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ABSTRACT

Solar cells, which harvest renewable solar energy via the photovoltaic (PV) effect, have been
considered as one of the cleanest and most promising technologies to address the press energy
crisis and environmental issues. In order to make solar cells the feasible and best replacement of
fossil fuels, the concept of the third-generation PV devices based on inorganic nanomaterials,
dye molecules, conjugated polymers and perovskite materials was proposed to largely decrease
the cost of the solar cell devices, at the same time maintaining comparable or even achieving
higher power conversion efficiency (PCE) compared to that of the existing ones. Additionally,
luminescent solar concentrators (LSCs), which convert a wide range of photons into
concentrated light in a specific range, are another potential approach to achieve these goals by
reducing the use of expensive PV materials. In principle, the development of both PV and LSC
devices depends on the material chemistry and device engineering, which are the two main
directions to optimise the performance of these solar technologies. In this thesis, the work
performed focuses on the synthesis of near infrared (NIR) absorbing quantum dots (QDs), their
characterizations, and solar-related applications, as well as morphology optimisation of the

photoactive film of polymer solar cells (PSCs), leading to enhanced PCE and stabilities.

In the first part, we successfully synthesized high-quality NIR PbS QDs in very small sizes using
PbCl, and elemental sulfur (S) as lead and sulfur precursor, respectively, by introducing
tributylphosphine (TBP) into the reaction. This route is much “greener” and facile as compared
to the glove-box-involved method using toxic bis(trimethylsilyl)sulfide as sulfur precursor.
Afterwards, the synthesis mechanism of very small QDs and their optical properties, morphology,
dispersity, surface properties and LSC application were systematically investigated. In detail, this
work can be divided into three sections (I-111): two sections are related to the PbS QDs synthesis,
and the last section is about LSC application based on these synthesized QDs.

In section I, the S-oleylamine (OLA) solution was mixed with different contents of TBP prior to
its injection into the pre-heated PbCl,-OLA solution. For the TBP-free reaction, the shortest
absorption wavelength of synthesized PbS QDs was limited to ~1056 nm. With increasing the
TBP content to 40 L, the first-excitonic absorption peak of obtained PbS QDs was gradually

blue-shifted to ~705 nm, due to the decreased QD size. Further increasing the contents of TBP,



no QDs could be collected. The key factor leading to the blue-shifted first-excitonic absorption
peak and final disappearance of QDs with increasing TBP content is the formation of strong
bond between S and TBP. The S-TBP could have participated into the QD growth process,
which prevented the QDs further growing to larger size with TBP as a type of rigid ligands on
the surface. However, the stable S-TBP itself was not able to start the nucleation reaction with
the lead precursor, then failed to form the QD once the S-OLA concentration was below a
critical point. In addition to decreasing the size of QDs, as extra ligands located at the S sites on
the QD surface (rather than on the Pb site as OLA ligands), TBP could change the QD surface
composition, morphology and dispersity, and benefit its optical properties. In brief, TBP-assisted
synthesis of PbS QDs shows narrow QD size distributions without any QD aggregation and
demonstrates high photoluminescent quantum yield (PL QY) in the range of 60-90%, depending
on the QD size. All of these results underline that this route is convenient for synthesis of high-

quality PbS QDs in very small sizes.

Different from that of section I, a two-step injection synthesis is introduced in section II. For
instance, large amounts of TBP were first injected into the preheated lead precursor, followed by
the sulfur precursor solution. Based on this synthesis, the first-excitonic peak of the PbS QDs can
be largely extended to ~780 nm (corresponding to diameter ~2.5 nm) as compared to that of the
TBP-free reaction. The resulted PbS QDs show excellent dispersity without any aggregation and
high PL QY around 80%. Moreover, the TBP chemical was revealed to assist the transformation
of PbCI,-OLA into more reactive Pb(OH)CI, that can directly participate into the nucleation
process, yielding ultrasmall PbS QDs. It indicates that Pb(OH)CI can be potentially applied for

synthesis of other lead-based small size QDs as a new precursor.

In section III, LSC devices using PbS and PbS/CdS QDs as the phosphor were fabricated,
respectively, and their performance of concentrating the wide range of photons into a specific
range of light was also tested. The high performance is mainly attributed to their high PL QY,
wide separation of absorption and PL spectrum and good photo-stability. Clearly, ultrasmall PbS
QDs are promising for LSC application. More specifically, the LSC device showed optical
efficiency around 1.2% at a geometric factor of 50 (10 cm in length) by using the 2.5 nm QDs
with a 0.1 nm CdS shell, which is record-high compared to other QD-based LSCs. The devices
using pure PbS QDs and PbS/CdS QDs with thick shell were also fabricated and tested, and all



of them showed promising results. Over all, these results confirmed the high quality of our
synthesized QDs via TBP involved synthetic route, which is promising for large-area LSCs

application and has high potential for other NIR-related applications.

In the second part, we focused on improving the air-stability of the PSCs using the blend of
Poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-Cs:-butyric acid methyl ester (PCBM) as
the research system. To do so, the inorganic NIR QDs were selected as a stabilizer, which
extended the photoresponse of the device to the NIR range in the same time. Considering the
energy level alignment of P3HT and PCBM, PbS QDs sample with an average diameter of ~3.3
nm was preferred, which can facilitate the charge transfer processes in the device. Moreover,
further surface treatments of QDs were performed before applying them for PV application. First,
a thin CdS shell (0.1 nm) on the surface of PbS QDs was formed by cation-exchange reaction. It
can significantly improve the air-stability of QDs as well as their thermo- and photo-stability,
without blocking charge carrier transport. Second, large amounts of insulating, long-chain oleic
acid ligands (OA") on the QD surface were replaced by short inorganic CI" via metal halide
treatment. The atomic CI ligands can form a dense “ligand shell” on the surface and reach the
mid-gap trap states, which can’t be achieved by the long-chain ligands, due to the “steric effect”.
Therefore, the QD stability can be further enhanced and the density of trap states can be
effectively reduced, which makes these ligand-exchanged QDs suitable for PV application. It is
worth mentioning that the surface ligand manipulation also affected the morphology of the
P3HT:PCBM:QDs film, which played a significant role in device stability. As evidenced by the
images obtained from atomic force microscopy (AFM) measurements, the QDs with CI” ligands
formed continuous QD-networks in the P3HT:PCBM film, whereas QDs without CI" ligands
were homogeneously distributed in the film. Importantly, PSCs device based on the film with the
unusual QD-networks showed excellent long-term stability under relative high humidity air (50-
60%), while accomplishing over 3% of PCE simultaneously. After 30 days storage without any
encapsulation, around 91% of the pristine PCE can be retained. It was a remarkable improvement
as compared to that of the devices based on pure P3HT:PCBM film (~53%). We verified that
such improvement was attributed to the prevention of PCBM aggregation and oxidation of the
thiophene ring in P3HT. Furthermore, the presence of QD-networks efficiently improved the
thermal stability of the device as well by suppressing the thermal stress/oxidation under relative

high humidity air. Around 60% of pristine PCE was retained after 12 h thermal treatment at



85 <C, which was more than twice higher than that of the device without QD networks. To the
best of our knowledge, this work represents the first unambiguous demonstration of the
formation of QD networks in the photoactive layer and of their important contribution to stability
of PSCs. This strategy is highly promising for other fullerene based PSCs, and opens a new

avenue towards achieving PSCs with high PCE and excellent stability.

The third part was focused on morphology manipulation of the P3HT:PCBM blend, in order to
improve the PCE of the PSCs. The key point is to control the mobility of the film components in
the fabrication process. To do so, butylamine was introduced as an additive into the
P3HT:PCBM solution with dichlorobenzene as the solvent. It was confirmed that PCBM has a
higher solubility than P3HT in butylamine. As a result of different solubilities, the addition of
butylamine improved the accumulation of P3HT and PCBM at the top and bottom of the blend
film, respectively, leading to a P3HT-enriched top surface and buried abundance of PCBM as
evidenced by the results from AFM and X-ray photoelectron spectroscopy characterizations.
Then, solar cell devices with the configuration of ITO/ZnO/P3HT:PCBM/Mo00O3s/Ag were
fabricated to evaluate the effect of resulted morphology change by butylamine on the
performance of device. The butylamine affected device showed largely enhanced fill factor (FF:
~70%) and PCE (~4.03%) compared to the standard device, which can be attributed to the
improved charge transport in the P3HT:PCBM film and enhanced electrode selectivity. The
formation of such morphology offers a possibility to further optimize the thickness of the active
layer in order to absorb more light, without prohibiting charge transport. In other words, it is
possible to further enhance the PCE by increasing the short-circuit current (Jsc) without
significantly sacrificing the FF, if the same preferable bicontinuous interpenetrating morphology
can also be achieved in a thicker film. Therefore, we further fabricated devices based on thicker
P3HT:PCBM film by doubling the concentration of precursor solution. The results from the
current-voltage measurement indicate that FF of ~63% was obtained for the butylamine involved
device, which is even higher than that of the standard device based on relatively thin film. In the
same time, the Js. was also largely enhanced due to the increased thickness of the active layer,
leading to a high PCE of 4.61%, among the best efficiencies of P3HT:PCBM-based devices.
Over all, these results well confirmed that butylamine as an additive can effectively improve the

performance of P3HT:PCBM device. Besides, it has the advantages of free of malodorousness



and halogen ions compared to commonly applied alkane dithiols and halogen additives, which

makes it promising for the use in large scale fabrication of PSCs in the future.
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CHAPTER1 INTRODUCTION

Nowadays, human being has become more and more dependent on electricity that makes our life
convenient and comfortable. As a consequence, the electricity consumption in the world has
increased rapidly. For instance, an increment of 60.9% (13,174 to 21,191 TeraWatt Hour) from
the year 2000 to 2016 was reported.[1] However, the electricity generation is mainly relying on
the use of fossil fuels such as coal, natural gas, etc. In addition to finite reserves, burning of fossil
fuels is associated with the emission of CO, and SO, into the atmosphere, resulting in global
warming and acid rain. Therefore, it is emergent to develop clean and sustainable resources as
alternative. Among various types of renewable energy sources (such as solar energy, wind,
biomass, geo-electric etc.), the solar energy with advantages of infinite abundance and easy
utilization is most attractive. In addition to being commonly used in human being’s life
everywhere for heating, drying and so on, for a long history, the solar energy becomes a popular
energy source for end-use electricity conversion by a designed device, called a solar cell. It
represents one of the most effective, cheap, clean and renewable ways to supply the electricity in
the future, which has attracted many attentions in research and real applications. For decades, the
electricity supply from solar energy conversion is gradually growing year by year as evidenced
by increased solar panel installations (Figure 1.1). On the other hand, the cost of photovoltaics
(PV) electricity dramatically decreased from $101.5 per watt in 1975 to $0.61 in 2015.[2]
However, more work should be devoted to improve solar technologies in terms of higher

efficiency, better stability and lower cost.
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Figure 1.1 Cumulative PV capacity in megawatts globally and trend of the price change of a solar panel per
watt from 1975 to 2015.[2]

1.1 Basic theory of solar cells

A solar cell is a device that directly converts the sunlight into electrical energy by the
photovoltaic effect. This effect was discovered by Edmond Becquerel in 1839, but the first real
solar cell on this basis was only created 50 years later by Charles Fritts in 1883.[3] It is
composed of a selenium film together with a thin layer of gold (Au). In this structure, the
combination of selenium and Au forms a Schottky contact, which is known as a potential barrier
at the metal-semiconductor contact due to the difference of their Fermi energy and has rectifying
characteristics, suitable for solar cell application. Briefly, the semiconductor selenium serves as a
photo-active material, generating excitons (electron-hole pairs) by absorbing the sunlight. The
formed built-in electric field due to the Schottky contact benefits the “exciton separation” and
electron transport towards the cathode, while preventing the hole hopping in the same direction.
Devices with such working mechanism are called Schottky junction solar cell, which is the
simplest PV device. The performance of this type of solar cells is limited due to serious
recombination of photo-generated charge carriers because the minority carriers from the
illumination side (opposite to the Schottky junction) must travel the entire semiconductor film to
reach the destination electrode.[4] To date, various advanced device architectures have been
developed to address the problem. Most of them involve the use of both P-type and N-type
materials, which form a P-N junction as the crucial part of the device.

Basically, the P-N junction solar cells work in several steps: I. the active material absorbs
photons of the sunlight, generating electron/hole pairs (excitons); II. the excitons move to the
interface between the P- and N-type materials, where a band offset drives the separation of
excitons into free electrons and holes; III. the electrons and holes are then transported to cathode
and anode of the cell, respectively; IV. at last, these charge carriers can be collected by
electrodes, and directed to the outer circuit. A solar cell device with maximum light absorption
and minimal charge carrier recombination is thus largely pursued to achieve the best

performance.



The electronic behavior of solar cells can be modeled by an equivalent circuit composed of some
discrete ideal electrical components (Figure 1.2 (a)). According to the equivalent circuit, a solar
cell under illumination produces current (1) equal to the sum of photo-generated current (I,) and
the current (in a negative sign) passing through the diode (Ip) and shunt resistor (lsy). The
performance of a solar cell can be characterized by current-voltage measurements, and the
typical curve is shown in Figure 1.2 (b). From this curve, the power conversion efficiency (PCE)
of a solar cell can be determined. It is given by the equation: PCE = (Jsc X Vo XFF <A) / Pincident,
where Jg is short-circuit current density, V. is open-circuit voltage, FF is fill factor, A is device

area and Pincigent IS the incident optical power.
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Figure 1.2 (a) The equivalent circuit of a solar cell, and (b) the typical I-V curve of a silicon solar cell. (The
graphs were taken from internet: https://en.wikipedia.org/wiki/Theory_of solar_cells and

http://www.alternative-energy-tutorials.com/energy-articles/solar-cell-i-v-characteristic.html)
1.2 Overview of solar cell development

Traditionally, solar cell technologies can be classified into three generations. The first-generation
solar cells mainly include wafer silicon-based (single-/multi-crystalline) silicon solar cells, which
are still dominating the market, due to their high PCE (typically: 15-20%) and good stability as
well.[5-6] However, high energy consumption technology is necessary to obtain pure, defect-free
silicon materials, leading to the high cost of Si solar cell production.

As compared to the first-generation ones, the price of the second-generation solar cells (also
called thin film solar cells) is relatively lower by avoiding use of silicon wafer. Nevertheless, the

PCE is also decreased. For example, the amorphous silicon, CulnGaSe, and CdTe based thin
3



film solar cells show typical PCE of 10-15% [7]. Further considering their high-energy
consumption fabrication, there is scarce probability for the second generation solar cells to fully

replace the first-generation ones.

Based on the development of material chemistry and device engineering, the third-generation
solar cell was proposed one decade ago with the purpose of reducing the cost and achieving high
PCE at the same time. The third generation solar cell can be divided into several categories,
depending on the type of photo-active materials, such as dyes, quantum dots (QDs), conjugated
polymers and perovskites.[8-11] The active film of all these materials can be fabricated by
solution-processable technique (e.g. roll-to-roll process etc.), which is cost-effective and
comfortable with large scale device fabrication. Furthermore, the high temperature and vacuum
treatment commonly required in the fabrication of the first and second generation solar cells can
be avoided, reducing the energy consumption. The performance of these solar cells has been
largely improved from the beginning to present, especially for their PCE with remarkable
improvement (Figure 1.3), by mainly focusing on the optimization of device configuration and
material innovation. Additionally, each of these solar cells has their own advantages. For
example, the three dimensional (3D) perovskite solar cell (single junction) shows the best PCE
of ~22.1%[12] under 1 sun irradiation, whereas the QD-based device shows better air stability
and reasonably high PCE (11.28%)[13] at the same time. Over all, there is still large space for
these types of solar cells to improve their overall performance and reduce the cost with the
purpose of realizing widespread application. More details about these types of solar cells will be
introduced in the later section.
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Figure 1.3 Evolution of record PCE values of different generations of solar cells since 1976, retrieved from

https://www.nrel.gov/pv/assets/images/efficiency-chart.png.

1.3 Classification of the third generation solar cells

1.3.1 Dye-sensitized solar cells (DSSCs)

In a representative DSSC as illustrated in Figure 1.4 [14], the anode consisting of sintered
semiconducting nanoparticles (mainly TiO,) is deposited on a transparent conductive glass, a
monolayer of organic dyes serves as a photo-sensitizer; and a redox couple such as 31713
dissolved in an organic solvent acts as electrolyte, while platinum (Pt) serves as a counter
electrode and catalyst simultaneously. Under working conditions, photons excite the organic
dyes from their ground state to the excited state, the excited electrons subsequently inject into the
conduction band of TiO,, and turn dyes into their oxidized form. Oxidized dyes are regenerated
by acquiring electrons from I" ions, which are converted into I3". These I3” ions diffuse toward the

Pt electrode and then they are reduced to I, finishing the circuit.
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Figure 1.4 Schematic diagram of a dye sensitized solar cell.[14]

Compared to the silicon-based solar cells, DSSCs have the advantage of the simple fabrication
and the use of low-cost materials. For instance, TiO, is a common material used in white
pigment paint, and there are versatile dyes available in nature. In addition, there are some more
merits as follows,[14] light weight, good flexibility, different color options, short energy pay-
back time (<l year), working in low-light conditions, etc. which make DSSCs a promising
candidate for the next generation solar cells. However, the utilization of liquid electrolyte causes
the stability issues. For instance, it can lead to Pt electrode corrosion and desorption of dye
molecules from the TiO, surface.[15] Additionally, when they are operated at a very low
temperature, the electrolyte can be frozen, leading to power cutting off and even physical
damage. Future work can be progressed by taking the advantage of vast types of dyes in nature,
investigating the tandem solar cell configuration and solid-state electrolytes.

1.3.2 Quantum dot solar cells (QDSCs)

QDs are semiconductor nanocrystals, whose size is smaller than the Bohr radius (distance

between the electron and hole in an exciton) of the bulk material. As a consequence, excitons are
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squeezed in the nanocrystals, due to the quantum confinement effect. With the development of
materials chemistry, many types of QDs have been synthesized, such as II-VI (CdSe, HgTe,
CdS)[16-18], III-V (InP, InAs)[19-20], IV-VI (PbS, PbSe, PbTe)[9, 21-24], I-II-VI,
(InCuS,)[25], and 13-V, (Cd3P,, Cd3As,)[26-27] QDs. These QDs have the unique size-tunable
optical properties over the spectral range from visible to infrared. Taking CdSe QDs (Bohr radius:
~5 nm) as an example, their absorption can cover the full visible range , when their size is tuned
between about 2 and 5 nm.[28] For PbS QDs (Bohr radius: ~18 nm), the first-excitonic peak
ranging from ~480 to 2100 nm has been achieved by tuning their size from ~1.5 to 10 nm.[21, 29]
Therefore, it is promising to apply these QDs as the light absorbing material in solar cells,
especially the near infrared (NIR) QDs, which are able to capture photons in a wider range than
that of visible ones. Moreover, the PbS and PbSe QDs have been reported to be capable of
generating multi-excitons by absorbing single solar photons with energy more than their band
gaps.[23, 30-32] They hold the possibility of breaking the Shockley—Queisser limit.

QDSCs can be classified into QD sensitized solar cells (QDSSCs) and solid state QDSC. Like
the DSSCs, QDs are immobilized on metal oxide (e.g.: TiO,) film as sensitizers in QDSSCs. The
certified highest PCE of this type of solar cells reached 11.61% by using the Zn—Cu—In—-Se
alloyed QDs.[33] Their excellent performance is derived from increased conduction band edge
and the supressed charge recombination at photoanode/electrolyte interfaces, resulting in higher
photocurrent and photo-voltage as compared to that of the Cu-In-Se QD based device (9.54% in

PCE). However, it is still a challenge to address the stability issues of this type of solar cells.[34]

The solid state QDSC (Figure 1.5) has a compact QD film, which is normally combined with
another layer of N-type materials to form a heterojunction, considered as the efficient
configuration for electricity generation. At the interface, a depleted region is responsible for the
exciton separation and charge transport. The liquid electrolyte is not necessary for this type of
QDSC, allowing them to work more safely and stably. The key factor of achieving good
performance is the fabrication of a dense QD film, which mainly relies on surface treatments of
the QDs via solution phase or solid phase method. Until now, the certified champion PCE

(11.28%) was achieved by Sargent’s group.[13] More contents are reviewed in chapter 2.
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Figure 1.5 Transmission electron microscopy (TEM) images of (a) optimized nanowire network device, and (b)

a planar device.[35]
1.3.3 Perovskite solar cells (PVSCs)

PVSC is a rising star in the PV field owing to its boosted PCE (over 20%) in several years (from
2009 to present). In this field, the most commonly investigated perovskite materials have a
general formula of ABX3 (Figure 1.6), where A represents a monovalent cation, B a divalent
cation and X a monovalent anion. Depending on the radius of the selected component ions, the

crystal structure of the perovskite materials varies, which can be estimated by calculating the

Ry +Rg

iR+ Rp) where Ra, Rg and Ry is the radius of A, B and

Goldschmidt tolerance factor (t), t =

X ions, respectively.[36] As reported, a cubic structure was formed when 0.9 < t < 1, while
hexagonal/tetragonal or orthorhombic/rhombohedral structures can be formed with t>1 or 0.71
<t < 0.9, respectively.[37-38] Also, the optoelectrical properties of the perovskite materials
change by varying their compositions. For example, the CH3NH3Pbls perovskite material (band
gap: 1.55 eV) has the photo-response limited to <800 nm, while it decreases to ~550 nm when I’
ions are fully replaced by Br' (CH3NH3PbBr3, band gap: 2.2 eV).
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Figure 1.6 The perovskite crystal structure with the general form ABXs, in which A" is confined within a cage
determined by the octahedral coordination of B* with X~ anions. The sizes of the spheres are given by the
ionic radii of CH;NH®*", Pb*, and 1~. The most common cations and anions that have been used in each

position within the 3D halide perovskites are listed.[39]

Compared to other types of the third-generation solar cells, the excitons generated in perovskite
material layer have loosely bonded energy between electrons and holes, which facilitates the
separation of electron-hole pairs into free charges at the cost of a minimal driving force.
Therefore, it allows the fabrication of a thick layer of perovskite materials to fully utilize the
photons and avoid recombination at the same time. As a matter of fact, the photocurrent over 20
mA cm™ has been reported for the 3D PVSCs, and a certified high PCE of 22.1% has been
achieved close to the theoretical value for single-junction devices (26 - 27%)[40-41], by combing

with other efforts on the optimisation of device configuration, interface effect, etc.[11]

Although a high-PCE record was achieved by PVSC devices, the reproducibility of perovskite
film in high quality (pinhole-free, large crystal grains and rough-border-free) needs to be
addressed. Additionally, it is still challenging to fabricate high performance devices in large area,
and the high performance device based on 3D perovskite materials is commonly sensitive to O,
and humidity, leading to rapid degradation of PCE. The future direction of PVSCs research can
be focused on the stability of the PVSCs.



1.3.4 Polymer solar cells (PSCs)

With the potential advantages of abundant material, environment benign, light weight and good
flexibility, PSC becomes one of the best candidates for the next-generation solar cells. Unlike
inorganic materials, the charge mobility of organic materials is rather low (10 cm?v's™),
because the inter-molecular charge transport is difficult.[42] It means that a limited thickness of
the active film is allowed to use in PSCs to avoid serious charge recombination. Fortunately, the
organic chromophores have relatively high absorption coefficient, which allows a very thin layer
(~100 — 200 nm) of semiconductor materials to capture most of the photons within their
absorption ranges.[10] Additionally, due to the low dielectric constant of organic materials, the
binding energy of electron-hole pairs is rather high (0.3 — 1 eV), resulting in short lifetime of
these excitons.[43] Therefore, a typical PSC has the active film composed of a mixture of
electron donor (conjugated polymer) and acceptor (such as fullerene derivatives), which enables
the excitons to reach the donor/acceptor (D/A) interface in a short distance for charge carrier
separation, without necessarily sacrificing the thickness of the photo-active layer. Afterwards,
the band offset at the donor and acceptor interface drives the electron-hole pair to separate into
free charges to be transported to respective electrodes. In the bulk film, the conjugated polymer
and fullerene derivatives perform as the hole and electron transport material, respectively.

There are two types of the configuration of PSCs: conventional and inverted structure. In
conventional PSCs demonstrated in Figure 1.7 (a), the generated free electrons/holes in the
active film are directed to the Al cathode and indium tin oxide (ITO) anode, respectively.
However, the highly acidic poly(3,4-ethylenedioxythiophene):polystyrene  sulfonate
(PEDOT:PSS) as a hole transport layer is detrimental to the ITO electrode and is hydrophilic.
Additionally, the Al electrode is air sensitive, which can be easily oxidized.[44] All of these
aspects can lead to the performance degradation of PSCs. As for inverted PSCs (Figure 1.7 (b)),
the natural of charge collection is reversed, and at the same time the PEDOT:PSS hole transport
material and Al electrode are replaced by MoO3 and Ag, respectively. In this case, the stability of
PSCs is largely improved. The future work can be focused on the stability of the active layer by
avoiding the aggregation of PCBM and the degradation of polymers, new polymer materials
design to extend the photo-response range and improve their H,O/O, sensitivity, and green
solvent development.
10
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Figure 1.7 Conventional (a) and inverted (b) structure of polymer solar cells
1.3.5 Hybrid solar cells (HySCs)

A PV device based on the combination of organic conjugated polymer and inorganic QDs as the
active layer can be called HySC. Considering the properties of the involved active materials, a
device based on this concept is expected to have the advantages of good mechanical flexibility,
low specific weight, strong light absorption over a wide spectral range and excellent
photostability.[45-46] In designing a HySC device, several aspects need to be taken into
considerations[45]: 1) the surface ligands of the QDs; the as-prepared QDs are normally capped
by insulating, long-chain ligands, which stabilize the QDs suspended in a solvent. These
insulating ligands should be replaced by short ones to reduce the inter-dot and QD-organic
material distance, facilitating the charge transport; II) the morphology of the photo-active layer,
which largely determines exciton-separation and charge-transport processes, and thus directly
influence the performance of solar cell devices. Ideally, the interpenetrating electron and hole
transporting phases in the composite should be at the nanoscale to ensure that short-lived
excitons can efficiently reach the D/A interface before any considerable electron—hole
recombination [45]; and III) the band alignment of QDs and polymer. As for the exciton
dissociation in a binary system made of QDs and polymers, a type Il band alignment structure is
required. Following charge separation, the QD is usually used to transport electrons, and the
polymer holes due to the its higher hole mobility. Thus, their band structures should be aligned in
such a way to favor the transfer of photogenerated electrons from polymers to QDs and the
transfer of photogenerated holes from NIR QDs to polymers [45]. Figure 1.8 shows the band
alignment of some popular polymers and PbS QDs with different size [47].

11
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Figure 1.8 Energy levels of PbS QDs according to their diameter and LUMO/HOMO values of conjugated
polymers widely used as electron donors in polymer BHJ solar cells. PBDTTT-CF is poly[4,8-bis-
substitutedbenzo [1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-substituted-thieno [3,4-b]thiophene-2,6-diyl],
PCDTBT is poly[N-90-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)],
and PBSDTBT is poly[9,9-dioctyl-2,7-dibenzosilole-co-alt-5,5-(40,70-di-2-thienyl-20,10,30-
benzothiadiazole)].[47]

Over all, the HYSC:s still suffer from low PCEs as compared to the other third-generation solar
cells. However, the discovery of charge transferring from the “dark” triplet generated in organic
semiconductor pentacene and tetracene to PbSe and PbS QDs would stimulate more interests on
the hybrid system.[48-49]

1.4 Luminescent solar concentrators (LSCs)

LSCs are devices that are able to convert photons over a wide range of the solar spectrum into
concentrated light in a specific range. They mainly consist of a fluorophore as light
absorber/emitter and a polymer matrix acting as the wave guide of reemitted photons. Compared
to the PV devices, the LSCs can be produced in low cost considering their constituent materials
and fabrication process. It enables the large-scale implementation of solar technologies by
combining the cheap LSC device in large-area with expensive PV device in small area.
Therefore, the total cost of the solar technologies can be reduced without decreasing the PCE.
Based on this concept, the LSC device with a big area of top surface and small side edge should
be fabricated (Figure 1.9) to maximize the light absorption and output.
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Figure 1.9 Configuration of LSC devices, retrieved from https://www.spie.org/.

In a LSC device, the fluorophore material is the most crucial factor of determining the device
performance. From early stage to present, some organic dyes include rhodamines[50-51],
coumarins[52], cyanines[53] and perylenebismides derivatives[54-55] etc. have been commonly
applied in LSC application. These dyes have emission wavelengths mainly in the visible range,
and show high photoluminescence quantum yield (PL QY) in solution. However, there are
serious reabsorptions in dye-based LSC devices, due to the large overlap between their
absorption and emission spectra. Additionally, the PL QY of dyes significantly decreases when

they are immobilized in the polymer matrices.

Inorganic QDs with the advantages of high PL QY, wide-range of size-tunable optical properties
and good chemical-/photostability are promising for LSC application. Taking the PbS QDs as an
example, PL QY up to 90% has been achieved when the diameter of QDs was decreased to ~3.0
nm [21]. Moreover, metal ion doping and shell coating have been reported as the effective
strategies to separate the absorption and emission spectrum of QDs. Depending on the QD types,
the resulted QDs by these treatments can retain reasonable high or even better PL QY. They
include Mn-doped ZnSe, CdSe/CdS, PbS/CdS, PbSe/PbS and so on.[56-63]

1.5 Thesis Objectives and Organization

1.5.1 Objectives

Part I: Investigations on QDs synthesis, characterization, mechanism and solar application
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PbS QDs are promising for various applications in the NIR range, due to their tunable optical
properties which are mainly relying on the QD synthesis. Among diverse synthetic routes, the
method based on the use of PbCl, and elemental S as the precursors is a facile, safe and “green”
way to synthesize high quality PbS QDs. However, this method normally yields QDs in a limited
absorption range of 1200-1600 nm, corresponding to the size of 4.2-6.4 nm.[22] Although the
trioctylphosphine (TOP) chemical as an additive has been employed to extend the size tunable
range of QDs from this route, the product yield of the reaction is limited.[21] Additionally, their
work was mainly focused on synthesizing large size QDs with the first-excitonic peak over 1600
nm, while it is still challenging to synthesize very small PbS QDs. As we know, the small QDs
normally have higher PL QY and optical constant, and better stability than large ones. Therefore,
we aim to realize the synthesis of very small PbS QDs via developing a convenient route by
introducing a new additive in the reaction. The surface properties of resultant QDs are examined,
which are correlated to their optical properties. The reaction mechanism, scale-up reaction and

QD application are further systematically investigated.
Part II: Performance enhancement of PSCs

Although high PCE over 10% has been achieved for PSCs, the investigations on device stability
and “green solvent” processable fabrication are limited, which impede the commercialization of
PSCs. To address the device stability issue, two main factors should be taken into consideration
[4]: 1) chemical degradations of polymer materials and electrode by reacting with O,/H,0; 2)
physical degradations due to the morphology change of the active layer. Based on these
considerations, we aim to improve the long-term and thermal stability of PSCs by involving the
inorganic quantum dots into the active layer as a stabilizer of the film, and at the same time to
scavenge O,/H,0 and prevent them from attacking the polymer material. The O,/H,0 sensitivity

of QDs themselves and the morphology effect are two aspects to be focused in my thesis work.

