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PROCESS FOR THE SYNTHESIS OF SEMICONDUCTOR NANOCRYSTALS

The present invention relates to processes for synthesising semiconductor nanocrystals.

The invention further relates to semiconductor nanocrystals obtainable by such processes

and to products incorporating such semiconductor nanocrystals.

Statement on Funding

The work leading to this invention has received funding from the European Research

Council under the European Union's Seventh Framework Programme (FP7/2007-2013) /

ERC grant agreement n° 340538.

Background

Nanoscale crystals of semiconductor materials (crystalline particles having at least one

dimension, such as a diameter, which is 10 nm or less and which is generally from 1 to 10

nm) have attracted increasing interest in recent years due to their interesting electronic

properties. In particular, metal chalcogenide semiconductor compounds have a large Bohr

radius and small exciton binding energy, and have been demonstrated to outperform their

conventional bulk counterparts in various application areas such as optoelectronic and

biological imaging. Apart from highly toxic and expensive cadmium or indium colloidal

quantum dots, lead and zinc chalcogenide colloidal quantum dots are acknowledged to be

the most promising objects in terms of their applicability and sustainability. However, due to

the limitation of prevailing fabrication techniques, the spectral coverage of these colloidal

quantum dots is still insufficient, especially in the case of visible emissions, which impedes

their further application. It is therefore desirable to develop improved fabrication techniques

which will give access to colloidal quantum dots, and in particular those based on lead and

zinc chalcogenides, having emission wavelengths in hitherto inaccessible regions of the

electromagnetic spectrum.

In a bulk semiconductor material, charge carriers (electrons and holes) experience a periodic

electrical potential which is determined by the nature of the atoms in the crystal lattice and

their position relative to one another, i.e. by the atomic composition and crystal structure of

the material. The electronic energy levels in bulk semiconductors can therefore be modelled

using the well-known band model with valence bands and conduction bands each containing

a continuum of energy levels. Radiative recombination of electrons in the conduction band

with holes in the valence band is accompanied by the emission of a photon having an



energy similar to that of the band gap, which is independent of the size of the material.

However, as the dimensions of the semiconductor material are decreased and approach the

nanoscale, this behaviour changes and the electronic behaviour of the semiconductor

instead displays properties which are intermediate between those of single atoms or

molecules and bulk semiconductor materials.

As the size of the semiconductor in 3D space (e.g. the radius of a spherical particle)

approaches or becomes smaller than the exciton Bohr radius (where an exciton consists of

an electron - hole pair and the Bohr radius is the average distance between the electron and

the hole) the number of degrees of freedom of the electron and hole wavefunctions are

reduced because they are constrained on all sides by potential barriers corresponding to the

edges of the crystal. Due to this spatial confinement, the electronic energy levels of the

semiconductor become quantised. In this way a semiconductor nanocrystal behaves as a

zero-dimensional quantum box. For this reason semiconductor nanocrystals are also known

as "quantum dots". Although it can still be useful to think of the energy levels in terms of

"valence bands" and "conduction bands", in a nanocrystal such bands contain discrete,

quantised energy levels rather than a continuum of energy levels as they do in the case of

bulk semiconductor materials.

Unlike bulk semiconductors, where the band gap is essentially independent of size,

semiconductor nanocrystals exhibit strongly size-dependent behaviour arising from quantum

confinement of excitons. As the size of the crystal decreases, the band gap (i.e. the gap in

energy between the highest-energy "valence band" quantised energy level and the lowest-

energy "conduction band" quantised energy level) typically increases. Properties depending

on the energy level structure and band gap therefore also vary with nanocrystal size. For

example, the wavelength of photons emitted during radiative electron-hole recombinations is

generally shorter ("blue-shifted") for smaller crystals of a given semiconductor than for larger

crystals of the same material. It is also generally observed that the emission wavelength for

a quantum dot of any semiconductor material is of a shorter wavelength than the emission

wavelength for a bulk semiconductor of the same material, with the difference between the

"bulk" and "quantum dot" emission wavelengths becoming more pronounced (i.e. with the

quantum dot emission wavelength becoming shorter) as the quantum dot size is reduced.

Due to the size-dependency of the energy level structure of quantum dots, they have

become of great interest for applications which make use of their optical properties.

Emission and absorption characteristics can be "tuned" by careful selection of the

appropriate nanocrystal size of any particular semiconductor material. Typically, quantum



dote will have a substantially Gaussian emission profile with a narrow full width at half

maximum (FWHM) in which the major source of line broadening (where a plurality of

quantum dots are present) arises from inhomogeneity in the particle size distribution; the

narrower the size distribution, the narrower the FWHM. Other contributions to the FWHM

(which also cause line broadening in the emission of individual quantum dots) arise from

temperature and natural spectral linewidth. Optical emissions from quantum dots also

typically have a high quantum yield and high brightness. Due to the quantised energy level

structure, the absorption spectra of quantum dots also generally comprise sharp, discrete

peaks corresponding to different energy level transitions.

Various different types of quantum dot are known. "Core-type11 quantum dots consist

essentially of a single material having a uniform internal composition, such as nanocrystals

of metal chalcogenides. "Core-shell" quantum dots comprise a core of a first composition

surrounded by a shell of a second composition having a larger band gap than the first

composition. Core-shell quantum dots often have improved quantum yield compared to

core-type quantum dots. "Alloyed" quantum dots may be formed by alloying two different

semiconductors with different band gaps, either as a homogeneous composition or as an

alloy having an internal composition gradient. Other types of quantum dot may be formed by

the formation of "islands" of semiconductor material on a suitable substrate using deposition

from the vapour phase, such as via molecular beam epitaxy or MOCVD, or using

lithographic techniques such as electron beam lithography or chemical etching. Quantum

dots may also be formed in semiconductor crystals by the field effects arising from one or

more gate electrodes, which are typically formed using lithographic or electrostatic

techniques.

"Core-type", "Core-shell" and "Alloyed" quantum dots may be referred to more generally as

"colloidal" quantum dots due to the fact that these are all nanocrystals which will tend to form

a colloidal dispersion when placed in a suitable solvent. (Quantum dots based on epitaxial

growth on substrates, and those which are based on gate electrodes, are not typically

referred to as "colloidal* as they are not discrete nanoparticles but are instead formed

integrally with further substrates). The present invention relates to colloidal quantum dots

and in particular to core-type quantum dots. The use of the term "colloidal" does not

necessarily mean that the quantum dots are colloidal at all times: for instance, quantum dots

cannot be in colloidal form if they are not dispersed in a solution. Rather, the term "colloidal

quantum dot" in this context refers to a quantum dot having certain characteristics (e.g. size

and lack of solubility) which allow it to become colloidal when added to a suitable liquid

medium.



Colloidal quantum dots are typically prepared by "wet" chemical techniques, i.e. processes

employing solution-phase chemical reactions. A common method for formation of colloidal

quantum dots is the so-called "hot injection" technique. This leads to controlled nucleation

and growth of particles in a solution of chemical precursors. Typically one or more solutions

of chemical reagents containing precursor species are injected into a hot solvent. Quantum

dot particles are formed by reaction of the precursors and precipitate out of the solvent. A

large number of nucleation centres are formed by the precipitated particles, with subsequent

reactions taking place via Ostwald ripening at the surface of the particles as precursor

species adsorb and react on the surface.

Despite the simplicity and widespread use of the "hot injection" method, however, the

production of wide band-gap colloidal quantum dots using this method has proven difficult.

For example, lead sulphide (PbS) can theoretically have a band gap ranging from 0.4 eV (in

the bulk semiconductor) to over 3 eV in the smallest quantum dots. However, in practice, it

has proven impossible to synthesise PbS quantum dots having a band gap over 1.6 eV

using the "hot injection" technique. Similar drawbacks exist with other quantum dot

materials. For instance, maximum band gap tuning ranges for some typical metal

chalcogenide quantum dots produced using "hot injection" methods are listed as follows:

CdS (3.54 eV - 2.43 eV), CdSe (2.8 eV - 1.75 eV), PbSe (1 .65 eV - 0.27 eV), PbS ( 1.6 eV -

0.4 eV), ZnS (4.4 eV - 3.54 eV) and ZnSe (3.44 eV - 2.7 eV). As a result, it has proven

difficult or impossible to obtain quantum dots having an emission wavelength in the visible

region for some semiconductor materials even though their existence is theoretically

possible. It is therefore desirable to find a synthetic method which allows access to visible-

region emission wavelengths. For other semiconductor materials in quantum dot form,

although some emission wavelengths in the visible region are attainable, it is desirable to

expand the range of band gaps attainable and therefore access other wavelengths in the

visible region which cannot be reached using the hot injection method. In all cases, it is

desirable to provide a synthetic method allowing good control (tunability) over the size, band

gap, and emission wavelengths of the quantum dots which are obtained, for example to

provide improved monodispersity (e.g. a narrow size distribution).

The present inventors have now found that this problem can be overcome using the

methods described herein. In contrast to the conventional, homogeneous solution-phase

"hot injection" techniques, the methods described herein employ a solid-state precursor in

combination with a solution-phase precursor, giving rise to a heterogeneous reaction. The

methods described herein can be carried out at lower temperatures than the hot injection



technique, in some cases even at room temperature. The methods described herein can be

carried out as a "one pot" method, in contrast to the multiple-stage reactions required for hot

injection. The methods described herein therefore offer a simpler synthetic method which

can be carried out under mild conditions and which opens the way to synthesis of smaller,

higher-band-gap colloidal quantum dots compared to those which are obtainable via

conventional solution chemistry techniques.

