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Synthesis of ZnO quantum dots and their agglomeration mechanisms
along with emission spectra based on ageing time and temperature∗
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The ZnO quantum dots (QDs) were synthesized with improved chemical solution method. The size of the ZnO QDs
is exceedingly uniform with a diameter of approximately 4.8 nm, which are homogeneously dispersed in ethanol. The
optical absorption edge shifts from 370 nm of bulk material to 359 nm of QD materials due to the quantum size effect,
while the photoluminescence peak shifts from 375 nm to 387 nm with the increase of the density of ZnO QDs. The stability
of ZnO QDs was studied with different dispersion degrees at 0 ◦C and at room temperature of 25 ◦C. The agglomeration
mechanisms and their relationship with the emission spectra were uncovered for the first time. With the ageing of ZnO
QDs, the agglomeration is aggravated and the surface defects increase, which leads to the defect emission.
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1. Introduction

In recent years, low-cost solution-based synthesis of
colloidal semiconductor quantum dots (QDs) have drawn
increasing attention due to their applications on quantum
dots-based LEDs which exhibit highly pure and saturated
color gamut,[1,2] narrow-band width QD photodetectors,[3]

and single-electron transistors.[4] Quantum dots have such ad-
vantages as color tunableness, high solution processability and
high color purity. The size of QDs can be controlled to ad-
just the emission color with the same chemical composition.
However, the stability of QDs becomes a technology bottle-
neck which restricts their development and applications. The
agglomeration and water-oxygen reaction are two key factors
that affect the stability of QDs.

ZnO quantum dots with a direct wide bandgap of 3.37 eV
have been extensively investigated by many researchers over
the last decades.[5] Meanwhile, CdSe/CdS family quantum
dots[6,7] and inorganic perovskite CsPbX3 family quantum
dots[8,9] boom with high potential interest on optoelectronic
devices in recent years. When the scale of at least one dimen-
sion is below approximately 7 nm, the quantum size effect
starts to dominate the material system.[10] Nevertheless, QD
materials have less defects inside the materials but massive de-
fects or dangling bonds at the surface due to their high specific
surface area, which further generate agglomeration facilely.

In this paper, ZnO QDs have been prepared and investi-
gated while the agglomeration mechanisms of QDs and their
relationship with the emission spectra are uncovered for the

first time.

2. Experimental sections
The zinc precursor was prepared by refluxing ethanolic

solution containing zinc acetate of 0.1 mol for 2–3 h. Next,
10 mL of zinc complex precursor solution was diluted to
20 mL with ethanol. Then, 117 mg (2.8 mmol) of LiOH pow-
der was added to the diluted ethanolic solution. Finally, the
ZnO QDs were obtained at constant temperature. In order to
purify the ZnO QDs, the ZnO QDs were washed twice by pre-
cipitation with n-hexane and dissolution in ethanol for remov-
ing excess Zn2+ and Li+ ions.

The crystal structure of the ZnO QD powders was ana-
lyzed by x-ray diffraction (XRD, Y-2000X), operated at 45 kV
and 40 mA using Ni-filtered Cu Kα radiation with a scan speed
of 10◦/min for 2θ in a range from 20◦ to 80◦. The morphology
and size of the sample were observed by transmission electron
microscope (TEM) using an accelerating voltage of 200 kV.

3. Results and discussion
3.1. Characterization of ZnO quantum dots

The x-ray diffraction (XRD) pattern of ZnO QDs is
shown in Fig. 1, which reveals that the QDs are ZnO with a
hexagonal wurtzite crystal structure (according to ZnO JCPDS
in Fig. 1), with an approximate diameter of 4.8 nm which is
estimated according to Scherrer’s formula

Dc = 0.89λ/(Bcosθ), (1)
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where B is the half-peak width. The λ in the XRD measure-
ment is 0.154178 nm under Kα radiation of Ni-filtered Cu tar-
get. The θ is from 20◦ to 80◦.
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Fig. 1. X-ray diffraction spectrum of ZnO quantum dots.

It is shown in Fig. 2 that the ZnO QDs demonstrate high
dispersion, high homogeneity dimensional, with an approxi-
mate diameter of 4.8 nm, which is absolutely the same as es-
timation by Scherrer’s formula. The lattice constant of hexag-
onal wurtzite crystal structure of ZnO can also be verified in
the magnified TEM images with the distance of crystal faces
a = 0.3 nm and c = 0.5 nm as the hexagonal crystal structure.
It infers that the QDs are synthetic with good crystallinity.

