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the luminescence properties and
Judd–Ofelt analysis of Er-doped ZnO
semiconductor quantum dots

N. X. Ca, *a N. T. Hien, a Xingxiang Fan,bc P. V. Do, d V. H. Yen,e P. V. Hao,f

L. K. Quynh, f T. T. T. Huong g and V. X. Quang*hi

In this study, Er3+ doped ZnO semiconductor quantum dots (QDs) were synthesized using a wet chemical

method. The successful doping of Er3+ ions into the ZnO host lattice and the elemental composition was

confirmed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The ZnO and Er3+ doped

ZnOQDswith a hexagonal structure, spherical shape, and particle size of approximately 5 nmwere revealed

by XRD and transmission electron microscopy (TEM). The absorption, luminescence properties, and

fluorescence lifetimes of the samples were studied as the concentration of Er3+ ions varied. The intensity

parameters, emission transition probabilities, branching ratios, and emission lifetimes of the excited levels

of Er3+ ions in the ZnO host were determined using the Judd–Ofelt theory, which provided insight into

the covalent relationship between the ions and ligands as well as the nature of the ZnO host lattice.

Moreover, the energy transfer process from the ZnO host to Er3+ ions and the yield of this process are

explained in detail along with specific calculations. The Er3+ doped ZnO QDs displayed a significantly

longer lifetime than undoped ZnO, which opens up many potential applications in fields such as

photocatalysis, optoelectronics, photovoltaics, and biosensing.
Introduction

In recent years, semiconductor quantum dots (QDs) have
attracted signicant attention from numerous scientists due to
their remarkable optical properties and potential
applications.1–4 The unique properties of QDs originate from
their size-dependent physical characteristics. They are excep-
tional and noticeably differ from those of bulk semiconductors.
Their size-dependent characteristics confer excellent optical
features, such as a wide absorption spectrum, narrow emission
spectrum, high photoexcitability, and anti-bleaching.5,6 Their
unique optical properties make them suitable for various
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applications, including light-emitting devices, optoelectronics,
catalysis, biomarkers, and solar cells.3,4,7,8

Semiconductor QDs such as CdS, CdTe, CdTeSe, CdSe, PbS,
and PbSe. are oen quite toxic because they contain heavy
metals such as Cd, and Pb in their composition. Their toxicity
seriously affects human health and limits their potential
application in biology. Semiconductor materials that do not
contain heavy metals are a good solution for this problem. ZnO
QDs provide a solution to this problem because they do not
contain heavy and toxic metals such as Cd or Pb. ZnO is
a signicant semiconductor material that emits ultraviolet and
violet light and has a wide bandgap energy of 3.3 eV.9,10 To
broaden the radiative ability, and improve the radiative effi-
ciency and lifetime, QDs are frequently doped with rare earth
(RE) ions. ZnO is a suitable host material for doping rare earth
ions such as Eu3+, Ce3+, Sm3+, Tb3+, and Er3+.11–13 Researchers
have demonstrated that RE ion-doped semiconductor QDs can
be used in various applications such as optical converters, solid
lasers, and optical ampliers.

Among rare earth ions, Er3+ ions are considered suitable
dopants for enhancing up-conversion uorescence because of
their colorfastness.13 The emission of Er3+ ions is mainly in the
visible light region.14 The Er3+ ion exhibits three emission peaks
in the short-wavelength region including 490 nm (4F7/2 /

4I15/2,
blue), 525–545 nm (2H11/2/

4S3/2 / 4I15/2, green), and 662 nm
(4F9/2 / 4I15/2, red). In addition, the Er3+ ion has an emission
peak around 1540 nm (corresponding to the absorption
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of ZE0, ZE1, ZE2, and ZE4 samples.
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minimum of optical bers), which makes it suitable for infor-
mation transmission. The addition of Er3+ ions to the ZnO QDs
signicantly enhanced their optical properties. Trivalent Er3+

ion-doped ZnO QDs exhibit exceptional luminescence owing to
the 4f–4f transitions of electrons in Er3+ ions.15 Some studies
have been conducted on the optical properties of Er3+ ion-doped
ZnO QDs.16–18 However, there have been no studies on the
optical parameters of Er3+ doped ZnO QDs using the Judd–Ofelt
theory and the energy transfer from the ZnO host to Er3+ ions,
which are the new points of this study.

In this study, the optical characteristics of Er3+ doped ZnO
QDs were studied in detail through both the UV-VIS-NIR and
photoluminescence spectra using the Judd–Ofelt theory. The
parameters of the excited states of the Er3+ ions, such as the
intensity parameters (Ul), branching ratios (br), radiative tran-
sition probabilities (Ar), and radiative lifetime (sr) were calcu-
lated to gain insight into the optical properties of the Er3+ ions
in ZnO. Additionally, the energy transfer processes from the
ZnO host to Er3+ ions were thoroughly investigated and
explained.

Experimental description
Materials

Zn(OAc)2 (zinc acetate–Zn(CH3COO)2$2H2O, 99.99%), OLA
(oleylamine–C18H37N, 97%), ODE (1-octadecene–CH3(CH2)15-
CH]CH2, 95%), TOP (tri-n-octylphosphine–C24H51OP 97%),
erbium acetate–(CH3CO2)3Er$xH2O (99.9%), isopropanol (70%),
and toluene (99.8%) were purchased from Sigma–Aldrich.