In a first aspect the present invention provides a process for the synthesis of semiconductor

nanocrystals, comprising mixing a nonaqueous solution of a metal precursor with solid

chalcogen and reacting the resulting mixture at a temperature of about 90 °C or greater.

The processes of the invention comprise mixing a metal precursor in solution with a solid

chalcogen, i.e. elemental chalcogen. The chalcogen is in solid form. The processes of the

invention are therefore heterogeneous, i.e. reaction between the metal precursor and the

solid chalcogen takes place at the interface between the solid and liquid phases.

The terms "nanocrystal", "nanoparticle", "semiconductor nanocrystal", "semiconductor

nanoparticle" and "quantum dot" are employed interchangeably herein and refer to

nanoscale crystalline particles of semiconductor materials having properties as herein

described.

The semiconductor nanocrystals prepared according to the present invention are preferably

nanocrystals of a binary material, i.e. a material of general formula MA where M is a metal

and A is a chalcogen selected from sulphur (S), selenium (Se) and tellurium (Te). M is

preferably Zn, Cd, Ge, Sn or Pb.

The chalcogen is in the form of a solid, e.g. solid S, Se, or Te. In one aspect the present

invention therefore further provides the use of a solid chalcogen in the heterogeneous

synthesis of metal chalcogenide semiconductor nanocrystals. Although in principle any size

of solid chalcogen may be used, it is preferable neither to use solid particles which are so

large that they give rise to negligibly slow reaction rates, nor particles so small that the

reaction rate approaches the fast rates seen when liquid-phase precursors are employed.

The optimal particle size should therefore be intermediate between these two extremes.

Large chunks should preferably be avoided in embodiments of the invention where the

method is carried out as a continuous-flow process, as these can lead to blockages.



Particularly preferably the chalcogen is in powder form. The powder comprises particles of

which preferably at least 50%, at least 60%, at least 70%, particularly preferably at least

80%, e.g. at least 90% have a diameter below 1 mm, preferably between 0.05 and 1 mm,

e.g. 0.06 to 0.70 mm, 0.07 to 0.30 mm, 0.10 to 0.25 mm, or 0.13 to 0.21 mm. Particularly

preferably the majority of the particles have a diameter of 0.13 to 0.18 mm, and especially

preferred are powders in which at least 80% of the particles have a diameter of 0.13 to 0.18

mm. In one embodiment substantially all of the powder particles have a diameter of about

0.13 to 0.18 mm.

The solid chalcogen is provided as a bulk solid (e.g. as a powder as described above), i.e.

as a solid which is not dispersed or suspended in a liquid medium. Thus the solid chalcogen

is provided as a dry solid, not as a suspension of solid particles in a fluid phase nor as a

colloidal dispersion of solid particles in a dispersion medium. In some embodiments of the

invention a suspension or colloidal dispersion of chalcogen particles may form when the

solid chalcogen is contacted with the nonaqueous solvent which contains the metal

precursor, but the chalcogen is not in the form of a suspension or colloidal dispersion prior to

contacting the nonaqueous solution of metal precursor.

The metal precursor is preferably an organometallic compound. Metal alkyls or alkenyls may

be employed as metal precursor, but particularly preferably the precursor is a metal salt of

an aliphatic carboxylic acid, i.e. a salt of the metal with a carboxylic acid of general formula

RCOOH where R is an aliphatic group. Preferably the carboxylic acid is a saturated or

unsaturated fatty acid having 13 to 22 carbon atoms (including the carbon atom of the

carboxylate group). In some embodiments the fatty acid is unbranched. Preferred

unsaturated fatty acids are oleic acid, elaidic acid, gondoic acid, paullinic acid, vaccenic acid,

palmitoleic acid, arachidonic acid, linolenic acid, gamma-linolenic acid, dihomo-gamma-

linolenic acid, eicosapentaenoic acid, alpha-linolenic acid, stearidonic acid,

docosahexaenoic acid, docosatetraenoic acid, erucic acid, sapienic acid, gadoleic acid, or

eicosenoic acid. Preferred saturated fatty acids are tridecylic acid, myristic acid,

pentadecylic acid, palmitic acid, margaric acid, stearic acid, nonadecylic acid, arachidic acid,

heneicosylic acid, and behenic acid. Oleic acid (such that the metal precursor is a metal

oleate) and stearic acid (such that the metal precursor is a metal stearate) are particularly

preferred. Thus in certain embodiments of the invention the metal precursor may be

selected from the oleates and stearates of lead, zinc and cadmium.

The metal precursor should be provided in a nonaqueous solution. Any suitable organic

solvent may be employed as long as it is liquid at room temperature and capable of



dissolving the metal precursor under standard conditions of temperature and pressure and

does not dissolve the chalcogen precursor under such conditions. Preferably the solvent

does not contain TOPO (trioctylphosphine oxide) or TOP (trioctylphosphine). Suitable

solvents include C 20 - C 4 0 saturated or unsaturated hydrocarbons such as 1-octadecene

(ODE) or mixtures of such hydrocarbons such as paraffin oil; saturated or unsaturated fatty

acids such as C
13

- C 22 fatty acids including oleic acid, elaidic acid, gondoic acid, paullinic

acid, vaccenic acid, palmitoleic acid, arachidonic acid, linolenic acid, gamma-linolenic acid,

dihomo-gamma-linolenic acid, eicosapentaenoic acid, alpha-linolenic acid, stearidonic acid,

docosahexaenoic acid, docosatetraenoic acid, erucic acid, sapienic acid, gadoleic acid,

eicosenoic acid, tridecylic acid, myristic acid, pentadecylic acid, palmitic acid, margaric acid,

stearic acid, nonadecylic acid, arachidic acid, heneicosylic acid, behenic acid; mixtures of

fatty acids; liquids comprising mixtures of fatty acids, such as olive oil or vegetable oil; and

saturated or unsaturated C 12 - C 18 fatty amines such as coco amine, oleyl amine, tallow

amine and soya amine. 1-octadecene (also referred to simply as "octadecene" or "ODE") is

a particularly preferred solvent. Thus in certain embodiments the nonaqueous solvent

comprises a C 20- C 4 0 saturated or unsaturated hydrocarbon (preferably selected from those

identified above), a saturated or unsaturated fatty acid (preferably selected from those

identified above), a saturated or unsaturated C 12 —C 18 fatty amine (preferably selected from

those identified above), or mixtures thereof. Such mixtures may include mixtures of two or

more C 20- C 4 0 saturated or unsaturated hydrocarbons, mixtures of two or more saturated or

unsaturated fatty acids, mixtures of two or more saturated or unsaturated C 12 - C
18

fatty

amines, or mixtures of two or more solvents of different types such as at least one C 20- C 4 0

saturated or unsaturated hydrocarbon and at least one saturated or unsaturated fatty acid.

Preferably, however, the solvent consists essentially of a single organic species and

particularly preferably consists essentially of ODE.

Without wishing to be bound by theory, it is believed that the reason the solid-state

chalcogen precursors enable smaller, higher band-gap quantum dots to be obtained using

the processes of the invention than are achieved using the hot-injection techniques which

are conventional in the art is that the solid-state precursors have low reactivity and low

solubility. In the hot-injection techniques, liquid-phase or solution-phase chalcogen

precursors such as organochalcogen compounds (e.g. bis(trimethylsilyl) sulfide,

tributylphosphine selenium, or alkylthiols) are employed which are highly reactive towards

metal precursors. In the processes of the present invention, it is hypothesised that the solid-

state chalcogen precursor instead reacts only slowly with the organic solvent and/or the

organic portion of the metal precursor in order to generate small amounts of



organochalcogen intermediates (e.g. alkyl or alkylene polychalcogenides) in situ in solution.

Once generated, such precursors react rapidly with the metal to produce quantum dots, but

due to the slow reaction rate of the solid chalcogen precursor to produce an

organochalcogen precursor in solution, it is believed that the amount of organochalcogen

precursor present at any one time is kept so low that the formation of large quantum dot

nanoparticles is hindered.

Metal precursors may be formed by suitable synthetic methods known to those in the art.

For example, where a metal salt of a fatty (carboxylic) acid is employed, this may be

synthesised by mixing a metal oxide with the fatty acid in the relevant stoichiometric ratio.

Alternatively a salt of the metal with a first fatty acid, such as a metal stearate, may be mixed

with a second fatty acid in the relevant stoichiometric ratio to generate a metal precursor

which is a salt of the metal with the second fatty acid. Preferably the metal oxide (or salt of

the metal with a first fatty acid) is mixed with the (second) fatty add in a 1:2 ratio, although if

desired the (second) fatty acid may be present in excess. In one embodiment the metal

precursor is lead (II) oleate and is prepared by mixing PbO with oleic acid in a 1:2 ratio to

form lead (II) oleate. In one embodiment the metal precursor is zinc oleate and is prepared

by mixing zinc stearate with oleic acid in a 1:2 ratio to form zinc oleate. The preparation of

the metal precursor preferably takes place in the same solvent which is subsequently

employed for reacting the metal precursor with the chalcogen.

The process of the invention involves reacting the mixture of precursors at a temperature of

about 90 C or greater. In one embodiment, the precursors may be mixed together at a

temperature of below about 90 °C, such as at room temperature, and then heated to a

temperature of about 90 °C or greater. Thus in certain embodiments the precursors may be

mixed together at a temperature from about 18 °C to about 25 °C, such as a temperature

from about 20 °C to about 23 °C, and then heated to a temperature of about 90 °C or

greater. In another embodiment the solution of metal precursor may be heated to a

temperature of about 90 °C or greater prior to the addition of the chalcogen precursor.

