
1. Introduction

Unique electronic and optical properties of lead chalcoge-

nides (PbS, PbSe and PbTe) have made them basic opto-

electronic materials as long as several decades ago. The first

infrared (IR) PbS photodetectors were fabricated in the

1930s. Thin layers of polycrystalline lead chalcogenides

were used in IR sensors during World War II. Mass

production of infrared PbS and PbTe photodetectors for

warheads of target-seeking air-to-air missiles began in the

USA in the 1950s.

The development of cryogenic cooling technologies led

to a considerable increase in the sensitivity of IR detectors

and to wide application of these devices in scientific

research. In the mid-1960s researchers at the Mount Wilson

observatory (USA) for the first time conducted a near-IR

survey of the sky using cooled PbS photodetectors and

detected more than 20 000 sources of IR radiation. Since

then, there has been rapid progress in the studies on space

objects visible in the IR spectral range. With the advent of

space observatories in the 1980s, researchers began to

explore the mid-IR and far-IR ranges that appeared to be

highly informative for astronomers who detected previously

unknown sources of radiation. Thus a new branch of

science called IR astronomy was born.

In the last two decades, considerable efforts have been

made to improve the characteristics of the available photo-

detectors, to simplify the production technology and to

markedly increase the operating temperatures. As a conse-

quence, new promising structures were engineered and new

technologies developed. Among the former, there are quan-

tum dot IR detectors.
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The term `quantum dot' (QD) was introduced in 1988 to

describe ultradispersed particles that exhibit the quantum

size effect.1 In 1993, a synthetic route to the production of

colloidal QDs (CQDs) was proposed; it was called high-

temperature colloidal synthesis.2 The method affords CQDs

of specified size with minimum dispersion of the particle size

distribution function (to 5%). The next 25 years of intensive

research into CQDs yielded significant results.

This review highlights the most important methods for

the synthesis of colloidal lead chalcogenide QDs, a promis-

ing type of QDs exhibiting an excellent photosensitivity in

the near-IR and mid-IR ranges and having band gaps in the

range of 0.3 to 2.0 eV. The combination of broadband

absorption and large Bohr exciton radius (rB) of these

compounds (Table 1) make them candidates for application

in lasers, telecommunications devices, solar cells, photo-

detectors and electroluminescent devices.

The main part of the review is devoted to the synthesis

methods and the physicochemical properties of colloidal

PbSe QDs that underlie their applications in photoelectric

devices operating in the near-IR and mid-IR ranges. From

the data in Table 1 it follows that PbSe has the widest range

of band gap tuning. This property is crucial to the design of

photodetectors. To date, chemistry of colloidal PbSe QDs is

less studied than chemistry of colloidal PbS QDs.

Photoelectric devices based on colloidal PbSe QDs have

a great potential and are competitive with the widely used

devices based on polycrystalline PbSe and epitaxial PbSe

layers.3 Certain devices based on colloidal PbSe QDs are

characterized by lower dark current, higher operating tem-

perature and threshold sensitivity;7, 8 they also proved

themselves in semiconductor lasers.9, 10 Large Bohr exciton

radii and small effective masses of electrons and holes in

films of colloidal lead chalcogenide QDs favour charge

delocalization. A direct consequence is high electron mobi-

lity in thin films of colloidal PbSe QDs. For instance, an

electron mobility of 0.95 cm2 V71 s71 was determined for

films fabricated from close-packed colloidal PbSe QDs

treated with a hydrazine solution.11

Colloidal PbSe QDs are of particular interest for pro-

duction of solar cells because they exhibit the multiple

exciton generation effect,12 ± 14 i.e., multiple exciton gener-

ation upon absorption of a photon with energy much

exceeding the band gap. The colloidal PbSe QD solar cells

have a potential to overcome the Shockley ±Queisser theo-

retical limit equal to 33.7% and thus to increase the

efficiency of solar energy conversion.15 An external quan-

tum yield of 300% due to the multiple exciton generation in

colloidal PbSe QDs was reported.13 The effect was observed

in real solar cells.16

Colloidal PbSe QDs are characterized by more efficient

multiple exciton generation than colloidal PbS QDs. There-

fore, it is colloidal PbSe QDs that allow one to design more

efficient devices.

Natural lead sulfide and lead selenide exist as galena and

clausthalite minerals. However, these natural materials are

hard to be used for the synthesis of CQDs suitable for

production of electronic devices.17 The synthesis of colloi-

dal PbS and PbSe QDs requires special procedures (which,

however, are applicable to the preparation of other

CQDs).18 Methods used in chemistry of PbS and PbSe are

analogous and in most cases readily transferable from one

chalcogenide to another.

Lead selenide has a relatively large Bohr exciton radius;

therefore, the properties of colloidal PbSe QDs depend

strongly on the particle size. A correlation between the

band gap and the size of spherical PbSe particles is shown

in Fig. 1.

An empirical formula relating the band gap (E0) to the

QD diameter (d ) was proposed. It is based on the published

experimental data, gives a good approximation in the d

range from 2 to 20 nm and has the form

E0 � 0:278� 1

0:016 d 2 � 0:209 d� 0:45
(1)

A simplified linear relation between the diameter of

colloidal PbSe QD and the position of the first exciton

absorption peak (wavelength l) provides a quite good

approximation 20 of experimental data in the particle size

range from 3 to 5.5 nm:

d � lÿ 143:75

281:25
(2)