Synthesis of Er3+ doped ZnO quantum dots

Er3+ doped ZnO QDs were prepared using a wet-chemical
method in a typical synthesis:8,19 Zn(OAc)2 and erbium acetate
(Er3+ concentration depends on the ratio between Er3+ and Zn2+)
werre mixed with 0.01 mol of TOP and 30 ml of ODE in a three-
necked ask. This mixture was continuously blown with Ar gas
to remove air from the ask. At this stage, 0.01 mol OLA was
injected into reaction ask. The reaction solution was heated to
280 °C and maintained at that temperature for 30 minutes to
obtain monodisperse Er3+ doped ZnO QDs. The solution con-
taining QDs was cooled to room temperature and centrifuged in
isopropanol (volume ratio of solution containing QDs/
isopropanol = 1/4) at 12 000 rpm for 7 min to remove super-
natant remnants. Sediments were collected and carefully
preserved for further measurements. The samples ZnO, ZnO:
1 mol% Er, ZnO: 2 mol% Er, and ZnO: 4 mol% Er are denoted as
ZE0, ZE1, ZE2, and ZE4, respectively.

Characterization

Ultraviolet visible (UV-vis) and near infrared (NIR) absorption
spectra of the samples were measured using a Jasco V-770
spectrometer (Varian). Photoluminescence excitation (PLE)
spectra, photoluminescence (PL) spectra, and luminescence
lifetime were analyzed using a spectrophotometric system
FLS1000 with a 450 W Xe lamp. The morphologies of the ZnO
and Er doped ZnO QDs were observed using transmission
© 2023 The Author(s). Published by the Royal Society of Chemistry
electron microscopy (TEM, Joel-JEM 1010) operating at 80 kV. X-
ray photoelectron spectroscopy (XPS) was performed using
a Thermo VG Escalab 250 photoelectron spectrometer. The
crystal structure and lattice parameters of the fabricated
quantum dots were analyzed using X-ray diffraction (D5005) in
the 2q range of 20° to 80° with scan speed of 2° min−1 and
equipped with a Cu-Ka radiation source.
Results and discussion
X-ray diffraction studies

The X-ray diffraction (XRD) patterns of ZE0, ZE1, ZE2, and ZE4
samples are shown in Fig. 1. The observed peaks, such as (100),
(002), (101), (102), (110), (103), and (112), correspond to the
standard reported in JCPDS number #89-0510 and conrm the
hexagonal structure of all samples with the P63mc space group.20

The unit-cells scheme of Er-doped ZnO with hexagonal struc-
ture is showed in Fig. 2. Hexagonal structures are common for
ZnO QDs, which are fabricated using the wet chemical
method.16–18 In comparison to pure ZnO (ZE0), the diffraction
peaks of ZE1, ZE2, and ZE4 shied slightly towards lower 2q
angles, indicating an increase in the crystal lattice constant.
This slight shi is due to the substitution of small radius Zn
ions (0.74 Å) by larger radius Er ions (0.89 Å).21 This substitution
causes internal stress in the material and shis the diffraction
peaks. The shi of the diffraction peaks towards the smaller 2q
angle with increasing Er concentration indicates that Er ions
have replaced the positions of Zn ions. This result is called
substitution doping. The crystallite size (D) of QDs can be
determined using X-ray line broadening and the Debye–Scher-
rer equation:22

D ¼ kl

b cos q
(1)

where, l (=1.54 Å) is the wavelength of the X-ray, k = 0.9, q is
Bragg's diffraction angle, and b is the broadening of the
diffraction line (measured at half of its maximum intensity).
Table 1 presents the crystallite sizes of ZnO:Er3+ QDs. The lattice
RSC Adv., 2023, 13, 27292–27302 | 27293
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Fig. 2 The unit-cells scheme of Er-doped ZnO with hexagonal
structure.
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constants (a and c) of the WZ structure were calculated using
the equation:23

1

dhkl
2
¼ 4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2
(2)

where h, k, and l are Miller indices, and dhkl is calculated from
Bragg's equation: nl = 2dhklsin q. The effective crystallite strain
in the nanostructures was determined using the Stokes–Wilson
equation:24
Table 1 The diffraction angle (2q) of the preferred orientation of (101), latt
of ZE0, ZE1, ZE2, and ZE4 QDs

Sample a (Å) c (Å) 2q (101) b ×

ZE0 3.242 5.192 36.49° 2.7
ZE1 3.244 5.196 36.48° 3.0
ZE2 3.247 5.201 36.46° 3.1
ZE4 3.248 5.203 36.42° 3.4

Fig. 3 TEM images of: (a) ZE0, (b) ZE1, and (c) ZE4 QDs.

27294 | RSC Adv., 2023, 13, 27292–27302
3 ¼ b cos q

4
(3)

Table 1 summarizes all the parameters calculated from the
XRD data, including a, c, 2q, b, and 3. Table 1 indicates that the
lattice strain increased and the crystallite size of the Er3+ doped
ZnO quantum dots decreased with an increase in the Er3+

concentration. Chemingui and his colleagues suggested that
when the Er concentration increases, an excess of Er3+ ions
leads to the formation of Er–O–Zn bonds on the surface of ZnO,
which may inhibit crystal growth and result in stress being
transferred from the outside to the inside of the crystal.20
Morphological

To gain further insight into the morphological characteristics of
the ZnO QDs, Transmission Electron Microscopy (TEM) was
utilized. TEM are presented in Fig. 3, which show the images of
three representative samples of the ZE0, ZE1, and ZE4 QDs. It
can be observed that the QDs exhibit nearly spherical and
monodisperse shapes. The average size of the QDs was
approximately 5 nm and hardly changed even when doping Er3+

with a concentration of 4%. These ndings support the XRD
results and conrm the successful fabrication of ZnO and Er3+

doped ZnO QDs with stable sizes and shapes.
Elemental and chemical composition analysis