The chalcogen precursor should be insoluble (or soluble only in unavoidable trace amounts)

in the nonaqueous solvent at temperatures below about 90 °C. When the mixture is heated

above this temperature the chalcogen precursor becomes sparingly soluble in the

nonaqueous solvent such that reaction with the metal precursor (hypothesised to take place

via the formation of a reactive organochalcogen intermediate such as an alkyl

polychalcogenide or alkylene polychalcogenide) becomes feasible. The minimum

temperature at which this reaction takes place to an appreciable degree will depend on the



identity of the chalcogen precursor as well as the identity of the solvent and the metal

precursor (including the identity both of the metal and also of any other portion of the metal

precursor such as the identity of the carboxylic acid moiety where this is present). For

example, in an embodiment in which lead oleate and sulphur are reacted in ODE, a

temperature of at least 150 °C is preferred whereas if lead oleate is instead reacted in ODE

with Se or Te a temperature of at least 200 °C is preferred. Other temperatures may be

suitable if different solvents and/or metal precursors are employed and those temperatures

may be lower or higher than in these embodiments. Thus in an embodiment the reaction of

the metal precursor and the solid-state chalcogen takes place at a temperature of about 150

°C or above. In an embodiment the reaction of the metal precursor and the solid-state

chalcogen takes place at a temperature of about 250 °C or below. In an embodiment the

chalcogen is sulphur and the reaction of the metal precursor and the solid-state chalcogen

takes place at a temperature of between about 150 C and about 200 °C. In an embodiment

the chalcogen is selenium or tellurium and the reaction of the metal precursor and the solid-

state chalcogen takes place at a temperature of between about 200 °C and about 250 °C.

Controlling the temperature allows the size of the resulting semiconductor nanoparticles, and

therefore their electronic characteristics and absorption/emission wavelengths, to be

controlled. For example, where lead oleate and sulphur are reacted in octadecene solvent

to form PbS quantum dots, it has been found that varying the temperature from about 170 °C

to about 190 °C allows the emission wavelengths of the quantum dots to be tuned from the

blue portion of the visible spectrum to the red portion of the visible spectrum. Reaction at

about 170 C results in blue-emitting quantum dots and reaction at about 190 °C results in

red-emitting quantum dots. Varying the temperature between these limits allows the

quantum dots to be tuned to produce any desired wavelength lying between blue and red in

the visible spectrum.

In general, for any quantum dot produced according to the methods of the invention, higher

reaction temperatures give quantum dots having longer emission wavelengths. Without

wishing to be bound by theory, it is hypothesised that higher temperatures lead to increased

dissolution of the chalcogenide precursor in the solvent and faster reaction rates of the

reactive intermediates thus produced, favouring the formation of larger nanocrystalline

particles and thus tending to reduce the band-gap of the resulting material. By careful

selection of the reaction temperature, having regard to the solvent and precursor materials

employed, it is thereby possible to tune the behaviour of the semiconductor nanoparticles

which are produced. However, the temperature should not be raised so high as to lead to

significant or complete solubilisation of the chalcogen, because such conditions would



approximate the conditions observed in "hot injection" methods and thereby render it difficult

to achieve the small, large band-gap quantum dots which are achievable with the methods of

the invention.

In some embodiments the mixture is heated to a temperature of about 100 °C or greater,

such as at least about 110 °C, 120 °C, 130 °C, 140 °C or 150 °C or greater. Preferably the

temperature should be below the temperatures used in the hot injection methods and should

therefore be below about 300 °C, preferably below about 250 °C. In some embodiments,

particularly where the chalcogen is sulphur, the temperature is below about 200 °C, such as

below about 190 °C, 180 °C, 170 °C or 160 °C. Thus in some embodiments the mixture is

heated to a temperature of between about 100 °C and about 300 °C, preferably between

about 100 °C and about 250 °C, e. g. between about 110 °C and 220 °C, about 120 °C and

210 °C, about 130 °C and 200 °C, or between about 140 °C and 190 °C such as from about

150 °C to 190 °C. In other embodiments, particularly where the chalcogen is selenium or

tellurium, the temperature is about 200 °C or above, such as between about 200 °C and

about 300 °C, e.g. about 200 °C to about 280 °C, preferably about 200 °C to about 250 °C.

Optionally the reaction mixture may be stirred while the reaction is in progress.

Reaction under the conditions described above results in the formation of a clear colloidal

suspension of semiconductor nanoparticles or, depending on the size of the nanoparticles

and their density relative to the solvent, the nanoparticles may precipitate and aggregate at

the bottom of the reaction vessel.

If desired, the as-synthesised nanoparticles may be purified in order to remove unreacted

precursors and to further improve the homogeneity of particle sizes. In order to purify the

nanoparticles, the mixture of nonaqueous solvent and as-synthesised nanoparticles (which

may also include unreacted precursors) is first cooled, preferably to room temperature or

below. Purification may be performed according to methods known to those skilled in the art

for the purification of quantum dots synthesised by the "hot injection* technique. Preferably

a Ce-C10
hydrocarbon such as n-hexane is added to the cooled mixture, which is then

centrifuged at 6000 - 9000 rpm, e.g. 8000 rpm, to produce a precipitate and a supernatant.

Following centrifugation, the precipitate is discarded and acetone or hexane is added to the

supernatant followed by a second round of centrifugation at 6000-9000 rpm, e.g. 8000 rpm.

Following this, the supernatant and precipitate arising from the second round of

centrifugation are separated, the supernatant is discarded, and the precipitate is dispersed in

hexane. Oleic acid may optionally be added to the hexane during this stage in order to



assist with dispersion of the precipitate, for example if the precipitate cannot fully disperse.

Methanol or ethanol is added to this dispersion in order to precipitate the nanoparticles.

Precipitation may be aided by a third round of centrifugation, preferably again at 6000-9000

rpm, e.g. 8000 rpm, after which the precipitate thus produced is retained and the

supernatant discarded. The precipitation step may be repeated if desired by taking the

precipitate from the first precipitation step and dispersing this in hexane (optionally in the

presence of oleic acid) and adding methanol or ethanol, preferably followed by further

centrifugation at 6000-900 rpm, e.g 8000 rpm. Following completion of the precipitation step

or steps, the precipitate thus collected (which will mainly comprise semiconductor

nanoparticles as herein decribed and may consist essentially of such semiconductor

nanoparticles) may be separated from the supernatant and dried. For use in further

applications, such as in the production of photovoltaic cells, the semiconductor nanoparticles

may be redispersed as required in a suitable inert medium such as hexane or toluene, e.g.

at a weight concentration of 25 - 100 mg/ml such as 50 mg/ml, in order to produce a

colloidal suspension.

Semiconductor nanocrystals obtainable by the processes described herein form a further

aspect of the invention.

In certain embodiments of the invention the semiconductor nanocrystals may be

nanocrystals of PbS, PbSe, PbTe, ZnS, ZnSe, ZnTe, CdS, CdSe, or CdTe. Zinc-based

semiconductors (such as ZnS, ZnSe or ZnTe) are preferred due to the high toxicity of lead

and cadmium and of many compounds (e.g. precursors and resulting nanocrystals)

containing those elements.

As described above, the size and properties of the nanoparticles can be controlled through

appropriate selection of precursor materials and temperature. Due to the reaction taking

place in solution, the nanoparticles obtained by the processes described herein are typically

approximately spherical (e.g. spherical) in shape. In some embodiments the nanoparticles of

the invention may have a mean diameter of from about 1 nm to about 10 nm, e.g. about 1.5

to about 5 nm, such as about 1.5 to about 4.5 nm or about 2 to about 4 nm. Typically the

size distribution of the nanoparticles is monodisperse, and the standard deviation in the size

of the nanoparticles obtained by the processes according to the invention is about 20% or

less of the mean size, e.g. about 15% or less, about 10% or less or about 5% or less of the

mean size.



The band gap of the nanoparticles depends on their size and composition. Due to the ability

of the processes of the invention to form smaller nanoparticles than are obtainable by the

'hot injection" methods, the nanoparticles of the invention may have larger band gaps than

any nanoparticles which are obtainable from hot injection. In certain embodiments the

nanoparticles may have a band gap of about 1.5 eV or greater, e.g. about 1.6 eV or greater,

about 1.8 eV or greater, about 2.0 eV or greater, or about 2.2 eV or greater. In some

embodiments the band gap may be as large as about 3.0 eV or even larger than about 4.5

eV. However, for most application, band gaps of about 1.5 eV to about 3.0 eV are preferred,

such as about 1.6 eV to about 2.2 eV or about 1.8 eV to about 2.0 eV. In an embodiment

the nanoparticles are nanocrystalline PbS or PbSe having a band gap of greater than 1.6

eV, e.g. 1.65 eV or greater, such as 1.7 eV or greater.

