent
generation in QDSSCs. In our previous work, ' we studied the electron transfer processes
from CulnSs QDs to TiO, films and found that the rate and efficiency of electron transfer
could be controlled by changing the core diameter. However, the decrease in the size
increases both the electron energy and surface densities. It will increase the rate of
both the electron transfer and electron trapping at surface defects. Therefore, it remains
difficult to optimize the overall charge separation efficiency by selectively and rationally
controlling the competing processes in bare QDs.

The recent development in the synthesis of colloidal QDs has led to the preparation of
more sophisticated core/shell QDs with multiple component materials and shapes that
can be tuned for desired functions. For example, CdX and ZnX (X=S, Se) based semi-
conductor materials have been extensively tailored and combined into spherical core/shell
QDs." In chapter 4, we observed that the rate and efficiency of the electron transfer
from CulnS,/ZnS core/shell QDs to TiO, films decreased significantly with increasing

thickness of ZnS shell. However, it should be noted that the rate and efficiency of elec-
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tron transfer can be tuned by controlling the electron densities at QDs surface by means
of wave function engineering in core/shell CulnS; QDs. Compared with type I CIS/ZnS
core/shell QDs, the quasi-type II CulnSy/CdS core/shell QDs showed the enhanced de-
localization of electron wave function from core to CdS shell due to lower conduction
band offset. The CdS shells do not act as barriers but bridges for the electron transfer
from CulnSy QDs. Therefore, the wave function engineering in quasi-type II CulnS,/CdS
core/shell QDs offers additional opportunities to effectively control their charge transfer
properties, enabling rational design of new types of QDs sensitizers with improved light
harvesting and charge separation efficiency in QDSSCs.

In this chapter, a quasi-type II CulnS,/CdS core/shell QDs sensitizer was selected
to assemble the QDSSCs and compared with reference CulnS, bare QDs and type I
CulnS,/ZnS core/shell QDs based solar cells. The effect of band alignment and surface
states on electron transfer from the CulnSy QDs to TiO, films was studied in detail.
More efficient electron transfer was observed from quasi-type II CulnS,/CdS core/shell
QDs than that from type I CulnS,/ZnS core/shell QDs to TiO films due to the enhanced
delocalization of the electron wave function from the core to the shell. Under AM 1.5G
illumination at 100 mW cm™2, the CdS-CulnS,/CdS core/shell QDs co-sensitized solar
cell exhibited a power conversion efficiency of 2.27%. The performance was enhanced
because of the CdS coating. The CdS coating facilitated the separation of photogenerated

electrons and holes in the CdS layers and CulnS, QDs.

5.2 Experimental

5.2.1 Preparation of the photoelectrodes

The synthesis of CulnS, QDs, CulnS,/CdS and CulnS,/ZnS core/shell QDs were de-

scribed in chapter 2. The CulnSy/CdS and CulnSs/ZnS core/shell QDs were synthesized
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from the same CulnS, core QDs 2.5 nm in diameter.

The fluorine doped tin oxide (FTO) substrates were cleaned with soap water soaked in
an ultrasonic bath and sonicated in distilled water, acetone and alcohol for 10 minutes
for each cleaning step. Pure anatase TiOy was employed to construct transparent TiO,
photoelectrodes. Metallic oxide films of TiOy were formed by the doctor blade method.
It spread the TiO, paste on the FTO glass.l'%17] The thin films were dried at 120 °C for
30 min and then sintered in air at 450 °C for 1 hour. This TiO4 films were used as the
electrode substrate for QDs sensitization. To attach linker molecules to the TiO, surface,
the TiO, films were immersed in an acetonitrile solution of MPA (1 M) and sulfuric acid
(0.1 M) for 12 h. This process leads to wrapping the metallic oxide film with thiol ligands.
The functionalized metallic oxide film was immersed in QDs solution for 12 h or days to
get saturated adsorption of QQDs onto the TiO, film.

The CdS passivation layer was achieved by means of successive ionic layer adsorption
and reaction (SILAR) according to the procedure given in the literature.'%:!" Briefly,
the QD modified TiO, electrodes were first dipped into an ethanol solution containing
Cd(NOs)z (0.05M) for 1 min, and then immersed into a NayS (0.05 M) water/methanol
solution (1 : 1 by volume) for 1 min in sequence. The electrodes were thoroughly rinsed
with distilled water to remove the excess precursor after each immersion. This procedure

was repeated three times to form a CdS passivation layer on the electrodes.