The XPS spectrum provides valuable information on the
chemical states and elemental composition, which are crucial
ice constants (a, c), cell volume, b, crystallite size (D), crystallite strain (3)

10−2 Cell volume (Å3) D (nm) 3 × 10−3

7 47.258 5.257 6.57
1 47.353 4.843 7.15
5 47.486 4.623 7.48
4 47.533 4.239 8.17

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05005j


Table 2 Atomic (%) and weight (%) of ZE0, ZE1, ZE2, and ZE4 samples

Samples

Atomic (%) Weight (%)

Zn Er C O Zn Er C O

ZE0 51.2 — 6.82 41.98 81.62 — 2.01 16.37
ZE1 50.67 0.86 5.7 42.77 78.7 3.42 1.63 16.25
ZE2 49.95 1.13 7.51 41.41 77.62 4.49 2.14 15.75
ZE4 48.93 3.23 6.12 41.72 71.4 12.06 1.64 14.9
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for verifying the successful doping of elements in a host mate-
rial. Fig. 4a displays typical XPS survey scans of the ZE0, ZE1,
ZE2, and ZE4 samples. The XPS survey scan of the samples
showed ve peaks corresponding to the levels of Er 4d, C 1s, O
1s, Zn 2p3/2, and Zn 2p1/2. Fig. 4b shows a high-resolution Er 4d
XPS spectrum. The peak at 169.2 eV demonstrates the existence
of Er in the trivalent state in ZnO QDs.25 The binding energy
peaks at 284.5 and 530.6 eV (in Fig. 4c and d) are indexed to the
C 1s and O 1s levels, respectively. C element is detected, indi-
cating the existence of precursors, that were used in the fabri-
cation process of QDs. Fig. 4e shows the two peaks at 1022.2 and
1045.4 eV are ascribed to two levels Zn 2p3/2 and Zn 2p1/2 of Zn
Fig. 4 (a) Survey XPS spectrum of ZE0, ZE1, ZE2, and ZE4 QDs. High-
resolution XPS spectra of ZE4 QDs: (b) Er 4d, (c) C 1s, (d) O 1s, and (e)
Zn 2p.

© 2023 The Author(s). Published by the Royal Society of Chemistry
element.26 Zn-2p peak position was unchanged for all the
samples. This result indicates that Er doping does not affect the
electronic states of Zn; therefore, the presence of Zn vacancies
was neglected.27 The binding energies of these two peaks are
separated by a distance of 23.2 eV, which is in agreement with
the reported values.28 The atomic percentages of the elements in
the samples were determined using the peak areas of the cor-
responding high-resolution spectra and the calibrated atomic
sensitivity factor, as shown in Table 2.
Judd–Ofelt analysis

In Fig. 5, the optical absorption spectra of undoped and doped
samples with Er3+ ions were measured in the 350–1550 nm
range. The absorption spectra of ZE1, ZE2, and ZE4 QDs showed
11 peaks, corresponding to the transitions from the ground
level to excited levels of Er3+ ion:8 4I15/2–

4G9/2,
4I15/2–

4G11/2,
4I15/

2–
4F3/2,

4I15/2–
4F5/2,

4I15/2–
4F7/2,

4I15/2–
2H11/2,

4I15/2–
4S3/2,

4I15/
2–

4F9/2,
4I15/2–

4I9/2,
4I15/2–

4I11/2, and 4I15/2–
4I13/2. These peaks

were centered at 364, 385, 440, 450, 499, 522, 545, 650, 799, 976,
and 1536 nm. Among them, the 4I15/2/

4I13/2 band (1536 nm) is
the contribution of both electric and magnetic dipole transi-
tions (ED and MD). The remaining bands are yielded by the
pure ED transitions.

It is known that the Judd–Oet (JO) theory has been widely
used to evaluate the properties of ligand eld as well as optical
parameters of trivalent rare earth (RE3+) ions.29,30 The key of this
theory is based on the three intensity parameters Ul (l = 2, 4, 6)
which are usually calculated from the absorption spectra.
According to the JO theory, the relationship between the oscil-
lator strength fcal of an ED transition andUl parameters is given
by the expression:31,32

fcal
�
J � J

0� ¼ 8p2mcn

3hð2J þ 1Þ �
ðn2 þ 2Þ2

9n

X
l¼2;4;6

Ul

��hjjj��U ðlÞ��jj0j0i��2
(4)

where ‖U(t)‖ are matrix elements of the unit tensor operator that
are calculated from the intermediate coupling approximation
between the initial state hjjj and nal state jj′j′i. h is Planck's
constant, n is the measured refractive index. The refractive
index of the ZnO host (n) is approximately 2.0 and is considered
constant across all wavelengths.33

From the absorption spectra, experimental oscillator
strength (fexp) of an ED transition is calculated using the
following expression:31,32

fexp(J − J′) = 4.318 × 10−9
Ð
a(n)dn (5)
RSC Adv., 2023, 13, 27292–27302 | 27295
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Fig. 5 UV-Vis (a) and NIR (b) spectra of: ZE0, ZE1, ZE2, and ZE4 QDs.