As for “green processing”, the effect of a relatively “green” additive on the morphology,
structure and performance are systematically investigated. This non-halogenated additive can be
potentially used as a co-solvent together with the “green” polar solvents, which are normally

insoluble for fullerene derivative materials, for high performance solar cell fabrication.

1.5.2 Thesis Organization
14



This thesis includes five chapters which are organized as follows:

Chapter 1 Introduction: This chapter briefly introduces the basic knowledge and development of

solar cells, especially for the third-generation solar cells.

Chapter 2 Literature Review: synthesis and surface engineering of NIR QDs and morphology

control of the active layer of PSCs are reviewed.

Chapter 3 Experimental: The experimental chapter describes the details of materials synthesis,
such as PbS QD synthesized in different routes followed by surface treatments. Additionally, the
LSC and solar cell device fabrications are also included. Finally, the characterizations of

obtained materials, active film and devices are presented.

Chapter 4 Results: This chapter is divided into three parts. The first part demonstrates the very
small PbS QDs synthesis via PbCl,-S based route, for the first-time, by introducing
tributylphosphine (TBP) into the reaction. Material characterizations, reaction mechanism,
reaction scale-up and materials application are also included. In the second part, NIR QDs are
incorporated into the active film to improve the stability of PSC based on P3HT:PCBM, and
simultaneously extend the photo-response of device to the NIR range. The morphology effect on
the performance is also discussed. The third part presents the enhancement of device
performance via addition of butylamine in the blend solution. The effect of butylamine on the

nanoscale morphology and structure of film are investigated.

Chapter 5 Conclusion and Perspective: Main conclusions are presented based on the results and

analysis, and potential work in this research direction in the future is proposed.

In this thesis, most of the work was completed by Long Tan, except for the LSC device
fabrication/characterization, Pb/S ratio measurement of PbS QDs and the Fourier transform
infrared spectroscopy (FTIR) characterization of P3HT:PCBM blend. To be specific, the LSC
application of our synthesized QDs was conducted by Dr. Haiguang zhao, Yufeng Zhou and
Daniele Benetti in Prof. Federico Rosei’s group. Dr. Fugiang Ren and Fan Yang assisted me on

the Pb/S ratio measurement and FTIR characterization, respectively.
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CHAPTER 2 LITERATURE REVIEW ON SYNTHESIS AND
SURFACE ENGINEERING OF NIR QDS, AND MORPHOLOGY
MANIPULATION OF ACTIVE LAYER OF PSCs

In this chapter, a literature survey on synthesis and surface engineering of NIR QDs is presented.
The morphology manipulations of active layer of PSCs are also briefly summarized. Some

contents of this chapter were published in a review article by our group very recently.[64]
2.1 Introduction

To date, substantial progress has been achieved for the third-generation solar cells, thanks to the
development of material chemistry and device engineering. Except for HySCs, the record-high
PCE for each type of the third-generation solar cells already reach the value of the
commercialization criterion (over 10%). For LSCs, the development of material chemistry also
provides space to design novel devices with improved performance stability, expanded light
utilization range and tunable range of emission photons, than the widely reported device with
dyes as fluorophores.[65-67] In other words, the material chemistry and device engineering
played a significant role in determining the development of solar technologies, which are thus
two major research directions to continue improve the performance of solar technologies towards

actual application.

This chapter is divided into three parts. In the first part, we focus on introducing the hot-injection
synthesis of NIR QDs, by which the optical properties of the QDs can be conveniently tuned. It
is closely related to the light utilization and device design considering the band alignment of
different materials in solar cells. Also, the synthesis method bears significant meaning to the
quality of obtained QDs, which determines the final performance of devices under operation.
The second part reviews the effect of the surface engineering of QDs on the performance of solar
cells, which mainly includes two sections: ligand exchange and shell coating. Their effects on
the properties of QDs themselves are also presented [64]. In the last part of this chapter, we

summarize the ways of effectively controlling the morphology of the active film, and their
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effects on performance of PSCs. The following aspects are introduced: solvent selection,

solvent/thermal annealing, additive manipulation and interface effect.
2.2 QD synthesis via hot-injection method

The performance of QD-based solar technologies is highly relying on the quality of QDs, which
is represented by their average size, PL QY, size distribution, morphology, etc.[68] To the best
of our knowledge, the so-called hot-injection method is most popular for obtaining QDs with
tunable size, high PL QY, narrow distribution and uniform shape, which is also more efficient
and has the advantage of low-cost as compared to the physical synthesis route.[69] In brief, this
wet chemistry method involves the swift injection of one (or multiple) precursor solution to
another preheated precursor solution followed by rapid temperature decrease. The crucial point
to tailor the size of QDs is to control the nucleation and growth processes. In the synthesis, the
nucleation occurs upon injection of large amounts of precursor, and both injection temperature
and precursor concentration play a significant role in this process.[70] With dramatic
temperature drop or precursor concentration below a critical point, ideally the nucleation
completely stops, while the growth starts. The growth process has been modeled based on the
two competing effects: focusing and defocusing.[71-72] For the focusing effect, the QD growth
is diffusion controlled with a constant number of particles during the process (theoretically), and
the growth rate of QDs is inversely proportional to their radius. Therefore, QDs with narrow size
distribution can be obtained via this effect, if a secondary nucleation process can be avoided.
Normally, this effect dominates the QD growth at the early stage. However, the defocusing effect,
well known as the Ostwald ripening,[73] prevails once the average QD size exceeds a critical
point, meanwhile the precursor concentration is low. In this stage, the smaller particles are prone
to dissolve owing to their high chemical potential, while the larger ones continue to grow, and
together they lead to the decrease of particle numbers and size broadening. Moreover, the QDs
can further grow to larger size by adding fresh precursor into the reaction. In this case, the
precursor concentration should be taken into consideration to avoid the size broadening of QD

induced by the secondary nucleation.

PbS QDs with a wide range of tunable optical properties in the NIR range are more stable than
other types of QDs such as PbSe, CdSe and CulnZnS QDs, and their synthesis has been
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extensively studied. To date, there are two typical routes to synthesize PbS QDs based on the use
of different chemicals. The first route can be called the Hines synthesis, which uses PbO,
bis(trimethylsilyl)sulfide (TMS), oleic acid (OA) and octadecene (ODE).[74] This method
typically results in PbS QDs with the first-excitonic peak between 825 to 1750 nm (Figure
2.1(a)), corresponding to the diameter of 2.6 — 7.2 nm. By decreasing the lead to oleic acid ratio
and controlling the temperature of nucleation and growth process, PbS QDs with the first-
excitonic peak wavelength as short as 480 nm (Figure 2.1(b)) were synthesized by H. Choi et al.
using the same method, which is the smallest PbS QDs ever reported.[29] The second route is
processed based on the use of PbCl,, elemental sulfur and OLA.[22] As demonstrated by the
authors, the heterogeneous natural of PbCl,-OLA complex in the reaction and the high ratio of
Pb:S prolong the focusing process, which plays a significant role in obtaining high quality,
uniform PbS QDs. Compared with the Hine synthesis, this route is much “greener” by using the
elemental S to replace toxic TMS. However, the QDs synthesized from this route have a
narrower photo-response range (1200 — 1600 nm) due to the limited reactivity of elemental S
compared to that of TMS. Although Moreels et al. further extended the tunable range of
absorption peak to 925 — 2100 nm by introducing TOP in the reaction (Figure 2.1(c)), the
synthesis yield seemed to be low (20 — 30%).[21] In addition to these two commonly used
routes, Hendricks et al. developed a new route to synthesize gram-scale PbS QDs recently.[75]
They claimed that the size and product yield of PbS QDs can be precisely controlled by tuning
the Kkinetics of precursor being converted into the monomer. In this case, a full conversion of
precursors can be realized, rather than that in the above mentioned two methods with excess Pb

precursor. The reported tunable absorption peak for this method is in the range of 850 — 1800 nm.
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Figure 2.1 (a) Absorption spectra spanning the range of the tunable sizes.[74] (b) Absorption and
photoluminescence spectra of ultrasmall PbS QDs dispersed in tetrachloroethylene.[29] (c¢) Typical
absorbance spectra of PbS QD suspensions. Full lines are QDs synthesized with TOP, dotted lines without
TOP.[21]
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2.3 Stabilities Related to Near-Infrared Quantum Dot-Based Solar Cells: The

Role of Surface Engineering
Long Tan, Pandeng Li, Baoguan Sun, Mohamed Chaker, and Dongling Ma
ACS Energy Lett. 2 (2017) 1573-1585.

Owing to the small particle size of QDs, their surface area to volume ratio is much higher than
that of bulk materials, which lead to different properties between surface and interior atoms. It is
significant to understand and control the surface properties of QDs, which influence the

optoelectric properties of QDs and the performance of corresponding devices.

In this section, the surface engineering and its effect on the performance of QD-based solar cells
are reviewed and discussed. It is mainly focused on the NIR QDs such as PbS and PbSe.

In this review, | wrote the first draft of introduction, contents related to ligand engineering and
the perspective section, with the first draft of other parts (ink stability and core/shell QDs) being
written by Pandeng Li.

20



Stabilities Related to Near Infrared Quantum Dot-

based Solar Cells: the Role of Surface Engineering

Long Tan", Pandeng Li*, Baoquan Sun, Mohamed Chaker, Dongling Ma*

Energie, Maté&iaux et Tdé&ommunications, Institut National de la Recherche Scientifique

(INRS), 1650 Boul. Lionel-Boulet, Varennes, Québec J3X 1S2, Canada

Institute of Functional Nano & Soft Materials (FUNSOM), Soochow University, 199 Ren’ai

Road, Suzhou, Jiangsu 215123, P.R. China

AUTHOR INFORMATION

Corresponding Author

*E-mail: ma@emt.inrs.ca. Website: http://www.inrs.ca/dongling-ma/.

21



ABSTRACT: As compared to the great effort made on improving the power conversion
efficiency of quantum dot (QD) solar cells, investigations on relevant stability, regarded as
another crucial factor for their widespread implementation, are still limited. In this perspective,
we discuss the stability of QD solar cells from different aspects, all highly relying on the surface
chemistry of QDs. Specifically, three types of stabilities, closely relevant to the realization of the
actual application of QD solar cells, are presented: i) air-processability, which allows QDs to be
processed in air with high batch-to-batch reproducibility; ii) long-term stability of QD solar cells,
directly related to their performance degradation in the long run; and iii) QD ink stability that is
concerned with the storage lifetime of QDs in solution and is compatible with low-cost solution
processing techniques. Both air processability and excellent QD ink stability are critical for

achieving the desired low-cost, large-scale roll-to-toll manufacturing of solar cells.

TOC GRAPHICS

Harvesting solar energy via the photovoltaics (PV) effect has been considered to be one of the
cleanest and most promising ways in addressing both the energy crisis and environmental issues.
In order to significantly increase the use of solar electricity globally, the concept of third-
generation solar cells, based on the vast experience achieved on the first and second generations,
was proposed about more than one decade ago, with the purpose of reducing cost yet achieving
high power conversion efficiency (PCE), two most important ones among all the factors being
considered for solar cells. In this research stream, quantum dot (QD)-based solar cells have
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attracted extensive research interests and their different configurations have been explored.'®
QDs are semiconductor nanocrystals that are smaller than the Bohr radii, such as ~18 nm in bulk
lead sulfide (PbS) and ~5 nm in bulk cadmium selenide (CdSe), to exhibit the quantum
confinement effect. As a result, they show unique size-tunable absorption and energy levels,
which allows tuning of charge transfer at interfaces and realization of better energy level
matching between donor and acceptor materials as well as better spectral matching to the solar
spectrum. Both of them are crucial to improve the performance of solar cells.”** They also hold

huge potential of multiple exciton generation from single absorbed photons.***?

Quantum
efficiencies over 100% at certain wavelengths have recently been achieved by harnessing this
exceptional feature.** Also importantly, owing to their small sizes, the surface area to volume
ratio of QDs is much higher than that of bulk materials, with a significant portion of atoms
situated on the surface of QDs. On one hand, the presence of under-coordinated atoms with
dangling bonds on the QD surface leads to high chemical reactivity and a large number of trap
states, which can cause instability and poor performance of QD solar cells. The effects can be
twofold. On the other hand, owing to the high surface area to volume ratio, the surface of QDs
plays a dominant role in various physical and chemical processes, which offers a large latitude
for dramatically improving and tuning their properties via surface engineering.”” As a matter of
fact, largely benefiting from surface engineering, considered as one of the most effective
strategies, the PCE of QD-based solar cells has significantly enhanced from less than 1% to over
11%.'%%" Nevertheless, in a clear contrast to the rapid progress in PCE, only quite limited
investigations on the stability issue, encountered during the solar cell fabrication process or
observed in the performance degradation of QD solar cells, have been conducted, which clearly

requires more intense attention.

Moving forward on the way towards the actual applications of QD solar cells, it is time to
examine the stability issue seriously and improve the stability as much as possible by taking
advantage of recently developed effective strategies from synthesis to surface engineering and of
advances on theoretical calculations as well as by using a variety of characterization tools. Three
important types of stabilities should be taken into consideration: air processability allowing
simple and reproducible fabrication of solar cells in air; long-term stability of QD solar cells that

determines device lifetime; and colloidal QD ink stability enabling facile and low cost solution
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processing. Both air processability and ink stability are closely related to the large-scale roll-to-
roll (RTR) manufacturing process and thus directly affect the cost of QD-based solar cell
technology. Certain challenges need to be addressed in order to meet the requirements of these
stabilities. They include, for example, the degradation of QDs with time owing to their
interactions with oxygen/moisture, especially under extended illumination.?? As a consequence,
the exciton generation/charge transfer in the QD layer and the exciton separation/charge
collection at the interfaces of the QD layer and other materials can be deteriorated, which
accounts for the device long-term instability. The way to obtain highly stable QD ink which has
long shelf life and can be fabricated into the ultimate, functional QD film in a single film
deposition step without involving solid-state ligand exchange that is incompatible with the large-
scale fabrication, deserves more in-depth investigations. Although for long-term colloidal
stability, long alkyl chain organic ligands usually behave better due to their steric effect, shorter
and conductive ligands are absolutely preferred in light of the excellent performance of QD solar

cel |S.16'20'23-25

All these stabilities are closely related to the surface chemistry of QDs and thus can be tuned by
surface engineering. For instance, the interactions of QD surface with ligands can be varied,
depending on QD sizes, the nature and length of ligands, etc., resulting in different surface
coverage and binding strength of ligands.*"*®?" In a different vein, forming an epitaxial, robust
inorganic shell around QDs to obtain the so-called core/shell QDs also permits the manipulation
of the QD surface. All these factors can affect the reactivity of QDs with the external
environment and thereby their stability. They also influence the distribution of defects and trap
states, the presence of which in most of the circumstances is believed to cause the recombination
of photogenerated charge carriers, being considered as the main obstacle for achieving a high
PCE. In this perspective, we start with elaborating the surface chemistry of QDs from two
entangled aspects, the surface structure of QDs themselves and the passivation layer comprising
ligands or a robust inorganic shell. We explain how the surface chemistry is related to the
stability and solar cell performance. We then introduce some recent advances in air
processability, long-term QD solar cell stability and QD inks by using certain examples. Finally,
promising research topics in this research theme are proposed. We would like to point out that in

this perspective, we focus most of our discussions on PbS and lead selenide (PbSe) QDs, which
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represent two types of the most prominent near infrared (NIR) QDs being investigated, and their

solar cells involving a photoactive, compact layer of QDs.

General remarks on QD surface chemistry and its effects on solar cell performance
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Figure 1 (a) Pb/S ratio of octahedral and cuboctahedral PbS QD models as a function of diameter (D),
compared with the XPS data. (111)-only octahedral QDs show a deviation from experimental data at D = 3
nm. Proposed QD models are shown in the inset data, marked with blue circle. Reprinted from ref 27.
Copyright 2013 American Chemical Society. (b) Calculated atomic structure of a 5-nm-diameter PbS QDs
passivated with OA™ and OH™ (red) ligands. Reprinted from ref 31. Copyright 2014 American Association for
the Advancement of Science. Schematic illustration of oxidation for large (c) and small (d) PbS QDs. Large
PbS QDs are faceted and small ones are spherical. The red spheres, yellow spheres, and cyan tails are
dedicated to sulfur atoms, lead atoms in PbS QDs, and surface ligands, respectively. (c) and (d) reprinted

from ref 43. Copyright 2010 American Chemical Society.

The significance of surface chemistry increases with the drastically increasing surface to bulk
atom ratio. Taking the well-studied CdSe material as an example, a 1.2 nm nanocrystal will have
88% of surface atoms, and an 8.5 nm crystal consists of 20% atoms on surface. Additionally, the
surface atoms are more unstable compared to the bulk atoms. Altogether make it possible to

precisely manipulate the properties of nanostructures via surface chemistry. For QDs, the
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surface chemistry is fundamentally important for various properties. It can involve two major
aspects. One aspect is related to the structure and atomic arrangement of the surface of QDs
themselves. The other one is passivation layer since in most of the cases the surface of QDs is
capped by other molecules or materials.?®?® The surface structure, enriched with dangling bonds,
edges, corner sites and facets, is complicated and even dynamic (varying with the surrounding
environment), and thus hard to analyze and quantitatively describe. The presence of dangling
bonds causes the colloidal and chemical instability of QDs. It is also associated with charge
carrier traps and mid-gap states, which explains that surface passivation is indispensable for QDs
application.”® Depending on the methods of preparation, exact synthesis parameters, and their
sizes, QDs can display different facets exhibiting different patterns of surface atoms. Specifically
for lead chalcogenide QDs, they are prone to exposing non-polar (100) and polar (111)

facets 27,30,31

with the latter having higher surface energy and thus higher chemical reactivity if
not passivated.?”** The atomic arrangements on these two sets of facets are distinctly different,
the (100) facet being stoichiometric, while the (111) facet being lead rich. Related to these
arrangements, the ligand passivation can be different, determined by surface atom-ligand
interactions. Altogether, they suggest that lead chalcogenide QDs display different chemical
reactivity, thereby, different resistance to oxidative degradation correlated with the nature of
exposed facets. Also due to the possibility of having different facets and stoichiometry variation
on the exterior of the QDs, the overall composition of binary QDs can be different. These
differences can be measured by chemical analysis tools, such as X-ray photoelectron
spectroscopy (XPS). It was found that the Pb/S ratio of oleic acid (OA) capped PbS QDs,
determined by XPS, varied significantly from ~1.1 to 2.8 when QD diameter altered from 7.5 to
1.5 nm (Figure 1a).?” By correlating experimental results with density functional theory (DFT)
calculation ones, the authors proposed that small PbS QDs tended to exhibit more (111) facets
than larger ones. In addition, PbS QDs with a diameter less than 4 nm exhibited only the (111)
facets on the external surface. Although the (111) facet is well-passivated by OA, the (100) facet
is not, which adds another variable in terms of surface properties. Using combined
experimental/theoretical approaches, it was found that depending on the synthesis method, the
OH" and CI" ions can be present with organic ligands on the (111) facet and stabilize it (Figure
1b as one example).** With all the different surface features, it can be understood that the QDs

with different sizes can have quite various stabilities. Such interesting findings reveal the
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complexity of the surface of tiny QDs and also underline the importance of combining empirical

and theoretical approaches in probing and understanding the QD surface.

High quality NIR QDs, mostly synthesized from wet chemical approach, are almost exclusively
covered by long-chain ligands as a passivation layer. These ligands serve as stabilizers, rendering
QDs colloidal stability in solution so as to avoid their agglomeration.®* In addition, because
ligands passivate QD surface atoms and remove dangling bonds, they can decrease the chemical
reactivity of QDs and increase their resistance against the chemical attack by the surrounding
environment.'”** Depending on the size and nature of ligands, their surface coverage on QDs and
binding affinity to QDs are different, which directly modulate QD properties."”** In general,
smaller and shorter ligands can pack more densely on the QD surface. For instance, n-
alkylthiolate ligands pack two times denser on the CdSe QD surface than that of bulky tert-
butylthiolate ligands at assumed full coverage.*®*® On the other hand, strong binding ligands
allow higher coverage density being retained after solvent treatment in fabrication process and
increase the “inertness” of QDs to the surrounding environment. As an example, for PbS QDs,
OA has higher binding affinity than oleylamine (OLA) and I" binds stronger than CI"*"** In
principle, the denser and tighter-binding the passivation layer is, the more stable the QDs will be.

The surface chemistry of QDs themselves and ligand arrangement in the passivation layer cannot
be separated; they are entangled. For instance, the strong interaction of ligands with atoms on the
QD surface can affect the way QD surface atoms are arranged.®" " Conversely, the QD surface
can dictate ligand arrangement. Different ratios of surface atoms lead to different ligand
coverage because usually one type of ligand can only bind with one type of surface atoms (for
example, OA only binds with Pb sites, but not S sites).* In addition, it is found that the radius of
nanoparticles curvature highly depends on their size, which directly and appreciably influences
the surface coverage of molecules.®®“*° The surface density of molecules tends to be higher for
smaller nanoparticles and the trend holds true until the nanoparticle size approaches a critical
value, after which the surface coverage remains nearly constant. Although detailed investigations
on this point have not been reported for lead chalcogenide QDs, it is reasonable to expect that the
QD surface curvature will also affect the accessibility of ligands to QDs and therefore their
coverage density on the QD surface, especially for larger size ligands. As for the chemical nature
of the interactions between the QD surface and ligands, Owen et al. proposed three classes of
27



metal-ligand interactions, L-type, X-type and Z-type, adapted from the classical concept
developed originally for metal coordination complexes. Readers are referred to references for
more details.”®*! Determining the exact and complete picture of the QD surface and the ligand
layer is a tough task, which however can help to elucidate observed optical and electrical

properties (for example, exciton dynamics) and ultimate device performance.*

With such basic understanding, there is no surprise that multiple aspects demand attention when
the QD stability issue is approached. QDs degradation starts from their surface and mainly
proceeds through oxidation in most of the cases, in particular for NIR QDs discussed herein. The
composition change of the QD surface can be readily detected by XPS technique.*® In one case,
both PbSO, and PbSO3 were found to be present on the surface, depending on PbS QD size.
Smaller QDs seemed to be more stable than larger ones and primarily PbSO3 was identified as
oxidized species on their surface, while for larger QDs, PbSO, was the principal oxidation
product.”® As mentioned above, smaller QDs tended to have more lead-rich (111) facets. As
compared to the stoichiometric (100) facets, the lead-terminated (111) facets were more stable
because most of the surface sites could be well passivated by forming strong bonding with
ligands used in that study. It is to say the lead-rich (111) facets had a denser ligand shell (Figure
1c and 1d)). This provides spatial hindrance to oxygen diffusion and thus repulsion to the
surface oxidation and explains why smaller QDs are more stable. For the same reason of better
surface passivation and less space available for oxygen diffusion, mainly PbSO3; was generated
on the surface of small QDs, which represented a relative lower level of oxidation. Similar
results were reported for PbSe QDs, in the sense that smaller ones were more Pb-rich and more
stable than large ones, which were mainly enclosed by the (100) facets.****** In the presence of
oxygen, PbSe QDs could form PbO, SeO, and PbSeO; on the surface.***” Since Se is more
reactive than S, the oxidation degradation of PbSe QDs could occur rapidly in a few hours.
Halide ligand passivation so far appears most effective to stabilize PbSe QDs.**° Although the
oxidation of QDs may be reversed by remediating the oxidative species in some special

conditions,>*%?

it is favorable to prevent the oxidation by producing and using stable QDs. In
order to gain higher stability, appropriate manipulation of both QDs and ligands is needed. In
particular, strong binding ligands and mixed ligands, which can provide more complete surface

passivation, are preferred.
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Oxidized species on the QD surface have immediate consequences to electronic properties,
which are directly associated with the production of defect states and solar cell performance.*® In
partially oxidized PbS QDs, PbSO3 can generate shallow trap states located in the bandgap near
the conduction band (depth: ~0.1 ev), which actually contributed to the enhanced device
performance by extending the effective lifetime of charge carriers.*® In clear contrast, PbSO,
presented on the surface of larger PbS QDs (e.g. Eq = 0.8 eV) are believed to produce mid-gap
trap states (depth: ~0.3 ev),*”® acting as the detrimental recombination centers of the charge
carriers. It reduces the excited state lifetime and the effective carrier mobility, which caused
catastrophic loss of performance of the solar cell.>® It should be noted that even before producing
oxidization products, adsorbed oxygen can already have negative impact on electrical processes.
Scanning probe based spectroscopic analysis and DFT calculations revealed that detrimental in-
gap states are highly likely dominated by molecular oxygen introduced during the post-synthesis
processes rather than in the material synthesis.>* Less passivated QD surface tends to have more
adsorbed oxygen molecules. This finding highlights once again the importance of attaining
completely passivated QDs by making good use of surface engineering concepts. Both
appreciable oxygen adsorption and subsequent uncontrolled post-synthesis oxidation that

deteriorate device performance should be avoided.

Specifically for the manipulation of ligands in QD solar cells, ligand exchange process has to be
mentioned, which has been a key factor for achieving not only the improved stability, but also
the high efficiency of QD solar cells. As prepared QDs are normally capped by long insulating
alkyl chain organic ligands, which are very effective to disperse and stabilize QDs in solution.
The long ligands also improve the QD chemical stability and optical properties by occupying the
trap states caused by unsaturated dangling bonds. Nonetheless, for solar cell applications
especially those relying on the compact QD layer, these ligands can lead to very poor device
performance by increasing the inter-QDs spacing in the solid state and acting as insulating
barriers for charge carriers. With their relatively large size, they are also less capable of
passivating the mid-gap trap states as compared to shorter ligands. These factors make ligand
exchange, either in solid state or in solution phase, a very important process in solar cell
fabrication.’**® For the purpose of reducing the inter-dot distance and improving the electronic

coupling between QDs, organic ligands with shorter chains, such as mercaptopropionic acid
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(MPA) and 1,2-ethanedithiol (EDT), are favored and have been demonstrated very helpful in
improving the charge carrier mobility of QD films.**® These thiol ligands have strong binding to
the QD surface, facilitating efficient ligand exchange. Besides these short organic ligands,
atomic inorganic ligands such as CI', Br’, I" are also introduced as exchanging ligands in the PbS
or PbSe QDs layer.’**® With the smallest size (~0.1 nm vs EDT: ~0.5 nm), halide ligands are
accessible to surface sites that are otherwise inaccessible to most of the organic ligands and can
provide better coverage and coordinate with the deep mid-gap trap states as well, in comparison
to organic ligands. An even better strategy, known as hybrid ligand passivation, involves the use
of mixed inorganic ligands (e.g., halides) and organic crosslinkers (e.g., MPA) during the ligand
exchange to achieve both excellent passivation and highly efficient charge transport in the QD
layer. Such hybrid passivated QDs showed the lowest density of states, 2 <10 cm®eV?, in
the band gap based on transient photovoltage measurements.®® This value was several times
lower than those in the cases where organic or inorganic ligands were used alone. Interestingly,
ligands are found to be able to tune the band energy levels and even the electronic nature of
QDs.}* Such tunability enables the design and construction of different device architectures
(such as p-n homojunction), offering an alternative way to improve the performance of QD solar
cells that will be discussed in the later text. Meanwhile, the doping level can also be varied.’” In
most of the cases, the doping process with ligands can be well explained by a charge transfer
process between QDs and ligands. All these interesting findings pinpoint that comprehensive
considerations have to be taken in selecting appropriate ligands for achieving both stability and
high PCE of QD-based solar cells.
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Figure 2. (a) Comparison of the PL spectra of 2.2 nm PbSe and 3.2 nm PbSe/PbS QDs recorded at room
temperature under air-free conditions and after air exposure for 20 min. Reprinted from ref 61. Copyright
2014 American Chemical Society. (b) Variation in the PL intensity of PbS and PbS/CdS QDs in octadecene
after 4 h of continuous illumination. (c) PL spectra of PbS and PbS/CdS QDs before and after heat treatment
(PbS: 100 °C for 5 min in octadecene; PbS/CdS: 150 °C for 30 min in octadecene). (b) and (c) reprinted from
ref 60. Copyright 2011 Royal Society of Chemistry. (d) Core/shell QDs can be divided in three types,
depending on the localization of the electron and hole wave function. In type-I, electron and hole are confined
in the same region (either core or shell), in type-11, they are spatially separated. In a quasi-type-I1 one carrier
is fully delocalized over the entire volume and one is localized in one region. Reprinted from ref 62. Copyright
2011 American Chemical Society.

The passivation layer can also be made of an epitaxial, robust inorganic shell. In this case, QDs
have a core/shell structure. NIR core/shell QDs have been largely explored in many fields, such
as bioimaging and biosensing, but so far their use in NIR QD solar cells is limited. Although QD
surface engineering made tremendous progress during past five years, constituting one of the
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most important contributions to the PCE improvement of QD solar cells, it has been mainly
focused on ligand passivation/exchange. However, the ligand layer may deteriorate from initial
good passivation with time, leaving new surface defects that act as charge carrier traps.
Moreover, during the solid-state ligand exchange process, incomplete ligand coverage and
degraded passivation of the QD surface may occur due to ligand loss, generating new trap states.
It is also highly desired to simultaneously passivate both cationic and anionic surface sites of
QDs from both solar cell PCE and stability points of view. In this context, the core/shell
structure, as an alternative effective way, was recently proposed to improve the passivation of the
QD surface by simultaneously removing both the anionic and cationic dangling bonds and
greatly enhance the chemical-/photo-stability of QDs through forming a robust, epitaxial shell.*®
% As shown in Figure 2a, after 20 min of air-exposure the photoluminescence (PL) intensity of
the PbSe QDs was decreased by 30-fold and the peak was blue-shifted by 20 meV, indicating the
formation of trapping sites due to surface oxidation.®® In clear contrast, the core/shell PbSe/PbS
QDs were rather stable with PL intensity and emission peak position remaining nearly
unchanged. As for photo-/thermal stability, enhancement was also observed for PbS/CdS
core/shell QDs with respect to PbS QDs (Figure 2b and 2¢).%° All these enhancements are highly

important for the actual application of QDs in solar cells.

Depending on the relative energy levels of core and shell semiconductor materials and thereby
the confinement region of electrons and holes, the core/shell QDs can be mainly divided to type
I, type II and quasi-type II structures (Figure 2d).®* PbS/CdS and PbSe/PbS, two kinds of the
most commonly reported NIR core/shell QDs have been identified to exhibit the quasi-type 11
band alignment, in which at least one type of charge carrier is localized in core or shell while the
other one is delocalized in the entire core/shell volume.®®®*%® For solar cell applications, both
electrons and holes should be extracted from individual QDs. Our group has studied in detail the
charge transfer behavior of PbS/CdS core/shell QDs of different core sizes and shell thickness
using electron and hole scavengers.®® It was found that as long as the shell thickness is not too
thick and the core QDs and scavengers can form appropriate energy level alignment, both
electrons and holes can be efficiently transferred. Along with enhanced stability, these core/shell
QDs are promising as stable photoactive materials for solar cell applications. Additionally, it gets

more attractive to combine this strategy with the ligand exchange process to achieve even better
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stability.®* In most of the cases, NIR QDs with a relative thin shell are more appropriate for solar
cell application. In a special condition, the situation can be changed in order to take advantage of

the carrier multiplication effect by forming a thick shell.®®
Air-processability and Long-term Stability of NIR QD Solar Cells

With the recent tremendous progress of surface engineering, more and more NIR QDs with
better air-stability have successfully been synthesized, which is highly beneficial for the air-
processable fabrication and long-term running of NIR QD solar cells. Steadily increasing
attention has now been drawn towards achieving air-processable, stable QD solar cells. Having
that said, the relevant reports in the literature, although very useful, remain limited. In addition,
more in depth analysis of the fundamental reasons of improved stability is needed. It should also
be noted since the stability was studied under different conditions, cautions need to be taken in

making direct comparison in some cases.