5.2.2 Preparation of the Cu,S counter electrodes

The Cu,S-FTO glass counter electrodes were prepared by a modified method.?”) A 15
nm Cu film was deposited on FTO films by means of magnetron sputtering. Then the
Cu films were immersed in HCI solution for 5 min. A droplet of an aqueous polysulfide
solution containing 1 M NayS and 1 M S was added onto thin treated FTO films causing

it to suddenly become black, indicating the formation of CusS.
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5.2.3 Assembly of CulnS, QDSSCs

The photoanodes and the CuyS counter electrodes were sandwiched together with a
scotch tape 50 p m thick as a spacer and polysulfide electrolyte was injected into the cells.
The polysulfide electrolyte contains 2 M NasS, 2 M S and 0.2 M KCl in the water /methanol
solution (3 : 7 by volume). The area of the cells was 0.2 cm?. Normally, a thinner spacer

may help the diffusion of redox species.

5.2.4 Characterization

The absorption spectra were recorded on a UV-vis-NIR scanning spectrophotometer.
Time-resolved PL was measured by means of a time-correlated single photon counting
(TCSPC) with a visible photomultiplier and a 70 ps pulsed diode laser emitting at 375
nm. Time resolution of the TCSPC system was about 1 ns.

Photocurrent—voltage characteristics (J — Vecurves) of QDSSCs were recorded by a
source monitor (ADCMT 6242) under illumination with a solar simulator (SAN-EI ELEC-
TRIC, XES-40S2-CE) at 100 mW cm™2. The intensity of the simulated light was cali-
brated by a reference Si solar cell. All the measurements were conducted under ambient

conditions.

5.3 Experimental results and discussion

5.3.1 Core/shell QDs sensitized solar cells

The band level alignments for TiO,, ZnS, CdS and CulnS, in bulk material are shown
in Fig. 5.1.2723 The lowest unoccupied molecular orbital (LUMO) level of the porous
anatase TiO, film is obtained by the cyclic voltammetry method to be —4.2 eV, which

is lower than the LUMO level of —4.1 eV for the bulk CulnSy. Therefore, the electron
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Table 5.1 The efficiency (ngr) and rate (kgr) of electron transfer from different QDs to
TiOs films.

Sample ket (10°s™Y)  ner (%)

CIS QDs 6.0 69
CIS/ZnS QDs 0.25 33
CIS/CdS QDs 10 o1

transfer from the CulnS, to the porous anatase TiO, films is allowable. In chapter 4, we
demonstrated the electron transfer processes from CulnSs/ZnS core/shell quantum dots
(QDs) into porous anatase TiOs films by time-resolved photoluminescence spectroscopy.
The CulnS,/ZnS core/shell QDs exhibited type I carrier localization. The electrons and
hole are localized in the CulnS, core. The electrons in the CulnSs core tunnel through the
ZnS barrier 1 eV high to TiOs. It was found that the ZnS barrier significantly blocked
the electron transfer from CulnSs/ZnS core/shell QDs to TiOs. The rates of electron
transfer decreased exponentially with increasing ZnS shell thickness, in good agreement
with the tunneling barrier character. Based on such a verdict, we can expect that the
electron transfer from core/shell QDs to TiOy accelerates in case of a small conduction
band offset between core and shell. Therefore, we choose CdS as the shell materials for
CulnS, core QDs. As shown in Fig. 2.3(a), the CdS overgrowth proceeded together with
blue shift of the photoluminescence (PL) initially as is the case for the overgrowth ZnS.
However, the PL peaks showed a subsequent red shift. This is different from the case of
ZnS. The red-shift is consistent with enhanced delocalization of the electron into the CdS
layer, similarly to the report by Klimov group.l!

Furthermore, the eigen function and energy of the electron in CulnS, QDs were cal-
culated to illustrate the radial distribution of the wave function for the 1S electron by
modeling them as a particle confined in a spherical well of finite depth. As seen in Fig.

5.2, the electron wave functions spread into the shell and their amplitudes decrease expo-
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nentially with increasing the shell thickness. It is worth mentioning that the conduction
band of bulk CulnS, is only 0.05 eV lower than that of bulk CdS, making the electron
wave function delocalize to the CdS shell easier than the ZnS shell. As illustrated in Fig.
5.2, more than half of the electrons are localized in shell in CulnS,/CdS core/shell QDs.
The CulnS,/CdS core/shell QDs exhibit quasi-type II carrier localization. The electrons
are mainly localized in the shell and the holes are localized in the core.