Fig. 2. TEM images of ZnO quantum dots.

3.2. Photoluminescence resolved with density of ZnO QDs

The absorbance spectra and photoluminescence spectra
of the hybrid ZnO QDs are randomly distributed in the ethanol
as shown in Fig. 3. The optical absorbance spectrum of ethanol
is chosen as a reference background, which has been sub-
tracted from the spectrum to remove the effects of the sub-
strate. The absorption edge at 359 nm is attributed to the ZnO
QDs comparing to the bulk material of that at 370 nm. The PL
spectra show that ZnO QDs exhibit UV emission with a nar-
row wavelength from 375 nm to 381 nm, while the ZnO bulk
materials have a PL emission peaked at 387 nm.[11] The blue
shift of PL spectra is due to the so-called quantum size effect.
When the density of ZnO is low, ZnO QDs are individually

dispersed in the solution. It is supposed that with the increase
of the density of ZnO QDs, some of them are coupled with two
or more particles to form clusters, which decreases the quan-
tum size effect and leads to red shift of the absorption and PL
spectra. Their agglomeration mechanisms will be discussed in
detail in next section.
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Fig. 3. (color online) Absorbance spectra with an absorption edge of
359 nm and photoluminescence spectra in ethanol peaked from 375 nm
(3.31 eV) to 381 nm (3.25 eV) of ZnO QDs.

It is quite significant to achieve ZnO quantum dots from
colloidal to solid state with high dispersion. The film of ZnO
QDs is shown in Fig. 4 which is applied on film devices. The
film requires uniform and high dispersion of QDs. Hence, it is
pressing to unclear the agglomeration mechanism of quantum
dots and to find pathways to avoid their agglomeration.

(b)(a)

Fig. 4. (color online) AFM images of ZnO quantum dots on Si (001): (a) to-
pography image and (b) phase image.

3.3. The agglomeration mechanisms of ZnO QDs

In order to make clear the agglomeration mechanisms of
ZnO QDs, we carried out the ageing of ZnO QDs with time
and temperature as shown in Fig. 5. The ZnO QDs congregate
after ageing for 30 days, much more at 25 ◦C than at 0 ◦C. The
PL spectra of aged ZnO QDs are shown in Fig. 6. Compared to
Fig. 3, the PL emission at UV domain decreases dramatically.
Meanwhile, the PL emission at 550 nm increases, which is due
to the defect emission. Note that in the solution of ethanol, the
dangling bonds increase sharply with time. The active dan-
gling bonds easily react with molecules in the circumstance,
forming impurities and other surface defects, which will even-
tually increase the defects emission and decrease the excitons
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emission. The exciton emission, impurity, or surface states
emission[12,13] are the main luminescence pathways of ZnO
QDs, which are competing with each other. In order to in-
crease the exciton emission, the others should be restrained
and the agglomeration mechanisms of ZnO QDs need to be
investigated.

(a) (b) (c)

Fig. 5. TEM images of (a) freshly prepared, (b) ageing for 30 days at 0 ◦C
and (c) ageing for 30 days at 25 ◦C.
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Fig. 6. (color online) PL spectrum of ZnO QDs after ageing for 30 days at
25 ◦C.

Interestingly, the agglomeration of QDs is accompanied
by the emission spectra at 550 nm that are related to the defect
emission. Hence, in order to unclear how the QDs agglomer-
ate in the solvent and its relationship with the defect emission
spectra, it is necessary to uncover what kind of chemical bonds
or ions and possible hanging bonds at the surface of QDs.

The ions and hanging bonds generate during the forma-
tion of ZnO QDs in solvent. The reaction equations of ZnO
QDs formation are given as follows:

Zn(CH3CO2)2 +2LiOH→ ZnO+H2O+2LiCH3CO2. (2)

In the reaction system, the ZnO QDs result from the de-
hydration reaction of Zn(OH)2−

4 unit, with possible chemical
equations

Zn(CH3COO)2→ Zn2++ 2CH3COO−, (3)

LiOH→ Li++ OH−, (4)

Zn2++4OH− = Zn(OH)2−
4 , (5)

Zn(OH)2−
4 +Zn(OH)2−

4 →Zn2O(OH)4−
6 + H2O, (6)

ZnxOy (OH)(z+2y−2x)−
z (nucleus)+ Zn(OH)2−

4

= Znx+1Oy+1 (OH)
(z+2y−2x+2)−
z+2 + H2O. (7)

During the preparation of QDs, Zn(CH3COO)2 in
ethanol generates ions like Zn2+ and CH3COO−, LiOH gen-
erates ions like Li+ and OH−. When the Zn(CH3COO)2 so-
lution drops in the LiOH solution gradually, the ions OH− and
Zn2+ collide with each other, generating Zn(OH)2−

4 unit. Un-
der diffusion of ions and collision between molecules and ions,
Zn(OH)2−

4 unit reunions through dehydration reactions, form-
ing ZnO QDs. Some of these ions still cling to the surface
of the QDs even after purified. Meanwhile, the prepared QDs
have significantly high surface energy and dangling bonds.