In general, surface ligand engineering can assist with solar cell PCE, air processibility and long-
term stability in three ways: i) providing better surface passivation to prevent QD degradation; ii)
varying the QD energy levels to allow the optimization of device structure and iii) changing the
nature of doping to permit the formation of an n-type air stable QD layer and QD-homojunction

solar cells, different from the most common QD-based heterojunction solar cells.

Attempts to investigate and enhance stability have been made with several types of ligands, from
relatively weak-binding to strong-binding short organic ligands, further to ultrasmall, strong-
binding inorganic halide ligands. For example, strongly bound benzenedithiol can offer better
surface passivation and therefore stability than weakly bound butylamine.®® As shown in Figure
3a, the benzenedithiol-treated PbSe QD Schottky junction devices exhibited considerably better
long-term stability in air than that of the devices based on PbS QDs with butylamine as
passivation ligands stored in nitrogen, although PbS QDs are usually considered to be more
stable than PbSe QDs. The former retained ~80% of their PCE over 48 h when stored in air,
while in clear contrast, the latter almost completely lost its performance within 40 h under
nitrogen protection. The interaction of butylamine with the top metal contact was considered as
another reason for the lower stability. It may be noted that the spin-coating process of the QD
active layer before ligand exchange was carried out in a glovebox, the air-processability of these
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QDs may be further improved. The PCE of 1.1% was achieved under simulated solar
illumination with a high PCE obtained under NIR illumination (Figure 3a). As aforementioned,
smaller QDs are more stable than larger ones. The use of relatively small PbS QDs (with a ~930
nm bandgap) and strongly bound EDT allowed the entire fabrication of the Schottky junction
devices to be carried out in ambient environment yet leading to a higher PCE (>2%).** The
device was tested in air under continuous simulated solar illumination without encapsulation for
63 h, and was able to maintain 87% of the initial PCE, which represented one of the best stability
performance at that time. In addition to the role of ligands, the contribution from the unique
surface feature of small QDs to enhanced device stability was well explained (Figure 1c and
1d), which provide a method for improving stability. Although above strong bound and short
organic ligands were effective for device stability to a certain extent. The dangling bonds still
existed on the QD surface. Further improvement of the ligand surface coverage of QDs is a

key for achieving excellent stability.
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Figure 3. (a) PCE stability comparison of benzenedithiol-treated PbSe devices with previously reported
amine-capped devices stored in air and in inert atmosphere. The reported PCE values were taken under 12
mW cm at 975 nm. Reprinted from ref 33. Copyright 2008 American Chemical Society. (b) Time course of
the performance of Br™ capped PbS QD-based solar cells during long-term stability tests. The solar cell was
stored under ambient atmosphere for the first 2200 h (I: pre-air stability test), then exposed to a Xe lamp
with an AM1.5G filter (100 mW cm™) for 3000 h (I1: continuous light soaking test), and thereafter stored
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under ambient atmosphere (I11: post-air stability test). Reprinted from ref 66. Copyright 2014 Wiley-VCH.
(c) PCE evolutions of a hybrid passivated PbSe QD-based solar cell when it was stored in air. Reprinted from

ref 48. Copyright 2014 American Chemical Society.

Considering better surface passivation, the use of ultrasmall, strongly bound monovalent halide
anions (CI', Br’, I') represent a more effective strategy for achieving improved stability, which
means that the small halide anions narrow the distance between QDs compared with above
organic ligands. For example, the film of Br" capped PbS QDs has been formed under ambient
atmosphere and the resulting PbS/TiO, bilayer heterojunction solar cells showed a record high
PCE up to 6% at that time, significantly higher than that of organic ligand passivated QD
devices."® Good stability was also achieved, with 80% of pristine PCE being retained after
storage in air for six days.™® In this study, surface S anions were also capped following the CdCl,
treatment in solution, further improving the surface coverage of PbS QDs. In another study, with
only Br capping, excellent long-term stability was achieved in PbS/ZnO-nanowire-array bulk
heterojunction solar cells during both air storage and under continuous simulated solar
illumination without any device encapsulation.?®®” No obvious PV performance degradation was
observed after more than 1000 h storage in air. Approximately 90% of the pristine PCE (5.75%)
was retained after 3000 h light soaking testing (Figure 3b),%® which was among the best long-
term stability performance under illumination reported for QDs-based solar cells. The slight
decrease is mainly attributed to the oxidation of PbS QDs. Such stability represents a clear

improvement as compared to most of the cases when organic ligands are solely involved.

Organic-inorganic hybrid passivation treatment promises to yield both good passivation and a
compact QD layer. The multiple-type-ligand protected QDs are highly promising for producing
stable solar cells in addition to leading to high PCE. In one case, MPA molecules were used to
form an outer ligand shell and shorten the distance between QDs, while the CI ions fill the
interspace between MPA molecules inaccessible owing to the steric effect and reach the deep
mid-gap trap states.>® Moreover, the surface S sites were passivated by introducing Cd** ions
during the solution state ligand exchange process, which further reduced recombination channels
of photogenerated charge carriers.>>? These well passivated PbS QDs led to a certified PCE of
~7% for heterojunction solar cells fabricated under an ambient atmosphere. The PCE degradation

was saturated at about 15% decrease after their storage in a N, glove box for five days. A similar
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strategy was applied to PbSe QDs, which are much less stable than PbS QDs. With cation
exchange approach Cd* ions were introduced in solution to passivate Se” sites, and Pb** sites
were passivated by both CI" and EDT. Air processed heterojunction solar cells based on such
PbSe QDs achieved an impressive PCE of over 6%.%® After being stored in air for four days, the
PCE of the device decreased from ~6.2% to 4% (Figure 3c), which may be further improved
though. Although the beneficial effect of the hybrid passivation on improving PCE
is clearly demonstrated in the above-mentioned reports, its advantage with respect to halide
passivation on stability remains to be manifested through further optimization.

In addition to directly contributing to the stability of QD solar cells by passivation, ligands can
“indirectly” help with both stability and PCE by enabling the realization of better device
structures through their capability of tuning the electronic properties of QDs. Thanks to the high
surface-to-volume ratio of QDs, ligands were found to be able to considerably shift the band
energy levels of QDs by forming dipoles with QD surface atoms and by presenting their intrinsic
dipoles on the QD surface and therefore are capable of manipulating the band alignment of QDs
with respect to other semiconductors. For similarly sized PbS QDs, the conduction and valence
energy levels can be drastically shifted by up to 0.9 eV via carrying out different ligand
treatment.®® Taking advantage of this unique feature, PbS QDs of different Fermi levels and band
gap energy were introduced to PV devices, allowing addressing the device stability and
improving PCE by optimizing the interfacial layer between the major photoactive QD layer and
electrode.>® As shown in Figure 4a, a thin EDT-capped PbS QD layer replaces commonly used
MoO3; and acts as an electron blocking layer or a hole extraction layer in between the major light
absorber, the PbS QD film passivated with tetrabutylammonium iodide (TBAI), and the anode.
With the favourable band alignment between the QD layers, the use of I" passivated QD layer
and the removal of the MoOj interfacial layer, the air processed, un-encapsulated devices
achieved an impressively high certified PCE (8.55%) (Figure 4a) and outstanding long-term
stability, with no performance change being observed for over 150 days of storage in air (Figure
4b), among the best long-term stabilities reported so far. Using the similar strategy, i.e., with the
thin MPA treated PbSe interfacial layer and halide passivated PbSe QD film as the absorber
layer, PbSe QD solar cells also gained impressively good air stability.®® Without encapsulation,

the device performance remained unchanged for over fifty days in air.
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It is noteworthy to point out although the operation of all the aforementioned QD solar cells is
based on the p-type QDs, ligand engineering also allows the formation of an air-stable n-type QD
layer, which is challenging to achieve in general. Ligands can change the electronic nature of a
QD film by acting as dopants.””"® QDs treated with halide ions in an inert atmosphere can show
the n-type semiconductor property.>” This enables the construction of p-n homojunction solar
cells via using oppositely doped QDs on each side of the junction. The effect of halide ligands (I",
Br’ CI") treatment on the stability of the n-type QD layer is quite different.!” As shown in Figure
4c, | treated devices show no obviously performance change after air exposure for ~100 h, while
Br™ and CI treated samples significantly degraded due to QD oxidation. This observation is very
different from the halide treated p-type QD layers, where halide ions are generally able to
enhance device stability. As seen from Figure 4d, the amount of I" ions is much higher than that
of CI" and Br" ions on the QD surface and I" ions can bind much more strongly to the QD surface.
Higher surface coverage and strong binding lead to more effective surface passivation and
excellent capability of repelling oxidative attack (Figure 4e); even trace amounts of oxidation
can switch the QDs from the n-type to p-type. The strong binding affinity of I" ions can be
explained from the soft/hard base/acid theory.”* Basically, the soft base iodide binds more
strongly than hard base of chloride and bromide to soft acid lead atoms on the QD surface. In
addition, the strong binding of I" ions was further confirmed by DFT simulations. The energy

demanded to remove iodide ligands is greater than that of other halides.’

38



(a) 0.0001

0.0000 /

o 0.45} ; A i ; : —o—:TB.»\I )
T aof | —~—TBAVEDT
~ oo : 25 o
< -0.0001 | £
= X’
= <
£ ~
.: -0.0002 |- ITO/Glass $
o
-
-0.0003 | -~
°\° ......
PCE = 8.55% :
0_‘,'\"_& - - ~ - g 4 L 1 1 A i I &
01 .00 01 02 03 04 05 06 0 20 40 60 80 100 120 140 160
Voltage (V) Air storage time (days)
(©), ), ©)
o V- .
. = 2100 Oxy: lodide
] ) ln air g \_\genA —— Bromide
- e @ O - | Chloride
X ; g » 1800
~ 4 e lodide o 0 =
»i5 S A . =
o / y === Bromide od 4 ° Si back d
g \\ =/ Chloride ¢ O g5epd = ST
= =
£ £ \ E
=
= L \\\( @ 1200
AT A ® ; =
o “—a——a——=h| ¢, 800 900 1000 1100 1200 1300
0 20 40 60 80 100 I Br CI Energy (keV)
Time (h) Solution-state ligand exchange

Figure 4. (a) Device performance of a PbS-TBAI/PbS-EDT device certified by an accredited laboratory
(Newport) after thirty-seven days of air storage, insert: the device structure. (b) Evolution of PV parameters
of un-encapsulated devices PbS-TBAI (black) and PbS-TBAI/PbS-EDT (red) devices with Au anodes in air
storage. Open symbols represent the average values and solid symbols represent the values for the best
performing device. (a) and (b) reprinted from ref 55. Copyright 2014 Rights Managed by Nature Publishing
Group (c) Efficiency of conventional quantum junction devices tested in air and followed over four days (100
h) (d) Atomic halide to lead ratio of the QDs after solution-state ligand exchange. The amount of iodide
ligands is much higher than chloride and bromide ones. (e) Rutherford backscattering spectrometry results
revealing the oxide content in the film following air exposure for four days. (c), (d) and (e) reprinted with
permission from ref 17. Copyright 2016, Rights Managed by Nature Publishing Group.

An alternative potentially effective way to enable air processability and achieve long-term device
stability is to form a stable core/shell QD structure. Importantly, the core/shell structure needs to
be tailored in such a way that electrons and holes photo-generated inside the core dots can
smoothly travel through the shell and become available for the transport among the QD network
or the transfer to other semiconductors, which is the key factor in PV applications.®*" Shell
thickness needs to be optimized to have a balance between device stability and PCE in order to

realize overall high performance solar cells. As shown in Figure 5a, the core/shell PbS/CdS QD-
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sensitized devices had less photocurrent degradation after 1 h illumination than that of shell-free
PbS QD-sensitized devices, since the CdS shell can prevent the PbS core from photocorrosion.”
However, the PCE of the thicker shell sample was lower (0.73% vs 1.18%) than that of the
thinner shell sample. Through optimizing the CdS shell thickness (optimal shell thickness: 0.33
nm), the PbS/CdS QD-sensitized device achieved the PCE of 7.19%, among the best
performance for liquid-junction PbS QD-sensitized solar cells.”* The long-term stability of

core/shell QD solar cells needs to be further studied.

Regarding air processability, our group fabricated the bulk heterojunction device based on
PbS/CdS core/shell QDs with 0.1 nm thick shell and TiO, nanorod arrays in air. While fabricated
under otherwise same conditions, the PCE (2.0%) of the PbS/CdS QD devices fabricated in air
was much higher than that (1.5%) of the pure PbS QDs ones fabricated under inert atmosphere
(Figure 5b).”> With further device optimization, the PCE of 4.4% was subsequently achieved for
air-processed PbS/CdS QD solar cells.”® In these studies, only a single type ligand of MPA was
used to cap the QDs. As an ultrathin shell may not be thick enough for satisfactory device
stability even though core/shell QDs devices are already better than pure QDs devices, ligand
engineering is still demanded. With the hybridization passivation strategy, the higher efficiencies
of ~5.6% and 6.5% were obtained for the heterojunction devices, based on PbS/CdS and
PbSe/PbS QDs, respectively.’*’" Although the efficiency of the core/shell QDs solar cells is still
lower than that of shell-free NIR QDs devices, considering enhanced stability and air

processability, it is worth carrying out more studies on these core/shell QDs based solar cells.

In brief, multiple aspects should be considered to improve both the stability and PCE of NIR QD
solar cells. For choosing ligands, they should strongly bind to and fully cover the QD surface and
meanwhile are small enough to decrease the distance between QDs to enhance charge carrier
transport. Optimized core/shell QDs with favorable air processability and stability are an
alternative, promising choice. On the basis of the influence of different surface ligands on the
energy level of QDs, combining QDs capped with different types of ligands in the same QD
solar cell is another effective way to obtain both the stability and preferable PCE. A
comprehensive consideration needs to be taken in designing an approach toward achieving the

overall excellent performance of QD solar cells.
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Figure 5. (a) Stability test of QDs-sensitized solar cells fabricated using PbS and PbS/CdS QDs. The
normalized photocurrent was measured for 1 h under short circuit conditions under 1 sun AM 1.5 G,
chopped light (1s on and 1s off). Insert: Summary of the electrical output of the device. Reprinted from ref
73. Copyright 2014 Royal Society of Chemistry. (b) J-V curves of the devices based on PbS/CdS QDs or PbS
QDs. The spin coating and ligand exchange of the PbS/CdS QDs were fabricated in ambient atmosphere; the
spin coating and ligand exchange of the PbS QDs were processed in a glovebox. Reprinted from ref 75.
Copyright 2014 Elsevier B.V.

Towards Stable NIR QD Ink Solar Cells

For practical applications, NIR QD inks, which can be stored for long-term without any obvious
degradation in the structure and dispersion status of QDs is highly desirable. Ideally, the NIR QD
inks for large-scale fabrication should have three essential characteristics during the long-term
storage. Firstly, QDs should be resistant to chemical oxidation or other forms of chemical
degradation, which can negatively affect final device performance. Secondly, they should not
show any obvious agglomeration with certain time in solution, allowing them to be deposited
into uniform thin films with high batch to batch reproducibility. Similarly importantly, the QDs
with the above mentioned stability should be well capped by short ligands, instead of long
ligands, and can thus be directly fabricated into functional devices in a one-step film deposition
process without the need for any subsequent ligand exchange process. Different types of ligands,
such as short organic ligands, inorganic molecular metal-chalcogenide-complex (MCC) ions,
halide ligands, metal cation ligands and metal free ligands have been explored for preparing the

NIR QD inks.?**"®% Among them, mixed ligands capped QDs led to the highest photovoltaic

41



device performance reported recently, while MCC ligand capped QDs the highest charge carrier

mobility.
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Figure 6 (a) Absorbance and photoluminescence of PbS QDs displaying preserved quantum confinement and
guenched photoluminescence after the ligand exchange. Inset is the photograph of the as-synthesized long-
ligand-capped PbS QD solution before the solution exchange (left) and the exchanged short-ligand-capped
QD solution in a non-polar solvent (right). Reprinted from ref 78. Copyright 2013 Wiley-VCH. (b)
Schematics of the ligand-exchange methodology for obtaining halometallate-capped colloidal nanocrystals.
Reprinted from ref 81. Copyright 2014 American Chemical Society. (c) Temporal evolution of absorption
spectra of hexane solutions of PbSe QDs with the first excitonic peak at 950 nm stored in air. The inset
displays the corresponding PLQY as a function of time. Reprinted from ref 48. Copyright 2014 American
Chemical Society. (d) Stability test for PbS QD ink fabricated devices stored in air and nitrogen. Reprinted
from ref 21. Copyright 2016, Rights Managed by Nature Publishing Group.
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Among a few studies on QD ink fabricated solar cells, a major approach to obtain the QD ink is
solution-phase ligand exchange. For instance, OA-capped PbS QDs were transferred from octane
to dimethyl sulfoxide (DMSO) by efficiently replacing the OA ligand with small hydrophilic
mercaptans, such as 1-thioglycerol (TG), thiolactic acid and dimercaptopropionic acid, with TG
treatment yielding the best colloidal stability over weeks.”® One-step drop casting of the TG-PbS
QD ink led to the efficiency of 2.1% for resultant solar cells. The photoluminescence quantum
yield (PLQY) of PbS QDs ink decreased after ligand exchange (Figure 6a), suggesting that
surface passivation should be further improved.

Ligand exchange in solution with lead halide perovskites (CH3NH3Pbl3), which can form an
epitaxial thin shell for improved surface passivation, was also found to be able to yield high
quality PbS QD colloidal solutions stable for months without distinct aggregation or precipitation
(Figure 6b).2! It offers a new pathway towards making stable QD inks. Single-step-deposition of
the ink of PbS QDs capped with CH3NH3Pbl; led to a solar cell device with a quite high PCE of
8.95%, much higher than what can be achieved with short organic ligands.® It should be noted
that the perovskite-capped PbS QD film was annealed under nitrogen atmosphere, which perhaps
suggests that the air stability needs to be further improved by engaging more stable perovskite
materials. Compared with organic ligands, perovskites have favorable carrier transport.
Therefore, the approach based on the use of perovskites as ligands promises both high stability
and PCE.

With strong passivation effect, liquid phase treatment with halide ions is also considered to be an
effective approach to form QD inks. Halide termination is mainly done in solution by ligand
exchange.®®®* In situ chloride and cadmium double passivation through a cation exchange
reaction was also applied to instable PbSe QDs.*® Since both Pb and Se sites were passivated,
this approach led to very stable colloidal PbSe solution. Both the peak position and intensity of
absorption spectra and the PLQY of PbSe QDs stored in air remained constant for at least thirty
days (Figure 6¢).*® Very recently, a ligand exchange process using the mixed solution of PbX,
(X =Brand I) and ammonium acetate led to a hybrid organic-inorganic QD ink in air, resulting
in significantly enhanced, high performance PbS ink based solar cell devices.?* The key is that
with the aid of ammonium protons, initial OA ligands were completely replaced by [PbXs]
anions and the organic cations were subsequently washed away by solvent, leaving clean [PbX3]
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/[PbX]" double-capped PbS QDs with improved surface passivation. In addition to a record high
PCE of 11.28%, the excellent long-term stability was obtained with 90% of initial PCE retained
after 1000 h storage in air without encapsulation (Figure 6d). However, for industrialization, the
efficiency and stability of the devices need to be further improved.

In a parallel vein, inorganic and non-halide anions are explored in order to increase carrier
mobility of QDs. They indeed opened a highly promising avenue with a vast range of choices to
form the air-stable QD ink for device fabrication. For instance, Talapin et. al. explored the NIR
PbS QDs capped by diverse types of ligands, including metal chalcogenide ligands (such as
Sn,Se™ and AsSs*), and metal-free inorganic ligands (such as TeSs*).”*®° Similar to organic
ligands, these anions bind strongly only with cations (Pb sites) on the QD surface, leaving the
chalcogenide sites unpassivated. But unlike most of the organic ligands that offer steric
stabilization, these ligands render the QD surface negatively charged. As a consequence, the
resultant QDs showed electrostatic repulsion and exhibited good colloidal stability in polar
solvents. In particular, metal chalcogenide ligands led to preferable carrier mobility between
individual nanocrystals, thanks to their role as molecular solders, producing the electrical
coupling in the QD film.2>®® However, the solar cell devices based on the NIR QDs capped with
these ligands have yet to be extensively studied. Reducing the defect density of the films is an

important research direction.

In addition, our group developed NIR PbS/CdS/ZnS QDs with a core/shell/shell structure capped
by a short ligand of mercaptopropionic acid, which showed excellent stability in aqueous
solution for over 14 months.®” The shells show the better effect on keeping the air stability of
QDs compared with ligands, meanwhile the suitable surface ligands of the core/shell/shell
remain the long stability of QDs inks. Importantly, whether the shells or surface ligands don’t
affect charge transport between QDs. Although it may be reasonably questioned that two shells
can serve as barriers for carrier transport, they actually show high potential for solar cell
application once the thickness of two shells can be respectively optimized for balancing charge
transport and stability. Such an approach is indeed highly feasible. It was demonstrated that the
devices based on the PbS/CdS/ZnS layered structure as light absorber obtained good efficiency
of 4.65% after ligands exchange.?® It is thus worthwhile to further explore these very stable

colloidal core/shell/shell QDs for solar cell application.
44



In brief, to produce high-quality QD inks for PV device fabrication, the ligands and shells can be
combined to serve as protection layers. They should also be optimized to facilitate
charge carrier transport. Despite some promising results, overall, reports on NIR QD ink-based
solar cells remain lacking. Considering recent, important progress on the PCE of QD
solar cells, which makes them closer to commercial applications, much more attention is

expected in this research and development direction.
Challenges and Outlook

Over the past 5-10 years, our understanding on the surface chemistry of QDs, such as QD surface
geometries, the geometry and intermolecular structure of the ligand layer, core/shell interfaces,
surface-ligand bonding and their dynamic interactions, has been tremendously improved. It is
largely attributed to the development of new computational techniques and their combination
with in-depth experimental explorations. Certain primary QD surfaces have been re-constructed
by modeling, which sheds lights on the surface structure details “unmeasurable” by current
experimental techniques. Variable experimental tools, such as XPS and nuclear magnetic
resonance, have been employed to probe the QD surface. Thanks to these advances, QD surface
engineering concept has been used in the field of QD solar cells, mainly in attaining higher PCE.
In the same way, QD surface engineering is expected to make a huge impact on the stability
issues related to the manufacture and use of QD solar cells, the research of which is falling
behind yet highly important for the eventual widespread implementation of QD solar cells. As a
matter of fact, the stability represents one of the great challenges for practical use of QD solar

cells.

Long-term stability of QD solar cells still needs to be fully and systematically investigated under
different conditions, for example, temperature, humidity, and continuous light illumination. QD
inks and air processability also require more intense investigations. It is important to gain deep
insights on the mechanisms of the QD film and device degradations under different conditions by
combining various characterization and analysis tools, which can then guide future work and
lead to the design of the most effective surface engineering strategies. We would like to point out
that despite the large progress gained on QD surface chemistry, more and deeper QD surface

chemistry understanding is still urgently needed by, for example, combining advanced chemical
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characterization and a high spatial resolution microscope with theoretical modeling. Then,
according to QD surface features, choosing ligands that can provide ideal, complete passivation
and strong binding to QDs is a key to gain desired stability. Further optimization of passivation
processes with different ligands, including recently emerging perovskites, should also be
investigated systematically. On a related note, synthesis of QDs themselves should be further
improved to decrease defects because they act as the primary origin of both poor stability and
PCE. Some ligands hold high promise to enhance the QD stability during current ligand
exchange investigations, which may be adaptable in the QD synthesis process. Additionally, the
robust core/shell structure represents another promising alternative to solve the stability problem.
In this case, simultaneous optimization of the inorganic shell structure and ligand layer is crucial
and deserves more research. Attention should also be made to prepare QD inks in relatively
“green” solvents, compatible with large-scale fabrication. It should be noted that, in making an
effort to improve stabilities, the important factors related to PCE should be considered. Stability
enhancement should not be gained at the significant price of reduced PCE. In view of device
structure design of solar cells, optimizations can be conducted by gaining successful experience
from perovskite and organic solar cells, in which an additional layer is included in the device as
an oxygen/moisture scavenger and/or an interfacial layer to block the side reaction between the
active layer and electrodes. Although it is usually preferred to enhance the stability of QDs
themselves via surface engineering, such interfacial engineering certainly appears attractive by
further enhancing stabilization. Device encapsulation, beyond the scope of the current
Perspective, represents another important fabrication step for long-term device stabilization.
Although ideally it is desirable to realize highly stable QD solar cells operable under ambient
conditions, in reality, device encapsulation is imperative for practical applications. The
traditional atomic layer deposition method has been applied to QD solar cells and showed great
promise in enhancing performance stability. Recent development of space divided atomic layer
deposition further makes this technique potentially scalable. On the other hand, encapsulation
methods developed for the RTR fabrication of organic PV devices, such as the lamination
method comprising UV curing, pressure-sensitive adhesives, or hotmelt, can be potentially
applied to QD solar cells.?*® In brief, in order to achieve the final goal of attaining high-

efficiency, cost-effective, and highly stable QD solar cells suitable for practical applications, a
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multidisciplinary approach, involving close collaboration of chemists, physicists, theorist, and

device engineers, is indispensable.
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2.4 Morphology control of the active layer of PSCs

As discussed in section 1.3.4, the Frenkel excitons generated in conjugated polymers have a high
binding energy, and the carrier mobility between polymer molecules is low. It is necessary to
avoid recombination of excitons and charge carriers before they reach the D/A interface and
electrode, respectively. Therefore, the BHJ morphology is preferred for PSCs rather than the
planar heterojunction one, to provide a short distance for carrier and exciton transport without
sacrificing the light absorption. Such a BHJ morphology is a bi-continuous interpenetration
network composed by D/A materials, which provides continuous charge transport channels
towards the electrodes in the bulk film. On the basis of diffusion length of excitons (~10 nm), the
required domain size for D/A material should be within 20 nm to achieve efficient separation of
photo-generated excitons. It worth mentioning that there is a special type of morphology of the
D/A film called vertical phase segregation (VPS).[76-79] In this morphology, the components of
the D/A materials are inhomogenously distributed along the perpendicular direction to the
electrodes (Figure 2.2). Active film with such morphology is demonstrated to be suitable for
exciton separation, charge transport, and electron/hole collection at the fullerene
derivative/polymer enriched side, respectively, which can effectively supress the recombination

loss.
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Figure 2.2 The normalized S 2p X-ray photoelectron spectroscopy (XPS) spectra of the air surface and the
buried interface in the photoactive layers prepared in a) dichlorobenzene (DCB):1,8-octanedithiol (OT) and b)
DCB. All spectra were normalized to the C 1s intensity. ¢) Schematic morphologies of the P3HT:PCBM fi Ims
prepared in DCB and DCB:OT, as reconstructed from the results of the secondary ion mass spectroscopy
(SIMS), transmission electron microtomography (TEMT), and XPS investigations. The purple lines are

P3HT nanocrystals and the yellow circles are pure PCBM phases.[77]

Over all, the key factors to obtain a preferred morphology of D/A are solvent selection,[80]
solvent/thermal annealing,[81-82] the use of additives[83] and interface effect[84]. The atomic
force microscopy (AFM), TEM, scanning electron microscope (SEM), grazing incidence X-ray
scattering (GI1XS), optical microscopy and XPS measurements have been applied to investigate

the morphology of the active layer.

At present stage, the commonly used solvents for fabrication of PSCs include the halogenated
solvents such as 1,2-dichlorobenzene, chlorobenzene, chloroform, and non-halogenated solvents
such as toluene and o-xylene. In most of the cases, the halogenated solvents result in better
performance than non-halogenated ones, due to the induced preferable morphology of the active

layer. It can be correlated to the difference of solubility of materials and the vapor pressure of the
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solvent. Generally, solvent having good solubility for the fullerene derivatives such as PCBM
and relative high vapor pressure can benefit the formation of a preferred morphology, leading to
better PCE. The intrinsic mechanism is that these properties of solvents can affect the mobility of
the components in the film. For the solvent with high vapor pressure, it enables a slowly drying
process of the wet film during spin-coating and the subsequently keeping time (in a sealed space),
which is well-known as solvent annealing process.[85] This is a crucial process to form preferred
bi-continuous interpenetration morphology, in that, the interpenetrating polymer and fullerene
derivative domains are formed by their self-organization and self-aggregation. Figure 2.3 (a-f)
shows the characterization results from different-time processed P3HT:PCBM film.[85] The
authors demonstrated that the 30 s film has a significant rougher surface (root-mean-square
roughness (RMS): 3.0 nm) than that of the 80 s one (RMS: 0.8 nm). Also, the 80 s film shows a
longer disordered zone as compared to the 30 s film, leading to higher energy barrier for inter-
fibrillar hopping and therefore low carrier mobility. It can be the reason of weaker absorption of
the film and worse performance of the corresponding device. In addition, post-treatment of the
D/A film by solvent vapors has also been reported to optimize the morphology of the film. These
solvents include chloroform, chlorobenzene, tetrahydrofuran, carbon disulfide and methanol

etc.[82, 86-88] The solubility and viscosity of the solvent are important.
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Figure 2.3 AFM topography (left) and phase (right) images for RR-P3HT:PCBM films fabricated using
different processing conditions. The spin-coating times are (a,b) 30 s and (c,d) 80 s. (e) Effect of solvent
annealing on the absorption and PL spectra of RR-P3HT:PCBM films with 4:1 and 1:2 weight ratios of the
components. (f) J-V characteristics of RR-P3HT:PCBM (4:1 squares, 2:1 circles, and 1:2 triangles) solar cells
with (solid symbols, 30 s) and without (hollow symbols, 80 s) solvent annealing. The differences in device

performance become more pronounced for higher PCBM loading fractions.[85]

In addition, the thermal annealing treatment has been frequently used to enhance the
performance of PSCs.[81, 89] Intrinsically, the molecular mobility is enhanced during the
thermal annealing, which accelerates the phase separation of polymer and fullerene derivatives.
As a result, the absorption of relatively long wavelength (~600 nm) photons is enhanced, owing
to the improved crystallinity of polymer materials. At the same time, the aggregation of PCBM
molecules occurs. Depending on the material composition, heating temperature, lasting time and
the geometrical confinement (e.g. with and without electrode), the size and shape of the PCBM
domain can be tuned.[76, 81, 90-91] For instance, the size of PCBM domains increased from 10
to 100 nm by annealing the film at 100 °C for 5 min.[92] By further prolonging the annealing
time (>30 min) and increasing temperature (>130 <C), the size of PCBM domains can be
increased up to tens of micrometres.[81, 91] Moreover, both the disc-like and needle-like shapes
of PCBM domain have been obtained by varying the heating treatments and blend compositions
(Figure 2.4).[93] It worth mentioning that the thermal annealing treatment also changes the
contact area between the D/A film and the electrode, which can also affect the performance of
the device. However, it is still under debate that the D/A film with a high or low RMS surface
can benefit the performance of devices.[94-95] Perhaps it should be analyzed by combining with
the effect from the interpenetration morphology of the film, since both of them can affect the

performance of devices.