A number of reviews on certain aspects of the synthesis,

application and chemistry of colloidal PbSe QDs have been

reported in the last 15 years. Core ± shell heterostructures

with the PbSe core for optoelectronic applications were

considered,21 as well as photovoltaic devices based on

colloidal lead chalcogenide QDs and methods of synthesis

of these QDs,22 thermoelectric devices based on colloidal

lead chalcogenide QDs,23 and, eventually, the synthesis and

characterization of near-IR emitting CQDs.24 Up to our

Table 1. Main physical properties of lead chalcogenides.3 ± 6

Chalcogenide rB /nm Band gap /eV er (see a)

bulk sample CQDs
at 300 K

PbS 18 0.41 0.6 ± 1.6 17.2

PbSe 46 0.28 0.35 ± 1.7 23

PbTe 150 0.31 0.6 ± 1.1 33

a Relative dielectric constant.
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Figure 1. Correlation between the band gap and diameter of
spherical PbSe particles plotted using published and experimental
data.19
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knowledge, there is no review article that (i) gives a holistic

view of the synthesis and possible modifications of colloidal

lead chalcogenide QDs (especially, PbSe QDs) irrespective

of the final field of application and (ii) contains compre-

hensive information on chemistry of precursors used in the

synthesis. We hope this review will not only bridge the gap,

but also help researchers in their search for novel methods

for the synthesis of colloidal lead chalcogenide QDs aimed

at producing photodetectors with improved properties.

The list of notations and abbreviations used in this

review is as follows:

CQDs Ð colloidal QDs,

DMF ÐN,N-dimethylformamide ,

DPP Ð diphenylphosphine,

DPPSe Ð diphenylphosphine selenide,

OA Ð oleic acid,

ODE Ð octadecene,

OLA Ð oleylamine,

PMMA Ð poly(methyl methacrylate),

TOP Ð tri-n-octylphosphine,

TOPSe Ð tri-n-octylphosphine selenide.

2. Syntheses of colloidal PbSe quantum dots

Dozens of methods for the synthesis of PbSe QDs from

various sources of lead and selenium have been developed

to date. They can be divided into two groups. One group of

methods uses a single source of selenium and lead, while the

other uses two different sources (selenium and lead com-

pounds). The latter approach is more popular because it

allows one to vary the lead/selenium ratio in the reaction

mixture.

Most often, the sources of selenium include tri-n-octyl-

phosphine selenide (TOPSe) and elemental selenium in

oleylamine; the sources of lead include lead halide (PbX2,

X=Cl, Br, I) solutions in oleylamine and lead oleate, which

is obtained by dissolving lead acetate or lead oxide in oleic

acid.

Recently, there has been increasing interest in the syn-

thesis of lead chalcogenide QDs by substitution of lead

atoms for cadmium, silver, zinc and other metal cations in

the corresponding metal chalcogenide QDs.

2.1. Syntheses using trioctylphosphine
Usually, tri-n-octylphosphine (TOP) plays a dual role in the

synthesis of colloidal PbSe QDs, viz., it can form a ligand

shell surrounding a CQD to prevent coagulation of colloi-

dal solutions and act as precursor of selenium sources.

Syntheses of CQDs using TOP were reported for all three

lead chalcogenides, that is, PbS,25 PbSe 26 and PbTe.27 This

approach is also suitable for the synthesis of other selenide

CQDs, e.g., colloidal CdSe QDs.28, 29 In the reaction of TOP

with elemental selenium, phosphorus is oxidized to PV, and

a corresponding tri-n-octylphosphine selenide (n-Oct3PSe)

is formed. The solution of n-Oct3PSe in n-Oct3P is com-

monly used as reactant. Like most trialkylphosphines, TOP

is readily oxidized by atmospheric oxygen and therefore the

syntheses using TOP are carried out in inert atmosphere.

Octadecene (ODE) or diphenyl ether are used as high-

boiling solvents. Often, the syntheses of colloidal PbSe QDs

are carried out in the presence of diphenylphosphine (DPP).

A number of reaction mechanisms involving TOP and

diphenylphosphine were proposed. Following the first

mechanism established from 31P NMR data, n-Oct3PSe

reacts with Pb2+ to give n-Oct3PO and oleic anhydride,

and lead does not change its oxidation state upon the

formation of PbSe (Scheme 1).30

The reaction in the presence of diphenylphosphine or

trace amounts of other secondary phosphines proceeds by

the mechanism shown in Scheme 2.

Yet another mechanism involves reduction of Pb2+ to

Pb0 by diphenylphosphine and subsequent reaction of Pb0

with n-Oct3PSe, which involves re-oxidation of Pb0 to Pb2+

and results in PbSe and TOP.30, 31 This mechanism is also

based on 31P NMR data. Scheme 3 presents the reaction

mechanism with changes in the lead oxidation state.31

When the reaction is carried out in mixtures of TOPSe

with Ph2PH, the equilibrium is always shifted towards the

formation of diphenylphosphine selenide (DPPSe).32

n-Oct3P=Se+ Ph2PH n-Oct3P+ Ph2P(Se)H (1)

The reaction of DPP with elemental selenium results in

Ph2P(Se)H, which rapidly reacts with a solution of lead

oleate [Pb(oleate)2] in toluene at room temperature to give

PbSe

Ph2P(Se)H+Pb(oleate)2 (2)

[PbSe]colloid+ side products

A kinetic study on the synthesis of colloidal PbSe QDs

showed33 that the formation of Ph2P(Se)H is the rate-limit-

ing step of reaction (1). Step (2) is fast and not responsible

for the overall reaction rate. A decrease in the reaction rate

at high conversions can be explained by the chemisorption

of Ph2P(Se)H onto the surface of colloidal PbSe QDs. It was

also established that the reaction rate decreases with
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increasing concentrations of oleic acid and n-Oct3P. This

study is a good example of controlling the particle size by

varying the reaction rate.

Eventually, diphenylphosphine present in the reaction

mixture has a positive effect on nucleation; this is similar to

the effect of secondary phosphine impurities in TOP.34, 35

The addition of Ph2PH improves the reproducibility of the

synthesis of colloidal PbSe QDs owing to compensation of

different-quality technical TOP used in the syntheses. The

amount of dioctylphosphine as impurity in commercially

available TOP can vary over a wide range.