In Fig. 5.3, PL decay curves of three kinds of QDs deposited on TiO, and ZrO, films
are shown. The LUMO level of the ZrO, film was obtained to be —3.17 eV relative to
the vacuum level, which is even higher than the LUMO level of —3.65 eV in CulnS,
core QDs.['8 Therefore, the electron can not transfer from CulnS, QDs to ZrO,, and
thus the observed PL decay curves in this system can be used as a reference. On ZrO,
films, the PL lifetimes significantly increased in CulnS,/CdS core/shell QDs compared
with CulnSs/ZnS core/shell QDs. This is because the overlapping of the electron and
hole wave function reduced in quasi-type II CulnS;/CdS core/shell QDs. In chapter
4, we observed that the electron transfer took place in time scale of sub-100-ns which
can compete with the recombination processes including both radiative and nonradaitive
processes. Therefore, the electron transfer from QDs to TiO5 should be more efficient in
quasi-type II CulnSy/CdS QDs due to their longer exciton lifetimes.

We assume that the average PL lifetimes of the QDs on TiOy and ZrO, films are given
by Tqp-Tio, = 1/(kr+kxr+ker) and 7qp-z:0, = 1/(kr+knr), respectively, where kg and
kngr are radiative and nonradiative decay rates for QDs, respectively. The electron transfer
rate (kgr) and efficiency (ngr) can be calculated as: kgr = 1/7qp-Ti0, — 1/TQD-220, a0d
ner = 1 — TQD-Ti0,/TQD-7:0,, respectively. The calculated electron transfer rates and
efficiencies are summarized in Table 5.1. Both the rate and the efficiency of the electron
transfer from CulnS,/ZnS core/shell QDs decreased significantly compared with that from

CulnS, core QDs. As we discussed in chapter 4, the electron transfer rate is proportional
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to the existing probability of electrons at the QD surface which decreased significantly
with increasing the ZnS shell thickness. The rate of the electron transfer from CulnS,/CdS
core/shell QDs decreased following the same rule. However, the efficiency increased and
reached up to a very high efficiency of 91%. The enhanced electron transfer efficiency
was attributed to the slower recombination processes (both radiative and nonradaitive)
in quasi-type II CulnSy/CdS core/shell QDs.

Furthermore, the quasi-type II CulnSy/CdS core/shell QDs sensitizer was selected
to assemble the QDSSCs and compared with reference CulnS, bare QDs and type I
CulnS,/ZnS core/shell QDs based solar cells. The detail of structure of the QDSSCs is
shown in Fig. 5.4. The cells are composed of the QD-sensitized electrode, the polysulfide
electrolyte and a CuyS counter electrode. The most efficient iodide/triiodide (I~ /I5) redox
couple in DSSCs is not compatible because of the easy corrosion of the metal chalcogenides
QDs in I7/I5. A polysulfide redox couple (S*7/S27) is a more suitable electrolyte, com-

(17,24,25] \oreover,

pared to the alternatives, in terms of QD stability and redox activity.
in the polysulfide electrolyte, CusS counter electrodes give lower over-potential.?S]
Figure 5.5 shows the J — V' curves of the QDSSCs sensitized with three different kinds
of QDs. All the device parameters are summarized in Table 5.2. For the CulnS,/ZnS
core/shell QDs sensitized solar cell, the power conversion efficiency is very low (0.03%),
which is ascribed to the low electron transfer efficiency. Otherwise, the ZnS shell also
acted as a 1 eV barrier for hole transfer. The high barrier might significantly block the
hole transfer from CulnS,/ZnS core/shell QDs. The efficiencies for the CulnS, QDs and
CulnS,/CdS core/shell QDs sensitized cells are 0.25% and 0.32%, respectively. Most
importantly, the QDSSCs using CulnS,/CdS core/shell QDs as sensitizers exhibit the
better performance with efficiency of 0.32%, slight higher than those of QDSSCs employing
CulnS, QDs and CulnS,/ZnS core/shell Ds. It is meaningful to note that the CdS shell is

beneficial for further improving the performance of TiOs/ CulnS, QDSSCs with enhanced
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Table 5.2 Device characteristics for different kinds of QDs sensitized solar cells.