The emission wavelength of the nanoparticles depends on their band gap and therefore in

certain embodiments the nanoparticles according to the invention may have an emission

wavelength in the ultraviolet or visible region of the electromagnetic spectrum. In some

embodiments the photoluminescent emission wavelength (for example when illuminated with

ultraviolet light at a wavelength of about 360 to about 380 nm, such as 365 nm) may be from

about 400 nm to about 750 nm. In some embodiments the peak emission wavelength may

be about 400 to about 420 nm, about 420 to about 440 nm, about 440 to about 460 nm,

about 460 to about 480 nm, about 480 to about 500 nm or about 500 to 5 15 nm. In an

embodiment the nanoparticles are nanocrystalline ZnS or ZnSe having a photoluminescence

emission wavelength of about 410 to about 430 nm, for example nanocrystalline ZnS having

a photoluminescence emission wavelength of about 415 nm or ZnSe having a

photoluminescence emission wavelength of about 425 nm. In an embodiment the

nanoparticles are nanocrystalline PbS or PbSe having an emission wavelength of about 400

to about 700, e.g. about 400 to about 688 nm such as about 440 to about 515 nm.

In particular, the methods of the present invention allow the synthesis of nanoparticles of

ZnS having emission wavelengths in the blue region (e.g. about 415 nm) of the visible

spectrum, ZnSe having emission wavelengths in the blue region (e.g. about 425 nm) and

PbS and PbSe having emission wavelengths in the visible spectrum (e.g. about 400 to about

688 nm such as about 440 to about 515 nm). Such nanoparticles, and methods according to

the invention which produce such nanoparticles, form preferred embodiments of the present

invention.

The emission wavelength of a nanoparticle of any given material is correlated with its size,

as described elsewhere herein. The processes of the present invention allow the synthesis



of smaller nanoparticle sizes than are obtainable using alternative processes such as the

"hot injection" method. Thus in certain embodiments of the invention the processes

described herein allow the synthesis of semiconductor nanoparticles (quantum dots) having

diameters from about 1.80 to about 3. 60 nm, preferably from about 2.00 to about 3.40 nm,

e.g. from about 2.30 to about 3.20 nm, from about 2.35 to about 3. 5 nm, from about 2.40 to

about 3.10 nm, from about 2.50 to about 3.20 nm, from about 2.65 to about 3.00 nm, or from

about 2.70 to about 2.90 nm. Nanoparticles of PbS, PbSe, ZnS or ZnSe having such

dimensions are particularly preferred. Semiconductor nanoparticles (including those of PbS,

PbSe, ZnS or ZnSe) having such dimensions form further preferred embodiments of the

invention.

In certain preferred embodiments the processes of the invention therefore allow the

synthesis of the following semiconductor nanoparticles; such nanoparticles themselves also

form preferred embodiments of the invention:

PbS nanoparticles having diameters from about 2.35 to about 3.20 nm;

PbSe nanoparticles having diameters from about 2.50 to about 3.60 nm;

ZnS nanoparticles having diameters from about 2.70 to about 3.60 nm;

ZnSe nanoparticles having diameters from about 1.80 to about 2.65 nm.

In particularly preferred embodiments of the processes of the invention the nanoparticles

produced may be selected from among the following:

PbS nanoparticles having a diameter of 2.38±0.4nm (such nanoparticles have a peak

emission wavelength of about 440 nm, e.g. 442.8 nm, i.e. in the blue region of the visible

spectrum);

PbS nanoparticles having a diameter of 2.57±0.4nm (such nanoparticles have a peak

emission wavelength of about 516 nm, i.e. in the yellow region of the visible spectrum);

PbS nanoparticles having a diameter of 2.73±0.4nm (such nanoparticles have a peak

emission wavelength of about 610 nm, e.g. 610.8 nm, i.e. in the red region of the visible

spectrum);

PbS nanoparticles having a diameter of 3.14±0.1nm (such nanoparticles have a peak

emission wavelength of about 680 nm, e.g. 681.3 nm, i.e. in the dark red region of the visible

spectrum);



PbSe nanoparticles having a diameter of 3.04±0.53nm (such nanoparticles have emission

wavelengths in the region of 450 to 513 nm, i.e. predominantly in the green region of the

visible spectrum);

ZnS nanoparticles having a diameter of 3.16±0.42 nm (such nanoparticles have a peak

emission wavelength of about 4 15 nm, i.e. in the blue region of the visible spectrum);

ZnSe nanoparticles having a diameter of 2.22±0.4 nm (such nanoparticles have a peak

emission wavelength of about 425 nm, i.e. in the blue region of the visible spectrum).

Such nanoparticles are obtainable according to the processes described herein and such

nanoparticles therefore also form further preferred aspects of the invention.

As a result of the large band gap in the quantum dots obtained according to the methods of

the invention, the quantum dots of the invention may be particularly suitable for use in

photovoltaic cell (solar cell) operations, for example as the light-absorbing photovoltaic

material. In a further aspect the present invention therefore provides the use of

semiconductor nanoparticles as described herein as a component of a light-absorbing

photovoltaic layer in a solar cell. Optionally the light-absorbing photovoltaic layer may

consist essentially of such nanoparticles or consist essentially of such nanoparticles together

with any surface ligands which may be present. In a further aspect the present invention

also provides a solar cell comprising semiconductor nanoparticles as described herein.

Such solar cells comprise quantum dots and may therefore be referred to as quantum dot

solar cells (QDSCs) or quantum dot photovoltaic cells.

The large band gap of the semiconductor nanoparticles described herein has been found to

give rise to large improvements in open circuit voltage (Voc). In an embodiment the

semiconductor nanoparticles are coated as a layer onto a transparent conducting oxide

substrate such as indium tin oxide (ITO). In a preferred embodiment a contact layer of a

wide band gap semiconductor such as ZnO is provided on top of the transparent conducting

oxide layer such that the transparent conducting layer and the contact layer together act as

an electrode (e.g. a cathode). In such embodiments the semiconductor nanoparticles are

coated on top of the contact layer and a further electrode (e.g. an anode) is preferably then

provided in contact with the semiconductor nanoparticles such that the semiconductor

nanoparticles are interposed between the two electrodes. The further electrode is preferably

metallic, e.g. gold.



Thus in an embodiment the solar cell comprises a transparent conducting oxide substrate

and optionally a contact layer of a wide band gap semiconductor in contact with said

transparent conducting oxide substrate, wherein said semiconductor nanocrystals are

provided in a layer coated onto the transparent conducting oxide substrate or, where

present, the contact layer of wide band gap semiconductor.

In a further aspect the present invention therefore provides a method of preparing a quantum

dot solar cell comprising coating a layer of semiconductor nanoparticles as described herein

onto a substrate comprising a transparent conducting oxide and preferably a contact layer of

a wide band gap semiconductor. Coating may be earned out by methods known to those

skilled in the art. In one embodiment the semiconductor nanoparticles are coated onto the

transparent conducting oxide substrate and/or the contact layer using spin casting.

Preferably the layer of semiconductor nanoparticles is stabilised, and trap sites are

passivated, by the introduction of surface ligands which bind to the nanoparticles. The

surface ligands may for example be 1,2-ethanedithiol (EDT), tetrabutylammonium iodide

(TBAI) or mercaptopropionic acid. Thus in an embodiment the solar cell further comprises

1,2-ethanedithiol, tetrabutylammonium iodide or mercaptopropionic acid surface ligands

bound to the semiconductor nanocrystals. Where surface ligands are employed these may

preferably be applied after the coating of the layer of semiconductor nanoparticles, for

example by spin-coating optionally followed by one or more washing steps using a solvent

such as acetonitrile or methanol. In some circumstances quantum dots coated with TBAI

have been found to show relatively higher conduction band edge energy levels than those

coated with EDT, which is uncommon in conventional PbS quantum dots. This finding was

unexpected based on current knowledge of PbS quantum dots. Thus, in certain preferred

embodiments, TBAI is used as a surface ligand in preference to EDT. In a particularly

preferred embodiment the present invention therefore also provides TBAI-coated PbS

semiconductor nanoparticles as herein described.

In an embodiment the solar cell comprises an indium-tin oxide (ITO) substrate; a ZnO

contact layer in contact with the ITO substrate; a layer of semiconductor nanocrystals coated

onto the ZnO contact layer, wherein said semiconductor nanocrystals are bound to surface

ligands selected from 1,2-ethanedithiol, tetrabutylammonium Iodide and mercaptopropionic

acid; and an electrode in contact with the semiconductor nanocrystals such that the layer of

semiconductor nanocrystals is Interposed between the electrode and the ZnO contact layer.

Preferably said electrode is a gold electrode. Preferably the semiconductor nanocrystals are

PbS, PbSe, ZnS, ZnSe, CdS or CdSe nanocrystals as described herein.



In some embodiments the quantum dot solar cells according to the invention have an

external quantum efficiency (EQE) onset of up to about 1.65 eV, which is larger than

previously reported values. In some embodiments the quantum dot solar cells according to

the invention have a Voc of up to about 0.80 V, which is higher than previously reported

values for copper indium gallium selenide (CIGS) solar cells (0.75 V), silicon solar cells (0.74

V) or quantum dot solar cells prepared using PbS semiconductor nanoparticles prepared

according to conventional methods.

In particularly preferred embodiments the present invention provides a quantum dot solar

cell comprising a PbS or PbSe semiconductor nanoparticle obtainable by the methods

provided herein together with tetrabutylammonium iodide and 1,2-ethanedithiol as surface

ligands.

The processes described herein can be performed in a batch process, for example in a one-

pot synthetic method employing standard lab equipment similar to that employed for the "hot

injection" methods which are known in the art. In a batch process, a discrete quantity of the

metal precursor and chalcogen are allowed to react in a self-contained reaction vessel to

generate a yield of nanoparticles limited by the amounts of precursor and chalcogen present.