The amount of DPPSe in the reaction mixture deter-

mines the concentration of seeds. If the concentration of

DPPSe is lower than that of TOPSe, larger colloidal

PbSeQDs are formed. The method allows one to prepare

CQDs with the first exciton absorption peak in the range of

1500 ± 2000 nm. A drawback of this technique consists in

broad particle size distribution of the large and small

CQDs. The growth of QDs can be controlled by varying

the DPP/TOP ratio.36

A classical synthesis using n-Oct3PSe is carried out at

90 ± 220 8C. To a solution of lead oleate, a solution of

TOPSe in TOP is added.26 The synthesis of PbSe QDs

using n-Oct3PSe and Ph2PH at lower temperatures

(50 ± 90 8C) affords small CQDs (3 ± 7 nm in size) charac-

terized by the first exciton absorption peak in the range

from 1045 to 1239 nm.37

Colloidal PbSe QDs 1 ± 1.8 nm in size can be synthesized

at 30 8C.38 By slowly adding a mixture of lead and selenium

sources to a hot solution of pre-formed PbSe nanoparticles,

one can synthesize CQDs with the first exciton absorption

peak pushed to 3400 nm.39

Recently, yet another mechanism of formation of colloi-

dal selenide QDs was proposed based on 77Se NMR data. It

involves the formation of hydrogen selenide in the reaction

of n-Oct3PSe with oleic acid at temperatures 5 250 8C.40 It
is assumed that H2Se is the true selenium precursor in the

synthesis of colloidal CdSe QDs. However, it remains

unclear whether (i) this mechanism can be extrapolated to

the synthesis of PbSe that occurs at lower temperatures and

(ii) this mechanism is the main route to colloidal metal

selenide QDs.

2.1.1. The influence of impurities

Small impurities in the starting reactants used for the

synthesis of QDs can have either positive or negative effect

on the result of the synthesis. For instance, commercially

available trioctylphosphine used to synthesize lead selenide

and cadmium selenide contains di-n-octylphosphine oxide

and di-n-octylphosphinic acid as impurities. These com-

pounds can significantly influence the morphology of col-

loidal CdSe QDs. 41

The presence of di-n-octylphosphine impurity is critical

to nucleation.31 This secondary phosphine is formed as a

result of disproportionation of di-n-octylphosphine oxide, a

common impurity in TOP. The synthesis of lead or cad-

mium selenides using tri-n-octylphosphine containing no di-

n-octylphosphine at 120 8C is impossible. Contrary to this,

the reaction using commercially available tri-n-octylphos-

phine takes a few minutes under identical conditions.

2.1.2. The morphology of PbSe nanoparticles

Colloidal PbSe QDs up to 9 nm in size have a spherical

shape. As the nanoparticle size increases, spheres are trans-

formed into cubes and truncated cubes. Cubic PbSe nano-

particles from 14 to 27 nm in size were synthesized following

a conventional procedure using n-Oct3PSe.42

Lead selenide nanowires are formed as main structures

(4 95%) at low concentrations of surfactants (oleic acid),

high temperatures (200 ± 250 8C) and Pb : Se ratios in the

range from 1 : 1 to 3 : 1. The addition of a co-surfactant

(hexadecylamine) leads to formation of zigzag nanowires or

star-shaped particles.43, 44 By varying the medium, temper-

ature and oleic acid concentration, one can synthesize star-

shaped, octahedral, or ring-shaped PbSe nanocrystals. The

dependence of the shape of nuclei of colloidal PbSe QDs on

the concentration of oleic acid is illustrated in Fig. 2.44

Summing up, by varying the particle size, surfactant and

co-surfactant, the Pb : Se ratio and the synthesis temper-
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ature, one can obtain PbSe nanoparticles of different

shapes.

2.2. Syntheses using oleylamine
Oleylamine (OLA) used in the synthesis of CQDs can act as:

Ð high-boiling solvent;

Ð surface-passivating ligand for the CQD shell;

Ð long-chain surfactant to stabilize a colloidal solution

of CQDs; and

Ð precursor of selenium or sulfur sources.

Most often, CQDs are synthesized using technical oleyl-

amine containing the trans-isomer, unsaturated amines,

short-chain amines and luminescent impurities. The effect

of purification of oleylamine on the solubility of lead

halides and on the results of syntheses of certain CQDs

was analyzed.45

A mixture of oleylamine with elemental (grey) selenium

serves a selenium precursor in the synthesis of PbSe. The use

of such a mixture is the second most common approach to

the synthesis of colloidal PbSe QDs. Hou et al.46 studied the

structures of reaction products of oleylamine with selenium

(Scheme 4). These products differ from products of a

similar reaction between sulfur and oleylamine.47 As far as

we know, the synthesis of tellurides following this scheme

has not been reported. The reaction of oleylamine with

selenium involves the addition of Se to the double bond to

give selenium-containing monomers and dimers.

The synthesis of colloidal PbSe QDs is analogous to that

of colloidal PbS QDs proposed by Cademartiri et al.48 To a

solution of PbCl2 in oleylamine, a mixture prepared by

dissolving selenium in oleylamine is added at 160 ± 200 8C.
Following this route, one can obtain colloidal PbSe QDs

from 3.6 to 13.9 nm in size.49, 50

The synthesis in the presence of dodecanethiol on low-

ering the temperature to 65 ± 80 8C afforded PbSe particles

about 3 nm in size having a photoluminescence peak at

950 nm.51 The fluorescence intensity was dependent on the

ratio of the sources of lead and selenium and considerably

decreased as the Pb : Se ratio changed from 10 : 0.1 to 10 : 2.

Also, the Pb : Se ratio had little effect on the particle size

and on position of the photoluminescence peak (from 911 to

950 nm).