Sample Voc (V) Jsc (mA Cm_z) FF n (%)

CIS QDs 0.42 1.42 042 0.25
CIS/ZnS QDs 0.26 0.53 0.22 0.03
CIS/CdS QDs 0.43 1.52 0.44 0.29

Jsc, which is consistent with the enhanced electron transfer efficiency from CulnSy/CdS
core/shell QDs. As discussed above, the CulnS,/CdS core/shell QDs exhibited quasi-type
IT carrier localization. This unique feature enables the photogenerated electron-hole pairs
to efficiently separate from QDs. Therefore, the spatial separation of electrons can be
efficiently collected by the external circuit. Another important thing is the extraction
of the holes. It appears that the holes are localized in CulnSs, leading to inefficient
reaction with the external environment for oxidative reactions, which is detrimental in
QDSSCs. However, our work shows that the CulnS, core confined photoinduced holes
can be extracted to the polysulfide electrolyte in QDSSCs. In addition, recent studies
had experimentally demonstrated that core-localized holes can be extracted by using hole

scavenging surfactants.7!

5.3.2 Synergistic effect of QDs-CdS co-sensitization

Even for CulnS,/CdS core/shell QDs sensitized solar cells, the power conversion effi-
ciency is very low (0.32%), which is ascribed to the limited light absorption of QDs and
serious electron and hole recombination at the interface between TiO, and polysulfide
electrolyte. It is because the TiOy surface is not covered completely by QDs. A process
of SILAR deposition of CdS was conducted to enhance the coverage of the TiO, surface
and to enhance the light absorption by photoelectrodes.'®17 In addition, surface states
and dangling bonds of the QDs can be removed through the passivation by CdS layers.

The absorption spectra of the photoelectrodes coated with CdS by SILAR cycles are
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shown in Fig. 5.6. The absorption increases with increasing the SILAR cycles, and be-
comes saturated after three cycles. The color of the CulnS,/CdS core/shell QDs sensitized
photoelectrodes was originally deep red, becoming pale orange or yellowish when it was
coated with CdS by three SILAR cycles. Besides, the CdS formed after 3 cycles of SILAR
deposition should have a size beyond the quantum confinement region because the ab-
sorption edge of the deposited CdS was close to that of bulk CdS (525 nm). Therefore,
the delocalization of the electron into the CdS shells from the CulnS, core was further
enhanced by additional CdS passivation.

Figure 5.7 shows the comparison of the J-V characteristics of the QDSSCs assembled
with CulnSy/CdS core/shell QDs sensitized photoanodes, before and after the anodes
were coated with the CdS passivation layer. The photovoltaic parameters of the QDSSCs
assembled photoanodes coated with the CdS passivation layer are summarized in the
inset of Fig. 5.7. Under AM 1.5G illumination at 100 mW cm™2, the CulnS,/CdS
QDs-CdS co-sensitized solar cell exhibited a short-circuit photocurrent (Jsc) of 8.6 mA
cm~2 | an open-circuit photovoltage (Voc) of 0.46 V, a fill factor of 0.47 and a power
conversion efficiency of 1.85%. The Jg¢ increases dramatically by the introduction of the
CdS passivation layer, which is consistent with the result reported in the literature.!'”]
The additional CdS passivation on the photoelectrodes provides high surface coverage to
prevent interfacial recombination of the photogenerated charges between TiO, films and
electrolyte. The role of CdS passivation of the photoelectrodes may be one of the critical
mechanisms for enhancing the Jg¢ value in QDSSCs.

As we discussed above, the CdS passivation can effectively suppress the electron leakage
to the electrolyte. However, the valence band edge of the CdS layers is higher than that
of the CulnS,; QDs, which prohibits the hole transfer from the QDs to electrolyte. To
optimize the solar cells further, we deposited the CdS films on the TiO, films in advance,

and then we sensitized CulnS,/CdS core/shell QDs on the CdS films. As shown in figure
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5.7, the CdS-CulnS,/CdS core/shell QDs co-sensitized solar cells exhibited a Jg¢ of 9.3
mA cm™2, an Ve of 0.48 V, a fill factor of 0.50 and a power conversion efficiency of 2.27%.
The performance is better than the CulnS,/CdS core/shell QDs-CdS co-sensitized solar
cells. As seen in the Figure 5.8, CdS acts as the bifunctional layers. The additional CdS
passivation on the photoelectrodes not only absorbs more incident photons for the charge
separation, but also provides high surface coverage to prevent interfacial recombination of
the photogenerated charges between TiOs films and electrolyte. Although we have already
successfully fabricated the good performance QDSSCs, unambiguous understanding of
electron injection and charge recombination kinetics from this quasi-type II QDs require

further systematic studies.

