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There has been an immense recent interest in zinc oxide and chalcogenide materials because of

their potential use in many devices. The synthesis and characterisation of ZnE (E = O, S, Se and

Te) thin films or types of quantum dots has as a consequence become topical. A close interplay

between the development of new or improved synthetic methods and the resulting material

properties has evolved.

1 Introduction

Zinc containing materials, particularly oxides and chalcogen-

ides, have been under investigation for many years. In the last

two decades, new developments in processing and character-

ization techniques have led to a better understanding of the

chemical, physical and optical properties of such materials and

consequently have opened new technologies for device con-

struction. Table 1 gives the properties of some zinc containing

materials.1

Zinc sulfide (ZnS) is a direct wide band gap semiconductor

with a high index of refraction and good transmittance in the

visible range. It is one of the most important materials in

photonics research.2,3 When it is doped with elements such as

Eu and Tb, a wide range of exciting optical properties can be

evolved.4 Quantum dots especially core–shell structures such

as CdSe/ZnS have been found to exhibit lasing effects and can

be used in fluoro-immunoassays, biological imaging and bio-

sensors.5,6 In the bulk state, ZnS typically exists as the zinc

blende (cubic) form at room temperature. At elevated tem-

peratures, bulk ZnS can undergo a phase transformation from

the cubic structure to the hexagonal wurtzitic form.7,8 The

hexagonal form has more desirable optical properties than the

cubic form. This transformation has been shown to occur at

1013 or 1031 1C depending on the activity of sulfur,8d suggest-

ing some link between stability and stoichiometry at higher

temperatures. The energetic differences between these two

phases are extremely small (2 kJ mol�1),8e which results in

the frequent co-existence of the both forms. Another impor-

tant characteristic of ZnS is its polar surface. The most

common polar surface is the basal plane. The oppositely

charged ions produce positively charged Zn(0001) and nega-

tively charged S(000�1) polar surfaces, resulting in a normal

dipole moment and polarization along the c-axis as well as a

divergence in surface energy.7

Zinc selenide (ZnSe) and zinc telluride (ZnTe), are narrower

band gap semiconductors, and have structures which are

closely related to that of ZnS (see Table 1). Because of its

band gap, ZnSe has been seen as a material for the fabrication

of various optoelectronic devices such as solar cells, light-

emitting diodes, and lasers that operate in the blue–green

region.9–11 Zinc telluride is an attractive semiconductor with

a direct band gap of 2.28 eV and a Bohr exciton radius of

6.2 nm.12 It has been suggested as a useful material in

optoelectronic and thermoelectric devices, such as; in tandem

solar cells, a buffer layer for a HgCdTe infrared detector, or as

part of the graded p-Zn(Te)Se multiquantum-well structure in

a blue–green laser diode.13–15

An extensive literature exists detailing the synthesis and

properties of zinc oxide (ZnO) thin films and nanostructures.

Zinc oxide is a wide band gap material (3.37 eV), with a high

exciton binding energy (60 eV), which ensures efficient exci-

tonic ultraviolet (UV) emission at room temperature.16 The

thermodynamically stable phase for ZnO is zincite with the
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wurtzite (hcp) structure. Two cubic phases are known, the

sphaleritic (zinc blende)17 and a high pressure rocksalt form.18

Polycrystalline thin films of ZnO have been employed in

SAW devices, optical waveguides, transparent conducting

electrodes and as window layers in chalcopyrite based solar

cells.19 Nanophase ZnO has become of interest as an alter-

native to the TiO2 layer in Grätzel-type photocells.20 There has

been a lot of interest in doping ZnO with 3d transition metal

ions because of potential in spin-based electronics (spintro-

nics). Manganese-doped ZnO has been shown to be ferromag-

netic at room temperature21 and studies on bulk and

nanocrystalline ZnO doped with transition metal ions are

primarily concerned with the magnetic properties and/or

magnetic applications.22 Current work has focused on

ZnO/ZnS and ZnO/ZnTe heterostructures and their exploita-

tion in photovoltaic applications by tuning their optical

properties.23

This review will highlight recent advances in methods for

preparing zinc oxide or chalcogenides, as thin films and

nanomaterials, with particular emphasis on results from our

laboratory.

2 Vapor phase deposition of zinc chalcogenide thin

films

2.1 Conventional approach

The deposition of thin films from the gas phase can be carried

out by many different methods mainly belonging to two

families: physical and chemical vapor deposition (PVD,

CVD). Both methods use physical transport of the

vapor species to the deposition site. Deposition techniques

belonging to PVD family such as evaporation or sputtering

processes have been used for the growth of ZnE (E = S, Se,

Te)24–26 and ZnO27,28 thin films. The deposition of ZnE

(E = S, Se, Te) thin films by CVD techniques has been

widely studied. The first reports of ZnS by MOCVD used

diethylzinc (Et2Zn) in the presence of hydrogen sulfide

(H2S).
29 Although good quality thin films of, for example

ZnSe, with excellent electrical and optical properties have

been obtained at low substrate temperature (B300 1C) a

severe premature reaction frequently occurs in the gas

phase. The premature reaction during ZnS or ZnSe growth

can be attributed to the facile elimination of alkyl groups

from R2Zn by acidic hydrogen from H2Se or H2S. Much

effort has therefore gone into developing alternative

precursors which are less likely to undergo such parasitic

reactions.