The role of oleylamine was studied in some cases only

fragmentarily, viz., oleylamine can act as ligand, but one

cannot rule out that it also behaves as selenium carrier. For

instance, a selenium precursor obtained from octadecene

and selenium 52 was used to synthesize colloidal PbSe QDs

in oleylamine.52, 53 However, the issue whether oleylamine is

only a ligand or it is involved in the reactions resulting in

colloidal PbSe QDs was not studied.

Colloidal PbSe QDs were also synthesized 53 using lead

acetylacetonate in oleylamine and selenium powder dis-

solved in octadecene (Se ±ODE). The particle size was

temperature dependent and changed from 6.5 nm at a

reaction temperature of 120 8C to 8.3 nm at 180 8C. In

addition, Pb(OH)Cl nanowires in oleylamine can act as lead

precursor in the reaction with a solution of selenium in

ODE at 240 8C resulting in larger colloidal PbSe QDs.54

2.3. Syntheses based on cation exchange
Metal ion CQDs can play the role of starting reactants in

the synthesis of CQDs by cation or anion exchange. Unlike

ion exchange in solids, the process in nanoparticles is rather

fast, and its thermodynamics is governed by the coordina-

tion of cations or anions in solution. In the last decade, this

approach was most widely used to synthesize various

QDs.55 Usually, cation exchange reactions are carried out,

anion exchange being less studied.

In the course of ion diffusion and cation exchange the

anion sublattice remains relatively stable. As a consequence,

anisotropic nanocrystals retain their shape upon cation

exchange provided that the smallest QD size is larger than

the maximum size of the reaction zone during the exchange

process. There is also a topotactic relation between the

starting reactants and products. Thus, if the cation

exchange reaction is confined within a certain domain of a

nanoparticle, different-composition heterostructures thus

formed have the same anion sublattice.

Cation exchange was for the first time used to synthesize

colloidal PbS QDs from CdS in 2009.56 The substitution of

silver cations by lead cations in colloidal spheres Ag2Se@Se

High concentration

of oleic acid
Low concentration

of oleic acid

Balance of the growth of (100) and (111) facets

(111)

(111)

(111)

(100)

(100)

Figure 2. Influence of the concentration of oleic acid on the shape
of nuclei of colloidal PbSe QDs.44
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(selenium core is coated with a silver selenide shell) was for

the first time reported in 2007.57 In 2014, PbSe QDS were

synthesized using this approach.58 It was shown that the

process can be started with colloidal CdSe QDs. The

exchange occurred at 150 8C following injection of a sol-

ution of colloidal QDs CdSe in octadecene into a solution of

PbCl2 in oleylamine. Colloidal PbSe QDs thus formed were

characterized by high stability to oxidation in air because

the CQD facets prone to oxidation were covered with

PbCl2. The diameter of the colloidal PbSe QDs thus

obtained varied from 2.5 to 4.8 nm. Colloidal PbSe QDs

synthesized analogously in another study 59 were used for

fabricating an NO2 sensor.

Colloidal PbSe QDs can also be synthesized from ZnSe

QDs.60

An interesting approach 61 to the synthesis of colloidal

PbSe QDs and PbS with a very narrow particle size

distribution involves a combination of cation exchange

and Ostwald ripening. It allows one to obtain colloidal

PbSe QDs with only 3.6% dispersion of the particle size

distribution function. To this end, a solution of 3.3-nm

colloidal QDs CdSe in octadecene was injected into a

solution of PbCl2 in oleylamine at 190 8C. Then the temper-

ature was lowered to 160 8C, the reaction mixture was kept

at this temperature for some time and 1.9-nm colloidal

CdSe QDs were added in small portions. In this case the

growth of large PbSe QDs was promoted by the dissolution

of smaller colloidal PbSe QDs formed from colloidal CdSe

QDs in the excess amount of PbCl2. Colloidal PbSe QDs

thus obtained had the first exciton absorption peak in the

wavelength range of 1.3 to 2.2 mm.

Cation exchange in the nucleation stage followed by

Ostwald ripening provides a convenient synthetic route to

colloidal PbSe QDs.62 Tin selenide nuclei formed in the

reaction of Sn[N(SiMe3)2]2 with TOPSe were introduced

into the reaction with PbCl2 in oleylamine at 140 ± 160 8C.
The method was used to prepare a series of monodisperse

samples of colloidal PbSe QDs (Fig. 3). Retention of the

morphology of the starting nanocrystal upon cation

exchange and stoichiometric control of the reaction course

provides QDs with composition, morphology and crystal-

line phases inaccessible by other methods.

2.4. Syntheses in aqueous media
Colloidal PbSe QDs can be synthesized in aqueous media.

This approach is of particular interest for fabrication of

water-soluble nanoparticles for medical applications. The

starting compounds were lead acetate [Pb(OAc)2] and

Na2SeSO3 ,63 ± 65 SeO2 and N2H4
. 2HCl,65 and gaseous

H2Se.66 Soluble starch 63 and citrate ions 63, 64 were used as

ligands to form the CQD shell; as a result, nanoparticles at

least 20 nm in diameter were prepared. Colloidal particles

less than 10 nm in size synthesized using these techniques

appeared to be unstable in aqueous media. A transmission

electron microscopy study 65 revealed the formation of

CQDs 5 ± 10 nm in size when using thiocarboxylic acids.

The reaction of Pb(OAc)2 with Na2SeSO3 resulted in

PbSe particles from 26 to 33 nm in size with band gaps from

2.1 to 1.96 eV depending on the synthesis temperature,

which was varied from 328 to 343 K.66

Colloidal PbSe QDs can be synthesized by irradiating a

mixture of lead and selenium sources prepared by reducing

SeCl4 and Pb(NO3)2 in the presence of NaBH4 with a

532-nm pulsed Nd laser.67 The method was used to synthe-

size nanoparticles from 7 to 28 nm in size with a broad

particle size distribution (polydispersity index varied from

0.13 to 0.24).

Unfortunately, the photoluminescence properties of

particles synthesized using the methods considered above

are poorly studied. This is probably due to low quantum

yields of luminescence when the synthesis is carried out in

aqueous media.