5.4 Conclusions

In summary, a quasi-type II CulnS,/CdS core/shell QDs sensitized solar cells was fab-
ricated and compared with the CulnS, bare QDs and the type I CulnSy/ZnS core/shell
QDs sensitized solar cells. More efficient electron transfer was observed from quasi-type
IT CulnS,/CdS core/shell QDs to TiOq films. The enhanced electron transfer efficiency
was attributed to the slower recombination processes (both radiative and nonradiative) in
quasi-type IT CulnS,/CdS core/shell QDs. Besides, the observed improvement of QDSSCs
with CulnS,/CdS core/shell QDs was attributed to have higher efficiency of the electron
transfer into TiO, films. Furthermore, The CdS passivation layers were introduced to ab-
sorbs more incident photons and to prevent interfacial recombination, which dramatically

improved the performance of the QDSSCs.
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FIG. 5.2 The radial distribution functions of the electrons in 2.5 nm CulnS,; QDs (solid
line) CulnS,/CdS (dotted line) and CulnS,;/ZnS (dashed line) core/shell QDs with the

core 2.5 nm in diameter and the shell 0.95 nm thick.
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FIG. 5.3 Photoluminescence decay curves of CulnSy core QDs, CulnSs/ZnS core/shell
QDs and CulnS,/CdS core/shell QDs deposited on the ZrO, (solid masks) and TiO, films

(open masks).
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FIG. 5.6 Optical absorption spectra of TiO films sensitized with 2.5 nm CulnS, QDs.
The number in parentheses represent the cycle number of successive ionic layer adsorption

and reaction (SILAR) coating.
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FIG. 5.7 Photocurrent-voltage characteristics of the CulnS,/CdS core/shell QD-
s sensitized solar cells, CdS-CulnS,/CdS core/shell QDs co-sensitized solar cells and
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FIG. 5.8 Schematic diagram showing the charge separation processes of TiO, films co-
sensitized with CdS layers and CulnS,/CdS core/shell QDs.
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Chapter 6

Conclusions

In this thesis, we studied the intrinsic characters of the exciton states in CulnS, QDs and
investigated the way to transfer the 1S electrons to TiO, for improving the performance
of the CulnSy QDs sensitized solar cells.

The mechanism for optical nonlinearities and ultrafast carrier dynamics in CulnSs QDs
were investigated by means of femtosecond transient absorption (TA) spectroscopy. We
demonstrated that the TA bleaching comes from filling of electron quantized levels, allow-
ing us to know the dynamics of the 1S electron in CulnS,; QDs. The sub-100-ps electron
trapping at surface defects in bare CulnSy QDs accelerates with decreasing the QD size
scaling with the inverse of QD radius (1/7 oc R™!®). These surface trapping states were
effectively passivated in CulnS,/ZnS core/shell QDs. Therefore, the long-lifetime emission
in CulnSy QDs is most entirely involved with the transition from a 1S electron state to
a hole-localized state. The results clearly show the intrinsic characters of the 1S electron
states in CulnSy QDs.

We systematically investigated the 1S electron transfer from the CulnS, QDs and
CulnS,/ZnS core/shell QDs to the TiO, film by means of time-resolved photolumines-
cence spectroscopy. We observed that the electron transfer took place in time scale of

sub-100-ns which can compete with the recombination processes. The electron transfer
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rate as a function of shell thickness was well expressed by an exponential function for the
core/shell QDs with core diameters of 2.5 nm and 4.0 nm. This trend is well explained
by the electron tunneling calculation of the core/shell QDs. The electron transfer rate
is proportional to the existing probability of electrons at the QD surface decreasing ex-
ponentially with increasing the shell thickness. The results show the way to control the
rate and efficiency of electron transfer by tuning the electron densities at QDs surface via
electron wave function engineering in core/shell CulnSy; QDs.

The effect of band alignment on electron transfer from the core/shell CulnS; QDs to
TiO, films was studied. More efficient electron transfer was observed from quasi-type
IT CulnS,/CdS core/shell QDs than from type I CulnS;/ZnS core/shell QDs to TiO
films due to the enhanced delocalization of the electron wave function from the core to
the CdS shell. Under AM 1.5G illumination at 100 mW cm™—2, the CdS-CulnS, /CdS
core/shell QDs co-sensitized solar cell exhibited a short-circuit photocurrent (Jg¢) of 9.3

2 an open-circuit photovoltage (Voc) of 0.48 V, a fill factor of 0.50 and a power

mA cm™
conversion efficiency of 2.27%. The improved performance of QDSSCs with CulnS,/CdS
core/shell QDs was attributed to higher efficiency of the electron injection from quasi-type

IT CulnS,/CdS core/shell QDs to TiOs films.
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