Table 3 Transition energies (n, cm−1), experimental (fexp, 10
−6) and

calculated (fcal, 10
−6) oscillator strengths for the absorption transitions

from the Er3+:4I15/2 level in ZE1 sample

Transition n (cm−1) fexp fcal

4I15/2 /
4I13/2 6502 0.57 0.72

4I11/2 10 246 0.76 0.49
4I9/2 12 516 1.28 0.62
4F9/2 15 385 0.85 1.16
4S3/2 18 349 1.13 0.86
2H11/2 19 157 1.12 1.83
4F7/2 20 040 3.12 2.41
4F5/2 22 222 0.76 0.52
4F3/2 22 727 1.47 0.94
4G11/2 25 974 10.25 10.51
4G9/2 27 472 1.41 1.15

RMS = 0.52 × 10−6
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where a(n) is the molar absorptivity for a band at energy n. The
a(n) value can be calculated from the absorbance A by using
Lambert–Beer's law: A(n) = a(n)Cd.34 Then the fexp was
calculated by:

fexp
�
J � J

0� ¼ 4:318� 10�9

Cd

ð
AðnÞ dn (6)

where C is concentration [dim: L−3, units: mol−1]; d is the
optical path length [dim: L, units: cm] which is thickness of the
sample. The C concentration is calculated through expression:34

C ¼ 1027

Vu �NA

� Z � d (7)

where Vu is the volume of the crystallographic unit cell, NA is
Avogadro's number, Z is the number of formula units per unit
cell, and d is the doping fraction.

Using the eqn (5) and the absorption spectra, the experi-
mental oscillator strengths of all the ED transitions were
calculated. The obtained results for the ZE1 sample are pre-
sented in Table 3. For the transition including both MD and ED
(4I15/2 / 4I13/2 transition), the oscillator strength is calculated
by ftot = fED + fMD, in which ftot is computed from the eqn (5),
and fMD is determined by the following formula:

fMD ¼ 8p2mcn

3hð2J þ 1Þn2SMD (8)

where SMD is the line strengths of a MD transition which does
not depend on the host. Thus, the fMD value can be calculated
using the relationship:

fMD

f0MD

¼
�n0
n

�2

(9)

where f0MD and n0 are the oscillator strength and refractive
index of any material which were published. In this study, we
used data of the Er3+ ions-doped HClO4 solution, in which the
f0MD = 0.308 × 10−6 and n0 = 1.419.34 Using the eqn (8), the fMD

of the 4I15/2 / 4I13/2 transition was found to be 0.15 × 10−7.
27296 | RSC Adv., 2023, 13, 27292–27302
Aer determining the ftot (0.72 × 10−7) and fMD, the fED of the
4I15/2 /

4I13/2 transition was calculated by fED = ftot − fMD.
By solving the system of equations fexp = fcal through the

least square tting method, the Ul (l = 2, 4, 6) parameters as
well as their error were determined and are listed in Table 4. It
can be seen that the deviation of the Ul parameters is smaller
than 20% which is within the allowable error range of the JO
theory.

The U2, U4, and U6 parameters can provide useful informa-
tion about the local coordination around RE3+ ions.29,30 The
covalency of the RE3+–ligand bond and ligand asymmetry can be
inferred from the U2 parameter, with higher values indicating
stronger bonds. Meanwhile, U4 and U6 are largely independent
of the local environment but are inuenced by factors such as
viscosity and rigidity. Additionally, the value ofU6 demonstrates
an inverse correlation with the covalent nature of the (Er–O)
bonds. The Ul parameters of the Er3+ ions in the ZnO QDs were
compared with those in several other host matrices. For the
ZnO:Er3+ QDs, the order of the Judd–Oet parameters are U2 >
U4 >U6 for all samples. This trend is similar to that of some host
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Judd–Ofelt intensity parameters U2,4,6 (10−20 cm2) and R ratio of Er3+ in some matrices

Sample U2 U4 U6 R Trend Reference

ZE1 2.64 � 0.42 0.85 � 0.16 0.61 � 0.13 1.39 U2 > U4 > U6 This work
ZE2 2.68 � 0.32 0.82 � 0.14 0.56 � 0.12 1.46 U2 > U4 > U6 This work
ZE4 2.54 � 0.35 0.93 � 0.14 0.51 � 0.11 1.82 U2 > U4 > U6 This work
Fluorophosphate 7.36 2.01 1.11 1.81 U2 > U4 > U6 36
Antimony 4.05 1.14 0.73 1.56 U2 > U4 > U6 37
Germanate 4.48 2.15 0.73 2.94 U2 > U4 > U6 38
Bismuth borate 5.86 1.37 2.15 0.63 U2 > U6 > U4 39
Phosphate 3.91 1.97 2.57 0.76 U2 > U6 > U4 40
Fluoride 3.08 1.46 1.69 0.86 U2 > U6 > U4 41
Tellurite 4.93 1.30 1.31 0.99 U2 > U6 > U4 42
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materials such as uorophosphate, antimony, germanate,36–38

but is different from that in ref. 39–42. The root mean square
(RMS) deviation between the fexp and fcal oscillator strengths of
the ZnO:Er3+ QDs is presented in Table 3. A small value of RMS
deviation indicates the reliability of our calculations.

To estimate the stimulated emission for the laser medium,
the spectroscopic quality factor, R = U4/U6 is introduced. R is
a very important factor that can be used to predict potential
performance of laser,34,35 it is within the range of 0.63–2.94 for
Er3+-doped samples.36–42 In this study, R showed an increasing
trend with increasing Er3+ ion concentration. It is noted that the
U2 parameter is sensitive to changes in the features of the local
environment around the RE3+ ions such as ligand asymmetry
and ligand–RE3+ bonding nature. A large value of U2 indicates
high asymmetry of the ligand eld as well as the high covalency
of the ligand–RE3+ bond.35,37–39 As shown in Table 4, the U2

parameter of the ZnO:Er QDs was much lower than that of the
compared hosts. This implies that the ligand asymmetry and
covalence of the Er3+–ligand bond in ZnO:Er3+ QDs are higher
than those in the compared matrices.