62



5 min at 125°C 5minat150°C 5 minat 175°C

[ 50um NN 50 ,m
1
1:2
1:4

Figure 2.4 Optical microscopy images of P3HT:PCBM matrix. Blend ratio was varied from 1:1 to 1:4.
Annealing time was kept constant at 5 min at temperatures of 125, 150, and 175 <C.[93]

As compared to the solvent (vapor) and thermal annealing, which is time- and energy-consuming,
respectively, volatile additives have been proposed to conveniently optimize the morphology of
D/A film by their synergistic effect with the main solvents. To choose an appropriate additive,
the solubility and boiling point need to be taken into consideration.[83, 96] Generally, an
additive with good solubility for the fullerene derivatives and a high boiling point are preferred
for optimizing the morphology of PSCs (Figure 2.5(a)).[97] Intrinsically, it can induce strong
inter-chain interaction, increase the degree of local structure order, and control the aggregation of
the mobile fullerene derivatives. As seen in Figure 2.5(b,c), compared to the 1,9-nananedithiol
(NDT) sample, the PCBM domain (dark area) size of 1,6-hexanedithiol (HDT) sample is smaller,
and the phase segregation (contrast differences) is more distinct. This strategy is now employed
to achieve high PCE for both conventional polymer and low band-gap polymer system without
the usage of the thermal annealing treatment.[78, 96, 98]
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Figure 2.5 (a) Relationship between boiling point, difference in solubility parameter and device PCE of the
different additive systems. 15 <15 mm scanning transmission X-ray microscopy (STXM) images taken at 285
eV for P3HT:PC4,BM blends processed with: (a) NDT and (b) HDT.[96]
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CHAPTER3 EXPERIMENTAL

This chapter introduces the details of QDs synthesis and surface treatments, such as PbS QDs
prepared by TMS and TBP involved method, CdS shell coating by different techniques and the
way of performing surface ligand exchange. Various characterizations on nanostructure materials,

film samples and devices are also included. Devices testing conditions are presented in the end.
3.1 Chemicals and Materials

Lead chloride (98%), oleylamine (technical grade, 70%), sulfur (100%), tributylphosphine
(97%), cadmium oxide (99%), oleic acid, lauryl methacrylate, ethylene glycol dimethacrylate,
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, cardiogreen (IR 125), 1,2-dichloroethane,
octadecene, n-butylamine (95%), zinc acetate dihydrate (Zn(CH3;COQ), 2H,0, 99.9%),
ethanolamine (NH,CH,CH,0OH, 99.5%) and 2-methoxyethanol (CH3OCH,CH,0OH, 99.8%) were
obtained from Sigma-Aldrich Inc. 4-(7-(2-phenyl-4H-1-benzothiopyran-4-ylidene)-4-chloro-3,5-
trimethylene-1,3,5-heptatrienyl)-2-phenyl-1-benzothiopyrylium perchlorate (IR 26, 97%),
dimethyl sulfoxide, toluene, and ethanol were purchased from Fisher Scientific Company. Regio-
regular P3HT (RR93-95) and PCBM (>99.5%) were purchased from solaris chem incorporation.

All of the materials were used without further purification.
3.2 PbS QD Synthesis
3.2.1 One-step injection of TBP route

In this route, typically 2 g of PbCl, and 15 mL of OLA were first heated at 160 "C for 30 min
under N, flow. Then the solution was pumped for at least 30 min to eliminate remaining water
and possible impurities from reagents. Meanwhile, 20 mg of S was dissolved in 5 mL of OLA
and different volume of TBP was then added for synthesizing the QDs of different sizes. The S-
OLA/TBP solution was subsequently injected into the Pb precursor solution after it is cooled
down to 70 "C. Finally, the reaction was quickly quenched with cold toluene after 5 s, and the
obtained PbS QDs were purified several times by repeated centrifugation-dispersion processes

and eventually stabilized by the addition of oleic acid ligands.
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Figure 3.1 Scheme illustration of QD synthesis.[99]
3.2.2 Two-step injection of TBP route

For the two-step injection, TBP of varying volume was directly introduced into the Pb precursor
solution before the addition of the S-OLA solution. All other experimental conditions, including
precursor preparation, reaction, purification and re-dispersion, were the same as that described in

section 3.2.1.
3.2.3 TMS route

PbS QDs were synthesized following the procedure previously reported by our group [100].
Typically, 760 mg of Pb(OAC),.3H,0 (>99.99%), 2.4 mL of oleic acid (>99%) and 15 mL ODE
were added to a three neck round bottom flask and heated to 150 ‘C for 1 h while being stirred
and purged with N flow. This lead precursor solution was cooled under vacuum to 130 'C and
N, flow was resumed. Two mL of mixture of TMS and TOP (technical grade, 90%) in volume
ratio of 1:10 were injected into the flask, and the temperature was cooled down to 100 "C very
quickly. The QD growth reaction was quenched with cold water after 5 minutes. The obtained
PbS QDs were dissolved in toluene and kept at 4 °C for 2 days before purification with repeated
centrifugation/re-dispersion processes. The concentration of the PbS QDs can be determined by
measuring their absorption spectrum, and the calculation details can be found in Supporting

Information.

3.3 PbS/CdS QD Synthesis
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3.3.1 PbS/CdS QD synthesis by microwave-assisted method

PbS/CdS core/shell QDs were synthesized by cation exchange method, following our previously
reported procedures.[101] Briefly, as-prepared ultrasmall PbS was dissolved in 20 mL toluene
after purification. Appropriate amounts of Cd-OA solution (CdO dissolved in OA) was added to
the PbS solution. After 3-min stirring and 6-min bubbling by N, the solution was reacted in a
microwave oven for 8 s at 100 ‘C to get the PhS/CdS with 0.1 nm CdS shell. Finally, the solution

was purified by ethanol for the next step.

Microwave Reactor

P s
Microwave

OA-capped PbS OA-capped PbS/CdS

Figure 3.2 Scheme illustration of CdS-shell coating

3.3.2 PbS/CdS QD synthesis by oil-bath method

PbS QD suspension in toluene (1 mL, Absorbance = 3 at the first exciton peak) was first diluted
to 10 mL. After N, bubbling for 30 min, the PbS QD suspension was heated to 100 “C, followed
by the immediate injection of 1 mL of Cd-OA solution. The reaction was then allowed to
proceed for different time in order to get different shell thickness. Specifically, for growing the
CdS shell of 0.5 nm in thickness for the LSC device fabrication, the reaction was stopped after 5
h. Finally, the PbS/CdS QDs were purified and re-dispersed in toluene for LSC device

fabrication.

3.3.3 Metal halide treatment
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Halide treatment was carried out in solution following the ligand exchange procedure previously
reported.[102] First, a stock CdCl, solution was prepared by mixing 600 mg of CdCl, (99.999%
trace metals basis), 66 mg of tetradecylphosphonic acid (97%) and 10 mL of OLA (technical
grade, 70%) in a flask and heating the mixture at 100 € under vacuum for 1 h. Subsequently, 10
mL of PbS/CdS QDs solution (25 mg/mL in toluene) was heated to 60 <€ under N, flow, and
0.75 mL of CdCl;, stock solution was injected and kept at 60 <€ for 30 min under magnetic
stirring. The obtained halide-PbS/CdS QDs were purified by ethanol and acetone washing
successively and further dispersed in dichlorobenzene for characterization and solar cell

fabrication.

OA

CdCl,-TDPA-OLA cr

Figure 3.3 Scheme illustration of ligand-exchange.
3.4 Device Fabrication

3.4.1 Fabrication of LSC devices

Similar to the procedures described in references,[56-57] the LSCs were fibricated by embedding
the TBP-route synthesized QDs into a polymer matrix. Briefly, the QDs were precipitated by
adding ethanol. The monomer precursor of lauryl methacrylate and cross-linker of ethylene
glycol dimethacrylate were mixed at a mass loading of approximately 20%, and then added into
the QDs. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide was added to the resulting solution
as a UV initiator. A clear solution was obtained by ultrasound treatment. Finally, the mixture was
illuminated by a UV lamp for 2 h in a mold consisting of two glass slides separated by a flexible

rubber spacer with thickness around 2 mm.
3.4.2 Fabrication of solar cell devices

The details of PSC fabrication processes are shown in Figure 2.4. ITO glass substrates (2.5

cm>2.5 cm) were sequentially washed in water, acetone and isopropanol for 20 min each. An
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optical lithography technique was then used to pattern the substrates. The patterned ITO glass
substrates were cleaned again in acetone and isopropanol for 10 min each, followed by oxygen
plasma treatment for 2 min. The ZnO precursor solution was then spin-coated onto the patterned
ITO glasses and annealed at 200 <€ for 30 minutes in air to get the ZnO film (an electron
transport and hole blocking layer). P3HT (RR93-95, solaris):PCBM (>99.5%, solaris) (1:0.8 by
weight) solution (with and without the solvent additive or QDs) in 1,2-dichlorobenze was spin-
coated onto the ZnO layer to form the photoactive film and kept in a petri dish for 30 min for
aging before the thermal annealing step at 140 <C for 10 min. Finally, the fabrication of the solar
cell device was completed by depositing a 20 nm thick layer of MoOj3 on the photoactive film
followed by an 80 nm thick layer of Ag through a shadow mask, which makes the photoactive

area of about 6 mm?.
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Figure 3.4 ITO substrate pattern and process of PSC devices fabrication.

3.5 QD concentration calculation

Firstly, we determined the molar concentration of synthesized PbS QDs in toluene using the
Beer-Lambert’s law: 4 = ¢CL, where A is the absorbance at the position of the first exciton
absorption peak for a given sample, ¢ is the extinction coefficient per mole of PbS QDs, C is the
molar concentration of QDs, and L is the light path length depending on the cuvette. € was

determined using ¢ = 19600 r>*? [103] where r is the radius of QDs. R can be calculated by the
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following formula; E = 0.41 + 1/(0.0252d® + 0.283d), where E and d are the band gap and
diameter of obtained QDs, respectively.[104] Then, the calculated C was converted to mass
concentration.”?  Finally, the product yield per batch can be obtained by using the mass
concentration multiplying the total volume of QDs solution. We assumed that the concentration
of PbS/CdS QDs with a thin shell (0.1 nm) is equal to that of the plain PbS QDs.

3.6 Characterizations

Absorption spectra of the solution and solid-state samples were acquired with a Cary 5000 UV-
Vis-NIR spectrophotometer (Varian) with a scan speed of 600 nm/min. Fluorescence spectra
were taken with a Fluorolog®-3 system (Horiba Jobin Yvon). PL QY of QDs with emission
peaks in the range of 800-1000 nm was measured using IR 125 dye (dissolved in dimethyl
sulfoxide) as a reference, while the PL QY of the samples with emission peaks between 1100-
1200 nm were measured using IR 26 dye (dissolved in 1,2-dichloroethane) as a reference. The
size and morphology of PbS QDs were characterized by TEM (JEOL 2100F). Assuming the QDs
have spherical morphology, the size histograms of corresponding samples were obtained
following the equation: S = m(d/2)?, where S is the areas of a single QD estimated by the imageJ
software, and d is the diameter. Over 200 QDs were counted for each sample. The standard
deviation was obtained by fitting the histograms using the Gaussian function. Nuclear magnetic
resonance (NMR, Bruker, Advance Il HD, 600 MHz) was applied to examine the surface ligand
of QDs and assess the change of TBP following the reaction using toluene-D8 (deuterated
chemical) as a solvent. It was also employed to examine the butylamine in the film by dissolving
the film in deuterium chloroform. Pb/S ratio was detected by inductively coupled plasma /
atomic emission spectrometry (ICP-AES, Agilent Technologie, 5100). The powder X-ray
diffraction (XRD) study was carried out with a Bruker D8 advanced diffractometer using a Cu
K, radiation source. The optical efficiency of the LSCs was measured by using an ABET2000
solar simulator at AM 1.5G (100 mW cm®) calibrated using a reference silicon diode.

X-Ray photoelectron spectrometry was performed using a VG Escalab 220i-XL equipped with
an Al K, source. The XPS data were analyzed with the Casa software. Atomic force microscopy
(Bruker Corporation) with a silicon tip on a nitride lever was employed to investigate the film

morphology. Topography images of the photoactive layers were obtained in the ScanAsyst mode.
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The different domains composed of inorganic QDs and organic materials were detected in the
contact mode by measuring the lateral bending of the cantilever. XRD (Panalytical X-Pert PRO
MRD, Bruker Corporation) characterization was performed on the film samples. The
profilometer (Bruker, Dektak XT) was applied to measure the thickness of the active layer. The
films were covered by a MoOs/Ag layer during long-term aging to simulate the actual device
conditions. Fourier transform infrared spectroscopy (FTIR, Digilab FTS7000) in the
transmittance mode was employed to detect the change of chemical bonds of the organic material
in the film. The solar cells were characterized by current-voltage (J-V) measurements under
illumination by an AM 1.5 solar simulator. External quantum efficiency (EQE) measurements

were also conducted using an IQE200B system (Newport Corporation).
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CHAPTER 4 RESULTS

This chapter is divided into three parts, each corresponding to one article. The first part
introduces a facile and “greener” route to synthesize small-size PbS QDs, and their application in
LSC devices. The second part is about the first demonstration of enhanced stability of PSCs by
incorporation of QDs into the active film. The last part is focused on PCE enhancement of PSCs

via morphology manipulation of the active film.

4.1 Ultrasmall PbS Quantum Dots: A Facile and Greener Synthetic Route

and Their High Performance in Luminescent Solar Concentrators

Long Tan, Yufeng Zhou, Fugiang Ren, Daniele Benetti, Fan Yang, Haiguang Zhao, Federico
Rosei, Mohamed Chaker and Dongling Ma

J. Mater. Chem. A, 2017, 5, 10250-10260.

Due to the better surface passivation, the small QDs normally have higher PL QY and better
stability than the large ones. Additionally, their absorption and PL spectrum are well separated
with less overlap area than that of the large ones. Taking all of these aspects into consideration,
the very small-size QDs are suitable for the LSC device application by acting as the fluorophore.

In this section, synthesis of very small PbS QDs is performed via a facile and “greener” route
using PbCl, and elemental S as the precursors with the aid of tributylphosphine. The optical
properties, surface chemistry, synthesis mechanism and scale-up synthesis of the QDs are
systematically investigated. By applying QDs synthesized by this route in LSC devices, a record-
high optical efficiency of ~1.2% at a geometric (G) factor of ~50 (10 cm in length) has been

obtained.

I did most of the experimental work and wrote the draft of this manuscript. I also got the help
from Yufeng Zhou, Daniele Benetti and Haiguang Zhao, who fabricated and characterized the
LSC devices. In addition, Fugiang Ren helped me to do the Pb/S ratio measurements and to take

the photoluminescence image of the LSC device.
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Ultrasmall PbS quantum dots: a facile and greener synthetic route and their high

performance in luminescent solar concentrators

Long Tan, Yufeng Zhou, Fugiang Ren, Daniele Benetti, Fan Yang, Haiguang Zhao, Federico
Rosei, Mohamed Chaker and Dongling Ma*

Abstract: Synthesis of quantum dots (QDs) with widely size-tunable optical absorption and high
photoluminescence quantum yield (PL QY) via a facile route is highly desired. By introducing
tributylphosphine (TBP) into a relatively green synthesis method based on the use of S, PbCl,
and oleylamine (OLA), we conveniently synthesized ultrasmall PbS QDs with the first excitonic
absorption peak wavelength as short as 705 nm, without using a glove box, which cannot be
achieved by previously reported approaches, without involving smelly S precursors (such as
bis(trimethylsilyl) sulfide). Such synthesized PbS QDs show narrow size distributions without
any aggregation and demonstrate high PL QY in the range of 60-90%, depending on the QD size.
Based on nuclear magnetic resonance spectroscopy and X-ray diffraction investigations, TBP
was found to act as the passivation ligand on the surface of QDs while simultaneously assisting
the transformation of PbCl,-OLA into more reactive Pb(OH)CI that can directly participate the
nucleation process, yielding ultrasmall PbS QDs. This new finding renders Pb(OH)CI a very
promising, new lead precursor for convenient synthesis of PbS and other lead-based QDs. We
also demonstrate that the process can be readily scaled up. After synthesizing a thin CdS shell
(~0.1 nm), ultrasmall core/shell QDs with a large Stokes shift (0.36 eV) and good stability were
employed for fabricating near infrared (NIR) luminescent solar concentrators, which led to a
record-high optical efficiency of ~1.2% at a geometric factor of ~50 (10 cm in length). The TBP
route developed herein is very promising for synthesizing high quality ultrasmall QDs that have
high potential in NIR-related applications.

Introduction

PbS quantum dots (QDs) have attracted increasing attention due to their size tunable optical
properties in the near infrared (NIR) range arising from the quantum confinement effect. They
are widely applied in optoelectronics, biological imaging and sensors.”” Their performance in
various applications are largely determined by their size, monodispersity and photoluminescence
quantum yield (PL QY), which highly depend on QD synthesis.
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Various methods have been explored for synthesizing PbS QDs. Among diverse synthetic routes,
the wet chemical method is well-known as an efficient low-cost path to obtain high quality PbS
QDs. One of the most popular methods uses lead oxide and bis(trimethysily) sulfide (TMS) as
precursors and the size of PbS QDs can be tuned in the range of 2.6—7.2 nm, corresponding to
first-excitonic absorption peaks of 825-1750 nm.® However, TMS involved in the QD synthesis
(denoted as the TMS route herein) shows very high reactivity and is malodorous. A glove box is
always required for the manipulation of TMS for this type of synthesis, which is inconvenient,
especially for industrially relevant reaction scales. Alternatively, a greener synthesis has been
explored by employing elemental sulfur (S) as a replacement of TMS, as first demonstrated by
Cademartiri et al. and is now widely used.” In this scenario (defined as the PbCl,-S route herein),
PbS QDs are formed by injecting S-oleylamine (OLA) solution into the pre-heated PbCIl,-OLA
solution. Although it is greener and more convenient as well as can be conducted at a larger scale,
this method yields PbS QDs in a limited range of 4.2-6.4 nm as compared to the TMS route,
corresponding to the first-excitonic absorption peaks of 1200 nm-1600 nm.? Very recently,
Owen’s group developed a new method to synthesize PbS QDs with relatively small sizes (with
the first-excitonic absorption peak tuned down to 850 nm), narrow size distribution and good
batch to batch consistency at industrially relevant reaction scales by using thioureas as S
precursor.'® However, additional procedures are needed to synthesize new precursors and a glove
box cannot be completely avoided in the synthesis. Among these methods, the PbCl,-S route has
the advantages of using “greener’” and stable S source, involving convenient synthetic procedures

and being cost-effective. It is worth more intense attention.

To expand the tunable range of the first-excitonic absorption peaks of PbS QDs synthesized via
the facile PbClI,-S route without the use of a glove box and TMS, Hen’s group introduced trio-n-
octylphosphine (TOP) into the S precursor solution during the synthesis, by which PbS QDs with
first-excitonic absorption peaks in the range of 925-2100 nm were obtained.'* The authors
described that the major role of TOP was to form strong bond with sulfur, which led to a
prolonged ripening process. Since the size-tunable optical characteristics of QDs remain one of
the major driving forces for their development and practical applications, it is highly desirable to
further blue-shift the first-excitonic absorption peak of PbS QDs by decreasing their sizes.

Specifically, very small QDs normally have higher PL QY and optical constant, and better
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stability than large ones,***3

which makes them promising in various applications, such as
multijunction solar cells, light emitting diodes in “the first working window” and luminescence
solar concentrators (LSCs). Additionally, the scale up of reactions, which is also of high
importance, was not mentioned in this TOP-involved PbCl,-S synthesis. Last but not least, the
exploration of small QDs synthesized by the PbCI,-S route in electronic and optoelectronic

devices, such as LSCs, is quite limited to the best of our knowledge.

LSCs are composed of fluorophores embedded in a polymer matrix which acts as a wave guide.
They are able to convert photons over a wide range of the solar spectrum into concentrated light
in a specific range suitable for exciting integrated solar cells. Considered as a potentially
effective approach to both decrease the cost of power and improve solar cell efficiencies, LSCs
are now being widely studied.**" Recent advances in the synthesis of inorganic QDs with high
PL QY, size-tunable optical properties, and good chemical-/photo-stability make them excellent
candidates for LSC technologies. To the best of our knowledge, although UV-visible (Vis) QDs
16,17

are widely investigated in LSCs,

field &2

only several papers on NIR QDs can be found in this

Here, we introduce tributylphosphine (TBP) into the PbCl,-S route, which leads to the important
decrease in the size of PbS QDs below 2.5 nm (referred to as the TBP route herein). As a result,
the first-excitonic absorption peak of PbS QDs synthesized by the PbCl,-S method is now further
extended down to 705 nm and can be tuned to cover previously not-achieved wavelength range
of 705-900 nm by this method, promising for various applications. We further demonstrate that
such synthesized PbS QDs show very high PL QY (60-90%), comparable to those synthesized
by the TMS route and the synthesis can be easily scaled up. In addition, we discovered a
surprising interaction between TBP and PbCl,-OLA. To improve the stability of as-synthesized
QDs, a thin CdS layer was further coated on PbS QDs via cation exchange. The as-prepared
PbS/CdS core/shell QDs exhibit the PL QY of ~70% and Stokes shift of 0.36 eV. The LSCs
using PbS/CdS core/shell QDs yield an impressive optical efficiency of 1.2% at geometric factor
(G factor) ~50 (10 cm in length), among the highest values reported for QDs LSCs with similar
G factor. Therefore, our work contributes to the development of both QDs and LSCs

technologies in the NIR range.
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Experimental
Chemicals and materials

Lead chloride (98%), oleylamine (OLA) (technical grade, 70%), sulfur (100%),
tributylphosphine (97%), cadmium oxide (99%), oleic acid, lauryl methacrylate, ethylene glycol
dimethacrylate, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, cardiogreen (IR 125), 1,2-
dichloroethane and octadecene (ODE) were obtained from Sigma-Aldrich Inc. 4-(7-(2-phenyl-
4H-1-benzothiopyran-4-ylidene)-4-chloro-3,5-trimethylene-1,3,5-heptatrienyl)-2-phenyl-1-

benzothiopyrylium perchlorate (IR 26, 97%), dimethyl sulfoxide, toluene, and ethanol were

purchased from Fisher Scientific Company. All chemicals were used without any purification.
PbS QD synthesis by TBP route

In this route, typically 2 g of PbCl, and 15 mL of OLA were first heated at 160 "C for 30 min
under N, flow. Then the solution was pumped for at least 30 min to eliminate remaining water
and possible impurities from reagents. Meanwhile, 20 mg of S was dissolved in 5 mL of OLA
and different volume of TBP was then added for synthesizing the QDs of different sizes. The S-
OLAJ/TBP solution was subsequently injected into the Pb precursor solution after it was cooled
down to 70 "C. Finally, the reaction was quickly quenched with cold toluene after 5 s, and the
obtained PbS QDs were purified several times by repeated centrifugation-dispersion processes

and eventually stabilized by the addition of oleic acid ligands.

For the two-step injection, TBP of varying volume was directly introduced into the Pb precursor
solution before the addition of the S-OLA solution. All other experimental conditions, including
precursor preparation, reaction, purification and re-dispersion, were the same as that described

above.
PbS/CdS QD synthesis via cation exchange

PbS/CdS core/shell QDs were synthesized by cation exchange method, following our previously
reported procedures.? Briefly, as-prepared ultrasmall PbS was dissolved in 20 mL toluene after
purification. Appropriate amounts of Cd-OA solution (CdO dissolved in OA) was added to the

PbS solution. After 3-min stirring and 6-min bubbling by N, the solution was reacted in a
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microwave oven for 8 s at 100 “C to get the PbS/CdS with 0.1 nm CdS shell. Finally, the solution

was purified by ethanol for the next step.
LSC fabrication

Similar to the procedures described in references,?* the LSCs were fibricated by embedding the
TBP-route synthesized QDs into a polymer matrix. Briefly, the QDs were precipitated by adding
ethanol. The monomer precursor of lauryl methacrylate and cross-linker of ethylene glycol
dimethacrylate were mixed at a mass loading of approximately 20%, and then added into the
QDs. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide was added to the resulting solution as a
UV initiator. A clear solution was obtained by ultrasound treatment. Finally, the mixture was
illuminated by a UV lamp for 2 h in a mold consisting of two glass slides separated by a flexible

rubber spacer with thickness around 2 mm.
Characterization

Absorption spectra of the QDs were acquired with a Cary 5000 UV-Vis-NIR spectrophotometer
(\arian) with a scan speed of 600 nm/min. Fluorescence spectra were taken with a Fluorolog®-3
system (Horiba Jobin Yvon). PL QY of QDs with emission peaks in the range of 800-1000 nm
was measured using IR 125 dye (dissolved in dimethyl sulfoxide) as a reference, while the PL
QY of the samples with emission peaks between 1100-1200 nm were measured using IR 26 dye
(dissolved in 1,2-dichloroethane) as a reference. The size and morphology of PbS QDs were
characterized by TEM (JEOL 2100F). Assuming the QDs have spherical morphology, the size
histograms of corresponding samples were obtained following the equation: S = n(d/2)%, where S
is the areas of a single QD estimated by the imageJ software, and d is the diameter. Over 200
QDs were counted for each sample. The standard deviation was obtained by fitting the
histograms using the Gaussian function. Nuclear magnetic resonance (NMR, Bruker, Avance |11
HD, 600 MHz) was applied to examine the surface ligand of QDs and assess the change of TBP
follwoing the reaction using toluene-D8 as a solvent. Pb/S ratio was detected by inductively
coupled plasma / atomic emission spectrometry (ICP-AES, Agilent Technologie, 5100). The
powder X-ray diffraction (XRD) study was carried out with a Bruker D8 advanced

diffractometer using a Cu K, radiation source. The optical efficiency of the LSCs was measured
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by using an ABET2000 solar simulator at AM 1.5G (100 mW cm™) calibrated using a reference

silicon diode.
Results and discussion
One-step TBP route synthesis of PbS QDs

Based on the widely used facile and “greener” PbCl,-S route, we further developed the TBP-
route to synthesize ultrasmall PbS QDs herein. All of the synthesis procedures were conveniently
conducted out of the glove box. To study the effect of TBP, the synthesis was performed under
identical conditions, with the only difference being the amount of TBP introduced. Briefly, TBP
was first mixed with S-OLA and then this mixture was injected into PbCl,-OLA solution. It was
found that the optical absorption of such synthesized PbS QDs can be well controlled by varying
the amount of TBP added into the S precursor solution as demonstrated in Figure 1(a). For the
purpose of straightforwardly comparing the shape, width and position of the first-excitonic
absorption peaks of the QDs synthesized with different contents of TBP, all the spectra were
normalized by their respective peak intensity. The exact amount of TBP used for QD synthesis
and corresponding first-excitonic absorption peak positions are listed in Table S1. For the TBP-
free PbCI,-S reaction, the shortest absorption peak wavelength of synthesized PbS QDs is limited
to ~1056 nm, whereas the introduction of TBP largely extends the first-excitonic absorption peak
range of obtained QDs to shorter wavelengths. Specifically, by increasing the volume of TBP
from 10 to 40 L, the first-excitonic absorption peak of QDs is blue-shifted from 1028 to 705 nm,
corresponding to the QD diameter changing from ~3.4 to 2.2 nm (calculated from the first
excitonic peak of QDs, following the previously reported method), in line with TEM
observations.?* Nonetheless, with the further increase of TBP amount to 60 pL, no PbS QDs
could be collected, due to the formation of the stable bond between TBP and sulfur, as partially
evidenced from the color of S precursor solution. Initially appearing red/yellow without TBP or
with less TBP, the color of sulfur solution becomes almost colorless with the addition of 60 L
TBP, suggesting the interaction between TBP and S. Consistently, mixing of Pb and S precursor
solutions during the synthesis leads to no obvious color change, indicative of the lack of PbS
formation, in clear contrast to other cases where grey color was immediately observed due to the

instantaneous nucleation reaction.
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The PL spectra of obtained PbS QDs are shown in Figure 1(b), and the corresponding values of
PL peak position and full width at half maximum (FWHM) of PL are summarized in Table S1.
Based on FWHM data, all the samples synthesized by the TBP-route show narrow size
distributions. PL QY was measured according to the method described in the literature % with 2-
[7-[1,3-dihydro-1,1-dimethyl-3-(4-sulfobutyl)-2H-benz[e]indol-2-ylidene]-1,3,5-heptatrienyl]-
1,1-dimethyl-3-(4-sulfobutyl)-1H-benz[e]indolium hydroxide (IR 125, for 2.2, 2.8 and 3.1 nm
samples) or 4-(7-(2-phenyl-4H-1-benzothiopyran-4-ylidene)-4-chloro-3,5-trimethylene-1,3,5-
heptatrienyl)-2-phenyl-1-benzothiopyrylium perchlorate (IR 26, for 3.4 nm and TBP-free
samples) as the standard samples. As seen in Figure 1(c), all of the QDs show high PL QY in the
range of 60-90 %, comparable to the TMS-route synthesized QDs of similar emission
wavelengths.™® In particular, for the TBP-samples, the PL QY increases from ~67% (average
value) for 3.4 nm QDs to ~83% (average value) for 2.2 nm QDs, very likely due to the better
passivation for smaller sized QDs.** To gain deeper insights into exciton kinetics, transient PL
spectroscopy was used to measure the PL decay of the PbS QDs dispersed in toluene. Figure 1(d)
shows the typical decay curves for QDs with different diameters achieved by either the TBP-free
PbClI,-S route or the TBP-route. All the curves can be fit sufficiently well by a bi-exponential
decay function, and the average lifetime (t) was calculated from two resolved lifetime
components. All lifetimes are in line with those reported for PbS QDs in the literature,?® except
for the 2.2 nm QDs, which show unusually long lifetime over 3 ps. Radiative recombination
rates (Kryg) and non-radiative recombination rates (K, were then calculated using the following
equations®’: PL QY = Kyad/(Krag+Knr) and © = 1/(Krag+Knr). The values of Kgand Ky, of all the
samples are included in the inset of Figure 1(c). The Ky for all samples are more or less similar,
while the trend of the large increase of K, with QD size is well in line with the opposite trend in
the PL QY of these QDs; the presence of more surface defects must be mainly responsible for
the decrease of the PL QY in larger QDs.
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Figure 1. Absorption spectra (a), PL spectra (b), PL QY (c), and PL decay (d) of QDs synthesized without
TBP and by the TBP route. Inset in figure (c) shows K4 and K, values calculated from measured lifetime

and PL QY data. The lines are shown as guide the eye.