However, the processes of the invention are easily scaleable and can be carried out using

continuous flow synthesis modules such as those which are conventional for commercial

scale-up of the hot injection method. In a continuous flow process, a continuous stream of

metal precursor is reacted with the chalcogen. In an embodiment the processes of the

invention may therefore be performed by flowing the nonaqueous solution of metal precursor

over the solid chalcogen so that the precursor and chalcogen come into contact and react.

In such embodiments the solution of metal precursor should be heated to the desired

temperature prior to contacting the chalcogen, so that reaction can occur spontaneously

upon contact and so that the reaction produces nanoparticles having the desired

characteristics according to reaction temperature. Thus in an embodiment the continuous-

flow process comprises flowing the nonaqueous solution of the metal precursor over the

solid chalcogen and said nonaqueous solution is heated to a temperature of about 90 °C or

greater prior to contacting the chalcogen. The chalcogen may for example be provided in

one or more locations in the interior of a reaction vessel (e.g. in a tube or reaction chamber,

for example coated onto the inner wall of such a tube or reaction chamber) through which

the metal precursor solution is flowed. Preferably one or more size-selective membranes or

meshes may be provided in order to allow the passage of semiconductor nanoparticles

formed by reaction between the metal precursor and the chalcogen but to prevent the



passage of solid particles of chalcogen having a size larger than the pores of the membrane

or mesh. In this way depletion of the chalcogen in the reaction zone is prevented, blockages

of the flow apparatus downstream of the reaction zone are also avoided, and the purity of

the semiconductor nanoparticles which are collected is improved as these will not be mixed

with large particles of unreacted chalcogen. In one embodiment the chalcogen may be

provided inside a reaction vessel through which the metal precursor solution is flowed and in

which a first size-selective membrane is placed upstream of the chalcogen and a second

size-selective membrane is placed downstream of the chalcogen (upstream and

downstream being defined relative to the direction of flow).

The invention will now be described further with reference to the following non-limiting

Figures and Examples, in which:

Figure 1 shows a schematic of as-proposed heterogeneous one-pot synthesis of metal

chalcogenide CQDs. Inset highlights the nature of solid state sulphur and liquid state lead

oleate.

Figure 2 shows: (a) size distribution of PbS QDs calculated from the hyperbolic band model.

A is experimental data which come from the TEM analysis (error bar generated from TEM

and absorption analysis standard deviations). Inset image is as-prepared PbS QDs

dispersed in toluene under UV illumination (A=365nm). (b) TEM image of yellow PL QD with

a size of 2.58±0.45nm. Enlarged HRTEM images shows a lattice fringe image of {220} plane

with a lattice distance 0.21 nm ± 0.02nm. (c) TEM image of red PL QD with a size of

2.73±0.44nm. Enlarged HRTEM image shows a cross-grating pattern of {200} plane with a

lattice distance 0.31 ±0.01 nm (horizontal) and 0.29±0.01nm (vertical), the intersection angle

Θ is measured to be 9 1.51 ±2. 17°. Scale bar is 20nm for TEM, 1 nm for enlarged image

HRTEM (top) and inverse fast Fourier transform enhanced image (bottom).

Figure 3 shows: (a) Absorption spectra of as-prepared PbS QDs. (b) PL spectra of four

different visible emission PbS QDs. Inset image is plot of Stokes shift as a function of QD

size. The error bar is generated from various absorption onset values and dashed line is a

linear fitting, (c) Enlarged image of EQE spectra. Plots constructed to derive from the

onset of EQE spectra, (d) Red symbols indicated experimental measured V∞ as a function of

as-prepared PbS t¼«p. Error bar generated from standard deviation of multiple prepared solar

cells. Dashed lines highlighted reported V∞ values from commercialized CIGS, Si and world

record PbS QD solar cells. Inset image shows represented J-V curves of QDSCs prepared

from 1.83eV and 2.22eV PbS QDs under dark (dashed line) and 1.5 AM illumination



(continuous line). V∞ and PCE values of these cells equal to 0.7V, 4.69% and 0.8V, 0.66%

respectively.

Figure 4 shows absorption (left) and PL (right) spectra of as-prepared ZnS QDs (a), ZnSe

QDs (b), and PbSe QDs c). Inset images shows PL image of as-analyzed QDs dispersed in

toluene under UV illumination (A=365nm).

Figure 5 shows: (a) Full spectra in-situ FTIR analysis of aliquots taken from the olefin-S

reaction, (b) Enlarged FTIR spectra which show the characteristic IR peaks related to olefin

moiety, (c) Peak transmittances as a function of reaction temperature. Transmittance values

are taken from Figure 5b.

Figure 6 shows proposed mechanisms for the thermally induced olefin-S radical reaction

with likely generated organosulfur species.

Figure 7 shows TEM analysis of as-prepared different PL emission QDs. Inset image shows

the histogram of statistical size distribution analysis results of each QD. a) Blue emission QD

with diameter of 2.38±0.4nm. b) Yellow emission QD with diameter 2.57±0.4nm. c) Red

emission QD with diameter of 2.73±0.4nm, d) Dark red emission QD with diameter of

3.14±0.1nm.

Figure 8 shows XPS analysis of as-prepared molecule-like PbS QDs film on the top of ITO

slides. The QDs PL emissions are blue a), yellow b), red c), and dark red d).

Figure 9 shows different sizes of as-prepared molecule-like PbS QDs dispersed in toluene

under room light (a) and UV 365nm exposure (b). Figure 9(c) shows FWHM and TEM size

variation results obtained from the PL spectra and TEM size distribution analysis

Figure 10 shows (a) Absorption spectra of the molecule-like PbS QDs (solid line) and RhB

(dashed line). The vertical dashed line indicates the excitation wavelength using for the PL

spectra, (b) Emission spectra of the molecule-like PbS QDs (solid line) and RhB (dashed

line).

Figure 11 shows (a) XRD diffractograms of different sizes of as-prepared PbS QDs. Bottom

vertical line is cited from PbS standard value PDF=78-1057. (b) TEM image of as-prepared

Red PL PbS QDs with particle size of 2.73±0.44 nm. (c) SAED pattern of as-prepared Red

PL PbS. (222), (400) and (511) ring diffraction patterns are indexed in the image, (d) HRTEM



micrograph depicting atomic resolution of as-prepared Red PL PbS. Top image depicts the

present of dislocation from the as-prepared Red PL PbS. d spacing of 0.30±0.01 nm which is

typical for cubic phase PbS {200} planes is demonstrate from the bottom Inverse Fast

Fourier Transform (IFFT) image, (e) Top image depicts the present of stacking faults from

the as-prepared Red PL PbS and a more clear illustration can be found from the bottom

IFFT image. The stacking sequence faulted from ABA to AB and lattice spacing decreased

subsequently. d 2∞=0.29±0.01 nm is also indexed. Scale bars for these four enlarged images

are 1nm. (f) HRTEM image of as-prepared red PL PbS QDs, enlarged HRTEM image shows

a cross-grating pattern of {200} plane with a lattice distance 3.1 ±0.2 A (horizontal) and

2.8±0.6A (vertical), the intersection angle Θ is measured to be 91.4±2.4°. (g) HRTEM image

of another red PL QDs with a size of 2.73±0.44nm. Enlarged HRTEM image shows a {200}

lattice fringes with a spacing of 3.0 ±0.2 A. (h) HRTEM image of as-prepared dark red PL

QD with a size of 3.14±0.1nm. Amplified image shows a 3.4±0.1 A lattice spacing which is

indexed to {111} planes (scale bar =1nm). (i) TEM image of dark red PL QD with a size of

3.14±0.1nm. Enlarged HRTEM image shows a lattice fringe image of {200} plane with a

lattice distance 0.29±0.01nm (scale bar=1nm).

Figure 12 shows (a) Exemplified UPS spectrum for the determination of εf and εν. εν and εc

energy level evolution as a function of εgap the energy level is measured by employing UPS.

(b) QDs coated with TBAI and (c) QDs coated with EDT.

Figure 13 shows exemplified UPS spectrum for the determination of £f and εν. ε» and t c

energy level evolution as a function of εgap, the energy level is measured by employing UPS.

Inset images show the solar cell operational structure and as-prepared dark-red PL PbS

QDs film.

Figure 14 shows (a) Represented J-V curves of QDSC with PbS QDs εgap from 0.84eV to

2.22eV under 1.5AM illumination, (b) Enlarged image of Figure 14a for highlighting V∞

improvement, (c) and (d) represent J-V curves of QDSC fabricated by 2.22eV PbS QDs

under dark (dashed line) and 1.5AM illumination. Performances of QDSCs are highlighted in

the images, (e) and (f) are current density mismatch comparison between EQE spectra

integration and as measured JK values. The current density from EQE spectra is integrated

under AM 1.5 G TILT (ASTM-G 173-03) with solar cell mask area 0.012cm2.

Figure 15 shows EQE spectra of as-prepared QDSC with different from molecule-like

PbS QDs.



Figure 16 shows TEM (a), SAED (b), and EDX (d) analysis of as-prepared greenish yellow

PL PbSe QDs with particle size of 3.04±0.53nm. Figure 16c shows HRTEM image of as-

prepared PbSe QDs, revealing a lattice distance of 0.30±0.01nm which is attributed to {200}

plane. Top enlarged HRTEM image is original image and bottom image is IFFT enhanced

image. Scale bars in the TEM, HRTEM and enlarged HRTEM images are 20nm, 5nm and

1nm respectively.

Figure 17 shows TEM (a), SAED (b), and EDX (c) analysis of as-prepared violet-blue PL

ZnSe QDs.