Radiative properties, such as the radiative transition proba-
bilities of electric dipole transitions (Ar), radiative lifetimes (sr),
and branching ratios (br) can also be determined based on the
Judd–Oet theory. The probability of an electric dipole transi-
tion from j state to j′ state is determined using the following
equation:29,30

Ar

�
J � J

0
�
¼ Aed þ Amd ¼ 64p4e2

3hð2j þ 1Þl3
nðn2 þ 2Þ2

9

�
Sed þ n3Smd

�
(10)

Smd ¼ h2

16p2m2c2

��	ðS;LÞJkU ðtÞkðS0;L0ÞJ 0
��2 (11)

The branching ratio is important for all emission transitions.
This provides an insight into how efficiently the transitions can
be stimulated. The branching ratio is an essential factor to be
considered when assessing the gain performance of a material.
The branching ratio (br) can be used to describe the probability
of obtaining stimulated emissions. The branching ratio was
calculated from the transition probability using the following
equation:29,30
© 2023 The Author(s). Published by the Royal Society of Chemistry
br

�
J � J

0� ¼ Ar

�
J � J

0�P
J
0
ArðJ � J 0Þ (12)

The emission lifetime (sr) of the excited states was deter-
mined from the emission transition probability (Ar) using the
following equation:29,30

sr ¼ 1P
J
0
Ar

�
J � J

0
� (13)

The values of Ar(J / J′) (s−1), br(J / J′), and sr (ms) were
calculated for some excited levels of Er3+ ions in the ZnO:Er3+

samples. The results are shown in Table 5.
As shown in Table 5, for the luminescence transitions from

any excited level, the transition to the 4I15/2 ground usually
exhibits a much larger branching ratio than the others. These
results are in good agreement with those obtained from the
measured luminescence spectra (Fig. 6).

Photoluminescence spectra and energy transfer

The photoluminescence (PL) spectra in visible region of the
ZE0, ZE1, ZE2, and ZE4 samples were recorded under the same
conditions with an excitation wavelength of 325 nm as shown in
Fig. 6a. The purpose of using an excitation wavelength of
325 nm was to observe the emission of the ZnO host and Er3+

ions simultaneously. The PL spectrum of ZE0 QDs exhibited
a strong and narrow emission peak at approximately 388 nm.
This radiative emission originates from the recombination of
electrons in the conduction band with holes in the valence
band, and is referred to as excitonic emission. In addition, there
is a weak and wide emission peak in the longer wavelength
region, which is attributed to the emission from the surface
state of the NC.43 Meanwhile, ZE1, ZE2 and ZE4 QDs displayed
ve emission peaks related to the transition of Er3+ ions at 500,
532, 547, and 672 nm, corresponding to the transitions 4F7/2 /
4I15/2,

2H11/2 /
4I15/2,

4S3/2 /
4I15/2, and

4F9/2 /
4I15/2, respec-

tively.8 As shown in Fig. 6a, the intensity of the transitions of
Er3+ ions increased with an increase in the concentration of Er3+

for all studied samples. This proves that the uorescence
quenching did not occur when the Er ion concentration was up
RSC Adv., 2023, 13, 27292–27302 | 27297
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Table 5 The parameters of Ar (s
−1), br, and sr (ms) for the excited levels of Er3+ ions in ZE1, ZE2, and ZE4 samples

ZE1 ZE2 ZE4

Ar (s
−1) br (%) scal (ms) Ar (s

−1) br (%) scal (ms) Ar (s
−1) br (%) scal (ms)