Figure 2 shows transmission electron microscopy (TEM) images of obtained PbS QDs. It shows
that the morphology of QDs is significantly affected, from irregular to quasi-spherical, with the
introduction of TBP into the reaction. It can be explained from the ligand passivation point of
view as the morphology is known to be largely associated with ligand passivation. TBP herein
acts as ligand, as confirmed by NMR results to be presented in the later text. Moreover,
statistical histograms were obtained to further analyze the effect of TBP on QD diameter and size
distribution. When the volume of TBP is zero, PbS QDs with an average diameter of 4.1 nm are

obtained. With the presence of TBP in the reaction, the average diameter of PbS QDs gradually
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decreases with increasing volume of TBP, in agreement with the blue shift of the first-excitonic
absorption peaks mentioned above. A representative high resolution (HR) TEM image of the 3.1
nm sample (inset in Figure 2(c)) shows lattice fringes, corresponding to the (200) facet of PbS
QDs and in line with their crystalline structure (Figure S1). Additionally, in most of the cases the
size distribution is improved with the presence of TBP. In particular, the size distributions for 2.9,
3.1 and 3.6 nm QDs are significantly narrower than that of 4.1 nm QDs synthesized without TBP.
From many TEM images, we also noticed that QD aggregation is effectively hindered with the
presence of TBP, even for the QDs with the average diameter as small as 2.3 nm. The narrow
size distribution and lack of aggregation along with high PL QY of the QDs strongly suggest that
high quality of QDs have been synthesized by the TBP route. TBP must play a significant role in
determining important structural parameters, including the morphology, average diameter, size
distribution and dispersity of QDs. Alkylphosphine compounds, acting as solvent and/or ligand,
have been widely applied to synthesize 11-VI and 1V-VI QDs.**?®% |t was reported that they can
affect the nucleation reaction or crystal growth process and thereby affecting the QDs synthesis
in a complicated way. Herein, we focus on a specific alkylphosphine, TBP, which was not
previously explored in PbS QD synthesis, and found that it is able to considerably decrease the
size of PbS QDs. Its effect on the synthesis of PbS QDs will be discussed in detail in the next

section.
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Figure 2. TEM images of the PbS QDs synthesized by using different volumes of TBP: (a) 40 pl, (b) 30 pl, (c)
20 pl, (d) 10 pl and (e) O pl. Insets: size histograms (a-e¢) and HRTEM image (c).

Inductively coupled plasma atomic emission spectrometry (ICP-AES) and P NMR
spectroscopy were used to probe the surface chemistry of the TBP-route synthesized QDs, which

can significantly influence their properties. Figure 3(a) shows the results obtained in the current
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study and the data from the TMS route in the literature *? for comparison. We found that the Pb/S
ratio of the TBP route synthesized QDs is much lower than that reported in the literature,
although the trend of the Pb/S ratios with size is similar. In all these cases of ultrasmall QDs, Pb-
rich surfaces were identified. In the literature 4, the size, capping ligand and coverage of QDs
and their external facets are highly correlated, and in general small-size QDs were confirmed to
have more Pb-rich (111) external facets than larger ones. Our results suggest that TBP can alter

the surface arrangement of Pb and S atoms, with respect to that reported in reference *.

To better understand the surface chemistry, **P NMR was conducted on purified 3.1 nm PbS
QDs (Figure 3(b)). New phosphorous resonance at -13.7 ppm was detected, indicating the
presence of TBP ligands on the surface of QDs. The dramatic downfield chemical shift from
around -31 ppm for pristine TBP to -13.7 ppm for TBP-QDs is ascribed to the strong interaction
between TBP and S atoms on the surface of QDs.*® The presence of the TBP ligand on the
surface could contribute to the high PL QY of the TBP route synthesized QDs by providing extra
passivation to the S-site compared to the QDs from the normal, TBP-free PbCl,-S route and
TMS route. Controversial results regarding the role of alkylphosphines as passivating ligands
have been reported in the literature.""** For instance, highly photoluminescent PbS QDs with a
narrow size distribution can be obtained by using TOP as an additional ligand in the TMS
route.®! The authors attributed the improvement to the enhanced surface passivation because both
Pb and S surface atoms are passivated in this case, by oleic acid and TOP, respectively. However,
different result was reported by Moreels et al.** In that case, TOP could not be found on the PbS
QD surface. In our case, we believe that TBP (with short organic chains) has less steric effect
than the analogous TOP, which facilitates its interaction with the S-sites. In addition to leading to
the high PL QY, such passivation effect may induce an additional barrier for the QD growth
during the synthesis. Along with the known strong binding effect between phosphines and S, the

growth rate of PbS QDs decreases, leading to the observed smaller sizes.
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Figure 3. (a) Pb/S ratios of PbS QDs of different sizes synthesized by the TBP route; for the purpose of
comparison, data on TMS-route synthesized QDs from the literature ** are included. (b) *P NMR spectra of
pristine TBP and PbS QDs synthesized by the TBP route.

Overall, with increasing TBP content in the S precursor solution, the first-excitonic absorption
peak of synthesized PbS QDs is gradually blue-shifted from 1056 nm to 705 nm, owing to
decreased QD size. TBP as the surface capping ligands could have contributed to the improved
optical properties, size-distribution and affected the surface composition of TBP route
synthesized QDs. In brief, the smallest QDs show the highest PL QY and longest life-time, while
QDs with the average diameter in the range of 2.9-3.6 nm have the narrowest size-distribution.

Two-step TBP route synthesis of ultrasmall PbS QDs

Motivated by the “TBP-effect”, which was able to extend the first-excitonic absorption peak of
PbS QDs down to 705 nm in the one-step TBP route, we further examined the effect of TBP on
PbS QD formation when it was separately injected into the PbCl,-OLA solution followed by the
S-OLA injection. When large amounts of TBP (TBP:PbCl, = 1:1 by molar) were injected, very
well-defined absorption and PL spectra of the PbS QDs with peak position located at ~780 and
~890 nm were obtained (Figure 4(a)). This two-step TBP route can also result in largely
extended excitonic absorption peak as compared to PbS QDs synthesized by the normal PbCl,-S
route. The FWHM of the PL peak (160 meV) formed by this method is even narrower than what
can be achieved by the TMS route for the QDs (170 meV) of similar size.*? The calculated PL
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QY of ultrasmall QDs synthesized by this two-step route is around 80%. Repeated experiments
show that this two-step TBP route is highly reproducible and easily controllable. These results
highlight the importance of this new, safer approach for the synthesis of ultrasmall QDs in a
convenient way. As seen in the TEM image displayed in Figure 4(b), PbS QDs with diameter
around 2.5 nm have excellent dispersity without any aggregation, in good agreement with the PL
result. Nevertheless, when less TBP (20 L) was used in the two-step TBP route, bimodal
absorption peaks were observed at around 973 and 1065 nm, respectively (Figure S2). Obviously,
the presence of large amounts of TBP ligands played an important role in obtaining ultrasmall
PbS QDs with a single and narrow peak. To better understand the interaction between PbCl,-
OLA and TBP, we performed additional investigations by focusing on lead precursors and TBP.
Specifically two samples were prepared and compared. In the first case, PbCl,-OLA was first
prepared by heating the mixture of PbCl, and OLA following the same procedure used in the
one-step TBP-route. The solution was then centrifuged and the obtained precipitates were
washed and then dried. In the other case, large amounts of TBP were injected into the PbCl,-
OLA solution at 70 <€ followed by the same precipitation and drying operations. XRD was
performed on these two samples and results are shown in Figure 4(c), where the spectrum of
commercial PbCly, as a reference, is also included. The diffraction pattern of PbCl, (JCPDS card
NO. 26-1150) is totally changed after reacting with OLA. Surprisingly, when TBP was involved
in the reaction, the Pb compound with the crystal structure of laurionite (JCPDS card NO. 74-
2022) could be identified, suggesting the formation of Pb(OH)CI.*®

$'p NMR spectroscopy was further employed to monitor the possible change in TBP following
the reaction. Figure 4(d) shows the NMR spectra of pristine TBP and that after Pb(OH)CI
formation, where no chemical shift was observed. As P is the only element in TBP that may react
in this process, this finding suggests that highly likely, there is no change in the molecular
structure of TBP in solution. It was reported that TBP can be considered as a catalyst in acylation
reaction,®* and different types of alkylphosphines cause considerable changes in the product
yield of PbSe QDs by different effects.”® Nevertheless, this is the first time that TBP was found
to assist the transformation of the PbCl,-OLA complex to Pb(OH)CI. Since the reaction was
conducted under N, the oxygen atom in Pb(OH)CI may mainly come from the large excess of

the commercial OLA reagent (Technical grade: 70%). Although the detailed mechanism for
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transforming the PbCIl,-OLA complex to Pb(OH)CI in this reaction still requires further
investigations, it is already clear that the presence of TBP directly induces such a transformation,

which highly likely changes the Pb-S reaction rate and leads to small QD sizes.

Pb(OH)CI has recently been reported as a lead source to synthesize zero-dimension (0D) and 1D
PbSe nanomaterials at relative low temperature, although the optical properties of such
synthesized nanomaterials were not mentioned.*® Herein, to confirm that Pb(OH)CI serves as the
actual precursor for the formation of ultrasmall, high quality QDs shown in Figure 4(a) and (b),
precipitated Pb(OH)CI was also employed for the QD synthesis. To do it, Pb(OH)CI was first re-
dispersed in toluene and heated to 70 <€, then an appropriate amount of S:OLA solution was
injected. The reaction was quenched by cold-water bath, and the absorption and PL spectra of the
as-synthesized PbS QDs are shown in Figure 4(e). The first-excitonic absorption peak position of
the sample is around 785 nm, which is impressively consistent with that of two-step TBP route
synthesized QDs. The corresponding PL peak is also around 890 nm. The high consistency of
both absorption and PL peak wavelengths of QDs synthesized by the two-step TBP route and
precipitated Pb(OH)CI strongly suggests that Pb(OH)CI is formed first during the two-step route
and acts as Pb precursor for the synthesis of ultrasmall QDs. The PL FWHM (210 meV),
however, is much broader for the QDs synthesized from precipitated Pb(OH)CI. This can be
ascribed to the involved washing process after the Pb(OH)CI synthesis, which removed many
OLA and TBP molecules in solution that can act as the ligands and control size uniformity
during the QD synthesis process. Having that said, TEM image (Figure 4(f)) of such obtained
PbS QDs still shows relatively good dispersity without any obvious QD aggregation, indicating
that Pb(OH)CI is a very promising precursor for ultra-small PbS QDs synthesis.

The above investigations indicate that TBP can facilitate the formation of Pb(OH)CI and lead to
the formation of ultrasmall QDs in the two-step TBP route, although alkylphosphines were
thought to only interact with S. The case was different from the one-step TBP route, where TBP-
S and OLA-S were homogeneously mixed before their injection into the Pb precursor solution.
As the nucleation is instantaneous, no Pb(OH)CI formation is expected. In this case, the TBP
mainly plays a role in retarding QD growth by strongly interacting with S and passivating
surface S-sites (More information can be found in Mechanism Investigations in Sl and Figure
S2). As a result, ultrasmall QDs with single absorption and PL peaks could be obtained in the
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one-step TBP route. So the actual roles of TBP in QD synthesis can be different depending on
the way it is introduced. Based on these studies, the TBP route can be actually done in one-step

or two-step injections for synthesizing ultrasmall QDs.

Moreover, the scale-up synthesis of PbS QDs by both one-step and two-step TBP routes has been
performed (Supporting Information). The results show that both ultrasmall and slightly larger
QDs in high quality can be synthesized at larger scale by the new TBP route, which strongly
suggests that the TBP route, as a greener approach as compared to the TMS route, is a promising,

facile way to produce large amounts of small sized PbS QDs.
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Figure 4. (a) Absorption and PL spectra of PbS QDs obtained by two-step injections of large amounts of TBP
and then S-OLA. (b) TEM image of PbS QDs obtained by two-step injections. (¢) XRD spectra of lead
precursors and commercial PbCl,. (d) **P NMR spectra taken from pristine TBP solution and that after
reaction. (e) Absorption and PL spectra and (f) TEM image of PbS QDs synthesized by Pb(OH)CI and S-
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LSC application

Significant overlapped absorption and PL spectra of QDs could induce serious reabsorption and
thus lower the efficiency of LSCs, especially for large-area devices. In general, the performance
can be improved by enhancing the PL QY of QDs and better separating their absorption and
emission spectra.’®!” It has been reported that heterostructured UV-Visible QDs, such as
CdSe/CdS, can help to separate absorption and PL spectra and reduce re-absorption loss.***" In
previous work, NIR PbS/CdS QDs have been confirmed to have a quasi-type Il band alignment,
in that, electron leakage takes place from the PbS core to CdS shell, causing the red-shift of PL
spectrum and longer life-time of electrons with respect to bare PbS QDs.*®> This PhS/CdS

core/shell structure was confirmed to efficiently reduce the reabsorption of LSC.%

Herein, the two-step TBP route synthesized ultrasmall PbS QDs with the Stokes shift of ~0.25
eV were first coated by a thin CdS shell (~0.1 nm) via cation exchange method to increase the
Stokes shift value to as large as ~0.36 eV as well as to make the QDs more stable.?’ These
core/shell QDs exhibit a fairly high PL QY of 70%. They were then employed as a luminescent
material in LSCs, which can absorb the light and re-emit photons in between 700 and 1100 nm,
coupling very well with the optical excitation wavelength range of Si solar cells (absorbing up to
~1100 nm). As seen in Figure 5(a), after transferring the core/shell QDs from solution into the
polymer matrix followed by UV-initiated polymerization, the PL peak position and FWHM were
not changed, indicating the excellent stability of synthesized PbS/CdS QDs as expected. The

Iisc

optical efficiency (1,,¢) Was measured with a definition of n,,,, = T

where I ¢ and I, are

the short circuit photocurrent from the Si diode coupled with a LSC and the short circuit

photocurrent from the Si diode under direct illumination (AM 1.5G).

As seen in Figure 5(b), the optical efficiency decrease with increasing length of the LSC devices
mainly due to the reabsorption phenomena caused by the small overlap of the absorption and
emission spectra of the QDs, where the G factor is defined as the top surface area divided by the
area of side facing the solar cell (the other three sides were covered by mirrors while measuring
the efficiency). The optical efficiency with the QD concentration of 24 M is around 4% at G
factor of 10, which is much higher than the previous record optical efficiency (~1.4%)" of the
core/shell PbSe/PbS QDs based LSCs at a much higher QD concentration of 193 M (G factor:
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11) with a flat structure. Even at large G factor (G=50, 10 cm in length) the 9y, is still around

1.2%, among the best efficiencies of the LSCs based on the CdSe/CdS QDs (1%)",
CdSe/Cd,PbhS1« QDs (1.15%)%*, PbS/CdS QDs (1.1%)* with similar G factors. It can be
attributed to the high PL QY, large Stokes shift and good stability of TBP-route synthesized QDs;
their integration into the polymer matrix does not lead to any dramatic degradation of their PL
QY. Compared with previously reported giant core/shell QDs with a thick shell, a comparable
stokes shift was obtained for ultrasmall QDs with only a 0.1 nm thin shell. It is a significant way
to overcome the trade-off between shell thickness and PL QY. In many cases, PL QY is
inversely proportional to shell thickness, like the cases of CdSe/CdS? and PbS/CdS. Moreover,
higher temperature (over 200 <C) or longer reaction time (several hours or longer) for preparing
the giant core/shell QDs can be avoided. For instance, we conveniently obtained PbS/CdS QDs
(shell thickness: 0.1 nm) in 8 s at 100 <C. Overall, ultrasmall QDs synthesized by the TBP route
are promising for LSC application in the NIR range by taking PL QY, separation of

absorption/emission spectra and photo-stability of these QDs into consideration.

To further evaluate the performance of the LSC device based on PbS/CdS QDs, quantum

efficiency (Mquan ) defined as ngyan = I,f,ffia was calculated (Figure 5(b)), where I42S is the

short circuit photocurrent from the Si diode under the illumination of light absorbed by QDs.

Similar to the trend of Nyp , the Mgyuan Of the device decreases from 9.6% to 2.9% with

increasing G-factor of LSCs from 10 to 50. The quantum efficiency gives an idea of the amount
of photons that reach the edge of the LSC and so it is a useful indication of the feasibility to
realize large-scale LSC. Also in this case, even at large G factor (G=50), the internal quantum
efficiency is still around 2.9%, one of the best values for NIR LSCs based on lead chalcogenides
and also comparable to the values of the best LSCs involving other types of QDs such as
CdSe/CdS"". In addition, it can be further improved by increasing the shell thickness, resulting in
more separated absorption and emission spectra, and thus less reabsorption in the LSC device.
These results indicate that these ultrasmall QDs are quite promising for large-area LSC device
application. LSC devices composed of relatively large PbS QDs and PbS/CdS QDs with a thick
shell (0.5 nm) were also fabricated. Their device performance is shown in the supporting

information.
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Figure 5(c) shows that the as-prepared LSC device has quite good transparency, attributed to
homogeneously dispersed PbS QDs in a polymer matrix. Moreover, a NIR camera with a 780 nm
long-pass filter was used to capture the photograph of an illuminating LSC excited by a 636 nm
laser light source (Figure 5(d) and (e)). A large portion of the generated photons was successfully
guided to the edge of the LSC device with brightness comparable to the excited area under direct

illumination, indicating the good quality of the prepared LSC device.
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Figure 5. (a) Absorption and PL spectra of PbS/CdS in solution and a polymer matrix. (b) Optical/quantum
efficiency of PbS/CdS QDs embedded LSCs with different G factors. (c) Photograph of a LSC device (scale

bar: 1 cm). (d) Scheme of the experimental setup for exciting and taking the photograph of an illuminating
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LSC device (Region of 0 angle is the escape cone of emitted light). (e¢) Photograph of an illuminating LSC,

captured by a NIR camera with a 780 nm long-pass filter.

Conclusions

In summary, the TBP route has been developed, for the first time, as an effective and less toxic
way to synthesize high quality, ultrasmall PbS QDs, without involving the use of smelly S
precursors (such as TMS) and a glove box. Via this method, PbS QDs with diameter below 2.5
nm can be synthesized, showing the optical absorption peak wavelength as short as 705 nm,
which have been challenging to achieve with previously reported TMS-free methods. In addition
to yielding quite high PL QY up to 90%, this synthesis route can be readily scaled up. By
performing detailed investigation on experimental parameters and conducting structural, surface
chemistry and optical characterization, the actual role of TBP in QD synthesis was found to be
different depending on the way it was introduced into the synthesis. Surprisingly, it can promote
the transformation of PbCl,-OLA to Pb(OH)CI, leading to the synthesis of ultrasmall PbS QDs.
Moreover, it was confirmed that TBP is capable of slowing down the crystal growth process and
passivating the surface S-sites. The high quality of such synthesized PbS QDs (and subsequently
synthesized PbS/CdS QDs) was further demonstrated by the impressively high efficiency
achieved by QD-based LSC devices, revealing the success of the developed TBP route and the
high potential of these QDs in NIR optoelectronics.
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Table S1 Absorption and PL characteristics and calculated size of PbS QDs synthesized with

different volumes of TBP.

Contents of TBP (L) 0 10 20 30 40 60
Absorption Peak (nm) 1056 1028 951 876 705 N/A
Calculated QD Size (nm) 3.5 34 31 28 22 N/A
PL Peak (nm) 1136 1115 989 942 844 N/A

PL FWHM (meV) 119 100 107 122 197 N/A

N/A means that no QDs were collected.

Figure S1. X-ray diffraction (XRD) spectrum (a) and energy-dispersive X-ray spectroscopy

(EDS) of PbS quantum dots (QDs) with an average diameter around 3.1 nm. The XRD pattern is
in accordance with the PbS standard JCPDS card no. 02-0699. EDS results confirm the QDs are

composed of Pb and S.
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Mechanism investigations. Understanding the effect of different molecular species on the
formation of nanocrystals is crucial to control the diameter, dispersity, yields and properties of
QDs and ultimately their utility in functional devices." In this respect, it is important to know the
role of TBP in synthesizing ultrasmall PbS QDs. For the normal PbCl,-S synthesis, without the
presence of any alkylphosphines, the mechanism investigations have been focused on the
reactions between sulfur and amine. It was reported that sulfur exists as Sg rings at its standard
state, which can firstly react with alkylamine to form the sulfur precursor alkylammonium
polysulfides at relatively low temperature. Upon heating to a higher temperature, such as 130 <€,
the polysulfide ions react with excess amine to generate H,S, which then react with lead
precursors to form PbS QDs. For the TOP involved PbCI,-S synthesis, it was reported that the
presence of TOP can affect the “crystal growth” in a complicated way (for example, by forming

S-TOP complex), but without really participating in the nucleation process.?

Herein, the effect of TBP on the nucleation and crystal growth of PbS QDs was investigated by
varying the way TBP was introduced into the reaction solution (please note: in the one-step route
mentioned in the manuscript, TBP was first mixed with the S-OLA solution and then one step
injection of S-OLA/TBP was done). In one case, 20 i of TBP was separately injected into the
reaction solution immediately after the S-OLA solution being added to the pre-heated Pb
precursor solution (denoted as (S-OLA)+TBP). The absorption spectrum of the obtained QDs
with an absorption peak position around 985 nm is shown in Figure S2, which is clearly blue
shifted as compared to the case of the TBP-free reaction. Assuming the nucleation process is
instantaneous upon the S-OLA injection, this observation suggests that TBP affects QD growth
by decreasing the chemical reactivity of the S precursor, highly likely due to the already known
strong binding effect between phosphines and S although the TBP effect on the Pb precursor
reactivity cannot be absolutely excluded either. In addition, the passivation of the surface S sites
by TBP, as confirmed by **P NMR (Figure 3b), increases the barrier for the QDs growth. Both
effects can decrease the growth rate of PbS QDs, leading to a smaller size and thereby an
absorption peak at a shorter wavelength. Similar “retarding” effect on the crystal growth was
also observed in our group by using TOP as an additive, although in that case we did not identify
the presence of TOP on the QD surface.® Surprisingly when we switched the order of injections

of S-OLA and TBP, bimodal absorption peaks were clearly observed, with one located at 973 nm

98



close to that of QDs obtained by the one-step TBP route, and the other at 1065 nm close to that
of the TBP-free sample. We speculate that TBP possibly has imposed certain effect on the lead
precursor as well, which affects the nuclei formation, although usually we tend to think that
alkylphosphines only interact with S. The effect of TBP (at larger amount) on the Pb precursor
was investigated in depth in the manuscript, which was found to facilitate the formation of
Pb(OH)CI.

Figure S2. Two-step injection: absorption spectra of PbS QDs synthesized by injecting (S-OLA)
and then 20 pL TBP (Black: (S-OLA)+TBP) and by injecting 20 pl TBP and then (S-OLA)
(Red: TBP+(S-OLA)) into the Pb precursor solution; One-step injection: absorption spectra of
PbS QDs synthesized by injecting the mixture of S-OLA and TBP (TBP: 20 L, dark green: S-
OLA/TBP), and by injecting S-OLA only (no TBP, Blue: S-OLA) into the lead precursor

solution.
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Synthesis scale-up of ~3.1 nm PbS QDs. The quantities of major chemicals were enlarged by 6-
folds (PbCl,:12g S:120 mg TBP: 120 i), whereas the volume of OLA for dissolving PbCl, and
S was slightly increased (50 ml) and unchanged (5 ml), respectively. The absorption
spectroscopy, photoluminescence (PL) spectroscopy and TEM were employed to determine the
quality of the synthesized QDs. The absorption spectral with well-shaped narrow peak around
967 nm has been obtained for the as-prepared PbS QDS as shown in Figure S3(a), and its
corresponding PL spectrum with strong intensity and low value of full width at half maximum
(FWHM) (98.6 meV) is shown in the Figure S3(b). Figure S3(c) further proves that the as-
prepared QDs have uniform size distribution, which accords well with the PL and absorption
results. We conclude that the high quality PbS QDs have been successfully obtained by the up-
scaling reaction. Each batch yields around 470 mg of QDs. There is still large room for further
quantity increase.

Figure S3. Characterizations of PbS QDs (~3.1 nm in diameter) synthesized by one-step TBP-
route in the scaled-up reaction: absorption spectrum (a), PL spectrum (b), and transmission
electron microscopy (TEM) image (c).
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Synthesis scale-up of ~2.8 nm PbS QDs. In this synthesis, the quantities of major chemicals
were enlarged by 5-folds (PbCl,: 10 g; S: 100 mg), whereas the volume of OLA for dissolving
PbCI; and S was slightly increased (50 ml) and unchanged (5 ml), respectively. The volume of
TBP was increased by 10 folds. Absorption spectroscopy, PL spectroscopy and TEM were
employed to assess the quality of the QDs synthesized at the larger reaction scale. Both
absorption and PL peaks remain at similar wavelengths after reaction scale-up (Figure S4(a)).
Although the absorption peak is broadened, the FWHM of the PL peak remains almost
unchanged. The integrated PL intensity of the up-scaled sample is around 89% of that of the
standard sample, before scaling up, measured at the same QD concentration. Fig. S4(b) confirms
that the as-prepared QDs have uniform morphology and size distribution with the average
diameter around 2.8 nm, consistent with the results got from the PL and absorption spectra.
Clearly high quality PbS QDs can be obtained by the up-scaled reaction, which yields QDs
around 150 mg.

Figure S4 Characterizations of PbS QDs synthesized by the TBP-route in scale-up reactions: (a)
absorption and PL spectra and (b) TEM image of QDs (~ 150 mg per batch) synthesized by
scaling up the synthesis for 3.1 nm QDs (one-step injection). Absorption and PL spectra of PbS

QDs with similar diameter synthesized in a standard scale are also included for comparison.
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Synthesis scale-up of PbS QDs with diameter ~2.3 nm. Synthesis of PbS QDs with first-
excitonic absorption peaks shorter than 800 nm was also successfully scaled up by separately
injecting large amounts of TBP firstly, and then S-OLA (TBP:PbCl,:S = 1:1:0.42 in molar),
instead of using the one-step TBP-route. As an example, PbS QDs with an absorption peak at
~730 nm and a PL peak at 870 nm can be synthesized from one batch at the quantity of ~200 mg
(Figure S5).

Figure S5 Absorption/PL spectra (a) and TEM image (b) of ultra-small PbS QDs synthesized by

the two-step injection.
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Synthesis of PbS/CdS QDs with the shell thickness around 0.5 nm. PbS QD suspension in
toluene (1 mL, Absorbance = 3 at the first exciton peak) was first diluted to 10 mL. After N,
bubbling for 30 min, the PbS QD suspension was heated to 100 'C, followed by the immediate
injection of 1 ml of Cd-oleate solution. The reaction was then allowed to proceed for different
time in order to get different shell thickness. Specifically, for growing the CdS shell of 0.5 nm in
thickness for the LSC device fabrication, the reaction was stopped after 5 h. Finally, the PbS/CdS
QDs were purified and re-dispersed in toluene for LSC device fabrication. TEM image and

energy-dispersive spectroscopy (EDS) of obtained PbS/CdS are shown in Figure S6.

Figure S6. TEM image (a) and EDS spectrum (b) of PbS/CdS QDs synthesized via cation
exchange for luminescence solar concentrator (LSC) application.
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Figure S7. (a) Absorption and PL spectra of PbS QDs (first excitonic peak: ~900 nm; PL: ~960
nm) in solution and a polymer matrix. (b) Optical/quantum efficiency of PbS QDs embedded
LSCs with different G factors. (c) Absorption and PL spectra of PbS/CdS QDs (Shell thickness:
~0.5 nm) in solution and a polymer matrix. (d) Quantum efficiency of PbS/CdS QDs embedded
LSC devices with different G factors.
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Table S2 Detailed information for fabricated LSC devices using relatively larger PbS (first
excitonic peak: ~900 nm; PL peak: ~960 nm) and thicker-shell (0.5 nm) PbS/CdS QDs as

luminescent materials, respectively.

Samples Concentration of QDs  Length (cm) G factor Optical efficiency Quantum efficiency

(HV) (%) (%)

PbS-1 14 2 10 6.4 9.2
PbS-2 14 3 15 4.2 6.1
PbS-3 14 4 20 33 4.8
PbS-4 14 7 35 1.7 24
PbS/Cds-1 24 2 10 6.72 16.3
PbS/CdS-2 24 4.6 23 2.81 6.8
PbS/CdS-3 24 5 25 2.63 6.4
PbS/CdS-4 24 5.8 29 2.38 5.8

Error of quantum/optical efficiency: #10%.

Determination of PbS QD quantity in the scaled-up reaction

Firstly, we determined the molar concentration of synthesized PbS QDs in toluene using the
Beer-Lambert’s law: A = ¢CL, where A is the absorbance at the position of the first exciton
absorption peak for a given sample, ¢ is the extinction coefficient per mole of PbS QDs, C is the
molar concentration of QDs, and L is the light path length depending on the cuvette. € was
determined using & = 19600 r>32* where r is the radius of QDs. R can be calculated by the
following formula: E = 0.41 + 1/(0.0252d* + 0.283d), where E and d are the bandgap and
diameter of obtained QDs, respectively.® Then, the calculated C was converted to mass
concentration.?  Finally, the product yield per batch can be obtained by using the mass

concentration multiplying the total volume of QDs solution.
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4.2 Enhanced Long-term and Thermal Stability of Polymer Solar Cells in
Air at High Humidity with the Formation of Unusual Quantum Dot

Networks
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Gangadharan, Jo&le Margot, Ricardo Izquierdo, Mohamed Chaker, and Dongling Ma

ACS Appl. Mater. Interfaces 2017, 9, 26257—26267.

Concerning the practical application, the stability of the solar cell devices is also very important
in addition to their PCE. To the best of our knowledge, investigations on the stability of PSCs are
quite limited, and it is challenging to improve their stability performance, especially for the

devices operating under abnormal or un-expected conditions.

In this section, both of the long-term and thermal stability of PSCs based on P3HT:PCBM have
been largely improved by incorporating inorganic QDs, which are able to stabilize the active film
and impede the oxidization of P3HT material by forming unusual QD-networks. The effects of
surface ligands on the morphology of the active film, then performance of the devices, were

discussed based on characterization results of the active film and device.

| did most of the experimental work and wrote the draft of this manuscript. | also got the help

from Fan Yang, who did the FTIR measurement.
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ABSTRACT: Due to the practical applications of polymer solar cells (PSCs), their stability
recently has received increasing attention. Herein, a new strategy was developed to largely
enhance the long-term and thermal stability of PSCs in air with a relatively high humidity of 50-
60% without any encapsulation. In this strategy, semiconductor PbS/CdS core/shell quantum
dots (QDs) were incorporated into the photoactive blend of poly(3-hexylthiophene) (P3HT) and
phenyl-Cg;-butyric acid methyl ester (PCBM). By replacing the initial ligands of oleic acid with
halide ligands on the surface of PbS/CdS QDs via solution-phase ligand exchange, we were able
to form unusual, continuous QD networks in the film of P3HT:PCBM, which effectively
stabilized the photoactive layer. Air-processed PSCs based on the stabilized P3HT:PCBM film
showed excellent long-term stability under high humidity, while providing over 3% of power
conversion efficiency (PCE) simultaneously. Around 91% of pristine PCE was retained after 30
days storage in high humidity air without encapsulation. This constitutes a remarkable
improvement as compared to ~53% retained PCE for the QDs free devices, which can be
ascribed to the efficient suppression of both PCBM aggregation and oxidation of the thiophene
ring in P3HT thanks to the formation of robust QD networks. Furthermore, the presence of QD
networks was able to enhance the stability of the P3HT:PCBM film against thermal
stress/oxidation under high humidity environment (50-60%) as well. The device kept 60% of
pristine PCE after thermal treatment for 12 h at 85 <C in air, which is more than twice higher
than that for the QD-free device. To the best of our knowledge, the work represents the first
unambiguous demonstration of the formation of QD networks in the photoactive layer and of
their important contribution to the stability of PSCs. This strategy is highly promising for other
fullerene-based PSCs, and opens a new avenue toward achieving PSCs with high PCE and

excellent stability.
1. Introduction

Solar cells based on inorganic semiconductor nanocrystals®?, organic materials®® and perovskite
materials®’ are considered as promising candidates for next-generation solar cells with both high
efficiency and low cost as well as excellent stability. Among these solar cells, polymer solar cells
(PSCs) made of earth-abundant, light weight, flexible, low-cost materials,® have attracted
tremendous attention. Thanks to decades of efforts from many research groups, the reported

power conversion efficiency (PCE) for single-junction PSCs now exceeds 10%,* which is
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considered as the minimum efficiency requirement for their commercialization. Nonetheless, the
stability of PSCs, another critical challenge to address in view of commercialization, remains
rather limited. One of the major reasons for PCE degradation of PSCs is “chemical degradation”
8. Oxygen and/or water react with polymer materials and/or metal electrodes (such as Al) which
can further be accelerated under illumination via the process known as photochemical
degradation. Specifically for polymers, such processes alter their band gap, and their optical,
electronic and electrical properties, all directly influencing the solar cell performance. In
addition, the morphology of the active layer plays a significant role in determining the PCE of
PSCs based on polymer and fullerene materials.>*? In many cases, the optimum morphology
giving rise to the high PCE achieved by solvent/additive engineering or film annealing treatment
IS metastable. The gradual relaxation of this optimum morphology with time toward the
thermodynamic equilibrium state can lead to PCE loss. For instance, phenyl-Cg;-butyric acid
methyl ester (PCBM) as a small molecule with weak intermolecular interactions is highly likely
to diffuse in the entire blend film with time and to eventually form macro-scale PCBM
aggregates/crystallites.’® These aggregates can cause poor charge separation and transport, and
electrode delamination.’**" All of these degradation issues become even worse when PSCs have
to be operated under abnormal conditions, such as high humidity or elevated temperature.®® It is
important to realize that although the chemical (photochemical) degradation of PSCs can be

delayed by proper encapsulation, the morphology stabilization is hard to achieve.

