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Abstract Zinc selenide (ZnSe) quantum dots (QDs) with

the hexagonal wurtzite structure were successfully pre-

pared using a safe, controllable ethylenediamine-mediated

solvothermal method in the absence of surfactants. This

new synthesis process of the wurtzite ZnSe QDs was

described and the growth mechanism of QDs was pro-

posed. The room-temperature photoluminescence (PL)

spectrum of the wurtzite ZnSe QDs (about 4 nm) showed a

strong near-band-edge emission peak at 422 nm. The near-

band-edge emission peak was blue-shifted compared to

that of the bulk ZnSe due to the quantum confinement

effects; the peak also displayed a progressive red-shift with

increasing the excitation power and an associated reduction

in peak energy of up to 300 meV. Band gap renormaliza-

tion in the electron–hole plasma regime might be used to

explain this phenomenon. No previous published research

regarding the observed excitation-power-dependent PL

properties of the wurtzite ZnSe QDs had been found. Our

experimental results contributed valuable insights into the

optical properties of the wurtzite ZnSe QDs; with potential

applications in optoelectronics and other areas where

advanced uniformly-structured nanocrystalline semicon-

ductor materials were finding increased use.

1 Introduction

Nanometer-scaled semiconductor crystallites, commonly

known as quantum dots (QDs), have been gaining popu-

larity due to their unique optical properties and potentially

wide applications in optoelectronics, biomedical labeling,

photocatalysis, and enhanced photovoltaic solar cells [1–

5]. QDs are spherical nanoparticles that have diameters

less than the bulk excitonic Bohr radius. Their energy

bands have discrete levels and their electrons and holes

are independently confined [6–8]. QDs are very promising

as photoluminescence (PL) emitters due to their high

stability, PL quantum yield, and the tunability of emission

and absorption properties with nanoparticle sizes [9–11].

The tunability plays a significant role in the optical

properties of QDs by broadening the spectral range of

certain types of nanocrystal semiconductors [11, 12]. Zinc

selenide (ZnSe) is an II–VI semiconductor with a bulk

band gap of 2.67 eV, which makes it highly suited for use

in optoelectronic devices and photovoltaic solar cells

applications [13, 14]. ZnSe has a very large excitonic

binding energy (21 meV) compared with GaAs

(4.2 meV), and is an excellent choice in efficient room-

temperature excitonic devices that offer improved tem-

perature characteristics [15, 16]. Unlike cadmium-based

QDs that exhibit high toxicity and a green to infrared

fluorescence spectral range [17–21], ZnSe is non-toxic

and environment-friendly, and most importantly, ZnSe
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QDs are wide band gap nanomaterials with excellent UV-

blue emission characteristics, making them well suited to

a widening range of commercial and scientific nanotech-

nology applications [22–24]. Uniformly-structured ZnSe

QDs can be synthesized using a variety of methods,

however, most attempts to date have been proven unsafe,

difficult to implement, and not commercially viable. For

example, the use of diethyl zinc as a Zn precursor leads to

highly toxic, expensive, potentially flammable processes

requiring careful handling and stringent oxygen-free

anhydrous conditions [25]. The control of particle size

and uniformity during the QDs synthesis has also pre-

sented significant challenges, and most published reports

relate to the cubic modification of ZnSe (i.e., zinc blende

structure). Very little has been published on ZnSe QDs

with the hexagonal wurtzite structure, and the wurtzite

structure offers key benefits that include strong quantum-

size effects and improved uniformity, which are prereq-

uisites for efficient nanosheet fabrication.