The freshly prepared ZnO QDs model is shown in
Fig. 7(a) with high dispersion, and the surface of QDs is sur-
rounded by the solution. However, because of the small size
(approximately 4.8 nm), high specific surface area, and much
of surface dangling bonds at the surface, active surface energy,
ZnO QDs are prone to agglomerate. The particles move irreg-
ularly in the solution (see Fig. 7(b)) and grow larger and larger
(see Figs. 7(c) and 7(d)) due to the effect of electrostatic attrac-
tion, Van der Waals’ force, and solvent thermal motion, which
is similar to the Brownian motion processes. The ZnO QDs
collide with each other to form a bigger cluster, then the clus-
ter grows bigger and bigger. Meanwhile, the ZnO QDs can
be also dispersed which is called soft agglomeration. After
ageing for a long time, the clusters become hard agglomer-
ation with strong bonds, which is difficult to disperse.[14] In
summary, the formation of clusters and the increase of defects
decrease the quantum size effect and lead to the red shift of the
emission spectra.

(a) (b)

(c) (d)

Fig. 7. (color online) The agglomeration mechanisms of ZnO quantum dots,
from individually dispersed to coupled with number of QDs in the cluster.
(a) ZnO QDs are highly dispersed; (b) the particles move irregularly in the
solution and form clusters; (c) the clusters grow larger and larger; (d) hard
agglomeration with strong bonds is formed.
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The key factors that lead to agglomeration are the density
of ZnO QDs, ageing temperature, and ageing time. Hence,
for each factor, the solution can be carried out to solve the
agglomeration problems. One possible pathway is to embed
them in polymer matrices or colloid to preserve their dispersed
state,[15,16] which nevertheless, may decrease the semiconduc-
tor electrical properties. Another possible way to solve the
problem is to build core-shell structure, by using surfactant,
by doping element or ions.[17–19] However, the ZnO QDs and
other QDs materials are potential semiconductor materials in
electronic devices, such as lasers, OLEDs, and photovoltaic
devices, the usual shell materials or doping materials may re-
duce surface defects and meanwhile bring adverse effect on
the electronic and luminescent properties of QDs.[20–24] An-
other possible way is to keep them at relatively low temper-
ature in closed cavity to avoid contact with the atmosphere,
such as in glass capsules, for long service time in device. Fur-
ther methods of solving the problem of stability of QDs need
to be developed to utilize the QDs with high efficient quantum
size effect.

4. Conclusion and perspectives
In summary, uniform small size of ZnO QDs were pre-

pared and characterized. The ZnO QDs are highly crystallized
in wurtzite structure. The absorption edge and photolumines-
cence peak blue-shift due to the quantum size effect. How-
ever, the photoluminescence peak red-shifts with the increase
in ZnO density because of the agglomeration of them. The ag-
glomeration mechanisms and their relationship with the emis-
sion spectra were uncovered for the first time. ZnO QDs col-
lide to form bigger clusters with much more impurities and
surface defects, which leads to the defect emission and re-
strains the exciton emission. It provides a clue to realize the
stable quantum effect of ZnO QDs for electronic applications.

References
[1] Qiu Y, Gogna P, Forouhar S, Stintz A and Lester L F 2011 Appl. Phys.

Lett. 79 3570
[2] Geng W D, Guo J, Tang J and Liu H G 2014 Chin. J. Liquid Crystal.