In view of reducing the chemical degradation for improving the stability of PSCs, recent
advances are mainly focused on three aspects. First, a blocking layer (also named buffer layer),
made of materials like TiOy and ZnO, between the photoactive material and the metal electrode
was employed to scavenge oxygen and impede the permeation of oxygen and moisture into
polymer through the metal electrode.*®** Another effective approach to improve the stability of
PSCs is to design and build so-called inverted solar cells, in which a low-work-function metal is
replaced by a less air-sensitive, higher-work-function metal as hole-collecting back electrode,
whereas the commonly used, highly acidic poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate is replaced by metal oxide as electron selective electrode.?*? In this case, the nature of
charge collection is reversed. The design and synthesis of new polymers with a highest occupied
molecular orbital (HOMO) energy level deeper than that of conventional polymers is also able to

improve the inherent stability of polymer materials.** To control the morphology of the active
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layer, several approaches were attempted. These include (i) cross-linking fullerene derivatives or
polymer networks, (ii) chemical coupling of fullerene and polymer, and (iii) increasing the glass
transition temperature (Tg) by using higher molecular weight polymers, which can slow down the
migration of small organic molecules like PCBM.™*" Alternatively, enhanced morphology
stability was also obtained by adjusting the electron extraction layer. This was found to
significantly affect the nucleation of PCBM aggregates at the interface between the active layer
and the electron transport material.*® In addition, in a promising study SiO, nanoparticles were
used as inorganic additives to manipulate the morphology of organic thin films and improve the

transistor performance,® which may be applied to PSCs as well.

Quantum dots (QDs) have attracted tremendous attention in the photovoltaic (PV) field, owing to
their unique, size-tunable optical properties and band gap, high potential for efficient multiple
exciton generation and hot carrier extraction, and low-cost solution processability."?*?" In
addition to being considered as the major light absorber in QD-sensitized solar cells, QD-based
Schottky solar cells and QD-metal oxide heterojunction solar cells, an active layer composed of
organic polymer and inorganic QDs was proposed to offer opportunities for fabricating PV
devices (known as inorganic-organic hybrid solar cells) with advantages from both organic
materials and QDs.?** In particular, near infrared (NIR) QDs featuring broad absorption from
the ultraviolet and visible spectral ranges to NIR are highly attractive to expand the
photoresponse of PSCs.*®** Further considering these less-than-10 nm QDs may act as
nanoparticle additives to stabilize the morphology, we developed a new strategy to improve the
performance of PSCs based on poly-3-hexylthiophene (P3HT):PCBM using NIR PbS/CdS QDs
capped by short halide ligands as structural stabilizer. Different from the traditional hybrid solar
cell, the content of incorporated QDs was around 10 wt %, much less than over 50 wt %
commonly reported in previous work.**?3* Therefore, P3HT acted as the major light absorbing
material in our case, whereas QDs were expected to mainly play a role for improving the
stability of the solar cell device and increase the NIR photoresponse of device. By manipulating
the surface ligand of QDs, a unigue, continuous network mainly composed of QDs was formed
for the first time, leading to excellent long-term air stability under high humidity, achieving a
PCE comparable to that reported for P3HT:PCBM based devices.*® Furthermore, the QD
networks were found to stabilize the P3HT:PCBM film under thermal stress at high humidity.
This solves a highly challenging issue as the P3HT:PCBM blend has a low Ty (~40 <C with a
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PCBM content of 40%).%® It is worth highlighting that all of the stability performance
investigations were conducted in air with high humidity of 50-60%, which is typical in actual
applications of PSCs, even though such conditions are rarely reported in the literature. Therefore,
our work opens new opportunities toward the achievement of highly stable PSCs and toward

their commercialization.
2. Experimental
2.1 Synthesis of PbS QDs

PbS QDs were synthesized following the procedure previously reported by our group.®
Typically, 760 mg of Pb(OAC),.3H,0 (>99.99%), 2.4 mL of oleic acid (OA, >99%) and 15 mL
of 1-octadecene (ODE, 90%) were added to a three neck round bottom flask and heated to 150 'C
for 1 h while being stirred and purged with N, flow. This lead precursor solution was cooled
under vacuum to 130 'C and N, flow was resumed. Two millilitres of mixture of
bis(trimethylsilyl) sulfide (synthesis grade) and trioctylphosphine (technical grade, 90%) in a
volume ratio of 1:10 were injected into the flask, and the temperature was decreased to 100 'C
very quickly. The QD growth reaction was quenched with cold water after 5 minutes. The
obtained PhS QDs were dissolved in toluene and kept at 4 °C for 2 days before purification with
repeated centrifugation/re-dispersion processes. The concentration of the PbS QDs can be
determined by measuring their absorption spectrum, and the calculation details can be found in

Supporting Information.
2.2 Synthesis of PbS/CdS QDs

A high concentration of Cd-OA was prepared by mixing CdO (>99.99% trace metals basis),
ODE and OA, and by heating the mixture to 250 <C. After CdO was dissolved (solution changed
to transparent), the mixture solution was cooled to about 160 <C, and pumped for 30 min. Then,
the as-prepared PbS QDs were dissolved in 20 mL toluene after purification. Appropriate
amounts of Cd-OA solution were added into the PbS QD dispersion. After 3-min stirring and 6-
min bubbling by Ny, the solution was placed in a microwave reactor for 8 s at 100 'C to get
PbS/CdS core/shell QDs with 0.1 nm CdS shell. Finally, the QDs were purified by ethanol and

then by acetone washing.
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2.3 Metal halide treatment to the PbS/CdS QDs

Halide treatment was carried out in solution following the ligand exchange procedure previously
reported.?® First, a stock CdCl, solution was prepared by mixing 600 mg of CdCl, (99.999%
trace metals basis), 66 mg of tetradecylphosphonic acid (97%) and 10 ml of oleylamine
(technical grade, 70%) in a flask and heating the mixture at 100 <€ under vacuum for 1 h.
Subsequently, 10 mL PbS/CdS QDs solution (25 mg/mL in toluene) was heated to 60 € under
N flow, and 0.75 mL of CdCl, stock solution was injected and kept at 60 <€ for 30 min under
magnetic stirring. The obtained halide-PbS/CdS QDs were purified by ethanol and acetone
washing successively and further dispersed in dichlorobenzene for characterization and solar cell

fabrication.
2.4 Preparation of ZnO precursor solution

ZnO precursor was prepared by dissolving zinc acetate dihydrate (Zn(CH3;COO), 2H,0, 99.9%)
and ethanolamine (NH,CH,CH,OH, 99.5%) in 2-methoxyethanol (CH30OCH,CH,0H, 99.8%)

under vigorous stirring for 12 h for the hydrolysis reaction in air.
2.5 Fabrication of solar cell devices

Indium tin oxide (ITO) glass substrates (2.5 cm>2.5 cm) were sequentially washed in water,
acetone and isopropanol for 20 min each. An optical lithography technique was then used to
pattern the substrates (Scheme 1). The patterned ITO glass substrates were cleaned again in
acetone and isopropanol for 10 min each, followed by oxygen plasma treatment for 2 min. The
ZnO precursor solution was then spin-coated onto the patterned 1TO glasses and annealed at 200
<€ for 30 min in air to get the ZnO film (an electron transport and hole blocking layer). P3HT
(RR93-95, solaris):PCBM (>99.5%, solaris):QDs (1:0.8:0.2 by weight) solution in 1,2-
dichlorobenze was spin-coated onto the ZnO layer to form the photoactive film and kept in a
petri dish for 30 min for aging before the thermal annealing step at 140 <C for 10 min. Finally,
the fabrication of the solar cell device was completed by depositing a 20 nm thick layer of MoOs
on the photoactive film followed by an 80 nm thick layer of Ag through a shadow mask, which
makes the photoactive area of about 6 mm?.
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Scheme 1. Illustration of PSC device fabrication process.
2.6 Characterization

Absorption spectra of the QDs were acquired with a Cary 5000 UV-Vis-NIR spectrophotometer
(Varian) scanning the sample at a speed of 600 nm/min. Synthesized PbS and PbS/CdS QDs
were also characterized by transmission electron microscopy (TEM, JEOL 2100F). The
Fluorolog®-3 system (Horiba Jobin Yvon) was employed to measure the relative
photoluminescence quantum yield (QY) of QDs using IR 125 dye as a reference. X-Ray
photoelectron spectrometry (XPS) was performed using a VG Escalab 220i-XL equipped with an
Al K, source. The XPS data were analyzed with the Casa software. Atomic force microscopy
(AFM) (Bruker Corporation) with a silicon tip on a nitride lever was employed to investigate the
film morphology. Topography images of the photoactive layers were obtained in the ScanAsyst
mode. The different domains composed of inorganic QDs and organic materials were detected in
the contact mode by measuring the lateral bending of the cantilever. X-ray diffraction (XRD,
Panalytical X-Pert PRO MRD, Bruker Corporation) characterization was performed on the film
samples. The films were covered by a MoO3s/Ag layer during long-term aging to simulate the
actual device conditions. Fourier transform infrared spectrometer (FTIR, Digilab FTS7000) in
the transmittance mode was employed to detect the change of chemical bonds of the organic
material in the film. The solar cells were characterized by current-voltage (J-V) measurements
under illumination by an AM 1.5 solar simulator. External quantum efficiency (EQE)

measurements were also conducted using an IQE200B system (Newport Corporation).

3. Results and discussion
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The surface of the PbS QDs was modified before using them for PV applications. As seen in
Figure 1(a), as-prepared OA-capped PbS QDs (denoted as OA-PbS) have their first-excitonic
absorption peak position around 996 nm. After cation-exchange reaction, Pb® ions are partially
replaced by Cd** ions, yielding a thin shell of CdS on the QDs, without changing their overall
diameter.>**° Such a thin shell formation results in the blue shift of the absorption spectrum of
QDs. In our case, the absorption peak is blue-shifted to 954 nm, which corresponds to the
formation of a shell thickness of 0.1 nm.** The purpose of forming such a thin CdS shell was to
significantly improve the air-stability of PbS QDs as well as their thermal- and photo-stability,
without blocking charge carrier transport, all of which are highly relevant to solar cell
applications.**?* Both PbS QDs (diameter: ~3.3 nm) and PbS/CdS core/shell QDs (denoted as
OA-PbS/CdS) are mono-dispersed without any aggregation, with high QY of 72 and 68%, a
feature indicating the high quality of the obtained QDs (Figure 1 (b)). Metal halide treatment was
further employed to largely replace OA on the QD surface with much smaller halide. The
produced halide passivated PbS/CdS QDs (denoted as halide-PbS/CdS) cause the red shift of the
first excitonic absorption peak, in agreement with already reported results.*® XPS was employed
to examine the surface chemistry of the PbS/CdS QDs before and after metal halide treatment.
As seen in Figure 1(c), lines associated with Pb, S, C, Cd and O are detected for both OA-
PbS/CdS and ligand-exchanged PbS/CdS QDs, whereas the Cl 2p peak is only observed for
halide-PbS/CdS (the Si peak originates from the substrate holder). Additionally, the atomic ratios
of C/O/Pb of OA™ and halide-PbS/CdS are estimated to be 55:10:1 and 17:3:1, respectively,
thereby confirming that large numbers of OA™ ligands are replaced by CI" ligands. Figure 1(d)
displays the high resolution CI 2p spectrum of halide-PbS/CdS. The CI 2p3/2 binding energies
are located around 197.7 eV, which is in line with that of CI" found in chelate compounds.** This
could be attributed to the formation of electrostatic bonds between metal cations and CI" ions on
the QD surface. The halide ligands are able to form a dense ligand shell and to reach the midgap
trap states, which cannot be achieved by long-chain ligands, like OA", owing to the “steric
effect”.*® Therefore, this surface treatment can effectively reduce the density of trap states, which
leads to the recombination of photo-generated carriers. Additionally, the surface S atoms with
unsaturated dangling bonds can also be passivated by Cd** via this treatment. Therefore, the

halide-PbS/CdS obtained by surface engineering is suitable for solar cell application.
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Figure 1. (a) Absorption spectra of OA-PbS, OA-PbS/CdS and halide-PbS/CdS; (b) TEM images of as
prepared OA-PbS/CdS and OA-PbS (inset); (c) XPS survey spectra of OA- and halide-PbS/CdS; (d) High
resolution XPS CI2p spectrum of halide-PbS/CdS.

The morphology of the photoactive layer is crucial for the performance of polymer:fullerene
based PSCs. To prevent the undesired effect of solvent on film morphology with and without the
presence of QDs, the as-prepared halide-PbS/CdS QDs were first dispersed in the same
dichlorobenzene solvent as used for preparing the QD-free film of P3HT:PCBM, prior to their
mixing with P3HT:PCBM blend solution. The morphology of fabricated P3HT:PCBM:halide-
PbS/CdS film was analyzed by AFM and compared to that of the QD-free P3HT:PCBM film.
Figure 2(a) shows the topography image of P3HT:PCBM film, which displays a typical
morphology relatively uniform with root-mean-square (RMS) roughness of about 9.2 nm. As for
the P3HT:PCBM:halide-PbS/CdS film, an unusual, continuous network appears in the whole
film (RMS: 9.5 nm, Figure 2(b)). Lateral force images were acquired in the contact mode
scanning. In this mode, the surface features corresponding to different friction characteristics can

be revealed. These characteristics are determined from the voltage response corresponding to the
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lateral force applied on the cantilever. As seen in Figure 2(c), the voltage response is very similar
over the whole surface of the P3HT:PCBM film, indicating that the exerted lateral forces are
homogeneous. This result is in good agreement with the morphology of the corresponding
topography image (Figure 2(a)). For the P3HT:PCBM:halide-PbS/CdS film, much higher
response voltage was observed in the regions corresponding to the observed network (Figure
2(d)) as can be seen by comparison with the topography image (Figure 2(b)). Such a dramatic
difference can be attributed to the formation of inorganic QD-rich domains (denoted as QD
networks herein), which can provide stronger lateral forces on the AFM cantilever than the

organic-material-rich domain.
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Figure 2. AFM topography images of P3HT:PCBM (a) and P3HT:PCBM:hailde-PbS/CdS (b) films by
ScanAsyst mode scanning; Lateral force images of P3HT:PCBM (c) and P3HT:PCBM:hailde-PbS/CdS (d)

films by contact mode scanning.

Because quite different film morphologies have been identified with and without halide-
PbS/CdS, it is very interesting to examine their PV performance that is known to be strongly
correlated to the morphology. We thus fabricated solar cell devices based on these two films.

The device band diagram is shown in Figure 3(a). The J-V measurements were performed under
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AM 1.5 illumination. As seen in Figure 3(b), by incorporating halide-PbS/CdS into the active
layer, the short-circuit current (Jsc) of the device is slightly enhanced, whereas the open circuit
voltage (Voc) and fill factor (FF) are decreased compared to those of QD-free device. These
results can be understood by considering the roles of QDs in the active layer. Indeed, the halide-
PbS/CdS QDs regarded as a broad-band light absorbing material are able to generate excitons.
These excitons can possibly dissociate to produce charge carriers due to the band alignment of
the three components (Figure 3(a)). Electrons can then be transported by PCBM to ZnO, and
holes by P3HT and/or QD networks to MoO3/Ag. Therefore, the presence of halide-PbS/CdS
could contribute to increase Js, while slightly lowering V. due to their narrower band gap than
P3HT. Figure 3(c) shows the EQE spectra for both halide-PbS/CdS and QD-free samples. We
can see that the efficiency in the 340-500 nm range is slightly increased compared to those of the
QD-free sample, which can be attributed to the enhancement of light absorption in the active
layer due to the presence of QDs. The total J. calculated from these spectra is about 8.3 and 8.5
mA cm™ for the QD-free and halide-PbS/CdS samples, respectively. These values are in good
agreement with the results obtained from J-V measurements. Furthermore, as shown in the inset
in Figure 3(c), the photoresponse of the halide-PbS/CdS device was extended to the NIR range.
Overall, the halide-PbS/CdS device yields a PCE of about 3.17 +0.15%, (average), which is
comparable to that of the QD-free device (average PCE: 3.37 =+ 0.24%) as well as to the
commonly reported values for P3HT:PCBM (average PCE: ~3.0%).%°4°
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Figure 3. (a) Band diagram of the device with the inverted structure of
ITO/ZnO/P3HT:PCBM:QDs/M00s/Ag; representative J-V curves (b) and EQE spectra (c) of the QD-free
and halide-PbS/CdS QDs incorporated devices.

The long-term stability of the fabricated devices with and without halide-PbS/CdS was examined
by maintaining them in an environment with air at a relatively high humidity of 50-60% and in
the dark. For the QD-free device, the efficiency gradually decreases from 3.37% to 1.8%, that is,
by nearly 50% after 1 month storage (Figure 4(a)). This performance is better than that for the
conventional device,?? which emphasizes the advantage of the inverted structure. Moreover, the
PCE degradation is further slowed down for the halide-PbS/CdS incorporated device. In this
case, after one month storage, 90.7% (PCE: 2.87%) of the pristine efficiency (PCE: 3.17%) is
maintained (Figure 4(b)), which is comparable to the previously published best results (~89%
remaining after 32 days in ambient air with unknown humidity, whereas the current work was
under high humidity of 50-60%) in similar conditions.?? The long-term stability of our devices
(un-encapsulated) is even better than that of the encapsulated P3HT:PCBM devices (85% of PCE
was retained after 30 days)™. It is also better than the recently reported work for P3HT:PCBM
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devices (90% of pristine PCE was retained in ~23 days and 80% in ~34 days)*’.The analysis of
the PV parameters Js;, Vo and FF of the QD-free device reveals that each tends to decrease with
time, resulting in the decrease of PCE as well. However, the reduction of the FF (by 27%), which
is greatly affected by charge carrier recombination and transport, is more severe than that of Jg
(by 15.8%) and V. (by 13.1%). This finding implies that the degradation of the photoactive
layer is related to the appearance of charge carrier recombination sites. In contrast, quite different
results were obtained for the device containing the halide QDs. First, Js is relatively stable over
the whole storage duration. Second, V. even increases unexpectedly, which could be ascribed to
the oxidization of QDs and thereby to the increase of their band gap. Similar results were
obtained by exposing the device based on a compact PbS QDs layer to air, although the
mechanism yielding the Vo increase is still unclear.>?’ On the other hand, the oxidization of
QDs could produce PbSO,4 on the QD surface, which introduces a mid-gap state that serves as a
recombination center for photo-generated charge carriers, leading to the slight decrease of the
FF. These results clearly show that the stability of PSCs is dramatically improved in the presence
of QDs. The series (Rs) and shunt resistances (Rs,) were extracted from the J-V curves to further
analyze the cause of long-term stability enhancement. For the QD-free device, R increases from
9.5 to 17.5 Q cm?, while Ry, decreases from 1145 to 289.4 Q cm?. However, these changes of R
(from 10 to 12.5 Q cm®) and of Ry, (from 857.7 to 833.3 Q cm?) are considerably reduced for the
QD device. These results explain the larger increase of charge recombination centers for the QD-
free device as compared to the QD device, which leads to faster degradation.
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Figure 4. Long-term stability performance of unencapsulated devices in air under high humidity of 50-60%
based on the film of P3HT:PCBM (a) and P3HT:PCBM:halide-PbS/CdS (b).
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To elucidate the underlying mechanism yielding the strongly enhanced long-term stability of
cells in the presence of QDs, XRD was employed to get deeper insights into the morphology
change of the film after 30 days storage as compared to the pristine film. For both P3HT:PCBM
and P3HT:PCBM:halide-PbS/CdS (Figure 5(a,b)), the pristine films shows a sharp diffraction
peak around 5.3” which is attributed to the (100) plane of crystalized P3HT.* This indicates a
high degree of film crystallinity. Based on the full width at half maximum of the peak, we
calculated the mean size of the P3HT crystallites for both samples, which are about 15 nm (QD-
free) and 13 nm (with halide-PbS/CdS), respectively.*® After 30 days storage, the intensity of the
(100) peak for the P3HT:PCBM film has decreased by 19%. On the other hand, an additional
well-shaped peak, although not intense, appears around 12.3” together with a bump centered at
187 which reflects the formation of PCBM crystallites clusters. These results indicate that the
degree of crystallinity of P3HT has decreased and that PCBM has aggregated when exposed to
highly humid air. The lower level of structural ordering of P3HT causes lower carrier mobility in
the P3HT domain and phase segregation leads to a reduced donor/acceptor interface, which
requires excitons to diffuse over longer distances before their dissociation at the interface. As a
consequence, recombination events can grow, consistently with the large drop of FF. This
finding differs from that of the device kept in inert atmosphere, where the active layer is claimed
to be relatively stable.>® In our case, the oxidization risk of P3HT is drastically increased when
stored in highly moisturized air, which leads to the reduction of the P3HT crystallinity.***" The
latter decrease could facilitate the diffusion of PCBM and therefore the re-arrangement of the
microstructure of P3HT:PCBM, resulting in a further deterioration of the device performance.
Interestingly, the diffraction pattern of the P3HT:PCBM:halide-QDs film remains almost
unchanged after 30 days storage. This observation supports the successfully stabilized structure
of the active film, in good agreement with the excellent long-term stability obtained for the
device based on halide-PbS/CdS.

FTIR was employed for getting in-depth insights into the possible change of chemical structure
of the P3HT:PCBM film with and without halide-PbS/CdS in the presence of air. To this
purpose, the film of the photoactive layer was scratched from the substrate and mixed with KBr
powder to prepare a thin plate sample for FTIR measurements. This procedure was completed in
air over a short time (~15 min), and was reproduced for all samples. Figures 5(c,d) (black lines)
shows the FTIR spectra of pristine P3HT:PCBM and P3HT:PCBM:halide-PbS/CdS,
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respectively. The characteristic absorption bands for P3HT and PCBM such as those located at
1737 cm™ (C=0 stretching vibration of PCBM), and 1269 cm™ (C-C vibration) and between
1565 and 1470 cm™ (C=C vibration in the aromatic ring) are clearly observed for the
P3HT:PCBM sample.****>* It is noteworthy that a sharp and relatively strong band at 1386 cm™
ascribed to the S=O stretching vibration is also detected.*® The presence of this peak features the
oxidation reaction between the thiophene ring and O,/H,O that occurred during the device
fabrication and/or the sample preparation. This reaction is confirmed from both experimental
results and theoretical calculations, although the detailed oxidation mechanism is still under
debate.>*> For the P3HT:PCBM:halide-PbS/CdS sample, the above mentioned P3HT and
PCBM characteristic bands were also observed, even though some of them are shifted (Figure
5(c,d)), likely due to the presence of QDs affecting the electric dipoles and vibration of the
chemical bonds. A similar effect was found by incorporating aluminum particles into
P3HT:PCBM film.* Interestingly, the band of S=O stretching vibration was absent in the FTIR
spectrum of the P3HT:PCBM:halide-PbS/CdS sample. This strongly suggests that the chemical
degradation of P3HT is significantly reduced by incorporating halide-PbS/CdS. A rather weak
peak at 1377 cm™ is observed, which characterizes terminal -CH; groups of hexyl side chains
connected to the thiophene ring.>® Its appearance can be attributed to the n- stacking of P3HT
chain slightly affected with the addition of QDs. As for the aged P3HT:PCBM sample (red
lines), the S=O stretching band was observed as expected. Because the 1548 cm™ band is
considered as characterizing the C=C stretch of thiophene ring and because its intensity
decreases with the chemical degradation of P3HT,*® we have evaluated the level of chemical
degradation by comparing the intensity ratio of 1386 to 1548 cm™ between pristine and aged
samples. The intensity ratio was found to considerably increase from ~2.1 to ~3.8 with aging,
strongly confirming the significant chemical degradation taking place during storage of the
P3HT:PCBM sample. In contrast, the aged P3HT:PCBM:halide-PbS/CdS film does not show
any obvious change of its spectrum, in agreement with the high stability of its PV performance.

No oxidation signs of PCBM are discernable from the obtained FTIR spectra.

We speculate that the positive contribution of QDs to the stability could mainly originate from
the following features: 1) the QDs themselves acting as O,/H,O scavengers, 2) the QD network
serving as an effective diffusion barrier to O,/H,O and remarkably retarding their diffusion into

the organic materials; and 3) the QD network limiting the PCBM diffusion toward aggregation.
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The important role of the QD network was further confirmed by using OA-PbS/CdS in solar
cells. By means of different surface ligands of QDs, the morphology of the active film was
manipulated, which allowed us to evaluate the contribution of the QD network to PV
performance. As seen in Figure 5(e), the active film based on P3HT:PCBM:OA-PbS/CdS
presents a morphology quite different from that of the film with halide-PbS/CdS. Specifically,
the OA-PbS/CdS QDs are homogeneously distributed in the organic P3HT:PCBM matrix
without the formation of QDs networks, leading to a quite smooth active surface with a low
RMS of 2.2 nm. The corresponding lateral force image (the inset of Figure 5(e)) with constant
value of voltage response further confirmed the absence of QD networks in the film. It is
ascribed to the different chemical nature of the surface ligands.”’ Because of their long
hydrocarbon chain of OA ligands, OA-capped QDs show much better compatibility with
P3HT:PCBM, while halide ligands result in lower compatibility, leading to the formation of well
separated QD domains (refer to Figure S1 for the process of the QD network formation). The
“beneficial effect” of the QDs on the long-term stability strongly diminishes in this case. After
30 days of storage under the same high humidity conditions, the average PCE of the
P3HT:PCBM:0OA-PbS/CdS device decreased from 2.82% to 1.73% by 38.7% (Figure 5(f)),
although “oxygen scavenging effect” was likely causing a slight increase of V.. These results
strongly suggest the importance of the surface treatment of QDs and of the formation of QD
networks in impeding the degradation of the active film. The scavenging effect of the QDs
themselves is definitely not a dominant factor. The ligands on the QD must have played a
significant role in the network formation and stability enhancement, resulting from different QD-
P3HT:PCBM and P3HT:PCBM:QDs-MoO3/Ag interfaces.
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Figure 5. XRD spectra of P3HT:PCBM (a) and P3HT:PCBM:Hailde-QDs (b) films before and after being
kept 30 days in air at humidity of 50-60%. FTIR spectra of samples prepared by scratching the P3HT:PCBM
(c) and P3HT:PCBM:Hailde-QDs (d) film. AFM topography images of P3HT:PCBM:OA-PbS/CdS film (e)
and the corresponding lateral force image (inset). Typical J-V curve of devices, based on P3HT:PCBM:OA-

For ensuring the thermal stability of PSCs, a stabilized photoactive layer is certainly important

but challenging to achieve, especially for the P3HT:PCBM blend with low Tg.36 Herein, we



examine the morphology change of the P3HT:PCBM:halide-PbS/CdS and P3HT:PCBM films
after thermal annealing at 85 <C (temperature applied as a PV industry standard*®) for 30 min
under high humidity of 50-60%. As seen in Figure 6(a,b) for the P3HT:PCBM film before and
after thermal treatment, although the RMS for the entire film is relatively stable, deep and wide
cracks appear under thermal stress. The geometric details of these cracks were extracted from the
AFM image, and are displayed in Figure 6(e). Such cracks are expected to induce the contact
problem between the P3HT:PCBM film and the MoOs/Ag electrode, and destroy the carriers
transport channels in the photoactive film, both leading to some PCE loss. As for the film with
QD networks, there is no obvious change after thermal treatment (Figure 6(c,d)), suggesting that
damages from the thermal stress are significantly reduced. In other words, the presence of robust

QD networks helps to freeze (immobilize) the organic film morphology under thermal stress.

The FTIR spectra of both P3HT:PCBM and P3HT:PCBM:halide-PbS/CdS samples before and
after thermal annealing are exhibited with the aim of investigating the “thermal effect” on the
change of chemical state (Figure 6(f)). We notice that the intensity ratio of the 1386 to 1548 cm™
peaks is obviously increased for the thermally treated P3HT:PCBM sample. This is caused by
the accelerated oxidation of P3HT by thermal annealing, which underlines the challenge and
importance of enhancing the thermal stability of P3HT:PCBM in air. Additionally, detailing the
spectra (not shown), it is found that the bandwidth is changed in the absorption range of 1565-
1470 cm™, and that the 1269 cm™ band is shifted to 1261 cm™. These results indicate a structural
change during thermal annealing. However, in the presence of QD networks, the chemical
degradation under thermal annealing is prevented, as evidenced by the lack of change of the

FTIR spectrum.
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Figure 6. AFM topography images of P3HT:PCBM before (a) and after (b) thermal treatment; Images of
P3HT:PCBM:halide-QDs film before (c) and after (d) thermal treatment; (e) Geometries details extracted
from cracks 1 and 2 highlighted in (b); (f) FTIR spectra of different films before (black) and after (red)
thermal annealing at 85 <C for 30 min under high humidity of 50-60%.

The effect of thermal treatment on the device PV performance was investigated by exposing the
solar cell devices based on the P3HT:PCBM and P3HT:PCBM:halide-QDs films at the same
temperature under a relatively high humidity rate of 50-60%. The PCE, Vg, Jsc and FF are
plotted in Figure 7(a,b) as a function of the thermal annealing duration. For the device based on
P3HT:PCBM, over 50% of the pristine PCE is lost in the first 30 min, which could be attributed
to the occurrence of cracks in the P3HT:PCBM film under thermal stress and to P3HT
oxidization, consistently with the Rs and Rg, changes observed from the J-V curves. Recall that
R; drastically increases from 9.5 to 18.5 Q cm?, while Ry, varies at the opposite. Pursuing the
thermal treatment to 12 h, only about 25% of the pristine PCE is retained. For the device with
QD networks, the performance degradation is strongly slowed down. About 85.2% and 60% of
pristine PCE are retained after 30 min and 12 h of thermal treatment, respectively. The greatly
improved thermal stability of the device can be attributed to the remarkably reduced oxidation

and improved immobilization of the organic materials owing to the presence of QD networks as

126



confirmed by the FTIR and AFM characterizations. The pristine Rs of 10 Q c¢m? did not change
in the first 30 min, which well confirms the enhanced thermal stability of the device. The thermal
stability of devices based on P3HT:PCBM:OA-PbS/CdS has also been recorded, and the results
are shown in Figure S2. Briefly, around 31.5% of the pristine PCE was retained after 12 h
thermal treatment, which is much worse than that of P3HT:PCBM:halide-PbS/CdS based device.
Taking both of the long-term and thermal stability results into consideration, we confirm the

significant role of QD networks on enhancing the device stability.
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Figure 7. Thermal stability performance of devices based on P3HT:PCBM (a) and P3HT:PCBM:halide-PbS/CdS
(b).