One alternative approach has been to modify the zinc

precursor so that it will be less volatile. For instance, the

adducts [Me2Zn(1,4-dioxane)] and [Me2Zn(1,4-thioxane)]

have been shown to reduce prereaction with H2Se, while still

allowing the growth of ZnSe at low temperature (200–

350 1C).30 A significant advance was achieved by the use of

a nitrogen donor adduct, dimethylzinc triethylamine

[(Me2Zn)(NEt3)], as a precursor for ZnS or ZnSe.31 There

are a number of significant advantages associated with its

use.32 Firstly, the premature reaction with H2Se or H2S is

eliminated rather than merely inhibited. Secondly, [(Me2Zn)-

(NEt3)] is not pyrophoric and is less susceptible to contamina-

tion by oxygen containing impurities (e.g., (MeO)ZnMe).

[(Me2Zn)(NEt3)] is also much easier to purify than Me2Zn.

Finally, it has been shown that [(Me2Zn)(NEt3)] forms a

eutectic mixture, leading to a more reproducible delivery of

the precursor (Fig. 1).33

Both (Et2Zn) and (Me2Zn) have been used to p-dope GaAs

and InP.34–36 There are, however, problems associated with

their use. For instance, (Et2Zn) has a relatively low thermal

stability and light sensitive, which makes it difficult to manu-

facture in pure form and also leads to zinc depletion from the

gas phase, adversely affecting doping uniformity. Therefore,

adducts such as [(Me2Zn)(NEt3)] are now used for

Table 1 Properties of some zinc containing semiconductorsa

Compd Band gapa/eV Typeb Structure Lattice spacing/Å

ZnO 3.37 d Wurtzite 4.58
ZnS 3.8 d Wurtzite a: 3.814; c: 6.257
ZnS 3.6 d Zinc blende 5.406
ZnSe 2.58 d Zinc blende 5.667
ZnTe 2.28 d Zinc blende 6.101

a At 300 K. b d, direct.

Fig. 1 Eutectic behavior of mixtures of Me2Zn and Et3N, showing a

minimum between x = 0.4 and x = 0.6, characteristic of the

formation of a weak adduct.
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reproducible doping of InP and GaAs.37 The p-doped InP and

InGaAs layers had excellent surface morphology with no

detrimental prereaction being evident. It was also noted that

the major advantages of using [(Me2Zn)(NEt3)] are its purity,

ease of handling, long term stability and improved reproduci-

bility from batch to batch as compared with Me2Zn–H2 gas

mixtures.

2.2 Single-source precursors

In order to reduce toxic hazards, elimination of

homogenous prereaction and lower deposition temperatures,

considerable effort has been directed toward the develop-

ment of alternative precursors for use in MOCVD. One

approach is to use a single-source precursor, in which all the

elements required in the film are present in a single

molecule.

Thiolato and the other chalcogenolato complexes of

zinc and cadmium are the simplest candidates as single-source

precursors of zinc or cadmium chalcogenides. The solid-state

chemistry of cadmium and zinc with the chalcogens is

typified by the formation of polymeric structures often with

tetrahedral metal ion coordination.38 The adamantyl

structures of many thiolates with zinc and cadmium provide

well-characterised examples of such behaviour,39–41 as do the

polymeric chain complexes formed by pyridinethione and

2,3-mercaptobenzothiazole with cadmium and zinc.42,43

Bochmann et al. have extended such chemistry by synthesizing

a range of precursors based on 2,4,6-tri-tert-butylphenylchal-

cogenolates, and these have been used to deposit thin films

of the metal sulfides and selenides in preliminary low-pressure

growth experiments.44–46 One problem with such ligands

is that steric bulk is achieved by the incorporation of

large number of aryl-carbon atoms and carbon incorporation

into thin films grown from such precursors is a distinct

possibility. Another series of precursors involve silicon

based systems of stoichiometry [{MESi(SiCH3)3}2]

(M = Zn, Cd, Hg; E = S, Se or Te).47,48 Thin films of

the tellurides having been deposited by low-pressure

MOCVD.49

Thiophosphinato complexes are yet another class of chalco-

gen containing compounds that may be useful as precursors.

Takahashi et al.50 deposited cadmium and zinc sulfides using

methylthiophosphinates [M(S2PMe2)2] (M = Cd, Zn). How-

ever, the use of compounds containing a phosphorus moiety as

in the thiophosphinato ligand is undesirable: CdS shows

normally n-type conduction, due to non-stoichiometry, and

doping with phosphorus would lead to highly compensated

semi-insulating material.

Dithiocarbamato complexes are another potential

candidate as precursors for metal sulfide preparations,

especially as their lower alkyl derivatives are generally

crystalline solids but are significantly volatile. Wold and

co-workers51 have studied the decomposition products of

[Zn(S2CNEt2)2] using GC-MS and reported the deposition

pathway involves clean elimination of ZnS from the precursor

(eqn (1) and (2)). However, the proposed decomposition

route is somewhat different to the stepwise fragmentation

observed in the EI-MS of the compound (eqn (3)). This

difference can be attributed to inherent differences between

the two techniques.

