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ABSTRACT:

Pure and Er (1.30, 1.79, 2.83 and 3.53 at. %) doped ZnO nanoparticles have been
synthesized by chemical co-precipitation method. The synthesized samples were characterized by
powder X-ray diffraction (XRD), transmission electron microscopy (TEM), thermo gravimetric
analysis (TGA) for thermal stability, Fourier transform infrared (FTIR) spectroscopy and
photoluminescence (PL) studies. The XRD measurements confirmed the hexagonal wurtzite
structure of ZnO for all samples. The crystallite size of the samples decreases with increase in
concentration and are compatible with the results obtained from TEM analysis. TGA analysis of
the samples reveals fine thermal stability with no significant weight loss. The shifting of ZnO
stretching mode from the FTIR spectra confirm the substitution of Er in ZnO host. The PL emission
spectra of pure and Er doped ZnO nanoparticles exhibit similar visible emission bands with
excitation wavelength 340 nm and 367 nm. However, small near band edge (UV) emissions at 387
and 398 nm are observed with excitation wavelength 340 nm. The maximum broad band green
emission is detected for 1.30 at. % of Er. The auxiliary green band (GB) emissions at 523 nm,
531nm and red band emission at 650 nm confirm the presence of Er in ZnO host.
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1. INTRODUCTION

Nanometre-scale materials and semiconductors in particular seem to be important and
promising in the development of next-generation electronic and optoelectronic devices [1-3].
Among these ZnO receives much interest due to its wide direct band gap (3.4 eV) and huge
excitation binding energy (60 meV) [4]. It is a multifunctional semiconductor as it can be utilized

as photo catalytic, optoelectronic, piezoelectric, gas sensing and luminescence devices etc. [5-10].
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The optical, electrical and magnetic properties of ZnO nanoparticles can be easily tuned by doping
the transition elements [11, 12] and rare earth elements [13, 14].

Owing to unique optical properties rare-earth doped semiconducting materials [15, 16]
have been of great scientific interest in photonic devices and flat-panel displays, which needs high-
efficiency fluorescence materials to improve their qualities [17] due to their 4f electronic
configuration. Particularly trivalent state erbium (Er**, 4f!') doped semiconductor nanostructures
have been extensively studied due to optical intra-4f transitions at 1.54 pm (*I;32—*11s5) for
telecommunication [18]. It can also be used for up conversion luminescence and down conversion
luminescence properties due to its favorable electronic energy levels [19].

In this research work we report, on the structural, thermal, and photoluminescence
properties of Er-doped ZnO nanoparticles. Though rare earthed doped ZnO nanoparticles can be
synthesized by many techniques such as forced hydrolysis, pulsed laser deposition, micro emulsion
tem plating etc. [20-22], we adopted wet chemical co-precipitation method as it is easily
reproducible and less expensive. By virtue of the optical spectra of Er*" in the present study, we
can explicitly prove the existence of multiple luminescence centers of Er” in ZnO nanoparticles.

2. EXPERIMENTAL

Er doped ZnO nanoparticles were prepared by a facile co-precipitation method. A high
purity (99.9 %) analytical reagent (AR) grade chemicals; Zinc acetate (Zn (CH3COO).. 2H>O) and
erbium chloride hexahydrate (Clz Er 6H>O) were the starting materials obtained from Sigma-
Aldrich Company. Here, the dopant, erbium concentration was varied at 1.30, 1.79, 2.83 and 3.53
at. % in the host matrix. Appropriate quantity of precursors was dissolved in Ethanol- deionized
water (50-50 %) with polyvinylpyrrolidone (PVP) as a surfactant and stirred for 30 min until clear
solution is formed. Then, the NaOH is added to have optimum nucleation at p"’-9. This solution
was transformed to hot bath of temperature 90°C and stirred rigorously for 4 hours to get fine
precipitation. As formed precipitation was washed 4 times with de-ionized water and centrifuged.
The precipitation was collected and dried at 80°C for 4 hours.

The as-prepared samples were investigated systematically using the following analytical
techniques. The composition of the prepared samples was analyzed through X-ray diffraction
(XRD) measurements (D8 Advance, Bruker, Germany) for structure analysis. The morphology
was inspected by transmission electron microscope (TEM) of JEM-100CX. The functional groups

analysis was carried out by Bruker Alpha-T FT-IR Spectrometer. The thermal stability of the

© 2026 Journal of Functional Materials. All Rights Reserved. Page 125



Journal of Functional Materials Volume 33 | Issue 6 | Year 2026
ISSN: 1001-9731 https://journaloffunctionalmaterials.com/

samples was studied using TGA/DTA analysis (EXSTAR TG/DTA 630) in air atmosphere at a
scan rate of 5°C/min. Photoluminescence spectra were recorded in the wavelength range of 300-
800 nm using FP-8500, JASCO Spetrofluorimeter with a Xe-arc lamp of power 60W.