Display 29 4 (in Chinese)
[3] Chen S D, Chen Y Y and Lee S C 2005 Appl. Phys. Lett. 86 253104
[4] Schoelkopf R J, Wahlgren P, Kozhevnikov A A, Delsing P and Prober

D E 1998 Science 280 1238
[5] Shrestha P K, Chun Y T and Chu D2015 Light-Science & Applications

4
[6] Dai X, Zhang Z, Jin Y, Niu Y, Cao H, Liang X, Chen L, Wang J and

Peng X 2014 Nature 515 96
[7] Sun Q, Wang Y A, Li L S, Wang D, Zhu T, Xu J, Yang C and Li Y

2007 Nat. Photon. 1 717
[8] Ning Z, Gong X, Comin R, Walters G, Fan F, Voznyy O, Yassitepe E,

Buin A, Hoogland S and Sargent E H 2015 Nature 523 324
[9] Wu K, Liang G, Shane Q, Ren Y, Kong D and Lian T 2015 JACS 137

12792
[10] Fonoberov V A and Balandina A A 2004 Appl. Phys. Lett. 85 24
[11] Tong X L, Xia X Z and Li Q X 2015 Chin. Phys. B 24 6
[12] Qiao B, Teyssedre G and Laurent C 2015 J. Phys. D: Appl. Phys. 48

405102
[13] Qiao B, Teyssedre G and Laurent C 2016 J. Appl. Phys. 119 024103
[14] Moeck P 2005 Nonlinear Analysis - Theory Methods and Applications

63 7
[15] Moeinian M and Akhbari K J 2015 Solid State Chem. 225 459
[16] Ai F, Tan J, Li F, Bao L M, Zhong A H and Chen S C 2010 Chin. J.

Liquid Crystal. Displays 25 1 (in Chinese)
[17] Repp S and Erdem E 2016 Spectrochimica Acta Part A - Molecular and

Biomolecular Spectroscopy 152 637
[18] Ren M F, Wang H, Xu J W and Yang L 2009 Chin. J. Liquid Crystal.

Displays 24 1 (in Chinese)
[19] Liu B, Zhao X R, Feng X X, Liu K and Zhao L 2009 Chin. J. Liquid

Crystal. Displays 24 04 (in Chinese)
[20] Qiao Q, Li B H, Shan C X, Liu J S, Yu J, Xie X H, Zhang Z Z, Ji T B,

Jia Y and Shen D Z 2012 Mater. Lett. 74 104
[21] Son D I, ParkD H, Choi W K, Cho S H, Kim W T and Kim T W 2009

Nanotechnology 20 19
[22] Qasim K, Chen J, Xu F, Wu J, Li Z, Lei W, Cui Y P and Xia J 2014 Sci

Adv Mater. 6 2625
[23] Aleshin A N, Shcherbakov I P and Petrov V N 2015 Solid State Com-

mun. 208 41
[24] Maikhuri D, Purohit S P and Mathur K C 2015 Superlatt. Microstruct.

85 206

098102-4

http://dx.doi.org/10.1063/1.1929881
http://dx.doi.org/10.1126/science.280.5367.1238
http://dx.doi.org/10.1038/nature13829
http://dx.doi.org/10.1038/nphoton.2007.226
http://dx.doi.org/10.1038/nature14563
http://dx.doi.org/10.1021/jacs.5b08520
http://dx.doi.org/10.1021/jacs.5b08520
http://dx.doi.org/10.1142/S0192415X13500031
http://dx.doi.org/10.1088/0022-3727/48/40/405102
http://dx.doi.org/10.1088/0022-3727/48/40/405102
http://dx.doi.org/10.1063/1.4939824
http://dx.doi.org/10.1016/j.jssc.2015.02.017
http://www.yjyxs.com/CN/abstract/abstract8411.shtml
http://www.yjyxs.com/CN/abstract/abstract8411.shtml
http://dx.doi.org/10.1016/j.saa.2015.01.110
http://dx.doi.org/10.1016/j.saa.2015.01.110
http://www.yjyxs.com/CN/abstract/abstract8581.shtml
http://www.yjyxs.com/CN/abstract/abstract8581.shtml
http://dx.doi.org/10.1016/j.matlet.2012.01.048
http://dx.doi.org/10.1166/sam.2014.2013
http://dx.doi.org/10.1166/sam.2014.2013
http://dx.doi.org/10.1016/j.ssc.2015.02.020
http://dx.doi.org/10.1016/j.ssc.2015.02.020
http://dx.doi.org/10.1016/j.spmi.2015.05.033
http://dx.doi.org/10.1016/j.spmi.2015.05.033

	1. Introduction
	2. Experimental sections
	3. Results and discussion
	3.1. Characterization of ZnO quantum dots
	3.2. Photoluminescence resolved with density of ZnO QDs
	3.3. The agglomeration mechanisms of ZnO QDs

	4. Conclusion and perspectives
	References