[Zn(S2CNEt2)2] - ZnS + EtNCS + Et2NCS2Et (1)

{Et2NCS2Et - Et2NH + CS2 + C2H4} (2)

½ZnðS2CNEt2Þ2� �!
�S2CNEt2

ZnðS2CNEt2Þ �!
�SCNEt2

ZnS ð3Þ

In contrast, the analogous diethyldiselenocarbamates have

been shown to be poor sources for the deposition of ZnSe or

CdSe films. Under similar reaction conditions (10�3–10�4

Torr, 370–420 1C) the diethyldiselenocarbamate precursors

give films of the metal selenide heavily contaminated with

selenium.52 However, the mixed-alkyl diethyldiselenocarba-

mate complexes [MeM(Se2CNEt2)] (M = Cd, Zn) proved to

be suitable for MSe (M = Cd, Zn) thin films.53,54 Later, ZnSe

films were deposited from [Zn(Se2CNMe(C6H13))2] which has

two different alkyl substituents at the nitrogen. This complex is

monomeric in the solid phase55 in contrast to the analogous

diethyldiselenocarbamates and the mixed alkyl-diethyl-

diselenocarbamates complexes, which are dimers. The decom-

position of N,N-dialkydithiocarbamato complexes is believed

to occur through a free radical decomposition route, which is

consistent with the formation of disulfide products from the

thermal decomposition of these complexes.56 It has also been

noted that N,N-dialkyldithiocarbamato complexes are more

stable than their corresponding N-alkyldithiocarbamato

complexes due to the lack of acidic hydrogen atoms at the

nitrogen.57

An interesting application of the comproportionation reac-

tion is the preparation of mixed species such as methylcad-

mium– or methylzinc–diethyldiselenocarbamates that are

useful for deposition of thin films of ternary solid solutions

of Cd0.5Zn0.5Se. Polycrystalline Cd0.5Zn0.5Se layers, for which

the band gap was estimated as 2.1 eV, were deposited on glass

substrates by low pressure MOCVD. The mixed aggregate

showed similar dimeric molecular units [RMSe2CNEt2]2 to

other alkylmetal dithio- or diseleno-carbamates. In the solid

state structure, cadmium and zinc atoms were modeled as

randomly occupying the metal sites.54

Metal complexes of the imino-bis(diphenylphosphine chal-

cogenide) ligand [NH(PPh2Se)2] are suitable as single-source

precursors for MSe (M = Cd, Zn) thin films.58 In CVD

applications complexes of the isopropyl derivatives are better

in view of their higher volatility as compared to those of the

phenyl-substituted derivatives.59 Recently Chivers and co-

workers have reported the ditelluro-analogues (tmeda)Na-

[N(TePR2)2] (R = Ph, iPr)60,61 of which the isopropyl sub-

stituted ligand has been used in metathetical reactions with

metal halides to generate homoleptic complexes of the type

M[(TePiPr2)2N]2 (M = Zn, Cd, Hg). The usefulness of such

compounds has been demonstrated in aerosol-assisted

(AA)CVD experiments62 and has been reviewed.63

3 Chemical bath deposition (CBD)

There is considerable interest at present in the soft processing

of materials. Chemical bath deposition (CBD), also known as

chemical solution deposition, is a simple, convenient and

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007 New J. Chem., 2007, 31, 2029–2040 | 2031
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inexpensive method for depositing thin films.64 The CBD

process uses a controlled chemical reaction to effect the

deposition of a thin film by precipitation. Films may be

deposited at low temperatures on a variety of substrates.

The thickness of the deposited layers may be readily controlled

by variation of the deposition time. The process should be

easily adaptable to large area processing with low fabrication

cost.

3.1 Zinc oxide thin films

There is a considerable and dispersed literature describing zinc

oxide (ZnO). The thermodynamic stable crystallographic

phase of ZnO is the hexagonal wurtzite structure.65 Control

of the size, shape and orientation of ZnO crystallites on the

substrates is often a prerequisite for creation of high surface

area materials for use in many types of devices including

hybrid photovoltaics and optoelectronic devices.

The formation of high-aspect ratio ZnO crystallites has

attracted interest.66 It has been suggested that ‘‘Zn(OH)2’’ is

a prerequisite for the growth of needle-like ZnO crystallites.67

Hexamethylenetetramine (HMT) is widely used in the growth

of acicular ZnO thin films. Fujita et al.,68 have reported

controlled synthesis of ZnO crystallites using HMT. The

precipitates derived from zinc nitrate were globular or rod-

shaped whereas those from zinc chloride were both globular

and acicular. The rod-like ZnO arrays have been deposited on

fluorine doped tin oxide (TO(F)) substrates using zinc nitra-

te–HMT solutions in closed vessels.69 ZnO nanostructured

layers comprising layers nanorods, tripods or hexagonal plate-

lets have been also grown at temperatures around 500 1C by a

simple spray pyrolysis method.70 Experimental results ob-

tained indicate that shape and size-controlled synthesis of

ZnO nanostructures can be achieved by adjusting the concen-

tration of precursors, deposition temperature, solvent and

substrate type.

We have reported the growth of perpendicularly orientated

ZnO rods on thin ZnO templates, from aqueous baths con-

taining zinc acetate and HMT.71 The use of a ZnO template

allows tailoring of the surface density of the rods. It has also

been shown that the quality of ZnO rods being produced

strongly depends on the ligand as well as counter ion in the

baths. Moreover, white-light luminescence and room-tempera-

ture lasing throughout the visible has been demonstrated for

the first time for ZnO nanocolumns grown on Au-coated tin-

oxide glass.72 The directionality of the emission, lasing thresh-

old and observed mode were all consistent with Fabry–Pérot

lasing cavities. We have hence demonstrated the potential of

ZnO nanocolumns, grown by solution deposition, as a minia-

ture broadband visible-light source.

More recently, we have reported a general solution-based

approach for growing orientated ZnO nanostructured films,64

and have shown that the morphology of the particles is

strongly dependent on the nature of base e.g. ethylenediamine

(en) usually gives rise to starlike crystals, triethanolamine

(TEA) produces nodules and HMT usually produces rods

(Fig. 2). Similarly, changing the counter-ion of the zinc salt

also has been shown to produce different crystallite morpho-

logies on TO(F) glass substrates. No films were successfully

grown from zinc sulfate containing baths. Relatively poor

dense films having acicular crystallites were deposited from

zinc chloride, perchlorate and nitrate on TO(F) glass. Dense

films were deposited from zinc acetate containing baths but the

rod-like crystallites were not well orientated. From the results,

it became clear that counter-ions have a noticeable effect on

the morphology of the films.