Figure 18 shows TEM (a), SAED (b) and EDX (c) analysis of as-prepared blue PL ZnS QDs.

In the following Examples, Lead (II) oxide (PbO, 99.999% trace metals basis), sulphur

(99.998% trace metals basis), tetrabutylammonium iodide (TBAI, reagent grade, 98%), 1,2-

ethanedlthiol (EDT, technical grade, ≥90%), 1-octadecene (ODE, technical grade, 90%),

oleic acid (technical grade, OA, 90%), methanol (ACS reagent, 299.8%), acetone

(CHROMASOLV®, for HPLC, ≥99.8%), ethanol (for HPLC, gradient grade, ≥99.8%), toluene

(anhydrous, 99.8%), hexane (CHROMASOLV®, for HPLC, ≥99.8%), zinc acetate dehydrate

(ACS reagent, ≥98%), chloroform (anhydrous, ≥99%), and potassium hydroxide (ACS

reagent, KOH, ≥85%) were purchased from Sigma-Aldrich and were used without any

further purification.

In the Examples and In the discussion of the Figures, quantum dots (i.e. semiconductor

nanoparticles) obtained by the processes of the invention are sometimes described as

"molecule-like" quantum dots. This is intended to convey the sense that the semiconductor

nanoparticles according to the invention and obtainable by the processes of the invention

are typically smaller (and often significantly smaller) than those obtainable using alternative

processes such as the "hot injection" process and therefore possess properties more closely

resembling those of individual molecules than those of the bulk material.

The abbreviation °QD" is employed throughout. This stands for "Quantum Dot". Its plural is

therefore naturally "QDs", i.e. "Quantum Dots".
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Lead oxide (PbO) was mixed with oleic acid in a 1:2 mol/mol ratio in octadecene (ODE) as a

solvent. Sulphur was added in powder form at temperatures between 90 and 190 °C to form

PbS quantum dots.

The Pb precursor was prepared in a two-neck flask, which was loaded with 0.47 g

(2.106mmol) of PbO, 1.49 mL (4.212 mmol) of OA (PbO:OA=1:2) and 20 mL of

octadecene (ODE). The solution was degassed at 100 °C in vacuum for two hours until a

clear solution was formed. Then the solution was cooled down to room temperature under

Argon. Subsequently, 0.032 g (1 mmol) sulfur powder was added into the solution. The

reaction temperature of the flask was elevated after the addition of sulfur and different sizes

of "molecule-like" PbS QDs were formed at different temperature. The reaction flask was

subsequently left to cool to room temperature using an ice bath after the desired size of QD

was formed.

FTIR analysis confirmed that the depletion of olefin moieties proceeded concomitantly with

raising the reaction temperature, which engendered on-site formation of alkyl or alkylene

polysulfide. No detectable reaction took place below 150°C, which is believed to be due to

the S bond enthalpy enabling bond breaking above 150°C during the melting. FTIR spectra

were taken using a Varian Excalibur FTS 3500 spectrometer. As shown in Figures 5a and

5b, a depletion of olefin moiety was resolved. A relative plateau (80°C to 150°C) can be seen

in Figure 5c, which indicated a non-linear thermal depletion of olefin as a function of reaction

temperature. Generally, elemental sulfur exists primarily in the form of S8 that melts into a

clear yellow liquid phase around 120°C. Various molecular weight polymeric sulfur allotropes

can be formed through a radial chain reaction by further heating of the liquid sulfur phase

above 150°C. A reaction mechanism of ODE-S is proposed as depicted in Figure 1, in which

a thermally activated sulphur radical reacts with an olefin moiety from ODE and generates

alkyl polysulfide and alkylene polysulfide.

Quantum Dots (QDs) with blue to red emission were produced when the reaction took place

above 170 °C. TEM analysis confirmed the QDs mainly exhibited a quasi-spherical

appearance and the size of QDs ranged from 2.38±0.40nm to 3.14±0.1nm.

Purification of as-prepared PbS QDs synthesized from S powder source is a challenging

task, primarily due to the insolubility of unreacted S and PbO in hexane. In view of this, oleic

acid was employed for the dispersing of unreacted precursors during the purification, and

neat QD could be recovered after centrifugation. 10mL of hexane was added into the cooled



solution and centrifugation took place at 8000rpm. The precipitate was discarded and

acetone was added into the supernatant followed by 10min of 8000rpm centrifugation. Two

times of dispersing in hexane and precipitating with ethanol (1/10, v/v) were carried out for

further purification. 2mL oleic acid was added into the hexane phase when the precipitate

had not dissolved in hexane. After drying the precipitation, the QD was finally dispersed into

toluene with a weight concentration of 50mg/mL for device fabrication and characterization.

Characterisation:

As anticipated from previous theoretical works, when the particle size decreased, the band

gap ( ) increased and ultimately converged to the first allowed excited state (X→A) of the

PbS molecule. The approached the value of the first allowed excited state (above 2eV)

at around 2nm.

By applying a 'hyperbolic band model', the continuous transition from molecular to QDs and

bulk form could be revealed as shown in Figure 2a. We observed our experimental values

(particle size/ ,) were well correlated with the theoretical predictions, which sat just above

the predicted boundary between molecule and QD states.

A uniform lead-rich stoichrometry was also revealed from quantized X-ray photoelectron

spectroscopy (XPS) analyses (Figure 8, Table 1), which was consistent with the lead rich

characteristic for small size PbS QDs.

Table 1: Quantrtated XPS analysis results of atomic ratio between Pb and S.

The PbS QD also showed high crystallinity. Lattice fringes of {220}, {200} planes and cross-

grating patterns could be resolved from the HRTEM analysis among four different sizes of

QDs. As shown in Figure 2b and Figure 2c, measured lattice distance of {220} and {200}

planes were close to the PbS bulk values (PDF=78-1057, d2oo=2.964A and d22o=2.096A).

The 91.5 1±2. 17° intersection angle and identical lattice spacing between {200} planes (i.e.



200 and 020) demonstrated its cubic feature. Further structural analysis like high-resolution

synchrotron powder x-ray diffraction, selected area electron diffraction (SAED) and HRTEM

also supported its rock-salt figures (Figure 11).

The monodispersity of purified PbS QDs were determined from the TEM size static analysis

(200 NP counts) and full width at half maximum (FWHM) of PL spectra. It was found that

their size deviations (σ) were mainly below 20% and there was only a small a variation

(<8.8%) among different size of QD.

Optical Egap values extracted from as-prepared PbS QDs were determined from absorption

spectroscopy as exhibited in Figure 3a. An absorption edge of as-produced QDs was

observed covering the border of the ultraviolet (UV) region to near infrared, depending on

particle size.

Small size QDs (Figure 3b) showed visible PL emission peaks, compared to conventional

QDs which do not show such peaks. In this size regime, the QDs may become 'molecule-

like', and the broadness of the PL peak from the as-prepared PbS can be attributed to the

weak exciton binding energy as predicted by previous theoretical work. As the QD size

increased these effects were reduced. For Instance, FWHM values notably decreased as a

function of increasing QD size (Figure 9), and Stokes shift values also showed a trend to

decrease with increasing QD size (Figure 3b inset image).

Visible emission properties were further quantified through ΦQY analysis. By using

Rhodamine B (in absolute ethanol) as a standard reference, the ΦQY of as-prepared PbS QD

was found to be up to 18%.

Small size PbSe QDs were synthesized analogously to the PbS synthesis described herein.

The Pb precursor was prepared in a two-neck flask, which was loaded with 0.47 g

(2.106mmol) of PbO, 1.49mL (4.212mmol) of OA (PbO:OA=1:2) and 20mL of

octadecene (ODE). The solution was degassed at 100 °C in vacuum for two hours until a

clear solution was formed. Then the solution is cooled down to room temperature under Ar.

Subsequently, 0.079g (1mmol) selenium powder was added into the solution. The reaction

temperature of flask was elevated after the adding of selenium and different sizes of

molecule-like PbSe QDs were formed at different temperatures. The reaction flask was



subsequently left to cool to room temperature in an ice bath after the desired size of QD was

formed. 10mL of hexane was added into the cooled solution and centrifugation performed at

8000 φΓπ . The precipitate was discarded and acetone was added into the supernatant

followed with 10min of 8000rpm centrifugation. Two cycles of dispersing in hexane and

precipitating with ethanol (1/1 0, v/v) were carried out for further purification.

PbSe QDs showed exceptionally strong quantum size effects by reducing their dimensions.

The could be expanded up to visible blue (PL=412nm) or greenish (PL=435nm)

emission (Figure 4a), but the crystallinlty was well-maintained in its cubical configuration

(Figure 18).

Example 3: Synthesis and purification of npS QDs

The zinc precursor was prepared in a two-neck flask, which was loaded with 1.27 g (2mmol)

of zinc stearate, 1.42mL (4mmol) of OA and 20ml_ of octadecene (ODE). The solution was

degassed at 100 °C in vacuum for two hours until a clear solution was formed. Then the

solution is cooled down to room temperature under Ar. Subsequently, 0.032g (1mmol) sulfur

powder was added into the solution. The reaction temperature of flask was elevated after the

adding of sulfur and different sizes of ZnS QDs were formed at different temperatures. The

reaction flask was subsequently left to cool to room temperature in an ice bath after the

desired size of QD was formed. 10mL of hexane was added into the cooled solution and

centrifugation performed at 8000rpm. The precipitate was discarded and acetone was added

into the supernatant followed with 10min of 8000rpm centrifugation. Two cycles of dispersing

in hexane and precipitating with methanol (1/10, v/v) were carried out for further purification.

