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Abstract ZnO/ZnS core/shell nanocrystals (~5-7 nm in diameter) with a size close to the quantum confinement

regime were successfully synthesized using polyol and thermolysis. X-ray diffraction (XRD) and high-resolution

transmission electron microscopy (HRTEM) analyses reveal that they exist in a highly crystalline wurtzite

structure. The ZnO/ZnS nanocrystals show significantly enhanced UV-light emission (~384 nm) due to effective

surface passivation of the ZnO core, whereas the emission of green light (~550 nm) was almost negligible. They

also showed slight photoluminescence (PL) red-shift, which is possibly due to further growth of the ZnO core

and/or the extension of the electron wave function to the shell. The ZnO/ZnS core/shell nanocrystals

demonstrate strong potential for use as low-cost UV-light emitting devices.
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1. Introduction

Over the past several years, semiconductor colloid

nanocrystals have attracted a great deal of attention due

to their unique physical properties arising from the quan-

tum confinement effect that occurs when a semiconductor

shrinks down below a critical size, so called Bohr’s

radius.1,2) Most research on the nanocrystals has been

carried out to acquire modulated band gap emission or

improved luminescence efficiency of nanometer sized

semiconductors for the optical, electronic, optoelectronic

applications such as light emitting diodes (LED), laser

diodes (LD), optical data storage devices, and sensors.3-7)

ZnO, one of II-VI semiconductors, possesses a wide

energy band-gap (3.44 eV) and large excitation binding

energy (60 meV) and hence it has taken particular

attention in the applications for high-efficiency white

LED source and high-density LD data storage. It is a

very useful material that can be used as a transparent

electrode in solar cells, chemical sensors, and catalysts as

well.8,9) So far, however, most of researches on ZnO have

been concentrated on thin film and nanowire structures,

while the research on colloidal ZnO nanocrystals is

relatively rare.10) This is most likely due to the lack of

reliable synthetic methods to produce ZnO particles in

quantum confinement regime. The ZnO-based nano-

crystals may find applications for low-cost LED and LD

devices when they are assembled in a two-dimensional

film form. Also, it has strong potential to be used for

fluorescent bioimaging or drug delivery due to their

intrinsic nontoxicity which is one of the critical issues in

biomedical applications of cadmium-bearing nanocrystals

such as CdSe, CdS, and CdTe.11)

The luminescence is greatly affected in a nanostructure

compared to in a bulk by diverse surface states arising

from its higher surface to volume ratio. Modification of

the surface of a nanomaterial by another one through the

formation of a core/shell structure can greatly affect its

luminescent property.12) There have been quite a number

of reports on the core/shell structures, where coating of a

higher band-gap shell material effectively enhanced the

optical property of the core material.13-15) It has been

shown that the radiative emission from quantum dot

nanocrystals can also be enhanced by passivating surface

dangling bonds.16)

ZnS is a II-VI semiconductor having a higher energy

band-gap (3.67 eV) than ZnO and it also has the same
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wurtzite structure with lattice parameters (a=3.81, c=6.26

Å) close to ZnO (a=3.25, c=5.21 Å), which allows ZnS

to be used as a appropriate shell for the ZnO core.

Recently, Li et al. reported the improved optical property

from ZnO/ZnS core/shell nanowires formed by thermal

vapor transport method.17) Zhu et al. introduced synthesis

of ZnO/ZnS core/shell spheres (~700 nm) using partial

chemical conversion of the surface of ZnO (~400 nm).18)

However, to date there is no report of successful

synthesis of ZnO/ZnS core/shell nanocrystals that are

close to Bohr radius in diameter (~5 nm). This is

probably due to the possibility that aqueous environment

can cause an unwanted chemical reaction such as

hydroxide formation when moisture sensitive materials

are synthesized.19) In this study, ZnO and ZnO/ZnS

nanocrystals close to the Bohr’s radius were successfully

fabricated by polyol and thermolysis in a non-aqueous

environment. The crystallinity and optical properties were

investigated and compared to each other.

2. Experimental Procedure

The ZnO nanocrystals were prepared by modifying the

procedure described by Kim et al.20) (ZnCH3)2 were

dissolved in isopropanol in a three-neck flask and heated

at 40 oC for 2 h under stirring. Next, trioctylphophine

(TOP) was added in the solution as a surfactant. Then

this solution was heated at 150 oC for 5 h under stirring.