2.5. Alternative sources of selenium
The sources of selenium are not limited to tri-n-octylphos-

phine selenide and the mixture of oleylamine and selenium,

but also include other compounds that are of limited use.

Often, colloidal PbS QDs are synthesized using bis(tri-

methylsilyl) sulfide as sulfur precursor.68 A similar synthesis

of colloidal PbSe QDs from bis(trimethylsilyl) selenide 69 is

not widely used, probably, due to high cost and low stability

of the compound in air.

N,N,N 0-Trisubstituted selenourea derivatives can be

obtained with ease by the reaction of selenium, isocyanide

and primary amines. These compounds are of interest for

the synthesis of colloidal PbSe QDs. This approach was for

the first time demonstrated in the synthesis of PbSe nano-

wires using N,N-diethyl-N 0-naphthoylselenourea as sele-

nium precursor.70 Using other trisubstituted selenoureas

and having optimized the synthetic procedure, colloidal

PbSe QDs with band gaps from 0.6 to 2.0 eV were pre-

pared.71 In this case the nanoparticle size depends on the

substituted selenourea used as precursor and on the syn-

thesis temperature (from 60 to 120 8C). The photolumines-

cence properties of the nanoparticles were not studied.

Selenium dioxide in octadecene was proposed as alter-

native to elemental selenium in octadecene. This mixture is

characterized by high stability to atmospheric oxygen;

however, SeO2 is more toxic than elemental selenium. The

new precursor was used to synthesize colloidal CdSe QDs

with narrow particle size distribution for subsequent photo-

luminescence study;72 it was also shown that the method is

suitable for the synthesis of colloidal PbSe QDs.

Colloidal PbSe QDs of different morphology were

prepared 73 from Ph4Pb and Ph3PSe in oleylamine at

220 8C. The shape of nanoparticles was dependent on the

solvents and surfactants and on the solvent/surfactant ratio

in the reaction mixture. Also, cycloocteno-1,2,3-selenadia-
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Figure 3. Luminescence spectrum of colloidal PbSe QDs in tetra-
chloroethylene (lexc= 980 nm).62 The QD diameters were from 3.5
to 13.8 nm.
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zole seems to be yet another possible alternative to tradi-

tionally used selenium precursors.74

Thus, modern methods of synthesis allow one to prepare

colloidal PbSe QDs from 1 to 16 nm in size with the first

exciton absorption peak in the range of 700 to 3400 nm

(Table 2). A particular method is chosen depending on the

available laboratory equipment and on the demand for

nanoparticles with absorption in a certain spectral range.

3. Ligand exchange

The ligand shell of any QDs directly affects their optical,

electrical and catalytic properties as well as the ability to

form colloidal solutions in various media.75 According

Owen, ligands in nanoparticles are divided into the follow-

ing three classes, each core ± ligand bond being formally

treated as covalent one:76

1) L-type ligands Ð neutral two-electron donor ligands

(amines, phosphines, phosphine oxides);

2) X-type ligands Ð anionic ligands [e.g., RCOO7,

RP(O)O7, Cl7, HO7] or neutral radicals with odd number

of electrons. Both subtypes seemingly donate an electron to

form a chemical bond;

3) Z-type ligands Ð electron-withdrawing ligands that

withdraw two electrons from the core and coordinate to free

electron-rich atoms Se, S, Te (e.g., CdCl2, InCl3).

This classification is used in the design of ligand

exchange reactions. It provides a good explanation for

difficulties reported in the early studies on modification of

the ligand shell, e.g., in the exchange of X-type and L-type

ligands. The type of a ligand (L, X or Z) dictates possible

mechanisms of substitution reactions and the most appro-

priate media. For instance, L-type ligands can be rapidly

adsorbed onto and desorbed from the surface of nano-

crystals at room temperature in apolar solvents, whereas

X-type ligands remain strongly bound to the core due to

electrostatic interaction under identical conditions.

In the case of conventional synthesis of PbSe using oleic

acid and tri-n-octylphosphine, the shell of a colloidal QD is

mainly composed of oleates (in the presence of a minimum

amount of TOP or without TOP).77 ± 79 Various methods

were proposed to increase the conductivity of CQD films

through a decrease in the thickness of the ligand shell and

an increase in the oxidative stability of QDs. The thinner the

ligand shell the shorter the inter-particle distance in the

films. Both partial or complete exchange of the starting

oleates for inorganic and organic ligands were studied. The

list of compounds tested as organic ligands includes mono-

and bidentate amines,80 ± 82 hydrazine,11 carboxylic

acids,84 ± 86 thiols and dithiols,87 ± 89 benzene-1,4-dithiol 83

and alkylselenol.90

A significant problem in the exchange of the oleate

(oleylamine) ligand shell formed in course of the synthesis

of CQDs for other organic ligands is the completeness of the

substitution reaction. Exchange of a ligand shell by another

one is an equilibrium reaction (Fig. 4); therefore, the

equilibrium can be shifted in one direction or another by

increasing the concentration of the substitution ligand or by

carrying out the reaction in the substitution ligand medium.

When the oleate shell of CQDs in CQD films is

exchanged for such dithiols as ethanedithiol and benzene-

1,4-dithiol, the long-chain ligands are replaced by short-

chain ones and nanocrystals are cross-linked by these

bidentate ligands (Fig. 5).89 Gradual replacement of oleates

by octylamine in solution and then by thiols in films is more

preferred due to smaller size difference between the ligands;

as a consequence, no cracks appear in the films.

Often, the syntheses of hydrophilic colloidal PbSe QDs

in aqueous media give unsatisfactory results, especially in

the case of small CQDs (<20 nm in size). Therefore, these

CQDs are prepared by exchange of hydrophobic oleate

(oleylamine) ligands for water-soluble ones. For instance,

the oleate shell was replaced by L-cysteine in the two-phase

system sodium ± phosphate buffer ± toluene at room temper-

ature. In this case, colloidal PbSe QDs migrated from the

organic phase to the aqueous phase. Colloidal PbSe QDs

Table 2. Main methods of synthesis of colloidal PbSe QDs.