The dimensions of crystallites varied significantly for each of

the different systems used. In agreement with earlier observa-

tions, no films were deposited using zinc sulfate. It is expected

that the presence of sulfate anions hinders the heterogeneous

nucleation/growth processes on ZnO templates which would

otherwise precede the homogenous process. Films deposited

from baths containing acetate, formate and chloride were

more homogenous than those containing perchlorate and

nitrate.

Deposition experiments were performed using HMT–zinc

acetate baths with different substrates, viz. gold-coated TO(F)

glass, ZnO template layers on TO(F) glass and TO(F) glass

(Fig. 3). There was a noticeable difference between the width

of the rods but their lengths were similar. Furthermore, films

deposited on Au-coated TO(F) substrates and ZnO template

layers were well-aligned.

The influence of bath pH on as-deposited films of ZnO,

grown on ZnO template layers, using zinc acetate–HMT was

investigated. The homogeneous precipitation occured more

rapidly in zinc acetate–HMT systems where no pH adjustment

was made, compared to those where the pH was lowered. The

films deposited from baths for which no pH adjustment was

made, comprised of different grain sizes with poorly developed

crystal faces. In subsequent experiments, baths were adjusted

to pH = 5. For the latter conditions, films were comprised of

rods with well-defined faces and in addition, the individual

particles had a smaller diameter than those obtained from the

former experiments.

Previously, it has been determined that bath temperature

and growth time have a profound effect on crystal morpho-

logy. For ZnO grown under hydrothermal conditions, an

increase in bath temperature for solutions containing ZnCl2
and HMT resulted in a change in morphology from rods to

needles.73 The length and final shape of rods were dependent

on the growth time. Zhang et al. have established that ageing

time also has a significant influence on final morphology, i.e.,

ZnO habit changes from flaky aggregates to a flower-like

morphology with increasing growth time.74 The growth of

Fig. 2 SEM images of ZnO films from baths (70 1C, pH 11): (A) star-

like crystallites from en–zinc acetate; [Zn] = 0.018 mol dm�3, [en] =

0.042 mol dm�3; (B) dense nodular grains from TEA–zinc nitrate

baths; [Zn] = 0.018 mol dm�3, [TEA] = 0.072 mol dm�3.64
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ZnO rod array films (using zinc acetate) on ZnO template

layers as a function of deposition time was investigated.64

Films removed from baths after different time intervals in-

dicated that crystallites had an average diameter of B300 nm

after 2 min and B1 mm after 1 h. Table 2 lists the average rod

dimensions for the different deposition times. It was only

possible to determine the average rod length for those grown

for greater than 10 min. For shorter growth times, it proved

difficult to distinguish the template layer from the ZnO rod

growth.

The use of ZnO nanorod arrays in hybrid polymer/metal

oxide solar cells has been studied.75 Different solution chemi-

cal routes were investigated for the synthesis of the inorganic

device components, i.e. the ZnO columnar structures and the

‘‘backing’’ layers, which act as a seed-growth layer for the

ZnO rods. It has been observed that the growth of the ZnO

nanorod arrays is dependent on the morphological and struc-

tural characteristics of the seed layer, but also that the seed

layer itself is affected by the synthetic conditions of rod

growth. Different polymers (high hole-mobility MEH-PPV

based polymer and P3HT) were compared in these structures

and power conversion efficiencies of 0.15 and 0.20% were

achieved under 1 Sun illumination, respectively.

3.2 Zinc sulfide thin films

CBD is a useful method for the deposition of zinc sulfide (ZnS)

thin films. It is also a method free of many inherent problems

associated with high-temperature techniques such as

MOCVD, especially evaporation of ZnS leading to polysul-

fides and the limited choice of substrates. The CBD-ZnS films

have been investigated as a buffer layer alternative to CdS in

polycrystalline thin film Cu(In1�xGax)Se2 (CIGS) solar cells.76

Cells with efficiency up to 18.1% based on CBD-ZnS/CIGS

heterostructures have been fabricated.

The deposition of ZnS by CBD is more difficult than CdS,

due to a much wider range of conditions within which the

concurrent deposition of ZnS and/or ZnO may occur.77 Many

of the films reported as ZnS are probably heavily contami-

nated with ZnO or Zn(OH)2. Mokili et al.78 have showed that

CBD deposits contained significant amounts of oxygen.

EXAFS studies have confirmed the presence of oxygen in

the form of hydroxide and a high oxygen to sulfur ratio. Some

films were even reported as Zn(OH)2.

The formation of good quality ZnS films appears to be

favored in the presence of ammonia and hydrazine. The

dominant effect of the second ligand may be to enhance the

decomposition of thiourea by increasing the rate of sulfidiza-

tion of the growing film. In this reaction system, ammonia

forms [Zn(NH3)4]
2+, controlling the concentration of free

Zn2+ and also keeping the pH within a suitable range for

the reaction involving thiourea.79–83 Lincot and Ortega-

Borges84 have reported that the use of ammonia and thiourea

without hydrazine results in films which are not homogeneous

or adherent. Similarly, Dona and Herrero85 have suggested

that the addition of hydrazine improved the homogeneity and

growth rate of ZnS films. The authors have suggested that the

rate-determining step for the heterogeneous process may

involve the dissociation of a Zn2+–L bond. This seems

unlikely as zinc is a classic example of a labile metal-ion.