4. Conclusions

In summary, a significant improvement of the stability of P3HT:PCBM PSCs was accomplished
at a relatively high humidity rate of 50-60% and a high temperature of 85 °C. QDs with
appropriate surface ligands were integrated to effectively stabilize the active layer of PSCs by
forming unusual, continuous QD networks (for the first time) in the film. The presence of QD
networks impedes the oxidative degradation of P3HT by serving as an effective diffusion barrier
to O,/H,0O and reduces the formation of PCBM aggregates with time, which leads to excellent
long-term stability of unencapsulated devices in highly humid air. Furthermore, the QD networks
were discovered to suppress the morphology change of the active layer under thermal stress and
the chemical degradation of P3HT at 85 <C, again under high humidity of 50-60%. Therefore,
the thermal stability of PSCs based on P3HT:PCBM in air is significantly enhanced. The work

clearly underpins the importance of QD surface chemistry in forming QD networks, which play a
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dominant role in enhancing the PCE stability. This new strategy could be further extended to
other PSCs, such as high efficiency PSCs involving lower bandgap polymers, and hold high
promise toward achieving air-processed, high-efficiency and stable PSCs. Further optimization
of QDs and organic materials may also allow us to take advantage of the attractive features of
QDs in enhancing photon absorption and thereby leading to the simultaneous increase of PCE. In
addition, such stabilization strategy can also be applied to other kinds of polymer-based devices,
such as light-emitting diodes, and therefore could contribute to the development of a broader
field of polymers.
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Determination of PbS/CdS quantum dots (QDs) mass concentration

Since the core/shell PbS/CdS QDs have very thin shell thickness (~0.1 nm, assuming uniform
coating), the mass of PbS/CdS QDs in solution was assumed to approximately equal to that of
the plain PbS QDs. Then, the Beer-Lambert’s law: A = ¢CL was used to first calculate the molar
concentration of pure PbS QDs in solution, where A is the absorbance at the position of the first-
excitonic absorption peak for a given sample, ¢ is the extinction coefficient per mole of PbS QDs,
C is the molar concentration of QDs, and L is the light path length depending on the cuvette. €
can be determined following the equation: & = 19600 (d/2)**2,* where d is the diameter of QDs. d
can be calculated by the following formula: E = 0.41 + 1/(0.0252d* + 0.283d), where E and d are
the bandgap and diameter of obtained QDs, respectively.” Finally, the molar concentration C was
converted to mass concentration,?and the quantity of QDs being added to the organic materials

solution can be determined by multiplying the mass concentration and the QD solution volume.

Figure S1 Topography images of P3HT:PCBM:halide-PbS/CdS film before (a) and after thermal
annealing (b). By comparing these two images, we conclude that the QD networks were
preliminarily formed during the spin-coating deposition, and the thermal annealing treatment
helped the crystallization of P3HT and further “solidified” the QD networks. The formation of
the QD networks is mainly attributed to the interface property (i.e., incompatibility) between the
halide-PbS/CdS (capped by CI") and organic components.
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Figure S2 Thermal stability of the solar cell device based on P3HT:PCBM:0OA-PbS/CdS film.
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4.3 Towards Enhancing Solar Cell Performance: An Effective and “Green”
Additive

Long Tan, Pandeng Li, Ricardo Izquierdo, Mohamed Chaker and Dongling Ma
To be submitted

Manipulation of the active layer morphology via solvent additives represents an important way
to effectively increase the PCE of PSCs. Although many additives have been explored for this
kind of application, most of them belong to the groups of alkane dithiols and halogen chemicals,

which are very toxic.

In this section, butylamine, which is much “greener”, was for the first time introduced as an
additive to the P3HT:PCBM film and discovered to change the morphology of the P3HT:PCBM
film. Its effects on the morphology, structure and performance have been investigated. A
relatively high PCE of ~4.61% of P3HT:PCBM-based solar cells was achieved, owing to the

butylamine induced morphology change of the active layer.

All of the experimental work was completed by me except for the thickness measurement of the

active film, which was done by Pandeng. | also wrote the draft of the manuscript.
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Abstract: Performance of bulk heterojunction polymer solar cells (PSCs) highly relies on the
morphology of the photoactive layer involving conjugated polymers and fullerene derivatives as
donors and acceptors, respectively. Herein, butylamine was found to be able to optimize the
morphology of the donor/acceptor (D/A) film composed of blend of poly(3-hexylthiophene-2,5-
diyl) (P3HT) and phenyl-Cg;-butyric acid methyl ester (PCBM). Compared to the commonly
used alkane dithiols and halogen additives with high boiling points, butylamine has a much
lower boiling point between 77-79 °C, and it is also much “greener”. A specific interaction
between butylamine and PCBM was demonstrated to account for the morphology improvement.
Essentially, butylamine can selectively dissolve PCBM in the P3HT:PCBM blend and facilitate
the diffusion of PCBM in the film fabrication processes. Atomic force microscopy and X-ray
photoelectron spectroscopy investigations confirmed the formation of the P3HT-enriched top
surface and the abundance of PCBM at the bottom side, i.e., the formation of vertical phase
segregation, as a consequence of the specific PCBM-butylamine interaction. The D/A film with
inhomogeneously distributed D and A components in the vertical film direction, with more
P3HT at the hole extraction side and more PCBM at the electron extraction side, enables more
efficient charge extraction in the D/A film, reflected by the largely enhanced fill factor. Power
conversion efficiency of devices reached 4.03% and 4.61%, respectively, depending on the
thickness of the D/A film, among the best values reported for P3HT:PCBM-based devices. As
compared to the devices fabricated without the introduction of butylamine under otherwise the
same processing conditions, they represented 19.6% and 21.6% improvement in the efficiency,
respectively. The discovery of butylamine as a new, effective additive in enhancing the

performance of PSCs strongly suggests that the differential affinity of additives towards donors
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and acceptors likely plays a more important role in morphology optimization than their boiling
point, different from what was reported previously. The finding provides useful information for

realizing large-area PSCs fabrication, where a “greener” additive is always preferred.

Keywords: Photovoltaic; Polymer solar cells; Morphology; Vertical phase segregation;
P3HT:PCBM; Additive engineering

1. Introduction

Polymer solar cells (PSCs), regarded as one type of the third-generation solar cells, have
attracted significant attentions in the field of photovoltaics, owing to their advantages of
excellent flexibility, low-cost processing, and free of heavy metals. Over the past decades,
substantial progress has been made, thanks to intense research efforts made on the design and
synthesis of new low bandgap polymeric materials, optimization of morphology/device
architecture, interface engineering, etc.l'*) The bulk heterojunction (BHJ) structure consisting of
conjugated polymers (donor) / fullerene derivatives (acceptor) (D/A) was discovered to
overcome the compromise between light absorption and exciton diffusion, representing a
milestone in the path of PSC development. This structure led to a breakthrough in power
conversion efficiency (PCE), which is still the main research direction for PSC investigations.!
Importantly, the morphology control of the D/A film is highly crucial for achieving the superior
PCE of BHJ solar cells, and worthwhile to be further investigated in order to attain the PCE (on a

relatively large area) appropriate for practical application.

For the typical blend of poly(3-hexylthiophene-2,5-diyl) (P3HT)/phenyl-Cs;-butyric acid methyl
ester (PCBM), solvent annealing and thermal annealing are the two most commonly used routes
for optimizing the morphology of the D/A film. In principle, solvent annealing can slow down
the drying speed of the deposited, wet D/A film, while thermal annealing is able to improve the
diffusion of PCBM in the entire film.™** Both processes assist the P3HT crystallization and the
formation of a preferable bi-continuous interpenetrating phase structure within the blend film,
which can efficiently enhance the PCE of PSCs. In addition to the solvent and thermal annealing,
solvent additives have also been extensively explored in BHJ to improve the performance of
PSCs.2> 1t was found that the morphology and thereby the PCE of PSCs is highly relevant to

the boiling point of additives and the solubility of the polymer and fullerene derivative in
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additives.®31% Normally, the additives with high boiling points and good solubility of the
fullerene derivatives, such as alkane dithiols and halogen, are preferred .2 They can be
directly correlated to the intermixing of components in the D/A blend by manipulating the
mobility of component(s). To date, additive engineering becomes one of the most efficient and
convenient routes to enhance the performance of PSCs, thus attracting increasingly intense

attention.*

Herein, a new additive, butylamine, is employed to largely enhance the performance of
P3HT:PCBM based PSCs. Compared with the commonly used alkane dithiols and halogen
additives with a high boiling point, butylamine has a considerably lower boiling point of 77-
79 °C and appears much “greener” free of halogen ions and without malodorous smell.
Absorption spectroscopy, X-ray photoelectron spectroscopy (XPS), nuclear magnetic
spectroscopy (NMR), X-ray diffraction (XRD) and atomic force microscopy (AFM) were used
to analyze and understand the interaction between butylamine and each component, the surface
morphology and the crystalline structure of the film. It was found that the formation of a vertical
phase segregation (VPS) in the active film, which was reported to favor the exciton dissociation
and charge transport,' is responsible for the enhanced performance. It is noteworthy that the
device based on butylamine induced VPS led to an impressively high fill factor (FF: ~70%) and
PCE (4.03%) at commonly used concentrations of P3HT:PCBM, reflecting largely supressed
charge carrier recombination in the active film. It strongly indicates the beneficial morphology
modification of the photoactive layer with the addition of butylamine. Further increasing the
thickness of the photoactive film by simply doubling the concentrations of P3HT and PCBM in
solution yielded an even higher PCE of 4.61%, among the best values reported for this system
(4-5%).

2. Experimental
2.1 Chemicals and materials

Regio-regular P3HT (RR93-95) and PCBM (>99.5%) were purchased from Solaris Chem.
Incorporation. N-butylamine (95%), zinc acetate dihydrate (Zn(CH3COO), 2H,0, 99.9%),
ethanolamine (NH,CH,CH,0H, 99.5%) and 2-methoxyethanol (CH3;0CH,CH,0H, 99.8%) were
obtained from Sigma Aldrich Ltd.
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2.2 Preparation of ZnO precursor solution

ZnO precursor was prepared by dissolving Zn(CH3;COO), 2H,O and NH,CH,CH,OH in
CH3OCH,CH,0H under vigorous stirring for 12 h for the hydrolysis reaction in air.

2.3 Fabrication of solar cell devices

Indium tin oxide (ITO) glass substrates (2.5 cmx2.5 cm) were sequentially washed in water,
acetone and isopropanol for 20 min each. The clean substrates were then patterned by optical
lithography. The patterned ITO glass substrates with photoresist were removed by acetone,
followed by isopropanol cleaning for 10 min and oxygen plasma treatment for 2 min,
respectively. The ZnO film, acting as an electron transport/hole blocking layer was fabricated by
spin-coating the precursor solution onto the patterned ITO glass and annealed at 200 °C for 30
minutes in air. P3HT:PCBM (1:0.8 by weight) solution in 1,2-dichlorobenze with/without the
addition of butylamine (3% by volume) was spin-coated onto the ZnO layer to form the
photoactive film and kept in a petri dish for 30 min for solvent annealing before the thermal
annealing step at 140 °C for 10 min. These processes were carried out under inert atmosphere in
a glove box. Finally, the fabrication of the solar cell device was completed by depositing 20 nm
thick MoOj3 on the photoactive film followed by the deposition of 80 nm thick Ag through a

shadow mask, which makes the photoactive area of about 6 mm”.
2.4 Characterization

The P3HT:PCBM blend solution and film with/without the introduction of butylamine were
characterized by a Cary 5000 UV-Vis-NIR spectrophotometer (Varian) with a scan speed of 600
nm/min. XPS was performed using a VG Escalab 220i-XL equipped with an Al Ka source. The
obtained XPS data were analyzed by using the Casa software. An X-ray diffractometer
(Panalytical X-Pert PRO MRD, Bruker Corporation) was employed to investigate the
crystallized film samples. Nuclear magnetic resonance (Bruker, Avance Il HD, 600 MHz) was
applied to examine the presence of butylamine in the film by dissolving the film in deuterated
chloroform. A profilometer (Bruker, Dektak XT) was applied to measure the thickness of the
active layer. The morphology of the film was detected by atomic force microscopy (Bruker

Corporation). Large-area (50 =< 50 pm) topography images were obtained by the ScanAsyst
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mode with a silicon tip on a nitride lever, and the phase images (1 < 1 jum) were obtained by
tapping mode. Current-voltage (J-V) measurements of solar cells were recorded by a Keithley
2400 SourceMeter SMU instrument under AM 1.5 solar illumination. External quantum
efficiency (EQE) measurements were also conducted using an 1QE200B system (Newport

Corporation).
3. Results and discussion

Figure 1(a) shows the absorption spectra of P3HT:PCBM blend solutions with and without the
addition of butylamine. Two absorption peaks located at ~470 and ~330 nm were observed for
both samples, corresponding to the photo-response from P3HT and PCBM, respectively. It
indicates that the presence of butylamine didn’t affect the photo-response range of the organic
material. However, we noticed that the intensity of the 330 nm peak for the butylamine-involved
sample slightly decreased compared to that of the standard one without the introduction of
butylamine (both absorption spectra were normalized with the P3HT absorption peak at 470 nm).
This phenomenon may be related with a special interaction between PCBM and butylamine. The
P3HT:PCBM film deposited from the butylamine-containing solution was also characterized by
absorption spectroscopy as seen in Figure 1 (b). The photo-response range of the P3HT:PCBM
film was red-shifted to over 650 nm compared to the blend solution before the deposition, due to
the enhanced structure ordering and crystallization of P3HT.™*®! Three characteristic peaks
appeared at ~520 nm, 555 nm and 606 nm, indicating strong interactions among P3HT chains (-
n stacking) and high ordering of the polymer chains in the film.'*¥ In addition to increasing the
absorption of P3HT:PCBM at longer wavelengths, the well crystallized P3HT can improve the
hole transport from chain to chain in the P3HT domain. Film samples with such absorption
characters were reported to be promising for the PSC application.!**!

The solubility difference of P3HT and PCBM in butylamine, which can significantly affect the
eventual morphology of the active layer,'® was further tested by rinsing the P3HT:PCBM film
with butylamine continuously for several seconds. The treated film was dried and re-measured
using absorption spectroscopy. As displayed in Figure 1(b) (blue), the absorption pattern was
obviously changed after butylamine rinsing, similar to that of the pure P3HT film (black), due to
the easy removal of PCBM by butylamine. It indicates the big difference in the solubility of
P3HT and PCBM in butylamine. The poor solubility of P3HT was further confirmed by keeping
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P3HT in butylamine for 5 days, where the solid state of P3HT did not show any obvious change.
We further examined the “special” interaction between PCBM and butylamine. The color of
butylamine gradually changed with the addition and dissolution of PCBM from colorless to
yellow, in line with absorption results. The absence of the PCBM characteristic absorption peak
is considered to be due to the formation of a complex between PCBM and butylamine. Such an
interaction can affect the morphology of the photoactive layer, which will be discussed in the

later text.

We further checked the presence of butylamine in the film (after thermal annealing) by
conducting NMR and XPS measurements. As seen in Figure 1(c), a strong peak around the
chemical shift of 1.57 ppm, ascribed to the —CH,— group from both P3HT and PCBM, is clearly
shown, whereas the response from —NH, (1.77 ppm) can’t be found*®, indicting the presence of
butylamine is negligible. This result was further confirmed by XPS measurements as shown in
Figure 1(d), where no N1s signal can be detected. Highly likely, butylamine completely

evaporated during the film fabrication process, due to its low boiling point.
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Figure 1 (a) Absorption spectra of P3HT:PCBM solution with and without butylamine; (b) absorption
spectra of pure P3HT film (black), P3HT:PCBM film (red), rinsed P3HT:PCBM film (blue) and PCBM-in-
butylamine solution; (c) NMR spectrum of the dissolved P3HT:PCBM film spin-coated from the solution
containing butylamine; (d) XPS of the P3HT:PCBM film prepared from butylamine-containing solution.

The surface morphology of the photoactive films processed with and without butylamine was
examined by AFM. Topography images (50 pm > 50 pm) of the films were obtained by the
Scanasyst mode, and are shown in Figure 2 (a,b). For the butylamine-involved sample, the film
surface was relatively smooth with root-mean-square roughness (RMS) around 5.6 nm (Figure 2
(@)). However, the standard sample showed quite different surface character with largely
increased RMS around 9.5 nm. Obviously, a finer structure was formed with the addition of
butylamine, although it did not seem to be retained in the film. Such changes may be attributed
to the alteration of composition distribution in the active layer, resulting in the formation of
different domains. Similar result was obtained by using 1-chloronaphthalene as an additive in the
blend of poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-altthiophene-2,5-diyl] and [6,6]-
phenyl Cyi-butyric acid methyl ester.'? Phase images of both samples were collected in a
tapping mode at a smaller scale (1 pm x 1 pm) to detect the phase separation of P3HT and
PCBM, which is believed to significantly affect the performance of devices. As for the standard
sample, fiber-like P3HT domains were clearly identified by forming a bicontinuous structure
with PCBM (Figure 2(d)), in line with previously published results.*! With addition of the
butylamine additive, it seems that the morphology of the P3HT:PCBM film was thoroughly

altered, even though it was not detectable in the final film sample.

XPS spectroscopy was employed to evaluate the uniformity of distribution of P3HT and PCBM
in both butylamine-involved and standard films by estimating sulfur-to-carbon (S/C) ratios, since
S is only present in P3HT.'! By integrating the areas of high resolution C and S spectra
obtained from the top side (i.e., the surface in contact with MoO3) of both samples, S/C ratios of
~0.13 and ~0.10 were obtained for butylamine-involved and standard samples, respectively.
Clearly, the top side of the butylamine-involved sample contained more P3HT than that of
standard sample; the evaporation of butylamine may carry some PCBM with it and thus cause
the loss of PCBM close to the surface. A step further, these films were lifted-off from the
substrate, and the S/C ratio of the bottom side of the films was also detected. S/C ratios around
0.067 and 0.080 were obtained for butylamine-involved and standard films, respectively.
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Although the ratio was close for the top and bottom sides of the standard sample, it dropped
nearly half for the butylamine-involved sample (Figure 2(e)). Such analysis results underline the
composition inhomogeneity, and possibly the phase separation, in the vertical film direction for
the latter sample.

The morphology formation of the photoactive layer depends on the P3HT crystallization and
PCBM diffusion processes, which are closely correlated, during the film preparation process. To
make a favorable VPS morphology, several aspects should be taken into consideration,
especially solvent selection and the surface energy of the substrates.**"*® For instance, the o-
xylene solvent can assist the formation of a VPS morphology, and the hydrophilic surface is
preferable for the PCBM accumulation and hydrophobic surface the P3HT accumulation. Herein,
the solution processed ZnO layer should be responsible for the formation of slightly more PCBM
at the bottom side compared to that of top side for the standard sample. Thermal annealing can
enhance the transformation by increasing the component mobility. As for butylamine-involved
sample, the additive must have performed an important role in improving the mobility of PCBM
by the special interaction mentioned above, which enhances the degree of VPS morphology,
favoring the P3HT accumulation at the top side. We also applied XPS measurement to detect the
presence of butylamine in the P3HT:PCBM film immediately after the film deposition, but
before thermal annealing. The result (not presented) also shows the absence of butylamine in the
film, which indicates that, quite likely, butylamine took its role during the process of solvent
annealing and completely disappeared even before thermal annealing started. This effect slowed
down the speed of P3HT self-organization, evidenced by the slower color change (from yellow

to purple), which can benefit the performance of the devices.™”

The crystalline structure of the standard and butylamine-involved samples was examined by
XRD. As seen in Figure 2(f), both samples show a single diffraction peak at 20 = 5.3°,

corresponding to the (100) plane diffraction of crystallized P3HT.[*%

It originates from the P3HT
crystallites with a-axis orientation, where the P3HT main chains are parallel to the substrate and
side chains perpendicular.” The mean size of P3HT crystallites (L) can be evaluated following
the Scherrer’s relation: L = 0.91/4,4c0s6, where Ay is the full-width at half-maximum of the
diffraction peak; A and 26 are the wavelength of incident beam (0.154 nm) and the angle between

the incident and scattered X-rays, respectively. Via this equation, the size of P3HT crystallites
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was found to be ~14-15 nm for both the butylamine-invovled and standard samples. The

introduction of butylamine does not seem affecting the size of P3HT crystallites.
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Figure 2. Topography images (a,b) and phase images (c,d) of butylamine-involved (a,c) and standard (b,d)
samples. High resolution XPS S2p spectra of butylamine-involved sample at the top (red) and bottom (black)
sides (e); XRD spectra of butylamine-involved and standard samples (f).

PSCs with an inverted structure of ITO/ZnO/P3HT:PCBM/MoQO3/Ag were fabricated and their J-
V and EQE were characterized. Figure 3(a) shows the typical J-V curves of the devices with and
without the introduction of butylamine fabricated using typical P3HT/PCBM concentration (24
mg/mL). The average PCE was enhanced by ~20% from 3.37% to 4.03% with the addition of
butylamine. Analysis of the photovoltaic (PV) parameters reveals that short-circuit current (Js)
and FF were increased by ~6.9% (from 8.62 to 9.21 mA cm™) and ~12% (from 62.4 to 69.9%)
with the introduction of butylamine, respectively, while the average open-circuit voltage (Vo)
was comparable (Table 1). The largely increased FF should be attributed to the reduced charge
recombination benefiting from the increased degree of VPS, which improved the exciton
dissociation, charge transport and charge collection at electrodes.”! Ji. was increased
simultaneously for the same reason. Series resistance (Rs) was further extracted from the J-V

curves of both devices, and values of ~4.6 Q cm? and ~9.5 Q cm? were obtained for butylamine-
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involved and standard devices, respectively, according well with the above results. Consistently,
EQE spectra shown in Figure 3(b) display that the quantum efficiency of the butylamine-
involved device was increased in the range of 300-600 nm, owing to the suppressed charge
recombination, although the photo-response range did not change. Js. values derived from the
EQE data were 8.9 and 8.3 mA cm™ for butylamine-involved and standard devices, respectively,

close to the values gained from J-V measurements.
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Figure 3. J-V curves (a) and EQE spectra (b) of PV devices.

Table 1. PV parameters of standard and butylamine-involved devices fabricated at different P3HT:PCBM

concentrations.

Sample P3HT+PCBM Butylamine Ve Jse FF Rs PCE
(mg ml™) (vol %) V) (mA cm™®) (%) (Q cm?) (%)
Standard 24 0 0.63 8.62 62.4 9.5 3.37 +£0.24
Butylamine 24 3 0.63 9.21 69.9 4.6 4.03 +0.08
Standard 48 0 0.58 11.52 56.5 9.5 3.79 £0.18
Butylamine 48 6 0.61 12.02 63.3 6.0 4.61 +0.15

The beneficial “butylamine effect” on morphology provides an opportunity to increase the
thickness of the active layer in order to absorb more light, yet still allow efficient charge
transport and collection. In other words, it is possible to further enhance the PCE by increasing
the photocurrent without significantly sacrificing FF, if a preferable bi-continuous
interpenetrating morphology can be achieved in a thicker film with the use of butylamine. With

such consideration, we further made efforts to attain higher PCE by simply doubling the
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concentration of P3HT:PCBM in the spin-coating solution, which increased the thickness of the
photo-active film from ~80 nm to ~125 nm as measured by a profilometer. Butylamine
concentration was also doubled (6 vol%). Figure 4(a,b) show the topography images of
butylamine-involved and standard films, respectively, prepared at higher concentration. Both
samples showed largely increased RMS compared to the low-concentration samples. Obviously,
the butylamine additive led to a finer surface structure, although the RMS values for both

samples were comparable.

PV devices were fabricated based on these thicker films, and J-V measurements were carried out.
Typical J-V curves and PV parameters are presented in Figure 4(c) and Table 1, respectively.
With increased film thickness, Js. was increased to 11.52 and 12.02 mA cm™ for standard and
butylamine-involved devices, respectively, while Vo, and FF were decreased. It is known that
increased photoactive film thickness is able to enhance light absorption, whereas prolong the
transport distance for generated electrons and holes to respective electrodes. The interplay of
these two factors yielded improved PCE for both samples. In addition, the butylamine-involved
device was superior to the standard one in all aspects: Ji, Vo and FF, leading to the
enhancement of the overall efficiency by ~21.6%. The average PCE of the butylamine-involved
device reached 4.61%, among the best values reported for the P3HT:PCBM system. This
enhancement should be attributed to the decreased charge transport resistance in the active layer
of butylamine involved device which has a smaller Rs (Table 1) compared to the standard one.

Overall, the important role of butylamine was once again clearly revealed.
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Figure 4. Topography images of butylamine-involved (a) and standard (b) samples fabricated from high

P3HT:PCBM concentration solution, and J-V curves of corresponding devices (c).

4. Conclusion
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In brief, for the first time butylamine was explored as an effective solution additive and found to
have profound effects on the morphology and PV performance of P3HT:PCBM solar cells,
although it is not detected in the final P3HT:PCBM film. Butylamine is capable of inducing the
formation of a vertical phase segregation morphology in the P3HT:PCBM film, which can
effectively suppress the exciton and charge recombination. As a consequence, excellent
performance was achieved, with an impressively high FF (nearly 70%) at typical P3HT:PCBM
concentration and a PCE of ~4.61% at higher P3HT:PCBM concentration, among the best

efficiencies of P3HT:PCBM-based devices.
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CHAPTERS5 CONCLUSIONS AND PERSPERCTIVES

5.1 Conclusions

Part I PbS QDs with size-tunable optical properties are promising for optoelectronic, biological
imaging and sensor applications in the NIR range. It is well-known that the hot-injection method
is an efficient route to synthesize high quality PbS QDs. In this route, TMS is the most widely
used S precursor, which usually reacts with Pb-OA, yielding PbS QDs. However, it is
inconvenient to handle the TMS which has very high reactivity and is malodorous. Elemental S
has been proposed as a replacement for TMS, whereas the tunable photo-response range of PbS
QDs based on elemental S involved reaction is limited compared to that of TMS involved route.

In this work, we focused on extending the tunable photo-response range of PbS QDs based on
the synthesis involving elemental S and PbCI; as the S and Pb precursors, respectively. It has
been proved that PbS QDs with the first-excitonic peak as short as 705 nm can be achieved by
introducing TBP into the S precursor solution, whereas the TBP free reaction can only yield QDs
with absorption >1056 nm. As characterized by PL spectroscopy, the TBP-assisted synthesized
PbS QDs samples show high PL QY in the range of 60-90%, depending on the QD size. The
TEM results indicate that such QDs have relatively narrower size distribution than TBP-free
sample without any aggregation. Altogether, these results confirmed the high quality of QDs
from TBP-assisted synthesis. As further evidenced by NMR results, TBP was revealed to act as
surface ligands of QDs, which could impede the QDs growth and benefit the PL QY of QDs by

forming stable bond with S atoms to better passivate the QD surface.

We further demonstrated that TBP can react with the PbCl,-OLA complex, if 1:1 molar ratio
(TBP:PbCly) of TBP was directly injected. As a result, the Pb(OH)CI was formed as
characterized by XRD, which is a promising new precursor for synthesizing high quality
ultrasmall PbS QDs. This synthetic route is highly reproducible and easily controllable. The
newly discovered Pb(OH)CI precursor is also promising for conveniently synthesizing other

lead-containing QDs.

Considering practical application, the scale-up reaction of this TBP-assisted synthesis was

performed. It was confirmed that the synthesis of PbS QDs with different photo-response ranges
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(corresponding to different sizes) can be successfully scaled up, which is promising for the real-
world application. Additionally, LSC devices were fabricated using QDs synthesized via this
route as fluorophore. In order to balance the PL QY, separation of absorption/emission spectra
and photo-stability of these QDs, CdS shell of different thicknesses were performed based on the
size of plain PbS QDs, and all devices showed promising performance. For instance, a record-
high optical efficiency of ~1.2% has been achieved at a G factor of 50 (10 cm in length) for
device based on ~2.5 nm QDs with a ~0.1 nm CdS shell.

Overall, we developed a facile and “greener” way to synthesize small-Size and high quality PbS
QDs for the first time. These synthesized QDs are potentially interesting in other NIR-related
applications in addition to the LSC application.

Part II PSCs are considered as one of the candidates for the next generation solar cells due to
their advantages of good flexibility, low-cost processing, and free of heavy metal.
Polymer/fullerene based BHJ solar cell devices with high PCE are still the main research
direction in this field. For this kind of solar cells, it is highly important to control the morphology
of the polymer/fullerene blends film, which determines the PCE and stability of the devices.

In section I, we developed a new strategy to largely improve the long-term and thermal stability
of PSCs by incorporating relative small amounts of QDs in the organic matrix. It is discovered
that the surface ligands of QDs played a significant role in affecting the morphology of the active
layer, which determines the final performance of corresponding devices. For PbS/CdS-OA QDs,
they were homogeneously distributed inside the P3HT:PCBM film as characterized by AFM,
due to high compatibility between OA ligands and organic components. When most of the OA
ligands were replaced by inorganic ClI ions, the resulting QDs formed continuous networks in the
P3HT:PCBM film. As a matter of fact, the device based on the active layer with QD networks
showed the best long-term and thermal stability compared to that based on OA-PbS/CdS QDs
incorporated film and QD-free P3HT:PCBM film. We conclude that the QD networks efficiently
stabilize the active layer from chemical and physical (morphology) degradation, then resulting in
improved stability of the devices. This strategy can be potentially applied to other
polymer/fullerene based PSCs. Therefore, our work provides a new avenue to solve the stability

issue of PSCs, which has significant meaning to their commercialization.
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In section II, butylamine, for the first-time, was employed as an additive in the P3HT:PCBM
blend solution, to manipulate the morphology of P3HT:PCBM film. It is much “greener”
compared to commonly used alkane dithiols and halogenated additives. The PCBM can be well
dissolved in butylamine by forming a complexity with it. As a result, the PCBM mobility during
the solvent annealing process was changed, which optimized the morphology of the
P3HT:PCBM film. Specifically, it made the P3HT and PCBM accumulating at the top and
bottom of film, respectively. The film with this morphology is suitable for electron and hole
transportation in opposite directions to the cathode and anode, respectively, and also benefit the
exciton dissociation. As evidenced from the results of J-V measurements, the FF was largely
increased due to the supressed exciton and charge recombination. Thus, the PCE of devices was
increased to ~4.03%, which stimulated us to further optimize the thickness of the active layer.
The best average PCE of ~4.61% was achieved in this work among the best value of
P3HT:PCBM-based devices. This new additive can be potentially used in other

polymer/fullerene systems.
5.2 Perspectives

TBP route was first developed in our work to synthesize high quality small PbS QDs, which is
facile and greener than the TMS involved method. Although we have achieved record-high
optical efficiency at a G factor of 50 by applying synthesized QDs into the LSC devices, higher
efficiency can be further targeted via improving the surface passivation of QDs. For instance,
metal halide treatment can help to terminate the un-passivated dangling bonds on the surface of
QDs and to fill unreachable midgap trap states owing to the smaller steric effect of CI" ions than
that of OA ligands. It can directly improve the PL QY and stability of QDs, then leading to better
performance of the devices. However, the surface treatment should not sacrifice the colloid
stability of QDs. Additionally, the TBP route synthesized QDs can be explored for more
applications, such as PV devices and light emitting diodes. Compared to the commonly used
QDs obtained from TMS involved synthesis, TBP ligands can provide additional passivation on
the S sites of QDs. Different from the role of QDs in LSC devices, where they act as light
absorbers and emitters, QDs also play an important role in the charge transfer process in PV
devices and light emitting diodes. Therefore, the surface chemistry of QDs can be more

important than that in LSC devices.
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The discovery of synthesizing ultrasmall PbS QDs via mixing elemental S solution with
Pb(OH)CI in our work gives a hint to explore a new, convenient way for PbS QDs synthesis in
the future. Since the Pb(OH)CI can act as the lead precursor for small PbS QDs synthesis, more
efforts can be made for developing a more facile and greener way towards synthesizing
Pb(OH)CI. Then, these Pb(OH)CI can be conveniently converted into PbS QDs at a low
temperature (less than 100 <C) by reacting with the stable S precursor. In this case, it is able to
save the energy consumption in the synthesis and avoid the usage of large amounts of toxic,
unstable and expensive precursors, which will effectively realize the low-cost and “green”
synthesis of PbS QDs. It has significant meaning to scale up the QDs synthesis into the
industrialization scale. The crucial point for this route can possibly be the introduction of
appropriate ligands in situ for Pb(OH)CI, which is important to the optical properties and
stability of final QDs.