Compounds used for the synthesis of precursors Surfactant T /8C Average CQD Exciton peak Ref.
diameter /nm maximum /mm

lead selenium

PbCl2, OLA DPPSe, TOPSe, DPP, TOP ODE 30 ± 160 2 ± 6 0.75 ± 2.10 36

PbO, OAH TOPSe, DPP, TOP Hexadecane 80 ± 145 2 ± 5 1.00 ± 1.80 33

PbO, OAH TOPSe, TOP ODE 30 1 ± 1.8 0.70 ± 0.88 38

PbCl2, OLA TOPSe, TOP Ph2O 90 ± 220 3 ± 9 2.50 ± 3.40 39

PbCl2, OLA OLA, Se 7 180 ± 220 7.5 ± 15 1.70 ± 2.10 49

PbCl2, OLA OLA, Se 7 140 ± 240 4.4 ± 12.1 7 50

Pb(acac)2 ODE, Se DA, OLA a 120 ± 180 6.5 ± 16 7 53

PbCl2, OLA CdSe QDs ODE 150 ± 180 2.5 ± 4.8 0.85 ± 1.49 58

PbCl2, OLA CdSe QDs, TOPSe ODE 180 >5 1.90 58

Lead complexes with selenoureas Octene-1, diglyme a 100 1.7 ± 6.6 0.90 ± 2.00 71

Note. Notations are as follows: OLA is oleylamine; OAH is oleic acid; DPPSe is diphenylphosphine selenide; DA is decanoic acid and acac is

acetylacetonate; TOP is tri-n-octylphosphine, ODE is octadecene.
a Solvent.

+ n + n

Figure 4. A schematic of equilibrium ligand exchange on the
surface of a CQD.
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prepared using such an exchange reaction were character-

ized by a luminescence peak with a maximum at 675 nm.

Usually, inorganic ligands form a thin shell around the

semiconductor core (e.g., the shell is *1 �A thick for S27

and *21 �A for oleic acid). This allows one to attain strong

electronic coupling between QDs in the films, which in turn

ensures good conductivity. Inorganic ions can quantita-

tively replace the starting ligands on the surface of QDs

and thus form electrically stabilized colloidal systems in

polar solvents.91 Ideally, this should enable fabrication of

conductive CQD films without post-synthesis heat (or

chemical) treatment and often without accompanying

NH2
SHHS

a c

2

3
OH

O

b

20 nm 20 nm 20 nm

Figure 5. TEM images of films of colloidal PbSe QDs with different ligand shells.89

Ligand: oleic acid (a), n-octylamine (b) and benzene-1,4-dithiol (c).
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Figure 6. Exchange of oleylamine in the anion layer for iodide in two-phase system.98

Schematic diagram of the ligand exchange process in two-phase system (a);
photographs of reaction mixture before and after shaking (b); and
changes in absorption and luminescence spectra before (solid lines) and after (dashed lines) exchange with LiI (c).
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increase in the spatial and energy disorder in the films. In

practice, heat treatment at 150 ± 300 8C remains necessary

to attain good conductivity of such systems.

The following systems were tested for ligand exchange in

colloidal PbSe QDs: Sn2S
4ÿ
6 ,92 chalcogenides,93, 94

halides 95 ± 98 and thiocyanates.98, 99 Ligand exchange can

be carried out in solutions, two-phase systems or in films

(Table 3).

Treatment of PbSe films with Na2S solutions leads to

complete removal of oleate ligands and improves the

oxidative stability of the samples.93 Oleylamine is replaced

by inorganic (I7, Br7, SCN7) and organic (HCOO7)

ligands in the reaction in two-phase systems hexane ±N,N-

dimethylformamide (DMF) quantitatively and rapidly

(Fig. 6).99 The reaction proceeds under intense shaking of

the solution of the initial ligand in hexane and the solution

of the substituent salt in DMF over a few seconds at room

temperature.

A complete removal of the ligand shell of CQDs, viz.,

oleates or oleylamine, was for the first time demonstrated

under the action of NOBF4 in DMF.100 Meerwein's salt

([Me3O]BF4) in DMF ± acetonitrile mixture,101 as well as

HBF4 or HPF6 in DMF 91 can also be used. In all cases, no

aggregation of PbSe particles was observed. `Bare' colloidal

PbSe QDs can again react with various ligands, such as oleic

acid, oleylamine, hexylamine or poly(vinyl pyrrolidone).100

This again results in complete replacement of the ligand

shell.

Aliphatic alcohols (MeOH, EtOH, PriOH) can replace

the oleate ligand shell on the surface of CQDs.102 Subse-

quent treatment of the CQDs with oleic acid solutions leads

to partial recovery of the oleate ligand shell.

An interesting approach to a decrease in the thickness of

the ligand shell of CQDs was reported.103 Oleate ligands on

the surface of colloidal PbSe/CdSe core/shell QDs were

replaced by n-octyldithiocarbamate ligands, which can

decompose into sulfur and isocyanate at 205 8C. No

agglomeration of nanocrystals in the film with the loss of

the quantum size properties was observed at this temper-

ature.

4. Mixed chalcogenides PbS17xSex
and PbSe17xTex

At present, both solid solutions (alloys) of PbSe and PbS,

where sulfur and selenium are uniformly distributed in the

bulk of nanoparticles, and core/shell structures are known.