Furthermore, the size controllability of this method was demonstrated by fabricating large-

sized ZnS QDs (3.16±0.42nm) with visible blue PL emission (PL=415nm, absorption

~353nm, Figure 4c, Figure 17), which is even close to the limitation of its Bohr radius

(~3nm).

Example 4: Synthesis and purification ZnSe QDs

Compared to lead chalcogenides (Bohr radius >20nm), zinc chalcogenides have a smaller

exciton Bohr radius (<3nm) and large bulk band gaps (>3eV) which are good candidates for

near UV or blue emission. Small size ZnSe QDs were synthesized analogously to the PbS

synthesis described herein. Ultra-small size ZnSe QDs (2.22±0.4nm, Figure 16) with near

UV PL emission (PL=425nm, absorption ~ 370nm, Figure 4b) were produced.



The zinc precursor was prepared in a two-neck flask, which was loaded with 1.27 g (2mmol)

of zinc stearate, 1.42mL (4mmol) of OA and 20mL of octadecene (ODE). The solution was

degassed at 100 °C in vacuum for two hours until a clear solution was formed. Then the

solution is cooled down to room temperature under Ar. Subsequently, 0.078g (1mmol)

selenium powder was added into the solution. The reaction temperature of the flask was

elevated after the adding of selenium and different sizes of ZnSe QDs were formed at

different temperatures. The reaction flask was subsequently left to cool to room temperature

in an ice bath after the desired size of QD was formed. 10ml_ of hexane was added into the

cooled solution and centrifugation took place at 8000rpm. The precipitate was discarded and

acetone was added into the supernatant followed with 10min of 8000rpm centrifugation. Two

cycles of dispersing in hexane and precipitating with methanol (1/10, v/v) were carried out for

further purification.

TEM andXPS analysis of as-prepared molecule-like PbS QDs:

The size distribution of as-prepared molecule-like PbS QDs were analysed by TEM (JEOL-

3000F at 300kV). As shown in Figure 7, spherical particles dominated in the TEM images.

The histogram of size deviation was generated from a 200-particle statistical measurement.

The compositions of as-prepared molecule-like PbS QDs were characterized by quantized

XPS analysis using a Thermo Scientific K-Alpha XPS instrument equipped with a

microfocussed monochromated Al X-ray source. The source was operated at 12 keV and a

400 micron spot size was used. Normalised atomic percentages were determined from peak

areas of the elemental main peaks detected on the survey scan following background

subtraction and application of Thermo sensitivity factors.

The film was prepared by spin coating three layers of QD on top of an ITO slide. As shown in

Figure 8, the relative area of Pb4f to S2s changed with QD size but mainly displayed lead-

rich features. Table 1 lists the detailed analysis results of Pb/S ratio with different particle

size.

Optical properties and monodispersity analysis of molecule-like PbS QDs:

The optical absorption of as-prepared molecule-like PbS QDs was analysed by employing a

Cary 5000 UV-vis-NIR spectrometer. The photoluminescence spectra were taken with a

Perkin Elmer Luminescence Spectrometer LS55. The typical optical properties of a



molecule-like PbS QD are demonstrated in Figure 9 through a comparison test of room light

(a) and UV 365nm (b) radiation.

The monodispersity of as-prepared QDs was evaluated from a full width at half maximum

(FWHM) of the PL spectrum and TEM size distribution standard deviation (Std. Dev.). The

PL data and size distribution were taken from Figure 3b and Figure 7, respectively.

The photoluminescence quantum yield (<t>QY) which represents the number of emitted

photons per number of absorbed photons was calculated based on

equation 1. In the present work, a relative quantum yield, referencing Rhodamine B (RhB),

was employed. The absorption and emission spectra of as-prepared molecule-like PbS QDs

(in toluene) and the standard Rhodamine B (in ethanol) were measured and displayed in

Figure 10. It should be noted that all the solution absorption is controlled below 0.05 to

ensure the validation of as-performed measurement and equation 2 is used for the ΦQY

calculation.

In equation 2, A is the absorbance at the excitation wavelength, PL is the area under the

emission curve (expressed in number of photons), and n is the refractive index of the

solvents used. Subscripts s and x denoted to standard reference and sample respectively.

The detailed results are listed in Table 2.

Table 2: ΦQY results and parameters for molecule-like PbS QDs

Crystal structure analysis of as-prepared molecule-like PbS QDs:



High-resolution synchrotron powder X-ray diffraction data of the samples were measured at

the ΘΒ beam line of PLS-II (Pohang Light Source, Korea). HRTEM and SAED analysis were

performed on JEOL-3000F at 300kV and the camera length was 255.8 mm.

The ensembles crystal structures were measured using high resolution powder diffraction.

Remarkably, the bulk cubic phase remains stable even at this transition state (Figure 11a).

The diffractogram shows cubic characteristics, with a broad peak arising from the

convolution of (111) and (200) reflections, and with a further identifiable (220) peak.

Certainly, ultra-small crystal domains do induce the broad featureless XRD diffractogram

and this is consistent with the diffuse ring patterns as revealed in the selected area electron

diffraction (SAED) analysis.

The TEM image and SAED pattern of red PL and dark red PL is exemplified in Figures 11b-g

and Figures 11h-l, respectively. The low-resolution image confirms a narrow size distribution

and good crystallinity. The SAED pattern of (222) is quite diffuse and can be indexed as

d 2 2 2= 1.68±0.04A. (400) and (511) reflections can be identified giving spacing of

d 4 0 0 = -4410.01 A , d222 = 1 03±0.02A respectively. The PbS also features dislocations and

stacking faults on the {200} planes, as highlighted in Figures 11 d and e . Consequently, the

broadening in the XRD and SAED data can be explained to a considerable strength by the

structural disorder revealed by HRTEM. Furthermore, the big Stokes shift and broad PL

peaks also can be linked to these surface trap states which are generated from the faulted

structure.

Valence band edge and conduction band edge energy levels calculation from UPS analysis:

Molecule-like PbS QDs coated with different ligands (TBAI or EDT) for UPS measurements

were fabricated in air using three layer-by-layer spin-coating steps to obtain films on ITO

substrates. UPS measurements were performed on AXIS - NOVA (KRATOS Inc.) in an

ultra-high vacuum chamber with an incident photon source of He (I) (21.2 eV) and a

resolution of 0.05 eV. As shown in Figure 12a, the Fermi level was extracted from the

difference between incident photon energy of 21.2 eV and high binding energy edge (i.e.

16.89eV). The energy difference between the By and the ε, was determined from the low

binding energy (i.e.0.89eV). The conduction band edge energy level ( ) was calculated from

the subtraction of ε» from (i.e. 2.2eV). The notably big , was a good candidate for high

performance QDSC, particularly compensating for the V*. deficiency. For instance, a 2.3V

Egap direct band gap semiconductor under 1.5 air mass illuminations, regardless of junction

structure, theoretically (thermodynamic limit) can generate up to 2V V∞ at 300K. Regarding

the ligand effects on the energy level alternation, band edge level evolution as function of



egap were also studied as shown in Figures 12b and 12c. Blue photoluminescent PbS QDs

coated with TBAI showed relatively higher energy levels than those coated with EDT, which

is uncommon in conventional PbS QDs. Distinct surface dipole moments arising from the

Pb-halide anion and the Pb-thiol-carbon interactions were considered to be the origin of

ligand effects. In view of the stoichiometry of the as-prepared QDs, the 'molecule-like PbS'

showed a uniform Pb rich appearance. W e believe that in addition to the different dipole

moments induced by different ligands, pristine QD stoichiometry may also influence the final

band edge level variations.

As-prepared PbSe, ZnSe and ZnS QDs were analysed for crystal structure, size distribution

and composition verification through TEM, EDX and SAED respectively, using the

procedures described in Example 5 .

The remarkably big of PbS quantum dots obtainable analogously to Example 1 was

demonstrated by applying these into a current QDSC module, where they exhibited large

improvements in open circuit voltage (V∞ ).

The standard ZnO/PbS structure was employed as an operation module and

tetrabutylammonium iodide (TBAI), and 1,2-ethanedithiol (EDT) were chosen as PbS surface

ligands (PbS@TBAI and PbS@EDT).

Synthesis and purification ofZnO nanoparticles (NPs):

Zinc acetate dehydrate (0.9788 g) was dissolved in 42 mL of methanol in a two-neck flask

equipped with a glass condenser, and the solution was heated to 60 °C under air. KOH

(0.469 g) was dissolved in 22 mL of methanol and dropwise added into the zinc acetate

reaction flask over a period of 10 min. After total reaction time of 90 min, the flask was

cooled to room temperature. The ZnO nanocrystals were purified by three cycles of

centrifuging and dispersing in methanol. The final precipitation was dissolved in chloroform

at 50mg/mL

Solar cell fabrication:



Acetone, ethanol, and 2-isopropanol were used for the cleaning of patterned ITO. The ITO

substrates were treated with oxygen plasma for 5 min before device fabrication. ZnO layers

were formed by spin coating a solution of ZnO nanoparticles (50mg/mL) onto ITO substrates

at 2000rpm for 30 second. Then the ZnO films were annealed at 250 °C for 10 min on a hot

plate. PTFE syringe-filter filtrated QD solution (50mg/mL) was spin-cast onto the ZnO layer

at 2000 rpm for 15 second.