To improve the stability of PSCs, incorporation of inorganic materials into the active layer is one
of the research directions. The addition of NIR QDs into the P3HT:PCBM film in our work
aimed to enhance the stability of the device and extend the photo-response range of the device to
the NIR range. Although we have achieved good stabilities as expected, there is still large space
to further increase the photocurrent induced from the NIR photons. One of the challenges is the
trade-off between complete substitution of long-chain OA ligands on the surface of QDs with
shorter ones and the QD colloid stability in solution. The ligand-exchange treatment is necessary
for electron transport, while the colloid stability is crucial for the fabrication process. One
strategy is to directly graft electron acceptor molecules, such as functionalized carbon nanotubes
and fullerenes, on the QD surface as passivation ligands. Moreover, the reaction details between
0,/H,0 and the component in the ternary system need to be revealed. These investigations can
guide the future work on designing and manipulating the active layer morphology. In performing
them, the interface properties between each component and between the active layer and
electrodes should also be taken into consideration.

Recently, polymer materials with lower band gap than that of traditional P3HT emerged as hot
topics in this field. These materials with red-shifted absorption spectra are able to utilize more
sun light compared to P3HT, and show better hole mobility simultaneously. The strategy of

using QDs to largely improve the stability of devices is expected to work in low band gap
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polymer based system, which normally suffer more severe degradations than that of
P3HT:PCBM. Considering the environmental issue, the PbS-based QDs shall be replaced by
heavy-metal free NIR QDs, depending on the development of materials chemistry. Overall, the
ligand effect, band alignment, film morphology and the interface effect should be taken into

consideration in order to fabricate PSCs with both high PCE and good stability.

State-of-the-art, halogenated solvents and additives such as chlorobenzene/dichlorobenzene and
1,8-diiodooctane are commonly used to fabricate PSCs with high PCE. However, these
halogenated chemicals can cause environmental and human health problems. Moving forward
toward real application of PSCs, it is time to develop new solvent/co-solvent/additives for the
“green fabrication” of high performance PSCs. To achieve this goal, the key point is to control
the nanoscale morphology of the D/A film, which is correlated with the solvent usage. Using
mixed solvent with synergistic effect on the morphology of D/A film can be an effective way.
Additionally, it is very promising to design novel water/alcohol-soluble photoactive materials for

PSC application.
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RESUME

L’introduction

Dans notre vie moderne, I'@re humain déend de plus en plus de I'@ectricitéqui rend la vie de
plus confortable et pratique. Ceci a entrainé une augmentation rapide de la consommation
d’¢électricité dans le monde : selon les statistiques un accroissement de 60,9% (13,174 &21,191
TeraWatt Hour) a &é identifiéentre 2000 et 2016.[1] Cependant, la production d'@ectricité
repose principalement sur l'utilisation de combustibles fossiles tels que le charbon, le gaz naturel,
etc. En plus de leur manque de réserves, le brdage des combustibles fossiles est associé a
I'énission de CO, et de SO, dans I'atmosphére, entramant un ré&hauffement climatique et des
pluies acides. Par consé&juent, il est néessaire et urgent de développer des ressources
alternatives, propres et durables. Parmi les diffé&ents types de sources d'énergie renouvelables
(comme I'éergie solaire, le vent, la biomasse, la gé-dectrique, etc.), I'éergie solaire pré&ente
I’avantage d'une abondance quasi infinie et sa facilité d’utilisation est attrayante. La cellule
solaire est un dispositif qui convertit directement I'éergie solaire en éergie dectrique par effet
photovolta'ue. Elle repré&ente I'un des moyens les plus efficaces, les moins coGeux, les plus
propres et les plus renouvelables pour fournir de I'@ectricitéal'&re humain dans I'avenir, ce qui

a attiré 1’attention pour la recherche et les applications pratiques.

Classiquement, les technologies des cellules solaires peuvent &re classees en trois gené&ations.
Les cellules solaires de premiee généation sont principalement abase de silicium (simple /
multi-cristallines) et dominent toujours le marché& en raison de leur efficacitéde conversion de
puissance (ECP) éevé(gen&alement: 15-20%) et de leur bonne stabilit€[5,6] Cependant, nous

avons besoin d’une technologie trés couteuse en colit et en énergie afin de pouvoir obtenir des
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maté&iaux de silicium purs et sans défauts, ce qui entrame des colts de production &evés. La
cellule solaire de deuxieme géné&ation (appel€aussi cellule solaire &acouche mince) possédle un
codt de fabrication inférieur a celle de premicre génération (si on évite d’utiliser du silicium).
Néanmoins, I’ECP est également diminuée. Par exemple, les cellules solaires amorphes bas€ées
sur le silicium sous forme de couche mince, le CulnGaSe, et le CdTe préentent des
performances typiques de 10 a15%.[7] En tenant compte du cott en éergie de leur fabrication,
il est trés peu probable que les cellules solaires de deuxiéne généation remplacent

compleéement celles de premiée généation.

En se basant sur les techniques de chimie des maté&iaux et d'ingénierie des dispositifs, la cellule
solaire de troisiame géné&ation a &e&invente il y a une deéennie, dans le but de ré&luire le cot
de fabrication et d'atteindre en mé&ne temps une ECP devee. La cellule solaire de troisiéne
géné&ation peut &re divisée en plusieurs catégories, selon les maté&iaux actifs utilisés dans leur
fabrication, tels que des colorants, des points quantiques (PQ), des polymeéres conjugués, des
perovskites et des méanges de PQ et de polymeées.[8-11] Les films actifs basé& sur ces
maté&iaux peuvent &re fabriqgué par une technique en solution (p. Ex. Processus de roulage &
rouleau, etc.), qui est rentable et pratique pour la préaration d'un dispositif de grande surface.
En outre, le traitement &haute tempé&ature et sous vide couramment appliquédans les cellules
solaires de premiée et deuxiane géné&ation peut &re &ité ce qui réluit la consommation
d'énergie lors du processus de fabrication. La performance de ces cellules solaires a &é
largement am@&ioré& d'un modée al'autre en se concentrant principalement sur I'optimisation de
la configuration des appareils et I'innovation du matéielle. A ce stade, chacune de ces cellules
solaires préente ses propres avantages. Par exemple, la cellule solaire de perovskite

tridimensionnelle (jonction unique) a montré la meilleure ECP de ~ 22,1% [12] sous
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rayonnement solaire, tandis que l'appareil &base de PQ pré&ente a la fois une stabilitédans l'air
et une ECP raisonnable (11,28%) [13]. En revanche, I’amélioration des performances de ces
cellules solaires et la ré&luction de leur co néeessite davantage de temps pour pouvoir les rendre

applicables.

Le dispositif concentrateur solaire luminescent (CSL), permettant de convertir des photons de
large spectre en lumiée concentré dans une gamme spe&ifique, est un autre choix potentiel pour
atteindre ces objectifs en ré&luisant l'utilisation de mat&iaux photovoltafues coieux. Il contient
principalement un fluorophore (absorbeur / émetteur de lumiée) et une matrice polymée
agissant comme guide dondes des photons ré&amis. En comparaison aux dispositifs
photovolta'fues, les CSL peuvent &re produits a faible cod & cause de leurs maté&iaux
composites et de leur procédé de fabrication. Ils permettent la mise en ceuvre de technologies
solaires agrande &helle en combinant le p&iph&ique CSL (bon marchédans une large zone)
avec un dispositif PV coCteux (dans une petite zone). Par conséguent, le coGt total des
technologies solaires peut étre réduit sans diminuer I’ECP. Dans ce concept, le dispositif CSL
doit &re fabriguéavec un grand rapport entre la surface sup&ieure et celle du bord en vue du
dispositif de la cellule solaire (Figure 1.9), afin de maximiser l'absorption et I’extraction de la

lumiere.

Dans un appareil CSL, le maté&iau fluorophore est le facteur le plus important pour la
performance de l'appareil. Les progres réents dans la synthése des PQ inorganiques avec une
photoluminescence ahaut rendement quantique (RQ PL), des propriéé& optiques ajustables
selon leur taille, une bonne qualité¢ chimique et une bonne photostabilité, en font d’excellents
candidats pour les technologies CSL. Dans le cas des PQ de PbS par exemple, une RQ PL allant
jusqu'a’0% a éeatteinte lorsque le diamétre du PQ a ééreluit 2~3,0 nm. De plus, le dopage et
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le rev&ement des ions méalliques ont &e&identifiés comme des stratéies efficaces pour séarer
le spectre d'absorption et d'énission des PQ et am@iorer leur stabilit& Selon les types de PQ,
leur traitement peut réulter en une RQ PL raisonnable voire sup&ieure. Ces PQ incluent ZnSe

dopé€au Mn, CdSe / CdS, PbS / CdS, PbSe / PbS et ainsi de suite. [56-63]

Jusqu’a présent, des progres substantiels ont été réalisés pour les cellules solaires de troisiéne
géné&ation, gr&e au développement de la chimie des maté&iaux et de l'ingénierie des dispositifs.
A l'exception des cellules solaires hybrides, I’ECP record pour chaque type de cellules solaires
de troisiéne géné&ation atteint le seuil du critere de commercialisation (environ ou plus de 15%).
Pour les CSL, le déseloppement de la chimie des maté&iaux fournit &alement plus de latitude
pour concevoir de nouveaux dispositifs avec une stabilitéde performance am@&ioré&, une gamme
d'utilisation de lumiere dargie et une gamme de photons d'énission ajustable, par rapport au
dispositif le plus répandu avec des colorants comme luminophores. [64-66] Autrement dit, la
chimie des maté&iaux et l'ingénierie des dispositifs ont jou€ un rde important dans le
développement des technologies solaires, qui sont les deux voies de recherche pour continuer a

am@iorer les performances des technologies solaires vers une application relle.
Objectif de la theése
Partie I: Etudes sur la synthése, la caractéisation, le meésanisme et I'application de PQs

Les PQ abase de PbS sont prometteurs pour diverses applications dans la gamme du proche
infrarouge (PIR), en raison de leurs proprié&é& optiques qui relévent principalement de leur
méhode de synthese. Parmi les diverses voies de synthése, I'utilisation PbCl, et de S éémentaire
comme préeurseurs est un moyen facile, str et propre (environnement) de synthéiser des PQ de

haute qualité Cependant, cette mé&hode produit normalement des PQ possé&lant une gamme de
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spectre d'absorption limité& de 1200 21600 nm, ce qui correspond aune taille de 4,2 &a6,4 nm.
[22] Selon ces travaux, bien que le trioctylphosphine ait &éutilis€comme additif pour éendre la
gamme accordable de des PQ synthé&isés, le rendement du produit de la réaction est limité [21]
De plus, ces travaux ont principalement portésur la synthese de PQ de grande taille avec le
premier pic excitonique 21600 nm. Par conseguent, il est encore difficile de synthéiser des PQ
de PbS de tres petite taille. Comme nous le savons, les petits PQ possezent géné&alement une RQ
plus éevée, une meilleure constante optique et une meilleure stabilité que les grands. Par
cons&juent, nous avons comme objectif de r&liser la synthése de trés petits PQ de PbS par cette
voie en introduisant un nouvel additif dans la réction. En outre, les proprié&é de surface des PQ
seront examinéss, ce qui est corrééavec leurs performances optiques. Le mé&anisme de réction,

la réaction de mise a I’échelle et l'application des PQ sont également &udiés.

Partie II: Amélioration de la performance des cellules solaires a base polymere (CSP)

Bien que des ECP supé&ieures a10% aient &€ atteintes pour les CSP, les recherches sur la
stabilitédu dispositif et la fabrication via des "solvants verts" sont limitées, ce qui entrave leur
commercialisation. Pour réoudre les problémes de stabilité des dispositifs, deux facteurs
principaux doivent &re pris en compte [4]: 1) la dégradation chimique des polyméres et des
dectrodes par ré&ction avec O, / H,O; 2) la déyradation physique due au changement de
morphologie de la couche active. Sur la base de ces consid&ations, nous visons aamé@iorer la
stabilitéthermique et along terme des CSP en ins&ant des points quantiques inorganiques dans
la couche active en tant que stabilisant du film et en mé&ne temps pour empé&her O, / H,O
d'attaquer le polymere. La sensibilitédes PQs &0,/H,0 et I'effet morphologique sont deux points

sur lesquels focaliser les travaux.
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L'é@ude du remplacement de solvants halogéné par des "solvants verts" est une des autres
futures directions de recherche sur les CSP. Pour obtenir des CSP avec des performances devéss
al'aide de <solvants verts>; il est inté&essant d'utiliser un méange solvant / cosolvant ou solvant /
additif pour préparer une solution d&ivee de polymée/fulleréne afin de contrder la morphologie
et la structure de la couche active. Dans ce cas, 'utilisation a la fois du solvant et de 'additif
devraient permettre d’éviter l'utilisation de produits chimiques halogénés. A cette fin, nous
cherchons a&udier les effets d'un nouvel additif (butylamine) vert sur la morphologie et la
structure du film P3HT:PCBM. Aprés avoir compris I'effet de cet additif, il sera possible de
combiner la couche avec des PQs pour fabriquer un polymeére stable et &haute performance et
obtenir des dispositifs photovoltafues d&ivés du fulleréne abase de PQs en jouant ala fois sur

les additifs et le ligand de surface des PQs.

Dans la premiere partie de notre travail, nous avons synthé&isédes PQs de PbS absorbant dans le
PIR de tres petite taille de haute qualitéen utilisant respectivement PbCl, ainsi que le soufre
éémentaire (S) comme préurseur de plomb et de soufre, et en introduisant de la
tributylphosphine (TBP) dans la réction. Cette voie est beaucoup plus propre et aisé& par
rapport ala mé&hode utilisant du sulfate de bis (triméhylsilyle) toxique comme pré&urseur de
soufre et qui exige le recours aune boie agants. Par la suite, le m&anisme de réction de la
synthése de petits PQs et ’examen de leurs propriétés optiques, de leur morphologie, de la
dispersité& de leurs proprié&és de surface et de leur application aux CSL ont é&ésysténatiquement
éudié&. De maniee déaillé, ce travail peut &re divis€en trois sections: deux sont liées ala
synthése de PQs de PbS, et la derniée section concerne I'application aux CSL abase des PQs

synthéises.

175



Dans la section 1, la solution S-ol&/lamine (OLA) a @éméange& avec diffé&entes concentrations
de TBP avant son injection dans la solution pré&hauffé& de PbCl,-OLA. Pour la réction sans
TBP, la longueur d'onde d'absorption la plus courte des PQs de PbS est limité& a~ 1056 nm. En
augmentant le contenu de TBP a 40 pL, le premier pic d'absorption excitonique des PQs obtenus
a é@éprogressivement déalévers le bleu &~ 705 nm, en raison de la diminution de la taille des
PQs (Figure R1- (a)). En augmentant encore la concentration de TBP, aucun PQ ne peut &re
collecté Le facteur cléqui méne au pic d'absorption excitonique dé&alévers le bleu et ala
disparition finale des PQs quand la quantitéde TBP augmente est la formation d'une forte liaison
entre S et TBP. Le S-TBP aurait pu participer au processus de croissance de PQ, ce qui aurait
empé&héles PQs de continuer agrossir avec le TBP comme un type de ligand rigide ala surface.
Cependant, le S-TBP stable n'a pas pu démarrer la réction de nuclétion avec le pré&urseur de
plomb, puis il na pas réussi aformer le PQ une fois que la concentration de S-OLA est devenue
infé&ieure au point critique de la réction de nuclétion aprés avoir ajoutécertaines quantités de
TBP. En plus de diminuer la taille des PQs, le TBP en tant que ligands supplénentaires situés sur
les sites S sur une surface PQ autre que celle des ligands OLA sur le site Pb aurait pu modifier la
composition de la surface, la morphologie, la dispersion et la distribution des tailles et bénéficier
de ces propriéés optiques. En bref, la synthése assisté par TBP des PQ de PbS montre des
distributions de taille éroite sans agrégation et démontre une PL RQ &eve dans la gamme de
60-90% (Figure R1-b), selon la taille du PQ. Tous ces résultats ont ré&vé@éque cette voie est

applicable pour la synthése de PQs de PbS de tres petite taille et de haute qualité
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Figure R1. Les spectres d'absorption (a) et RQ PL (b) des PQ synthé&isé& sans TBP et par la voie TBP.

Contrairement ala section 1, un processus de synthése par injection en deux éapes est utilisé
dans la section 2. Par exemple, de grandes quantités de TBP ont d'abord é&é&injectés dans le
pré&urseur de plomb pré&hauffé suivi de la solution de préeurseur de soufre. (Figure R2) Sur la
base de cette synthése, le premier pic excitonique des QP de PbS peut &re éendu &~ 780 nm
(correspondant au diamétre ~ 2,5 nm) par rapport acelui de la réction sans TBP. Les PQ de PbS
résultants montrent une excellente dispersité sans agrégation et une PL RQ d’environ 80%. De
plus, le TBP s’est révélé aider la transformation de PbCl,-OLA (pré&urseur de plomb) en
Pb(OH)CI plus réctif sans changer sa structure propre, ce qui participe directement au processus
de nuclé&tion, conduisant & des PQs ultrapetits. Ceci indique que le Pb(OH)CI peut ére
potentiellement appliquépour la synthese d'autres PQs de petite taille basés sur le plomb en tant

(Jue nouveau preeurseur.
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Figure R2. (A) Absorption et spectrométres PL des PQ PbS obtenus par injection en deux &apes de grandes
quantités de TBP puis de S-OLA. (B) image TEM de PbS PQ obtenues par injection en deux éapes. (C)
spectres XRD de préurseurs de plomb et de PbCl, commercial. (D) spectres de RMN 31P préevé apartir
de la solution de DLP vierge et qu'aprés réction. (E) Absorption et spectre PL et (f) image TEM de PbS PQ

synthéisée par Pb (OH) Cl et S-OLA.
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Dans la section 3, les CSL utilisant des PQs de PbS ou de PbS / CdS amesure que le phosphore
ont é&éfabriqués, et leur performance pour concentrer les photons de large bande dans une
gamme spe&ifique ont &alement &étestes, ce qui est principalement corrdéau RQ de leur PL, &
la séparation d'absorption, au spectre de PL et &ala photo-stabilité (Figure R3-(a, b)) Par
cons&juent, des PQs ultrapetits présentant les avantages des grands dans tous ces aspects sont
prometteurs pour I'application aux CSL. En fait, le CSL a montréune efficacitéoptique d'environ
1,2% aun facteur géamérique de 50 (10 cm de longueur) en utilisant des PQs de 2,5 nm avec
une coque de CdS de 0,1 nm, ce qui constitue un record par rapport &d'autres CSL basés sur des
PQs. La figure R3-(c) montre que le dispositif CSL tel que préparé préente une trés bonne
transparence, ce qui est attribuéaux PQ de PbS dispersé& de mani&e homogeéne dans la matrice
de polymére. En outre, une camé&a dans le PIR avec un filtre passe-bas de 780 nm a &éutilisee
pour photographier un CSL excitépar une source laser &a636 nm (Figure R3-(d, €)). Une grande
partie des photons géné&é& a &€ guidé avec succes au bord du dispositif CSL avec une
luminositécomparable ala zone excitée sous &lairage direct, ce qui indique la bonne qualitédu
CSL. Des dispositifs utilisant des PQ de pur PbS et de PbS/CdS avec une coquille épaisse ont
&alement &é fabriqués et testés, et tous ont montrédes réultats prometteurs. Au total, ces

réultats ont confirméla qualitéde nos PQ synthé&isés via la voie de synthése impliquant le TBP.
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Figure R3. (A) Absorption et spectroméres PL de PbS / CdS en solution et une matrice polymére. (B)
Efficacité optique / quantique des CSL int&ré& de PbS / CdS PQ avec des facteurs G diffé&ents. (C)
Photographie d'un appareil CSL (barre d'é&helle: 1 cm). (D) Schéma de la configuration exp&imentale pour
exciter et prendre la photographie d'un dispositif CSL éclairant (I'angle de la région 0 est le cone
d'&happement de la lumiére @nettrice). (E) Photographie d'un CSL €lairé capturépar une caméra Pl avec

un filtre passe-longue de 780 nm.

Les résultats correspondants de cette section sont pré&enté dans la publication [105]:

[105] L. Tan, Y. Zhou, F. Ren, D. Benetti, F. Yang, H. Zhao, F. Rosei, M. Chaker and D. Ma, J.

Mater. Chem. A, 2017, 10250-10260.
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Dans la premié&e section de la deuxi@me partie, nous nous sommes concentrés sur I'améioration
de la stabilitédans I'air des cellules solaires polymées (CSP) en utilisant un méange de poly (3-
hexylthiophéne-2,5-diyle) (P3HT) et d'acide phényl-Cei-butyrique Méhyl ester (PCBM). Pour ce
faire, des PQ inorganiques absorbant dans le PIR ont &&séectionné comme stabilisateur, ce qui
a permis en méne temps de prolonger la photoréonse du dispositif dans la plage PIR. Compte
tenu de la proximitédes niveaux d'éergie de P3HT et de PCBM, un &hantillon de PQ de PbS
avec un diamétre ~3,3 nm a &éséectionn€ ce qui peut faciliter les processus de transfert de
charge dans le dispositif. En outre, d'autres traitements de surface des PQ ont &é&effectués avant
de les appliquer aux applications PV. Tout d'abord, une fine couche de CdS (0,1 nm) a &é
formé& ala surface des PQs par une ré&ction d'&hange de cations. Cela peut am@iorer
considéablement la stabilitéde l'air des PQs eux-mé&nes ainsi que leur stabilité&thermique et
photo, sans bloquer le transport du porteur de charge et changer leur diamére global.
Deuxiénement, une grande quantitéde ligands d'oléte isolé& par de longues chames sur la
surface du PQ a &éremplacé par de plus petits ligands atomique de CI- en utilisant un
traitement par des halogéwures méalliques. Les ligands atomiques de Cl- peuvent former une
"coquille de ligand" dense sur la surface et atteindre les éats pi&é& interméliaires ce que ne
peuvent faire les longs ligands, en raison de I'effet sté&ique. Par conséjuent, la stabilitédes PQs
peut &re encore am@iore et la densitédes &ats pieges efficacement ré&luite, ce qui rend les PQ
appropriés pour les applications PV. Il convient de mentionner que la manipulation du ligand de
surface a &jalement affecté la morphologie du film P3HT: PCBM: PQs, qui joue un rde
important dans la stabilité du dispositif. Comme en témoignent les images obtenues par
microscopie atomique (MA), les PQs avec ligands Cl forment des ré&eaux continus de PQ dans

le film P3HT: PCBM (Figure R4), tandis que ceux sans ligands Cl sont répartis de maniee
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homogene dans le film. Il est important de noter que les dispositifs CSP basé& sur des films
contenant des réseaux inhabituels de PQs présente une excellente stabilitéalong terme sous une
humiditérelativement &evee (50-60%), tout en fournissant simultanénent plus de 3% de ECP.
(Figure R5-(a, b)) Aprés 30 jours de stockage sans encapsulation, environ 91% des ECP vierges
peuvent &re conservés. C'est une am@ioration remarquable par rapport acelle des dispositifs
basés sur le P3HT pur: film PCBM (~ 53%). Nous avons ve&ifiéqu'une telle am@&ioration est due

a I’absence d'agrégation des PCBM et a I'oxydation du cycle thiopheéne dans P3HT.
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Figure R4. Images topographiques MA de P3HT: PCBM (a) et P3HT: PCBM: films halogéure-PbS/CdS (b)
par balayage en mode ScanAsyst; Images de force laté&ale de P3HT: PCBM (c) et P3HT: PCBM: hailde-

PbS/CdS (d) films par balayage en mode contact.
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En outre, la pré&sence de ré&seaux de PQs am@iore efficacement la stabilité thermique du
dispositif tout en supprimant le stress thermique / I'oxydation sous une humiditérelativement
devee. (Figure R5- (c, d)) Environ 60% des ECP vierges sont préservés apres 12 h de traitement
thermique &85 <C, soit plus de deux fois que pour le dispositif sans ré&eaux de PQs. A notre
connaissance, ce travail repréente la premiee dénonstration sans €juivoque de la formation de
réseaux de PQs dans la couche photoactive et de leur contribution ala stabilitédes CSP. Cette
strat&yie est tres prometteuse pour les autres CSP basés sur les fullerénes et ouvre une voie vers

la r&lisation de CSP avec une ECP &evé et une excellente stabilité
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Figure R5. Performance de stabilitéalong terme des dispositifs non encapsulé dans I'air sous haute humidité
de 50 &60% selon le film de P3HT: PCBM (a), P3HT: PCBM: halogéure-PbS / CdS (b), stabilitéthermique

des dispositifs basé sur P3HT: PCBM (c) et P3HT: PCBM: halogénure-PbS / CdS (d).

Les résultats correspondants de cette section sont pré&enté dans la publication [106]:

[106] L. Tan, F. Yang, M. R. Kim, P. Li, D. T. Gangadharan, J. Margot, R. Izquierdo, M. Chaker,

and D. Ma, ACS Appl. Mater. Interfaces, 2017, 9, 26257-26267.

La seconde section de la deuxiéne partie éait centré& sur la manipulation de la morphologie du
mélange P3HT: PCBM, afin d'améliorer ’ECP des CSP. Le point essentiel est de controler la
mobilitédes composants du film lors du processus de fabrication. Pour ce faire, la butylamine a
éeintroduite comme additif dans la solution P3HT: PCBM avec du dichlorobenzéne comme
solvant. Il a é&é&confirméque la butylamine préente une bonne solubilitépour PCBM, alors
qu'elle est insoluble pour P3HT. (Figure R6) En consé&juence, I'addition de butylamine amé&iore
I'accumulation de P3HT dans la partie superieure et PCBM dans la partie inferieure du film, cela
qui conduit aun enrichissement en P3HT sur la surface sup&ieure et une abondance (d€éficit) de
PCBM. Nous montrons le resultat sur la figure AFM et la caractrisation XPS dans la figure ci-

dessous.
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Figure R6. Les images topographiques des &hantillons standard (a) et de la butylamine (b); Images en phase
de I'&hantillon (c) et de I'&hantillon standard (d) de I'addition de butylamine; Spectres XPS S 2p ahaute

réolution de I'&hantillon impliquédans la butylamine sur les c& & supé&ieur (rouge) et infé&ieur (noir) (e).
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Par la suite, des cellules solaires possélant la configuration ITO / ZnO / P3HT: PCBM / MoO3 /
Ag ont é@é fabriquées pour é&valuer l'effet du changement de morphologie réultant de la
butylamine sur la performance du dispositif. L’étude a révélé que le dispositif soumis a la
butylamine pré&ente un facteur de remplissage largement amé&ioré(FR: ~ 70%) et un meilleur
ECP (~ 4,03%) que le dispositif standard (Figure R7- (a), Tableau 1), ce qui peut &re attribuéa
I’amélioration du transport de charge dans le film P3HT:PCBM et a une sélectivité accrue des
éectrodes. Ces ré&ultats fournissent un moyen d'optimiser I'éaisseur de la couche active afin
d'absorber plus de lumiére. En d'autres termes, il est possible d'améliorer encore I’ECP en
augmentant le courant de court-circuit (Jsc) sans sacrifier de maniére significative le FR, si une
morphologie bicontinue préé&able et interpénéré exite, elle va pouvoir &re observé dans un
film épais. Par conséjuent, nous avons fabriqué des dispositifs abase de film &ais P3HT:
PCBM en doublant la concentration des mat&iaux en solution. Les mesures courant-tension
indiquent qu’une valeur de FR d’environ 63% est obtenue pour le dispositif affecté par la
butylamine, ce qui est encore plus &eveé que celui du dispositif standard basésur un film
relativement mince. Dans le mé@ne temps, Jsc a €galement &ée largement améioré gr&e a
I'augmentation d’épaisseur de la couche active, ce qui a entrainé une ECP de 4,61% (figure R7-
(b), tableau 1). Au final, ces résultats confirment bien que la butylamine en tant qu'additif peut
efficacement améliorer les performances du dispositif P3BHT: PCBM. En outre, 1’avantage est
I'absence d'ions malodorants et d'’halogenes par rapport aux dithiols d'alcane et aux additifs

halogénes couramment utilisés, ce qui rend cet additif prometteur pour I'application aux CSP.

186



(a) 4- —Standarc.l (b) 4 Standard
Butylamine Butylamine
A e A
: o ———r . 02 olo 0.2 0.4
-0.2 olo 0.2 0.4 0. > : : -
— Voltage (V) e Voltage (V)
E g £ -4-
o o
< -4- <
E E
- - -8-
-8 [
— by

Figure R7. Courbes J-V des appareils photovolta'fjues basées sur le film relatif (a) et &ais (c) P3HT: PCBM.

Tableau 1. Paramétres photovoltajues de dispositifs normaux et liés ala butylamine

fabriqués adiffé&entes concentrations de P3HT: PCBM.

Sample P3HT+PCBM Butylamine Voc Jse FR  ECP
(mg mi™) (vol %) (V) (MAcm?) (%) (%)

Standard 24 0 0.63 8.62 62.4 3.37
Butylamine 24 3 0.63 9.21 69.9  4.03
Standard 48 0 0.58 1152 5651 3.79
Butylamine 48 6 0.61 1202 6334 461

Ce travail est décrit dans 1’article ci-dessous:

Towards enhancing solar cell performance: an effective and “green” additive, L. Tan, P. Li, R.

Izquierdo, M. Chaker and D. Ma. &re soumis.
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