Either complete or partial replacement of the ligand shell by

the inorganic sulfides considered in Section 3 results in

structures that can be treated as a PbSe core coated with a

PbS shell. Thicker PbS shells can be prepared by growing

the second shell on isolated colloidal PbSe QDs or directly

in the course of synthesis.25, 104, 105 For instance, PbSe/PbS

nanoparticles were synthesized by adding a solution of

colloidal PbSe QDs 3 ± 4 nm in size and TOPS to a solution

of Pb(OAc)2 and oleic acid in TOP at 180 8C.105 This

resulted in colloidal PbSe QDs coated with 1 ± 3 PbS

monolayers; the band gap of these CQDs was in the range

of 0.8 ± 1 eV. Colloidal PbSe QDs coated with the PbS shell

demonstrate much higher oxidative stability than colloidal

PbSe QDs.105

The lattice constants of isostructural crystals PbS and

PbSe differ by only 2%. These lead chalcogenides meet the

necessary conditions for the formation of solid solutions

since their anions are isovalent and their radii differ by

less than 15%. The synthesis of mixed chalcogenides

PbS17xSex (04 x4 1) can involve one, two and even

many precursors. When two different precursors of sele-

nium and sulfur are also simultaneously used as reactants,

one can prepare alloys of the composition PbS17xSex. By

varying the reactivity and the ratio of the precursors one

can influence the sulfur/selenium ratio in the colloidal

PbS17xSex QDs.106 ± 108 For instance, mixed chalcogenides

were prepared 106 by adding a mixture of (Me3Si)2S with

Bun
3PSe in octadecene to a lead oleate solution at 150 8C.

Owing to reactivity difference between the sulfur and

selenium precursors the Se : S ratio in the reaction product

was a nonlinear function of the Se : S ratio in the starting

reactants. This method was used to synthesize monodisperse

4-nm CQDs with the first exciton absorption peak in the

range from 1 to 1.6 mm. The properties of these nano-

particles obeyed Vegard's law, thus being indicative of

homogeneous composition of the solid solution. Schottky

diodes based on PbS17xSex nanoparticles demonstrated

improved properties compared to those of the devices

based on pure chalcogenides PbS or PbSe.

The synthesis of PbS17xSex nanoparticles from triphe-

nylphosphine selenide and dibenzyl disulfide as selenium

and sulfur precursors in dibenzylamine in the presence of

oleic acid affords hexapod crystals.109 A similar strategy

using (Me3Si)2Se and Bun
3PTe can be utilized to synthesize

PbSe17xTex.108, 110

The synthesis of CQDs by decomposition of a mixture

of selenourea and thiourea complexes of lead at 200 8C
offers prospects for controlling the selenium/sulfur ratio in

the product.111 The reaction results in large cubic

PbS17xSex nanoparticles 25 ± 29 nm in size. However, this

method dos not allow one to vary the particle size.

Recently, it was proposed to synthesize mixed chalcoge-

nides using cation exchange. An example is provided by the

synthesis of colloidal PbS17xSex QDs from colloidal

CdS17xSex QDs.112

5. Surface passivation of colloidal PbSe quantum
dots

Significant drawbacks of colloidal PbSe QDs coated with

most organic ligands include the low stability to oxidation

by atmospheric oxygen and changes in the luminescence

properties (weakening or quenching of luminescence) with

time.94, 113 The oxidation of PbSe on the surface of QDs

involves a number of thermodynamically favourable che-

mical processes listed in Table 4.114

Table 3. Replacement of oleate shell by inorganic ligands.

Reactant Ligand System Ref.

Na2S S27 Film 92, 93

(NH4)2S S27 Film 94

NH4SCN SCN7 Two-phase system 98, 99

NH4SCN SCN7 Film 98

NH4SeCN SeCN7 Two-phase system 99

(N2H5)4Sn2S6 Sn2S647 Two-phase system 92

NH4Cl Cl7 Single-phase system 95, 96

NH4Br Br7 Single-phase system 95

NH4I I7 Two-phase system 99

NH4I I7 Film 98

LiI I7 Two-phase system 99
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Although the formation of PbSeO4 is the thermody-

namically most favourable step (see Table 4, reaction 1),

this oxide was not detected in the mixture of room-temper-

ature oxidation products; it follows that reaction 1 requires

a higher activation energy. The mixture of the products of

oxidation on the surface of PbSe contains SeO2, PbO and

PbSeO3 as major products.114, 115 To improve the oxidative

stability, it was proposed to treat the CQDs with chlor-

ide,95 ± 97 bromide 95 or iodide116, 117 solutions. This led to a

sharp improvement of this property. As an example, Fig. 7

presents the changes in the absorption spectrum of oleate-

coated colloidal PbSe QDs treated with NH4Cl. Such a

treatment causes only partial replacement of the oleate shell

at facets that are most prone to the oxidation in air.

Treatment of QDs with gaseous chlorine was pro-

posed 118 as an alternative to the treatment with ammonium

chloride solutions. Lead selenide thus obtained retains the

luminescence properties of the untreated sample and exhib-

its a much higher oxidative stability. Quantum dots can also

be treated with a solution of elemental iodine in toluene; in

this case the surface lead selenide is transformed to PbI2.119

A study 120 on treatment of colloidal PbSe QDs with

cadmium chloride and indium chloride was carried out in

order to increase the oxidative stability of these CQDs and

to improve the operating properties of solar cells based on

them. The most pronounced effect was achieved after treat-

ment of films of colloidal PbSe QDs with a solution of

CdCl2 in methanol, viz., the oxidative stability of the films

and the open-circuit voltage significantly increased com-

pared to those of the untreated sample. No significant

changes in the power conversion efficiency (PCE) of the

solar cells based on the treated colloidal PbSe QDs were

observed after 270 days of storage in air (Fig. 8).

Colloidal PbSe QDs synthesized using (Et2N)3PSe as

selenium precursor exhibit higher stability to the oxidation

by atmospheric oxygen. Based on 31P NMR data, it was

shown that surface passivation of the QDs is governed by

the products of partial and complete hydrolysis of (Et2N)3P.