Another suggestion made was that the hydrazine complex ions

have a lower coordination number. Hydrazine could poten-

tially act as a bridging ligand and perhaps facilitate surface

binding.

Our earlier calculations support a number of remarks relat-

ing to the conditions most suited to the deposition of ZnS79 (i)

equivalent levels of supersaturation for the sulfide are typically

found at pH values ca. 2.5 lower for ZnS than for CdS, (ii) if

reactions are carried out in a high pH regime, more sulfiding

agent will be required for the zinc system and (iii) at lower pH,

the rate of hydrolysis of the sulfide source is likely to be

reduced. Even if a lower pH is used, more sulfide source might

be required. Bath conditions similar to those described herein

have previously been reported,86 the solution contained zinc

ions, urea and thioacetamide at modestly acidic pH values.

The films deposited using such a method were found to exhibit

band gaps close to that expected for ZnS. Ternary materials

such as Cd1�xZnnS can also be successfully deposited in

moderately acidic baths.87

Adherent and uniform ZnS films had been deposited repro-

ducibly by CBD, under acidic conditions from solutions

containing ZnCl2, urea and thioacetamide.77 The quartz crys-

tal microbalance studies suggested that film growth occurred

after a short induction period, via an initial rapid phase

Fig. 3 SEM images of ZnO films from HMT baths (0.025 mol dm�3 Zn(CH3COO)2 and 0.025 mol dm�3 HMT, pH 5, 90 1C , 1 h) on (A)

Au-coated TO(F) glass; (b) ZnO template layers on TO(F) glass and (C) TO(F) glass.64

Table 2 Rod dimensions of ZnO films deposited on microcrystalline
ZnO templates for different deposition times64

Time/min
Average rod
width/mm

Average rod
length/mm

2 0.3 nd
5 0.5 nd
10 0.5 nd
20 0.75 B1.25
30 0.75 B1.5
60 B1 B2
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(deposition rate of 91 nm h�1), followed by a slower process

(growth rate of 52 nm h�1). The samples removed at regular

intervals, suggested that as the reaction proceeds, uniform film

growth is associated with increasing particle size, rather than

deposition of new primary particles (Fig. 4). The numerical

values for the mean radii of 23.70, 37.42, 51.01 and 71.13 nm

were obtained, for deposition over 900, 3600, 7200 and 10800 s,

respectively. Grain size distributions have been investigated

using computational image analysis, and an average grain

growth rate of 33.7 nm h�1 has been calculated.

4 Liquid–liquid Interface

The potential for the use of the interface between two liquids

to synthesize materials is interesting because it provides a

direct route for the growth of nanocrystals anchored to the

surface in the form of a film.88–90 Films can be deposited at low

temperatures and subsequently transferred to a variety of

substrates. The thickness and other characteristics of the

deposited layers may be controlled by variation of the depos-

ited parameters such as deposition time. The process is

potentially easily adaptable to large-area processing with low

fabrication cost.91

Rao et al. have reported highly crystalline ZnO films by the

reaction of zinc cupferronate in toluene and an aqueous

solution of sodium hydroxide at 25 1C.89 The films were

composed of hexagonal ZnO with a preferred orientation

along the (100) plane. Sonification of the films yielded both

1D and 2D structures with different dimensions. Same authors

have deposited single-crystalline ZnS films using zinc cupfer-

ronate in the presence of Na2S.
92 More recently, we improved

ZnS deposits at the interface by using zinc diethyldithiocarba-

mate as a zinc source and Na2S as a sulfide source at the water/

toluene interface.93 The deposited films consisted of large

micron-size grains with hexagonal zinc-blende structure. Ac-

cordingly, the optical band gap of the films (3.5 eV) was close

to the bulk value (3.6 eV). The SEM images of ZnS thin films

on quartz substrates revealed that the films consist of flakes

with dimensions of B500 nm (Fig. 5).

5 Nanodimensional materials

There has been substantial interest in the preparation and

characterisation of materials consisting of particles with di-

mensions in the order of 2–100 nm, so-called ‘‘nanocrystalline

materials’’. The possibility of engineering band gap and

influencing physical, chemical and electrical properties by

varying the dimensions of the system has provided a strong

impetus to study nanocrystals and other nanodimensional

materials. Two fundamental factors, both relating to the size

of the individual nanocrystal, are responsible for unique

properties seen in semiconductor nanoparticles.94 The first is

the large surface-to-volume ratio; as a particle becomes

smaller the ratio of the number of surface atoms to those in

the interior increases, with greater than a third of all atoms

residing on the surface in very small particles. This leads to

surface properties playing an important role in the overall

properties of the material. The second factor is the actual size

of the particle; with semiconductor nanoparticles there is a

change in the electronic properties of the material, the band

gap gradually becoming larger because of quantum confine-

ment effects as the size of the particles decreases. This effect is

a consequence of the confinement of a ‘‘particle in a box’’

giving rise to discrete energy levels similar to those in atoms

and molecules, rather than a continuous band as in the

corresponding bulk semiconductor material.