After heating, white suspension of ZnO nanocrystals was

obtained. To overcoat the ZnO nanocrystals with ZnS, a

mixed solution of (ZnCH3)2 (0.133 g), (TMS)2S (0.138

g), and tri-butyl phosphate (TBP) (5.366 g) was slowly

dropped into the flask containing ZnO nanoparticles at

the rate of ~0.1 ml/min. This solution was maintained at

130 oC for 2 h. Methanol (20 ml) was added into the

solution to precipitate particles and the particles were

separated by centrifugation. The nanocrystals were

redispersed in hexane (20 ml) and after repeating this

process, ZnO/ZnS nanocrystals were obtained with very

narrow size distribution (~5-7 nm). The synthesis of ZnO

nanoparticles is described in more detail as follows. The

particles were synthesized using a non-hydrolytic method

which is thermolysis of a single molecular precursor

without oxygen source. By mixing (ZnCH3)2 with isopro-

panol and heating for 2 h, CH3ZnO-i-Pr was produced.21)

After self-decomposition of CH3ZnO-i-Pr with a capping

agent, TOP, ZnO nanocrystals were fabricated and

gaseous methane (CH4) and propylene (CH2CHCH3)

were released. Self-decomposition of CH3ZnO-i-Pr into

ZnO and gaseous by-products can occur through the

breakage of bonding. Synthesized ZnO nanocrystals were

stabilized due to TOP which is known as a strong donor

ligand, having both high polarity and polarizability

contributing to its donor strength. TOP prevents agglome-

ration between particles and provide them with superior

solubility in nonpolar solvents owing to its alkyl

groups.22) ZnS molecules were formed at the surface of

ZnO as a result of reaction between Me2Zn and (TMS)2S.

The core ZnO nanocrystals can serve as seeds for

nucleation and growth of the ZnS shell.23)

3. Results and Discussion

Fig. 1 shows X-ray diffraction (XRD, Rigaku Ultima

2000, λ = 1.5418Å) patterns of ZnO and ZnO/ZnS nano-

structures, respectively. The two patterns were almost

identical and both the ZnO and ZnO/ZnS nanocrystals

were identified to be of wurtzite structure with high

crystallinity by comparing with the JCPDS card (#03-

0891). However, the ZnO/ZnS core/shell nanostructures

showed increased peak sharpness compared to the bare

ZnO, which implies slightly increased size and cry-

stallinity in ZnO/ZnS. One can use following Scherrer’s

formula for the size estimation of nanocrystals.

                                                                      

                                                          (1)

where d is the size of crystals, λ is the wavelength of

Cu Kα, FWHM is the full width at half maximum of a

d
0.9λ

FWHM∗ θ
B

cos
-------------------------------------=

Fig. 1. X-ray diffraction (XRD) patterns of (a) ZnO and (b)

ZnO/ZnS nanocrystals showing formation of wurtizite

structure. JCPDS for ZnO is inserted for comparison.
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diffraction peak, and θB is the Bragg’s angle for the

diffraction. By considering (110) peak we obtained the

averaged particle size of ~4.4 and ~6.2 nm for the bare

and core/shell nanocrystals, respectively. The ZnS shell

seems to be too thin to participate in the diffraction.

XRD peak shift frequently found in core/shell structure

did not occur due to the close lattice parameter values of

ZnO and ZnS. High-resolution transmission electron mic-

roscopy (HRTEM, FEI Technai G2 F30, 300 kV) images

of ZnO and ZnO/ZnS nanocrystals in Fig. 2 and 3 show

that they are in a spherical shape with an average size of

~3-4 and ~5-7 nm, respectively, having narrow size

distribution. This result is in good agreement with the

size estimation using the Scherrer formula (Equation 1).

Size difference between the ZnO and ZnO/ZnS nano-

crystal, in addition to the ZnS shell coating, could

possibly be attributed to the further growth of ZnO core

during shell formation, which makes resulting shell

thinner than 1 nm. The selected area electron diffraction

(SAED) ring patterns clearly show the crystallinity of

wurtzite ZnO for the bare ZnO nanocrystals as shown in

Fig. 2 Also, the SAED pattern of the ZnO/ZnS samples

in Fig. 3 shows two sets of rings each corresponding to

wurzite ZnO and ZnS, respectively. This is a clear

evidence for the formation of ZnO/ZnS core/shell struc-

ture. The diffraction rings of ZnS, however, are much

weaker than those of ZnO, which indicates that the ZnS

shell could be very thin and/or the crystallinity may be

not as high. The Energy dispersive x-ray spectroscopy

(EDS: Oxford, Inca, Oxon, UK) spectrum for the ZnO/

ZnS also reveals the presence of Zn, O, and S in the

specimen, implying that the ZnS shell formation. It

should be noted that ZnS phase could not be detected

from ZnO/ZnS by XRD due to its relatively low

Fig. 2. High-resolution transmission electron microscopy

(HRTEM) images (a), corresponding selected area electron

diffraction (SAED) patterns (b), and EDS results (c) of ZnO

nanocrystals.