4F3/2/ — — 0.358 — — 0.387 — — 0.394
4F5/2 ∼0 ∼0 — ∼0 ∼0 — ∼0 ∼0 —
4F7/2 0.71 ∼0 — 0.68 ∼0 — 0.75 ∼0 —
2H11/2 0.16 ∼0 — 0.15 ∼0 — 0.15 ∼0 —
4S3/2 7.37 0.26 — 7.48 0.29 — 7.09 0.28 —
4F9/2 21.86 0.78 — 20.17 0.78 — 19.47 0.77 —
4I9/2 335.57 12.02 — 321.25 12.43 — 356.11 14.03 —
4I11/2 995.12 35.63 — 922.88 35.67 — 911.05 35.89 —
4I13/2 108.87 3.92 — 100.42 3.88 — 95.04 3.74 —
4I15/2 1322.08 47.39 — 1213.72 46.95 — 1148.7 45.29 —
4F5/2/ — — 0.325 — — 0.349 — — 0.350
4F7/2 1.29 0.04 — 1.28 0.05 — 1.25 0.04 —
2H11/2 3.98 0.13 — 3.71 0.13 — 3.73 0.13 —
4S3/2 1.41 0.05 — 1.43 0.05 — 1.37 0.05 —
4F9/2 132.68 4.31 — 124.83 4.35 — 129.78 4.55 —
4I9/2 116.66 3.79 — 111.42 3.89 — 112.75 3.95 —
4I11/2 134.45 4.36 — 129.59 4.52 — 146.59 5.14 —
4I13/2 1208.13 41.55 — 1200.21 41.86 — 1232.91 43.20 —
4I15/2 1410.27 45.77 — 1294.67 45.15 — 1225.32 42.94 —
4F7/2/ — — 0.244 — — 0.261 — — 0.256
2H11/2 0.92 ∼0 — 0.89 ∼0 — 0.85 ∼0 —
4S3/2 ∼0 ∼0 — ∼0 ∼0 — ∼0 ∼0 —
4F9/2 24.02 0.58 — 23.86 0.62 — 24.04 0.62 —
4I9/2 156.88 3.83 — 148.18 3.86 — 146.68 3.75 —
4I11/2 245.65 6.00 — 234.18 6.10 — 252.58 6.46 —
4I13/2 550.72 13.45 — 531.28 13.86 — 602.52 15.42 —
4I15/2 3114.89 76.14 — 2895.52 75.56 — 2879.88 73.75 —
2H11/2/ — — 0.119 — — 0.118 — — 0.121
4S3/2 ∼0 ∼0 — ∼0 ∼0 — ∼0 ∼0 —
4F9/2 44.33 0.53 — 44.71 0.53 — 43.37 0.52 —
4I9/2 135.43 1.61 — 133.97 1.58 — 129.70 1.57 —
4I11/2 122.62 1.45 — 120.49 1.42 — 125.22 1.51 —
4I13/2 450.37 5.34 — 446.81 5.28 — 448.34 5.42 —
4I15/2 7683.34 91.07 — 7721.36 91.19 — 7529.61 90.98 —
4S3/2/ — — 0.565 — — 0.615 — — 0.628
4F9/2 ∼0 ∼0 — ∼0 ∼0 — ∼0 ∼0 —
4I9/2 68.74 3.88 — 64.11 3.94 — 64.59 4.18 —
4I11/2 35.24 1.99 — 32.48 2.00 — 31.26 2.02 —
4I13/2 492.98 27.84 — 452.57 27.82 — 428.33 27.74 —
4I15/2 1172.81 66.29 — 1076.68 66.24 — 1018.9 66.04 —
4F9/2/ — — 0.606 — — 0.639 — — 0.603
4I9/2 9.14 0.55 — 9.17 0.59 — 8.97 0.54 —
4I11/2 83.33 5.05 — 78.86 5.04 — 75.43 4.55 —
4I13/2 72.7 4.42 — 69.97 4.46 — 74.89 4.53 —
4I15/2 1486.25 89.98 — 1407.22 89.91 — 1497.846 90.38 —
4I9/2/ — — 4.357 — — 4.568 — — 4.201
4I11/2 3.18 1.39 — 3.14 1.44 — 3.16 1.33 —
4I13/2 50.23 21.88 — 46.17 21.09 — 43.89 18.44 —
4I15/2 176.11 76.73 — 169.55 77.47 — 191.01 80.23 —
4I11/2/ — — 4.862 — — 5.134 — — 5.373
4I13/2 40.17 19.53 — 38.82 19.93 — 38.39 20.63 —
4I15/2 165.52 80.47 — 155.95 80.07 — 147.68 79.37 —
4I13/2/ — — 5.016 — — 5.237 — — 5.341
4I15/2 199.38 100 — 190.93 100 — 187.21 100 —
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to 4% in the ZnO QDs. Fig. 6(b) shows the PL spectra in NIR
region of the ZE1, ZE2, and ZE4 samples under 980 nm excita-
tion. The emission peaks at approximately 1540 nm corre-
sponding to 4I13/2 /

4I15/2 level transition and their FWHM are
27298 | RSC Adv., 2023, 13, 27292–27302
very important and useful for NIR laser applications and optical
communication.

Fig. 7 presents the photoluminescence spectra of the ZE0
sample and the excitation spectra of the ZE4 sample. The PLE
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 PL spectra of ZE0, ZE1, ZE2, and ZE4 QDs: (a) in visible region, lexc = 325 nm; (b) in NIR region, lexc = 980 nm. Samples were dispersed in
toluene.

Fig. 7 PLE spectrum of ZE4 QDs measured at emission wavelength
1540 nm, PL spectrum of ZE0 QDs was excited at 325 nm, and PLE
spectrum of ZE0 QDs.

Fig. 8 Schematic energy level diagram of ZnO QDs, and transfer
energy mechanism from ZnO host to Er3+ ion.
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spectrum of ZE4 QDs showed 8 peaks, corresponding to the
transitions from the ground state 4I15/2 to the excited states 4G9/

2,
4G11/2,

2H9/2
2F3/2,

2F5/2,
4F7/2,

2H11/2, and
4S3/2 of Er

3+ ions.8,41,42

Energy transfer from a donor to an acceptor only occurs when
there is an overlap between the emission spectra of the donor
and the excitation spectra of the acceptor.2 The emission peak
of the ZnO host (ZE0) at 388 nm was very close to the strongest
excitation peak of Er (ZE4) at 385 nm. It can be seen that the
overlapping area between these two peaks is quite wide. This
indicates a clear possibility for the transfer of energy excitation
from the ZnO host to Er3+ ions in Er doped ZnO QDs. The PLE
spectrum due to the 4f–4f intraregional level transitions of Er3+

ions reveals that the excitation wavelength of 325 nm does not
effectively excite the Er3+ ion, as shown in Fig. 7.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Hence, the emission of the Er+3 ions in Fig. 6(a) is primarily
due to energy transfer from the ZnO host to the Er3+ ion. The
nature of this energy transfer process is observed in Fig. 8 and
explained in detail as follows. When the ZnO QDs were excited
at 325 nm, they absorbed photons, moved to a higher energy
level and created electron–hole pairs. The recombination of
these electron–hole pairs releases energy in the form of photons
at 388 nm, which are absorbed by the Er3+ ions and excited to
a higher energy state (4G11/2). Aer the Er