5.1 ZnO nanocrystals

Nanocrystals of ZnO with various diameters have been ob-

tained using different chemical routes including arrested pre-

cipitation and sol–gel techniques based on the hydrolysis of

zinc salts.95–98 Studies on ZnO nanocrystals prepared by the

above methods have yielded useful results. For example, the

variation of band gap in ZnO nanocrystals is strongly size-

dependent below a diameter of B7.0 nm.99,100 However, the

Fig. 4 SEM images of CBD-deposited ZnS films grown over (a) 900;

(b) 3600; (c) 7200 and (d) 10800 s.77

Fig. 5 (a) XRD pattern and (b) SEM image of cubic ZnS thin film

deposited at a liquid–liquid interface.93
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ionic species used to influence growth often get adsorbed on

the surface of the nanocrystals along with a hydroxylated

layer, preventing effective capping and introducing surface

states and other defects in the nanocrystals.101,102 Further,

these sols possess limited stability. Non-hydrolytic routes

employing metal-organic precursors have, therefore, become

important. Shim and Guyot-Sionnest103 have synthesized ZnO

by thermolysis of Et2Zn in trioctylphosphine oxide (TOPO) in

the presence of oxygen. The nanocrystals obtained under these

conditions have high defect densities. In fact, the fluorescence

spectra of these nanocrystals only consist of defect emission

bands. It is generally believed that syntheses carried out using

single-source precursors that contain preformed Zn–O bonds

could yield ZnO nanocrystals with low defect densities. Thus,

[Zn(CH3CH2OO)2], [EtZnOiPr] and [MeZnOSiMe3]4 have

been decomposed under various conditions to yield ZnO

nanocrystals.104–106 However, defect related emission still

dominates the emission from such particles. There has been

some limited success recently in synthesizing ZnO nanocrystals

with low defects.107–109 Despite these advances, the synthesis

of ZnO nanocrystals with low defect densities still possess

significant challenges.

We have reported the growth of ZnO nanocrystals by

thermal decomposition of single-source precursors: zinc

cupferronate [Zn(C6H5N2O2)2] and zinc ketoacidoximate:

[Zn(C8H16N2O8)].
110 Octylamine-coated ZnO nanocrystals

with diameters in the range of 7.0–14.0 nm were obtained by

decomposition of zinc cupferronate. Smaller nanocrystals,

with diameters in the range of 3.9–6.5 nm, were obtained by

decomposition of zinc oximate. ZnO nanocrystals grown by

this method possess low defect densities and exhibit band edge

luminescence. Quantum confinement effects as indicated by

the blue shift of absorption onset are apparent in all nano-

crystals and are particularly strong in those with diameters less

than 7 nm.

There has been a lot of interest in doping ZnO with 3d

transition metal ions because of potential application in spin

based electronic (spintronics) since prediction made by Dietl

et al. that Mn-doped ZnO would be ferromagnetic at room

temperature.111 Studies on bulk and nanocrystalline ZnO

doped with 3d transition metal ions are primarily concerned

with the magnetic properties.109–115 A few studies have sug-

gested that ZnO doped with transition metal ions could

possess interesting optical properties.116–120

Previous attempts at doping nanocrystals have been fraught

with problems because the synthetic schemes used to dope

frequently yield inhomogeneously doped materials. The fre-

quent failure of doping schemes was, until recently, attributed

to the expulsion of dopant ions to the surface of nanocrystals

by the intrinsic process of self-annealing. Efros and co-workers

have suggested that doping is directly related to the stability of

the ions to adsorb to the exposed surfaces of the nanocrystals

rather than self-annealing.121 It appears, therefore, that suc-

cessful doping of nanocrystals can be achieved by involving

nanocrystals of the right size and morphology and choosing

surfactants that do not bind too strongly to the dopant ions.

We have reported the changes in the optical properties of

ZnO nanocrystals brought about by successful doping with

Mg, Cd, Fe and Mn ions using a family of metal cup-

ferrates.122 We performed such doping for ZnO nanocrystals

with diameters in a range unaffected by quantum effects

(47.0 nm).99,100 XRD patterns of pure and doped nanocrys-

tals reveal the presence of a single hexagonal phase with the

zincite structure, indicating that phase-pure doped nanocrys-

tals were obtained. Magnesium ions introduced as dopants at

levels below 10% shifted the diffraction peaks to higher angles,

suggesting that the unit cell contracts to accommodate the

ions. A change is expected if Mg ions replace Zn ions in the

lattice, as the Mg ions have smaller ionic radii. Higher levels of

Mg led to a broadening of the peaks with shifts indicating an

expansion of the unit cell, possibly due to the Mg ions

preferring to occupy interstitial sites. Doping with Cd ions

also led to expansion of the lattice depending on the doping

level. Doping with Mn ions produced no appreciable shift in

the lattice parameters since both ions possess similar radii.

Shifts indicating a small increase in the unit cell dimensions

were as seen in the case of Fe. The presence of small amounts

of Mn and Mg ions (up to B2%) influences the growth

process, resulting in elongated nanocrystals. Simply increasing

the concentrations of the dopant ions yields spherical nano-

crystals.

The shifts in the optical band gap in ZnO caused by doping

with Mg, Cd and Mn ions are summarized in Fig. 6.122

The band gap of the ZnO nanocrystals could be tuned in

the range of 2.92–3.77 eV by the use of Mg and Cd ions

as dopants. The energy difference of 0.85 eV between

the highest and lowest band gaps in doped nanocrystals is

substantially higher than that typically achieved in ZnO

nanocrystals. Mg doping shifted the absorption onset to

blue, indicating an increase in the band gap. Doping with

Cd, on the other hand, produced a red shift indicative of a

decrease in the band gap. The optical band gap fell nearly

linearly from 3.30 to 2.92 eV with the increase of Cd doping

levels from 0 to 10%. The systematic and linear shifts with

doping levels suggested that the introduction of dopant ions,

rather than size effects, brings about these changes. The

introduction of transition metal ions quenches the lumines-

cence of the nanocrystals. We believe that successful doping in

this case is due to the choice of precursors with similar

volatility and is also due to the larger size of nanocrystals

employed in this study.