Fig. 3. High-resolution transmission electron microscopy

(HRTEM) images (a), corresponding selected area electron

diffraction (SAED) patterns (b), and EDS results (c) ZnO/ZnS

nanocrystals.
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resolution compared to the HRTEM. The UV-visible

absorption (JASCO UV-Visible Spectrophotometer: V530,

Tokyo, Japan) spectra of ZnO and ZnO/ZnS are res-

pectively presented in Fig. 4 Compared to peak position

of ZnO, that of ZnO/ZnS shows slight red-shift. This

probably means the overgrowth of core ZnO crystals

during the shell formation for 2 h and the extension of

electron wave function of ZnO core to the ZnS shell. Fig.

5 shows photoluminescence (PL: Hitachi F-4500, Tokyo,

Japan) results of ZnO and ZnO/ZnS nanocrystals.

Soultions with identical concentration of nanocrystals

were used for the PL experiments. The PL spectra of

ZnO are composed of two emission bands in the UV/

visible range. UV emission at 376 nm is correlated with

radiative recombination between conduction band elec-

trons and valence band holes during relaxation. The UV-

light emission at 376 nm is slightly blue shifted

compared to bulk ZnO having theoretical energy band-

gap of ~3.2 eV showing UV-light emission at ~380 nm.

This blue shift implies that the quantum confinement

effect takes place in the bare ZnO. Since the average

diameter of the bare ZnO (d~3-4 nm) is slightly smaller

than two times its Bohr’s radius, which is 2.34 nm,

quantum confinement effect could be observed. The shift

between the lowest energy peak in the absorption

spectrum of a semiconductor nanocrystals and emission

peak is called the Stokes shift.5) Because of the Stokes

shift, the wavelength of UV absorption band-edge of

nanocrystals is shorter than that of the UV-emission peak

position. Also, a strong and broad green luminescence

peak is observed in the rage of 450-650 nm (peak at 550

nm). The green emission appearance in ZnO has been

extensively studied by Vanheusden et al.24) They suggested

that visible emission is owing to the recombination of

electrons in singly occupied vacancies with holes in the

valence band, and the green emission is related to trap

site at the nanocrystal surface. Furthermore, Dijken et al.25)

describe that it is due to the non-radiative recombination

between deep-level holes trapped in oxygen vacancy

centers (Vo
‥) and shallow-level electrons. Thus, these

oxygen vacancies are in general accepted to be

responsible for the broad visible-range emission in ZnO.

Quenching of the green emission has been extensively

studied for example by Sekoguchi et al.26) Recently they

reported that quenching of visible luminescence could be

accompanied by the enhancement of the band edge UV

luminescence by hydrogen plasma treatment to ZnO.

Similary to the UV-visible absorption peaks, slight red

shift was found in the PL peaks of the ZnO/ZnS core/

shell nanocrystals compared to ZnO nanocrystals due to

the overgrowth of ZnO core and the extension of electron

wave function to the ZnS shell. The PL peak of ZnO/

ZnS showed about seven times enhanced UV-emission

intensity due to the effective surface passivation by the

ZnS shell. Zn2+ and S2- ions in the ZnS shell could

combine with the surface ions of O2- and Zn2+ in ZnO,

respectively to effectively passivate the dangling bonds

acting as strong trap sites for the electron and holes.

Therefore, the removal of the surface dangling bonds by

applying ZnS shell could enhance radiative recombi-

nation between electrons and holes to increase the PL

intensity of the ZnO nanocrystals. Also, the non-radiative

green emission was almost negligible in the ZnO/ZnS

nanocrystals compared to radiative UV-light emission.

Fig. 5. Photoluminescence (PL) spectra of ZnO and ZnO/ZnS

nanocrystals.

Fig. 4. UV-Visible absorption spectra of ZnO and ZnO/ZnS

nanocrystals. Absorption onset and peak positions are indicated

as arrows, respectively.



644 김기은·김웅·성윤모

4. Conclusions

In summary, ZnO/ZnS core/shell nanocrystals (d~5

nm) were successfully synthesized using nonhydrolytic

polyol and thermolysis method. It was demonstrated that

ZnO/ZnS nanocrystals can more controllably be

synthesized in non-aqueous environment, leading to well

defined nanocrystal structures that are just several

nanometers in diameter. XRD and HRTEM analyses

reveal that they are in highly crystalline wurtizite

structure. ZnS shell formation on ZnO core was

confirmed by SAED, EDS, and enhanced photolumines-

cence intensity. The quantum yield of ZnO nanocrystals

were significantly enhanced owning to the effective

passivation of trap sites of ZnO with ZnS. The ZnO/ZnS

core/shell nanocrystals has strong potential to be applied

to various areas such as low-cost photoelectronics, optical

sensors, biosensors, etc.
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