ZnSe is attracting increased attention due to recent

advancements in crystal quality and related growth tech-

niques [26, 27]. An important goal in synthesizing ZnSe-

based QDs is to achieve room-temperature operation of

blue and green laser diodes with long lifetimes. In order to

slow down the rapid degradation process of ZnSe-based

materials, much effort has been made to improve the

crystalline quality of the ZnSe-based materials. We believe

that the real degradation mechanisms are as yet unclear,

and further research is warranted, to correctly understand

the design, operation and performance characteristics of the

ZnSe-based devices [28–30]. Some researchers consider

that the ZnSe-based devices may fail due to the presence of

high density optical fields within the device and their

effects on the fragile chemical bonds between the Zn and

Se atoms [31]. Therefore, a thorough investigation of the

excitation-power-dependent PL behaviors of ZnSe materi-

als is also considered important, since no published

research has been found on this aspect of the PL behaviors

of the ZnSe QDs with the hexagonal wurtzite structure.

In this paper, we synthesize the wurtzite ZnSe QDs

successfully using the solvent method, and the experi-

mental measurements are conducted to characterize the

room-temperature and the excitation-power-dependent PL

properties of the wurtzite ZnSe QDs. Our method of

aqueous synthesis of ZnSe QDs offers certain advantages,

including a moderate reaction temperature, the use of low-

toxicity chemicals and water-soluble products. The growth

mechanism of the ZnSe QDs is discussed in detail. A

simple method of adjusting an external light beam to

manipulate the PL characteristics of the QDs is also

uncovered that may provide valuable insights for further

research on adjustable optoelectronic devices, and the

study of other nanoscaled semiconductors.

2 Experimental

2.1 Preparation of ZnSe QDs

All chemicals were of analytical grade and used as received

without further purification. The synthesis of the ZnSe

precursor was carried out using the following procedures:

Zn(NO3)2�6H2O (0.5 mmol) was dissolved in 30 ml water

and selenium powder (99.95 %) (0.5 mmol) in 30 ml of

ethylenediamine (EN). After stirring for 1 h, water and EN

were added into one beaker. Then after stirring for a further

hour, the mixed solution was transferred into one 80-ml

Teflon-lined autoclave. The autoclave was sealed and

heated at 180 �C for 30 h. When the reaction was complete

the autoclave was cooled to the room temperature. The

products were washed with ethanol and deionized water

several times and then separated by centrifugation. They

were then dried at 60 �C for 1 h to obtain the precursors.

Finally, the precursors were annealed at 300 �C for 2 h to

produce the sample.

2.2 Characterization

The crystal structure of the sample was determined using

X-ray diffraction (XRD, MAC Science, MXP18) and high-

resolution transmission electron microscope (HRTEM,

JEOL JEM-2010). The PL measurement was performed at

the room temperature using the He–Cd laser line of 325 nm

as an excitation source. The sample was mounted on a xyz-

table which moved the sample to the intersection point of

the laser beam and the optical axis to achieve better signal

to noise ratio. The signals were collected with Olympus

camera lens. Multiple curves were recorded to ensure the

data reproducibility. The QY values were determined from

the following equation:

QY sampleð Þ ¼ Fsample= Fref

� �
Aref= Asample

� �

� n2
sample= n2

ref

� �
QY refð Þ;

where F, A, and n are the measured fluorescence (area

under the emission peak), absorbance at the excitation

wavelength, and refractive index of the solvent respec-

tively. PL spectra were spectrally corrected and quantum

yields were determined relative to Rhodamine 6G

(QY = 94 %) [32].

3 Results and discussion

The XRD patterns of the ZnSe QDs are shown in Fig. 1a.

All the diffraction peaks can be well indexed as being in

the hexagonal wurtzite phase, which is consistent with the
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standard card (P63mc, JCPDS No. 80-0008). No other

diffraction peaks can be identified in the patterns, indicat-

ing no impurity exists in the sample. The diffraction peaks

are broad and the intensities are low for the ZnSe QDs. In

the diffraction patterns, peak broadening is mainly due to

four factors: microstrains (deformations of the lattice),

faulting (extended defects), crystalline domain size, and

domain size distribution. Moreover, the lattice constant of

‘a’ and ‘c’ for the hexagonal structure can be determined

from the following relations:

1=d2
hkl¼ 4=3 h2 þ hkþ k2

� �
=a2

� �
þ l2=c2
� �

The average lattice constants of ‘a’ and ‘c’ for the ZnSe

QDs are found to be a = 3.999 Å, c = 6.568 Å and the

corresponding c/a = 1.6426, which is slightly larger than

the standard value of 1.6371. ZnSe are formed by coordi-

nate covalent bonding. The lattice expansion can be cor-

related with the formation of vacancies in ZnSe QDs using

the thermodynamic theory developed by Lu [33]. The free

energy state of a finite size crystallite deviates from the

ideal infinite crystal, and the deviation in free energy is

found to be larger for smaller particles [34].

In order to clearly observe the particle size, TEM is used

to characterize the sample. Figure 1b presents the TEM

micrograph of the ZnSe QDs. These QDs are uniform and

monodisperse, with an average diameter of about 4 nm.

The wurtzite ZnSe QDs are also observed to be nearly

spherical in shape, with a narrow size distribution. The

HRTEM images and selected area electron diffraction

(SAED) patterns of the ZnSe QDs are shown in Fig. 1c, d.

Based on the experiment results presented above, the

growth mechanism for ZnSe QDs is proposed. When EN is

added into the solution, Se powder is reduced by EN to

Se2-, which reacts with Zn2? to form ZnSe(EN)0.5, and

this process is confirmed by the color change of the solu-

tion. The complexing reagent EN, which contains more

than one N-chelating atom in each molecule, combines

with Zn2? and Se2-, reducing the concentration of free

Zn2? and Se2- greatly in the solution [35]. In the annealing

treatment, EN is removed from the precursor, leaving ZnSe

QDs once the synthesis is completed. The schematic

illustration of this growth mechanism for ZnSe QDs is

shown in Fig. 2. The possible growth mechanism can be

described as follows:

Zn NO3ð Þ2! Zn2þ þ 2NO�3 ð1Þ

Seþ NH2CH2CH2NH2 ! Se2� ð2Þ

Zn2þ þ Se2� þ 0:5EN! ZnSe � EN0:5 ð3Þ
ZnSe � EN0:5 ! ZnSe # þ 0:5EN: ð4Þ

From the above explanation, it can be seen that EN acts not

only as a strong alkali to activate Se to form Se2- ions but

also as a ligand to react with Zn2? and Se2- ions, forming

ZnSe(EN)0.5. The ZnSe(EN)0.5 decomposes into ZnSe with

a hexagonal structure after annealing. The formation and

growth of the ZnSe QDs are slow processes because the

second reaction is gradual. The complexing ability of

groups containing N-chelating atom may affect the final

synthesis phase due to the high coordination ability to zinc

(log b[Zn(EN)2]2? = 10.83) of EN [36].

Fig. 1 XRD patterns (a), TEM

image (b), HRTEM image

(c) and the corresponding

SAED pattern (d) of ZnSe QDs
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The optical performance of semiconductor materials is

critically dependent on their constituent particle size. Fig-

ure 3 displays the room-temperature PL emission spectrum

of the ZnSe QDs, which characterizes their optical prop-

erties. In Figure 3, the PL spectrum comprises two emis-

sion bands: a strong primary emission band centered at

422 nm, and a weak defect-related emission band extend-

ing from 500 to 640 nm. The primary emission band cen-

tered at 422 nm represents the near band-edge (NBE)

emission of ZnSe [37]. It is blue-shifted relative to that for

bulk ZnSe due to quantum confinement effects. An ultra-

violet-blue (UV-blue) emission occurs above the band gap

energy of bulk ZnSe (465 nm) and shifts to higher energies

(422 nm) as the size of the ZnSe QD decreases (about

4 nm). Since the diameters of our ZnSe QDs are smaller

than the Bohr radius of bulk ZnSe (4.5 nm), the Coulomb

interaction should be small in our samples as the QDs are

in the moderate to strong confinement regime [38]. In

general, quantum confinement shifts the energy levels of

the conduction and valence bands apart, giving rise to a

blue shift in the transition energy as the particle size

decreases [39]. The observation of such shifts suggests that

this UV-blue luminescence results from the optical transi-

tions between the discrete quantum-confined electron–hole

states near the band edge for the ZnSe QDs. Theoretically,

the energy of QDs can be written in simple form as:

Ei
QD ¼ Eg þ Ci

Rni
, where Ci and ni are constants for certain

materials. The size dependence of Eg for ZnSe is given by a

power law expression, which can be written as: EZnSe
g ½d� ¼

EZnSe
g;1 þ 2:08

d1:19 [40, 41]. From this equation, the calculated

average particlel size of the ZnSe QDs is 4.38 nm, which is

close to what we measure. The PL spectrum of the ZnSe

QDs (Fig. 3) shows a broad emission band between 500

and 640 nm, and this, we believe, can be attributed to Se

vacancy, Zn vacancy and the presence of impurities [42–

44]. Quantum yield of the as-prepared ZnSe QDs in

aqueous solution is 5.4 %. Murase et al. [37, 45, 46]

developed an alternative method to synthesize the blue

emitting ZnSe nanocrystals in aqueous solution, and the

product had low quantum yield (1–10 %). Our results are

in agreement with the previous repots.

Figure 4 shows the room-temperature excitation-power

dependent PL spectra of the ZnSe QDs. With the excitation

power increasing, the NBE emission peak broadens. The

intensity of the peak becomes stronger when the excitation

power increases from 0.15 to 3 mW, and then decreases as

the excitation power further increases to 30 mW. The NBE

emission peak also displays an evident red shift with

increasing excitation power. The inset in Fig. 4 shows that

Fig. 2 Schematic illustrations

of the growth mechanism for

ZnSe QDs in which EN acts as a

strong alkali and ligand

Fig. 3 Room-temperature PL spectrum of ZnSe QDs (excited at

325 nm)
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the corresponding decrease in the peak energy can be as

large as 300 meV.

Song et al. [47, 48] reported a red shift of the band-edge

emission for the ZnO nanotetrapod and nanowire, which

was due to the band-gap renormalization resulted from the

screening of the Coulomb interaction, as well as exchange

and correlation effects. Similar results were reported by

Lyu et al. [49]. Red-shifting of the NBE emission peak

with increasing excitation intensity may be explained from

our experimental results as follows. In the electron–hole

plasma (EHP) regime, the band gap is a monotonically

decreasing function of increasing carrier density, due to the

screening of the Coulomb interaction and exchange and

correlation effects, which gives rise to the band gap ren-

ormalization with a red-shift of emissions [50]. When the

carrier density increases, the excitonic state becomes

destabilized and an EHP state is formed. In the EHP

regime, the band gap usually decreases. Therefore, the

emissions are red-shifted due to the band gap renormal-

ization in the EHP regime with increasing excitation

intensities [51].

4 Conclusion

In summary, we have successfully developed a safe, con-

trollable, easy to use, solvothermal method for synthesizing

ZnSe QDs with the hexagonal wurtzite structure. The

average particle size was about 4 nm. The high coordina-

tion ability to zinc of EN played an important role in the

formation of the ZnSe QDs. The room-temperature PL

spectrum of the ZnSe QDs exhibited an NBE emission

peak centered at 422 nm and a defect-related emission

band extending from 500 to 600 nm, and we believed that

this secondary peak could be attributed to Se vacancy, Zn

vacancy and the presence of impurities. With increasing

excitation power, the NBE emission peak of the ZnSe QDs

was red-shifted towards the low-energy region and the

corresponding peak energy decreased by up to 300 meV.

Moreover, the intensity of the NBE emission peak at first

increased, and then decreased with increasing excitation

power. These results provide useful insights that may have

wide applications in optoelectronic devices based on uni-

form-structured ZnSe nanocrystalline semiconductor

materials.
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