Fig. 6 Plot showing the changes in the optical band gap in ZnO

nanocrystals that accompanies doping with different ions. The ions as

well as the doping levels are indicated in the plot.122
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5.2 Molecular precursor based approach for zinc chalcogenide

nanoparticles

Many synthetic methods for the preparation of nanodispersed

materials have been reported, with several routes applying

conventional colloidal chemistry.123–130 Controlled precipita-

tion reactions yield dilute suspensions of quasi-monodispersed

compounds. This synthetic method sometimes involves the use

of seeds of very small particles for the subsequent growth of

larger ones.131,132 A powerful method for the preparation of

semiconductor nanocrystallites has been described by Bawendi

and co-workers.133 Solutions of (CH3)2Cd and trioctyl-

phosphine selenide (TOPSe) are injected into hot trioctyl-

phosphine oxide (TOPO). This produced TOPO capped

nanocrystallites of CdSe. The size distribution of the particles

is controlled by the temperature at which synthesis is under-

taken with larger particles being obtained at higher tempera-

tures. Hines and Guyot-Sionnest134 used a similar

methodology involving dimethylzinc and TOPSe as precur-

sors. However, the use of TOPO/TOP as capping agents failed

and a mixture of hexadecylamine (HDA) and TOPO was used

instead. However, the reaction conditions are harsh and

involve hazardous, toxic, and in the case of metal alkyls,

pyrophoric materials. These precursors are injected into hot

solutions (up to 350 1C), which may be undesirable for

commercial exploitation since dimethylcadmium and

dimethylzinc are volatile, toxic, pyrophoric compounds with

relatively low boiling points.

One alternative to metal alkyls for the synthesis of chalco-

genide nanoparticles involves the use of single-source precur-

sors. Some of the single-source precursors used for

nanocrystals are shown in Fig. 7. Our research has focused

on a rational approach using single-source precursors to

develop methods of nanoparticle synthesis. There are a num-

ber of potential advantages of using single-source precursors

over other existing methods including: improved air/moisture

stability, limited pre-reaction and control of stoichiometry.

We have extensively investigated the synthesis of ME (M =

Cd, Zn; E = S, Se) quantum dots and related core–shell

composites from bis(alkyldithio/diselenocarbamates) of Zn

and Cd.135,136 The synthesis involves the dissolution of the

precursor in TOP followed by decomposition in a suitable

high-boiling coordinating solvent (TOPO or 4-ethylpyridine),

usually at 200 1C. The size of the as-synthesised nanoparticles

depends on the reaction time and temperature, precursor/

capping agent ratio, and alkyl groups. For example, in the

case of zinc, symmetrical or unsymmetrical alkyl groups lead

to good quality ZnS137 and ZnSe138 quantum dots. The

synthesis of the precursor is a simple, two-step procedure that

requires first the preparation of the (dialkyldithio-/diseleno-

carbamato)dialkylammonium salt by treating CS2 or CSe2
with an excess of a secondary amine at 0 1C, followed by

reaction with an aqueous solution of metal salts. The zinc

chalcogenolato complexes (N,N0-TMEDA)Zn(EPh2) (E = Se,

Te) have been employed to yield monodispersed zinc chalco-

genide nanoparticles.139 The growth of nanoparticles follows a

simple ligand elimination reaction and by varying the growth

temperature it is possible to control their size.

Preliminary studies have also been carried using the zinc

thiocarboxylate compounds; [Zn(SOCR)2(Lut)2] [R = CH3,

C(CH3)3; Lut = 3,5-dimethylpyridine (lutidine)].140 The com-

pounds are prepared from the reactions of Et2Zn with thio-

acetic and thiopivalic acids and results in nearly quantitative

yields of pure, highly crystalline products, since the only

byproduct is ethane which can be removed easily. The

[Zn(SOCCH3)2(Lut)2] was thermally decomposed in toluene

to yield amorphous ZnS with an average size of 5.0 nm. The

compound was expected to undergo thiocarboxylic anhydride

elimination to give stoichiometric ZnS and remove the organic

supporting ligands cleanly. Under identical conditions,

[Zn(SOC(CH3)3)2(Lut)2] exhibited very little decomposition

in toluene and pyridine. Extensive heating and stirring in

toluene for 36 h at 120 1C did not result in complete decom-

position.

In order to obtain a narrow size distribution without any

further post preparative separation treatment such as selective

precipitation, single-source molecular inorganic clusters have

been employed. The clusters used have discrete units within

core structures related to that of bulk semiconductor materials

[M10Se4(SPh)16][X]4 (M = Cd, Zn; X+ = Li+, Me3NH+).141

CdSe particles were grown using X = Li and ZnSe particles

grown using X=Me3NH. Because of the complete separation

of nucleation and growth this method showed a high degree

of control over particle size. Once the desired particle size is

obtained, as established from UV spectra of aliquots of

the reaction solution, the temperature is reduced by ca.

30–40 1C and the mixture left to ‘‘size focus’’ for 12 h.