For PbS@TBAI, a TBAI solution (10mg/mL in methanol) was then applied to the substrate

for 30 seconds, then spun at 2000rpm for 30 seconds, followed by two rinse-spin steps (30

seconds for each step) with methanol. For PbS@EDT, an EDT solution (0.02% volume in

acetonitrile) was applied to the substrate with a spin casting fashion, followed with two cycles

of acetonitrile washing.

The Au contact was thermally evaporated onto the films through shadow masks by an

EDWARD thermal evaporator. The device areas were defined by applying pre-defined

masks (0.0128cm2) .

Solar cell characterisation:

J-V curves were recorded using a Keithley 2400 under simulated AM1.5 solar light

illumination by a LOT Quantum Design simulator (LSE340/1/850.27C). The light intensity

was calibrated with a RERA SOLUTIONS silicon reference cell (RQS4695) before each

measurement. External quantum efficiency (EQE) measurement was performed by

employing a SpeQuest QE system. The QE system had a 100W Quartz Tungsten Halogen

light as photon source, equipped with 150mm F/4.2 monochromator, a SR830 DSP Lock-In

Amplifer (locked to light chopped at 83Hz) and a Melles Griot IV converter. The wavelength

range was from 350nm to 1800nm and all the measurements were calibrated by a NIST

traceable Silicon (200nm-1100nm) reference cell and NIST traceable Germanium (700-

1800nm) with area pre-defined mask (0.0128cm2) .

Studies of effective photon-electron transformation ¾„p i.e. onset of external quantum

efficiency curves (EQE) (shown in Figure 15) are generally preferred when comparing the

measured Voc with the Shockley-Queisser limit. As shown in Figure 3c, the EQE onset of

QDSC prepared from wide PbS QDs reached up to 1.61eV (bigger than reported values

e.g. 1.1 3eV), which was attributed to the improved .



Figure 3d displays V ∞ as a function of from different sizes of PbS QDs. It can be seen

that V∞ of QDSCs could be improved up to a maximum level of 0.8V (Figure 3d), which is

the highest ν∞ among any reported PbS QDSC.

5 By employing 1 83eV PbS QDs, 4.69% PCE performance together with 0.7 V V∞ was

achieved (Figure 3d inset image). Summarizations of V∞ performance among various

reported solar cells are highlighted in Figure 3d (dashed line) and listed in Table 3. It can be

derived that this ν∞ output is even comparable to the commercialize Silicon (Si, 0.74V) or

Copper indium gallium selenide (CIGS) solar cells (0.75V).

Table 3: V∞ performance data for certified record-efficiency devices under AM 1.5

illumination

J-V curve and EQE spectra analysis of as-prepared QDSC

15 Figures 14a to 14d exhibit six representative J-V curves of as-fabricated PbS QDSCs.

Accompanied by changing ¾,ρ from 0.84eV to 2.22eV, perceptible increments of ν∞ can be

resolved from the intersections at abscissa axis, , from 0.84eV to 1.41eV PbS QDs were

fabricated.

20 Figure 14e and Figure 14f shows a comparison of current densities extracted from as-

measured and integrated from EQE spectra. The Jsc values which were calculated by

integrating the EQE spectra with the AM1.5G solar spectrum shows good agreement with

the measured Jsc- As shown in Figure 15, full-spectrum (350nm-1500nm) external quantum

efficiency (EQE) analysis was carried out on the as-prepared 'molecule-like' QDSCs. A clear

25 red shift can be observed from the onset of the spectra as the optical absorption determined

band gap decreasing. It also can be revealed that smaller the effective band gap inducing

higher EQE. Besides the other composite absorption (i.e. ITO, ZnO etc.) and light



reflections, the as-prepared QDSC exhibited high EQE performance, peaking at a 400nm

wavelength.

The inset figure of Figure 13 shows a structure of a photoactive layer consisting of 10 layers

5 of PbS@TBAI and 2 layers of PbS@EDT, together with ZnO/ITO as cathode and gold as

anode. The flat band potential (εfb) of ZnO nanoparticles, work function of ITO (Φ ΠΌ) and

gold (Φιτο) were also characterized by UPS following same procedure as for PbS QDs. The

energy levels of ZnO εfb and PbS@EDT 8VB (red PL QD) were estimated to be -3.7eV

and -5.0eV, respectively. As indexed in the energy diagram, the potential difference (δ ε)

10 between these two levels was attributed to be the highest ν∞ this junction structure can

produce, which is ca. 1.3eV. Table 3 summarises the current prevailing solar cell V∞

performance together with those of the solar cells described herein.



Claims:

1. Process for the synthesis of semiconductor nanocrystals, comprising mixing a

nonaqueous solution of a metal precursor with a solid-state chalcogen and reacting

the resulting mixture at a temperature of about 90 °C or greater.

2. Process according to claim 1, wherein the metal precursor is a Zn, Cd, Ge, Sn or Pb

precursor.

3. Process according to claim 1 or claim 2, wherein the metal precursor is a metal salt

of an aliphatic carboxylic acid.

4. Process according to claim 3 wherein the aliphatic carboxylic acid is a fatty acid

having 13 to 22 carbon atoms.

5. Process according to claim 4 wherein the aliphatic carboxylic acid is unsaturated.

6. Process according to any of claims 3 to 5 wherein the aliphatic carboxylic acid is

oleic acid or stearic acid.

7. Process according to any preceding claim, wherein the chalcogen is S, Se or Te in

powder form.

8. Process according to any preceding claim wherein the nonaqueous solvent

comprises a C20- C 40 saturated or unsaturated hydrocarbon, a saturated or

unsaturated fatty acid, a saturated or unsaturated C
12

- C
18

fatty amine, or mixtures

thereof.

9. Process according to any preceding claim wherein the nonaqueous solvent

comprises 1-octadecene.

10. Process according to any preceding claim wherein the reaction of the metal

precursor and the solid-state chalcogen takes place at a temperature of about 150 °C

or above.



11. Process according to any preceding claim wherein the reaction of the metal

precursor and the solid-state chalcogen takes place at a temperature of about 250 °C

or below.

12. Process according to any preceding claim wherein the chalcogen is sulphur and the

reaction of the metal precursor and the solid-state chalcogen takes place at a

temperature of between about 150 °C and about 200 °C.

13. Process according to any preceding claim wherein the chalcogen is selenium or

tellurium and the reaction of the metal precursor and the solid-state chalcogen takes

place at a temperature of between about 200 °C and about 250 °C.

14. Process according to any preceding claim wherein said process is carried out as a

continuous-flow process.

15. Process according to claim 14 wherein said continuous-flow process comprises

flowing the nonaqueous solution of the metal precursor over the solid chalcogen and

said nonaqueous solution is heated to a temperature of about 90 °C or greater prior

to contacting the chalcogen.

16. Use of a solid chalcogen in the heterogeneous synthesis of metal chalcogenide

semiconductor nanocrystals.

17. A semiconductor nanocrystal obtainable by a process according to any one of claims

1 to 15.

18. A semiconductor nanocrystal according to claim 17 having a diameter of about 1.80

to about 3.60 nm.

19. A semiconductor nanocrystal according to claim 17 or claim 18 which is

nanocrystalline PbS, PbSe, ZnS or ZnSe.

20. Nanocrystalline PbS or PbSe having a band gap of greater than 1.6 eV and/or a

photoluminescence emission wavelength of about 440 to about 515 nm.

21. Nanocrystalline ZnS orZnSe having a photoluminescence emission wavelength of

about 410 to about 430 nm.



22. Semiconductor nanocrystals selected from:

PbS nanoparticles having diameters from about 2.35 to about 3.20 nm;

PbSe nanoparticles having diameters from about 2.50 to about 3.60 nm;

ZnS nanoparticles having diameters from about 2.70 to about 3.60 nm; and

ZnSe nanoparticles having diameters from about 1.80 to about 2.65 nm.

23. A quantum dot solar cell comprising semiconductor nanocrystals as defined in any

one of claims 17 to 22.

24. A quantum dot solar cell according to claim 23 further comprising a transparent

conducting oxide substrate and optionally a contact layer of a wide band gap

semiconductor in contact with said transparent conducting oxide substrate, wherein

said semiconductor nanocrystals are provided in a layer coated onto the transparent

conducting oxide substrate or, where present, the contact layer of wide band gap

semiconductor.

25. A quantum dot solar cell according to claim 23 or 24 further comprising

1,2-ethanedithiol, tetrabutylammonium iodide or mercaptopropionic acid surface

ligands bound to the semiconductor nanocrystals.

26. A quantum dot solar cell according to claim 23, 24 or 25 comprising:

an indium-tin oxide (ITO) substrate;

a ZnO contact layer in contact with the ITO substrate;

a layer of semiconductor nanocrystals coated onto the ZnO contact layer, wherein

said semiconductor nanocrystals are bound to surface ligands selected from

1,2-ethanedithiol, tetrabutylammonium iodide and mercaptopropionic acid; and

an electrode in contact with the semiconductor nanocrystals such that the layer of

semiconductor nanocrystals is interposed between the electrode and the ZnO

contact layer.

27. A method of preparing a quantum dot solar cell, comprising coating coating a layer of

semiconductor nanoparticles according to any of claims 17 to 22 onto a substrate

comprising a transparent conducting oxide and preferably a contact layer of a wide



band gap semiconductor.

28. Use of semiconductor nanoparticles according to any of claims 17 to 22 as a

component of a light-absorbing photovoltaic layer in a solar cell.
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