3+ ions are excited and
reach the 4G11/2 energy level, they can either relax non-
radiatively (i.e., without emitting light) or undergo radiative
decay by emitting photons at lower energies, corresponding to
transitions to the 2H9/2,

4F3/2,
4F7/2,

2H11/2,
4S3/2, and

4F9/2 energy
levels, eventually returning to the ground state and emitting
photons with wavelengths of 500, 532, 547, and 672 nm, cor-
responding to the level transitions of 4F7/2 / 4I15/2,

2H11/2 /
4I15/2,

4S3/2 /
4I15/2, and

4F9/2 /
4I15/2.
RSC Adv., 2023, 13, 27292–27302 | 27299
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The energy diagram in Fig. 8 can be used to explain the
mechanism of energy transfer from the ZnO host to the Er3+

ions in Er doped the ZnO QDs. The specic transitions and
emission wavelengths depend on the local crystal eld and
morphology of the Er doped ZnO QDs, as well as the concen-
tration of Er3+ ions. As the concentration of Er3+ ions increased,
the intensity of the ZnO emission peak (approximately 388 nm)
gradually decreased, while the intensity of the Er3+ ion emission
peaks increased. This proves that the energy transfer from the
ZnO host to the Er3+ ions became more efficient, leading to
a greater proportion of the excitation energy being transferred
to the Er3+ ions. This phenomenon can be used to control the
emission properties of Er doped ZnO QDs and to tune their
emission spectra for specic applications.

The efficiency of energy transfer (ET) from the ZnO host to
Er3+ ions can be calculated using the following equation:2

hET ¼ 1� I

I0
(14)

where, I0 is the integrated radiative intensity of ZnO QDs and I is
the integrated radiative intensity of the ZnO QDs in the pres-
ence of Er3+ ion. The intensities of the emission peaks of the
ZE0, ZE1, ZE2, ZE4 QDs, and hET were calculated and these
values are presented in Table 6. The obtained results show that
hET increases from 11.8 to 30.71% when the concentration of
Er3+ ions increases from 1.0 to 4.0 mol%. This result proves that
the rate of energy transfer from the ZnO host to the Er3+ ions
increases with increasing Er concentration.

The quantum yield (QY) is an important parameter to
determine the emission ability of materials. Photo-
luminescence (PL) quantum yield of a sample was measured
relative to an organic dye with known QY and was calculated
according to the following equation:43

QYNC ¼ QYdye

INC

Idye

�
nNC

ndye

�2
1� 10�ODdye

1� 10�ODNC
(15)

where I is the integrated emission intensity of the PL spectrum
and was obtained by tting the PL spectrum using the
combined function of Gauss and Lorentz. n is the refractive
index, and OD is the optical density of the NC/QD or the dye
samples. To determine QY, QDs were dispersed in toluene and
the used organic dye is Rodamin 6G (Rh 6G) with QY of 95% in
ethanol. The optical density of QD and dye were determined to
be equal (=0.037 at 325 nm). The refractive index of toluene and
ethanol are 1.496 and 1.361, respectively. QYs of ZnO and Er ion
emission are calculated and given by Table 6.
Table 6 The integral emission intensity (a.u.), hET (%), QYZnO (%), and
QYEr (%) of the samples

Sample I388-ZnO I500 I532 I547 I672 I1540 hET QYZnO QYEr

ZE0 3012 — — — — — — 32.65 —
ZE1 2657 242 256 412 244 342 11.8 28.8 16.26
ZE2 2223 392 417 563 276 411 26.19 24.1 22.32
ZE4 2087 413 421 844 289 513 30.71 22.62 26.88

27300 | RSC Adv., 2023, 13, 27292–27302
Photoluminescence decay and radiative parameters of the
5I13/2 /

5I15/2 transition

The optical amplication efficiency of Er-doped materials
depends on several factors, including the lifetime and band-
width of the metastable state of Er3+ ions. The metastable state
is the long-lived excited state of erbium ions that is responsible
for the amplication of the optical signal. The longer the life-
time of this state, the more time the erbium ions must emit
light, resulting in higher amplication. Fig. 9 displays the
photoluminescence decay curves for the three samples at an
excitation wavelength of 980 nm for the 4I13/2/

4I15/2 transition
at 1540 nm. It is noteworthy that the decay curves for the three
samples were multi-exponential. This result is different from
the decay curves of Er-doped glass or phosphor hosts, which
exhibit a single-exponential nature.36–40 The emission process of
Er3+ ions in hosts is due to different recombination mecha-
nisms or energy transfer. The lifetimes of the samples were
determined from the PL decay curve by tting with a bi-
exponential function, which is given as:44,45

IðtÞ ¼ I0 þ
X2

i¼1

Ai expð�t=siÞ (16)

where, si is the lifetime, and Ai is the pre-exponential factor. The
average lifetime can be calculated using the following equation:46,47

hsi ¼
X2

i¼1

Aisi
2

,X2

i¼1

Aisi (17)

The average lifetime depends on the pre-exponential factor
and the lifetime of each exponential component.