The average particles distribution is thereby narrowed due to

Ostwald ripening, in a process where small crystallites are

less thermodynamically stable than larger ones and thus

dissolve more readily into their respective ions. This method

can produce batches of particles with narrow size distributions

in the 2.5–9.0 nm range for CdSe and 3.0–5.0 nm range

for ZnSe. By post-treating CdSe particles with solutions of

Me2Zn and (Me3Si)2S, core–shell particles of CdSe/ZnS can

be formed with quantum yields enhanced by a factor of

42 (6–20%).141

Fig. 7 Structures of single-source precursors used for zinc chalcogen-

ide nanocrystals (a) [Zn(Se2CNMe(C6H13))2N]; (b) (N,N0-TMEDA)-

Zn(EPh2) (E = Se, Te); (c) [Zn(SOCR)2(Lut)2] [R = CH3, C(CH3)3;

Lut = 3,5-dimethylpyridine (lutidine)]; (d) [M10Se4(SPh)16]

[X]4 (M = Cd, Zn; X+ = Li+, Me3NH+].
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Precursors based on zinc trimethylsilylchalcogenolate com-

plexes (N,N0-TMEDA)Zn(ESiMe3)2 (E = S, Se) and

(3,5-Me2-C5H3N)2Zn(ESiMe3)2 have been investigated for

zinc chalcogenide nanoparticle syntheses.142 In solution, the

complexes decompose cleanly and under mild conditions by

the generation and elimination of E(SiMe3)2 and the partial

loss of amine/imine ligands to produce ZnS or ZnSe nano-

particles whose surfaces are protected by either N,N0-TMEDA

or lutidine. Dynamic light scattering experiments indicate that

the particles have sizes in the 2–3 nm range. Similar chemistry

in the solid state leads to the formation of size-restricted ZnS

and ZnSe materials, however only with N,N0-TMEDA ligated

complexes generate particles that are within the quantum

confinement regime.

Nanocrystals of ZnS (rods or dots) have been prepared by

the thermolysis of zinc ethylxanthate [Zn(C2H5OCS2)2] in

octylamine (OA) or TOP.143 Shape- and phase-controlled

synthesis of the ZnS nanocrystals was realized by the selection

of different ligands. In the HDA + OA system, wurtzite ZnS

nanorods are obtained in the temperature range of 150–

250 1C. In HDA + TOP system, a shape change from rod-

like to spherical particles and a phase transition from wurtzite

to sphalerite occurred with the increase of TOP content in the

solution. The absorption edge of the wurtzite ZnS nanorods

shifted blue as compared to that of the sphalerite nanodots. In

addition, there are two absorption peaks for the ZnS nanorods

formed at 150 1C with a high aspect ratio and diameters in the

strong quantum confinement range. For the PL spectra of the

ZnS nanocrystals, there is a relatively strong excitonic emis-

sion peak for the ZnS nanodots formed in the HDA + TOP

solution and a relatively strong interstitial atom emission for

the ZnS nanorods.

More recently, our investigations have been focused on the

synthesis of selenophosphinate ligands which might serve as

useful precursors for metal selenides. Initially, we reported a

facile route for the preparation of (R2PSe)2Se (R = Ph, iPr) in

ca. 45% yield.144 Further investigations on diselenophosphi-

nate ligands led to the isolation of the (R2PSe2)
� anion

crystallised as an alkylammonium salt in the form of

(HNEt3)(R2PSe2) (R = iPr, tBu, Ph).145 The zinc complex

[Zn(iPr2PSe2)2] was thermolysed in HDA, to yield hexagonal

ZnSe nanorods. The HR-TEM image of individual nanorods

revealed regularly spaced lattice fringes with a separation of

0.35 nm, consistent with the (100) lattice planes (Fig. 8).

Little attention has been directed at the synthesis of ternary

II–II0–VI nanoparticles using single-source precursors. The

band gap energy can be tuned by controlling both the size of

the nanoparticles and the metal-ion stoichiometry (i.e. the

ratio of M/M0). The ternary cluster compounds are ideal

candidates for the synthesis of ternary nanoparticles in which

the Zn/Cd ratio of the final products can be modulated by the

adjustable stoichiometry. The ternary molecular nanoclusters

[ZnxCd10�xE4(EPh)12(P
nPr3)4] (x = 1.8, 2.6; E = Se, Te) have

been employed as single-source precursors for the synthesis of

high-quality hexagonal ZnxCd1�xE nanocrystals.146 The ther-

molysis of the cluster molecules in HDA provided an efficient

system in which the inherent metal-ion stoichiometry of the

clusters was retained in the nanocrystalline products, whilst

also affording control of particle size within the 2–5 nm range.

In all cases, the nanoparticles were monodispersed and lumi-

nescence spectra exhibited emissions energies close to the

absorption edge.

6 Conclusions

This article provides an overview of a variety of methods and

starting materials available for the fabrication of zinc oxide or

chalcogenides. Current research involves on developing next-

generation precursors to overcome problems such as non-

stoichiometry and the incorporation of impurities within the

generated materials.

It is believed that the nanomaterials will find important

applications in various areas including information technolo-

gies, biotechnologies, and energy/environmental technologies.

In particular, different kinds of nanocrystals have been exten-

sively used, in biomedical applications and biosensors.147 For

example, magnetic nanocrystals have been applied to contrast

enhancement agents for magnetic resonance imaging, mag-

netic carriers for drug-delivery systems and biosensors.148

Intensive research has been conducted on the assembly of

monodisperse nanocrystals to form two- and three- dimen-

sional superlattice structures. These organized nanoparticles

exhibit novel physical properties that derive from their collec-

tive interaction, and which are essential for magnetic storage

media and electronic devices.149

The use of ZnO nanocrystals in hybrid polymer, low-cost,

environmentally friendly solar cells is particularly attractive. A

judicious choice of different sizes and shapes may further

Fig. 8 (a) TEM and (b) HR-TEM of ZnSe nanorods.145
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improve charge transport and energy conversion in such solar

cells.
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