This allowed one to propose treatment with alkylphos-

phonic acids for the QD surface passivation. Indeed, treat-

ment with hexyl-, tetradecyl- and octadecylphosphonic

acids improves the stability of colloidal PbSe QDs.121 Air-

stable colloidal PbSe QDs thus prepared can be used to

fabricate ambipolar field-effect transistors. This is an

undoubtful advantage of this more expensive approach

over the surface passivation with halides.

6. Applications of colloidal PbSe quantum dots

Owing to their useful properties, colloidal PbSe QDs have

found various application including lasers, telecommunica-

tions devices, solar cells, photodetectors and electrolumi-

Table 4. Gibbs energies (DG298) of surface passivation reactions of
CQDs.114

No. Reaction 7DG298

/kJ mol71

1 PbSe (s)+2O2 (gas) PbSeO4 (s) 405

2 PbSe (s)+3/2O2 (gas) PbSeO3 (s) 352

3 PbSe (s)+3/2O2 (gas) PbO (s)+SeO2 (s) 262

4 PbSe (s)+O2 (gas) Pb (s)+SeO2 (s) 74
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Figure 7. Absorption spectra of oleate-coated colloidal PbSe QDs
recorded at different times after synthesis.95

Untreated CQDs (a) and NH4Cl-treated CQDs at 0 (1), 1 (2), 7 (3)
and 17 days (4) after synthesis.
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Figure 8. Changes in the relative efficiency of solar cells based on
colloidal PbSe QDs in the course of treatment with CdCl2 (red
lines) and InCl3 (blue lines) solutions, normalized to the relative
efficiency of untreated device (green lines).120

Different symbols correspond to different experimental series.
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nescent devices. A number of illustrative examples are given

below.

Solar cells based on colloidal PbSe QDs demonstrating

high oxidative stability in air were fabricated.58 These QDs

were synthesized from colloidal CdSe QDs by cation

exchange. The devices have a typical p ± n junction archi-

tecture, viz., ITO/TiO2/colloidal PbSe QDs/MoO3/Al. The

main operating parameters of the devices are as follows: a

short-circuit current density of 23.4 mA cm72, a fill factor

of 51.9% and a PCE of 6.2%. At present, the maximum

PCE of solar cells based on colloidal PbSe QDs is 8.2%; this

value was obtained for colloidal PbSe QDs passivated with

perovskite CsPbI3.122

Near-IR photodetectors based on a nanocomposite

comprising poly(3-hexylthiophene-2,5-diyl) (P3HT) and

colloidal PbSe QDs were reported.123 The responsivity and

the specific detectivity of a photodetector based on a field-

effect transistor Au(gate)/PMMA (930 nm)/P3HT : PbSe

(55 nm)/Au(source, drain) were as high as 500 A W71 and

5.0261012 cm Hz71/2 W71 (Jones), respectively. Measure-

ments were carried out at drain ± source and gate ± drain

voltages of 740 V and a laser intensity of 40 mW cm72

under irradiation at l = 980 nm.

A near-IR tandem photodetector based on colloidal

PbSe QDs and ZnO nanocrystals with a detectivity of

4.761013 Jones at 275K was described.124

Colloidal PbSe QDs 3 nm in diameter were used for

fabrication of nitrogen dioxide sensors, viz., colloidal PbSe

QDs were coated onto ceramic substrates and treated with a

Pb(NO3)2 solution to remove bulky surface ligands. The

sensors were highly sensitive to NO2 (50 ppm) and had a

short response time of 7 s.59 An acetylene detector based on

colloidal PbSe QDs was also reported.125

Field-effect phototransistors 126 based on a MeNH3PbI3
perovskite/colloidal PbSe QD heterojunction demonstrated

good external quantum efficiency and PCE. High respon-

sivity of 1.2 A W71 at 460 nm was due to the combination

of perovskite and colloidal PbSe QDs. The charge carrier

mobility determined for the phototransistor was

0.147 cm2 V71 s71 for holes and 0.16 cm2 V71 s71 for

electrons. The device was characterized by a broadband

photoresponse from 300 to 1500 nm and a photoresponse

time of less than 3 ms.

Colloidal PbSe QDs can also act as efficient photo-

catalysts.127, 128 For instance, Er-doped colloidal PbSe QDs

were successfully used as catalysts of the photocatalytic

decomposition of malachite green dye in water.128 This dye

has various applications in fish farming, exhibits terato-

genic activity and should be removed from wastewater.

7. Conclusion

Recent progress in application of CQDs began with the

discovery of efficient method of high-temperature colloidal

synthesis. Colloidal PbSe QDs thus prepared have the first

exciton absorption peak and photoluminescence in the

range from 0.75 to 3.5 mm owing to the large exciton Bohr

radius and narrow band gap of PbSe. This makes colloidal

PbSe QDs and other lead chalcogenide QDs candidates for

application in lasers, telecommunication devices, solar cells,

photodetectors and electroluminescent devices. For

instance, a PCE has increased from 1% for the QD first-

generation solar cells to 16.6% in very recent reports.129

The material presented in this review gives a compre-

hensive overview of modern methods for the synthesis of

colloidal PbSe QDs irrespective of the final field of appli-

cation. Currently the most important application of PbSe is

a material for photoelectric devices. Nevertheless it should

be noted that nanoparticles synthesized for a certain appli-

cation field can be in demand in other fields.

The state of the art in surface chemistry of colloidal

PbSe QDs and related problems of the oxidative stability

and conductivity of films fabricated from this type of

nanoparticles are also discussed in sufficient detail. Deep

insight into the mechanisms of different synthetic methods

and into chemical properties of the surface of colloidal PbSe

QDs should underlie the synthesis of nanoparticles with

specified properties.

Figures 5 ± 8 are courtesy of the American Chemical

Society. Figure 3 is courtesy of Wiley-VCH Verlag. Fig-

ure 2 is courtesy of The Royal Society of Chemistry.
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