The experimental lifetimes Ai, si, and s of the 4I13/2 state were
calculated for all concentrations and are listed in Table 7. For
Fig. 9 PL decay curves of ZE1, ZE2, ZE4 QDs measured at 1540 nm
(4I15/2–

4I13/2) using an EPL-405 in an FLS1000. Measurement param-
eters: repetition rate = 200 kHz, excitation pulse width = 1 ms, lex =
980 nm, Dlex = 5 nm, resolution = 10 ns per channel.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Fitting time constants of PL decay kinetics of ZE1, ZE2, ZE4
QDs

Sample s1 (ms) s2 (ms) hsi (ms)

ZE1 1.98 (74.85%) 6.57 (25.15%) 4.4
ZE2 2.35 (27.6%) 4.63 (72.4%) 4.26
ZE4 2.53 (51.38%) 4.84 (48.62%) 4.02
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the ZnO QDs undoped, the luminescence lifetime was found to
be 40.4 ns (see inset of Fig. 9). Thus, by doping Er3+ ions into
ZnO quantum dots, the uorescence decay of the material was
signicantly lower than that of the undoped ZnO QDs. The
enhancement of the uorescence lifetime makes Er3+ doped
ZnO QDs highly suitable for photovoltaic and biosensing
applications. It was found that the lifetime of the 4I13/2 level
slightly decreased with the increasing Er3+ ion concentration. In
addition, the experimental lifetime was always shorter than the
calculated lifetime (scal).

In fact, the difference between the calculated and experi-
mental lifetimes relates to the nonradiative processes such as
reabsorption, multiphonon relaxation via impurities (e.g. OH
groups and rests of acetates), energy transfer between Er3+ ions
or from an Er3+ ion to face states and killer centers which always
exist in quantum dots, etc.48 The nonradiative probability (WNR)
and quantum efficiency (h) of the 4I13/2 level were calculated
using the following formulas:29,44

WNR ¼ 1

sexp
� 1

scal
(18)

h ¼ sexp
scal

(19)

The calculated results are listed in Table 8. The WNR

increased whereas the h with the increase in the Er3+ concen-
tration doped into the ZnO QDs.

As shown in Fig. 6, the luminescence spectra of the ZnO:Er3+

QDs exhibit a strong emission band at 1540 nm. This band can
be used for laser action and optical ampliers.49 In order to
estimate the applicability of the 1540 nm luminescence band of
ZnO:Er3+ QDs, some radiative parameters such as the stimu-
lated emission cross section (s(lp)), optical gain (s(lp) × scal),
and gain bandwidth (s(lp) × Dleff) of the

5I13/2 /
5I15/2 transi-

tion were calculated. The stimulated emission cross section of
a radiative transition is dened as:50
Table 8 Radiative parameters from the 4I13/2 level in ZnO:Er3+ QDs:
the calculated lifetime (scal, ms), experimental lifetime (sexp, ms),
energy transfer rate (WNR, s

−1), quantum efficiency (h, %), effective
bandwidth (Dleff, nm), stimulated emission cross section (s(lp), 10

−21

cm2), optical gain (s(lp) × scal, 10
−23 cm2 s−1), and gain bandwidth

(s(lp) × Dleff, 10
−26 cm3)

Sample scal sexp WNR h Dleff s(lp) s(lp) × scal s(lp) × Dleff

ZE1 5.02 4.40 28.07 87.65 28.2 53.40 26.81 150.59
ZE2 5.24 4.26 43.90 81.29 29.3 51.14 26.79 149.84
ZE4 5.34 4.02 61.49 75.28 27.5 50.14 26.77 137.88

© 2023 The Author(s). Published by the Royal Society of Chemistry
s
�
lp
� ¼ �

sP
4

8pcn2Dleff

�
A
�
jJ; j

0
J
0� (20)

where Dleff is the effective bandwidth, and lp is the wavelength
at the peak of the emission band.

The calculation results for the radiative parameters of the
4I13/2 level are presented in Table 8. It can be observed that the
quantum efficiency decreases whereas the energy transfer rate
increases when the Er3+ concentration increases. This may
result in an increase in the interaction between Er3+ ions and
the face states in the ZnO:Er3+ QDs. The radiative parameters of
the 4I13/2 level in ZnO:Er3+ QDs are higher than those in the
matrices presented in ref. 45, in which the ZE1 sample
expresses the radiative parameters better than those of the
other samples. This suggests the potential application of the
ZnO:Er3+ QDs in optical ampliers.

Conclusion

Er3+ doped ZnO QDs were successfully synthesized by a wet
chemical method using Zn(OAc)2 as the precursor and OLA,
TOP as the ligands. XRD and XPS analyses demonstrated that
Er ions were successfully doped into the ZnO host and
replaced the Zn ions. The XRD results show that Er-doped ZnO
and ZnO QDs both have a hexagonal structure and the lattice
constants (a and c) increase slightly with increasing Er
concentration. The J–O theory was used to calculate and
predict the emission parameters of the Er3+ ions. When the Er
concentration changes, the order of the Judd–Ofelt parame-
ters is U2 > U6 > U4, the maximum value of the U2 parameter
indicates that the vibrational frequencies of the present
samples are relatively low. The energy transfer process from
the ZnO host to Er3+ ion has been explained and calculated in
detail. The energy transfer efficiency from ZnO to Er3+

increased from 11.8 to 30.71% when the Er3+ concentration
increased from 1 to 4%. The quantum efficiency decreases
whereas the energy transfer rate increases when the Er3+

concentration increases. The long uorescence lifetimes of
Er3+ doped ZnO QDs make them have many potential appli-
cations in elds such as photocatalysis, optoelectronics,
photovoltaics, and biosensing.
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