3. RESULT AND DISCUSSION

3.1. Structural, morphological and compositional analysis

XRD patterns of undoped and Er doped ZnO nanoparticles are shown in Fig. 1. All the
diffraction peaks could be well indexed to reflections from the (100), (002), (101), (102), (110),
(103), and (112) planes of the hexagonal wurtzite structure of ZnO (JCPDS card no. 36-1451). No
characteristic peaks of other impurities such as Zn (OH)2 or ErO3 are observed. The average

crystallite size (D) of the nanoparticles is determined by applying the following Scherrer equation,

kA
- BcosbO (1)

where k is the shape factor (0.89), A is the wavelength of Cu K, radiation (1.542 A), B is the full
width at half maxima intensity (FWHM) of the (101) diffraction peak (radians), 0 is the Bragg’s

angle (half of the peak position angle). The calculated average crystallites size of the pure and Er
doped ZnO nanoparticles are tabulated in Table. 1. The broadening and decrease in the intensity
of diffraction peaks with increasing the doping concentration strongly suggest the successfully
substitution of Er*" in the ZnO host. Furthermore, the positions of diffraction peaks of Er doped
ZnO samples show a slight shift towards the lower angle side due to ionic radius mismatch between
host and dopant [23]. The micro-strain (g) of Er-doped ZnO particle was calculated using the

following formula [24]

Micro-strain (&) = @ (2)

The increase in micro-strain may be due to the presence of defects and vacancies in the Er—Zn—O
lattice [25-27]. The substitution of Er** interstitial would affect the concentration of the interstitial
(Oy), oxygen vacancies (Vo) and interstitial (Zn;), vacancies (Vzn) [28].

The morphology of undoped and 2.83 at. % of Er doped ZnO nanoparticles were
characterized by TEM and shown in Fig. 2(a) and 2(b). From the figure, it can be seen that the
pure and Er-doped ZnO nanoparticles are similar and having virtually spherical morphology with
an average diameter of 20-30 nm. The observed values are close to that of those estimated by
Sherrer’s equation in the XRD. However, the presence of Er in ZnO, enhances the agglomeration

of the nanoparticles compared to undoped ZnO.
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3.2. Fourier transform infrared (FTIR) studies

The chemical bonding information of the prepared samples was obtained by the FTIR
technique. The characteristic peaks exhibited by FTIR spectra of pure and Er doped ZnO
nanoparticles were shown in Fig. 3. The broad absorption peak at around 3435-3445 cm™ is
attributed to the normal O—H stretching vibration of H2O in Er—Zn—O lattice which may be due to
moisture in the solution and the atmosphere. The pure ZnO nanoparticles exhibit minor
characteristic peaks at about 2930-2916 cm™! and it could be ascribed to the -CHx— stretching
vibration that arises from the precursor solution of ethanol. Another sharp peak at ~1576-1558 cm™
lis attributed to H-O—H bending vibration and is accompanied by in-plane deformation vibrations
at ~1626-1639 cm’!, which is assigned to the presence of H,O in the ZnO nanoparticles. The
observed peak at 1017 cm™ is due to the C—-O—C bond. The predictable Zn—O bond was observed
at 498 cm™! for pure ZnO (x=0.00) and this band was shifted towards lower frequency region from
497 cm to 485 cm™! for Er (1.30, 1.79, 2.83 and 3.53 at. %) doped ZnO nanoparticles. This may
be due to the presence of Er*" ions in the ZnO host matrix. The existence of C=0, C-O, -CHa—
and C-O—C groups are originated from Zinc acetate dihydrate (Zn (CH3COz). 2H>0), ethanol
(C2H50H) and water (H20).

3.3. TGA analysis

Fig. 4 shows the TGA curves of undoped and Er doped ZnO nanoparticles in the
temperature range 30-800°C. From the figure, it is noticed that the weight insignificant loss ranging
3-8% with increase in dopant concentration. Increase of Er content in ZnO enhances the presence
of volatile functional groups (such as OH, C=0, etc. due to low temperature synthesis) which
undergo weight loss with temperature. The weight loss occurred in two steps for all samples. The
first weight loss between 30 and 210°C is attributed to the removal of physically adsorbed water
and chemically bound groups on the surfaces of prepared samples. The other weight loss was
observed between 210 and 450°C corresponding to the removal of organic compound and the
decomposition of other residual ions as indicated by FTIR spectra. Therefore, it is evidenced from

the TGA curves that the ZnO nanoparticles were crystallized without significant loss.

3.4. Photoluminescence studies
The optical properties of ZnO nanoparticles can be influenced by the incorporation Er ions.

Hence, the photoluminescence behavior of pure and Er doped ZnO nanoparticles were studied.
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Fig. 5(a) and 5(b) show room temperature PL emission spectra with excitation wavelength 340
nm and 367 nm. The emission spectra of Er (1.30, 1.79, 2.83 and 3.53 at. %) doped ZnO
nanoparticles are similar to that of pure ZnO nanoparticles with slender shift in visible region
defective emission centers at~ 411 nm, 436 nm, 468 nm and 557 nm. However, two minor peaks
at 387nm and 398 nm in the ultra-violet (UV) region are observed in the emission spectra with
excitation 340 nm as shown in the inset of Fig. 5(a). The UV emissions at 387 nm and 398 nm is
associated with the excitonic (electron-hole pair) recombination corresponding to the near band
edge emission of ZnO nanoparticles. These excitons recombination occurs at below near band
edge excitation wavelength 362 nm. The violet- blue emission centers around 411 nm is due to the
electron transition from the zinc interstitial (Zn;) level to the valence band (VB) and the blue
emission at 436 nm attributes to Zn; along with OH ions present at surface of nanoparticles which
are consistent with FTIR results and the peak at 468 nm correspond to the transition of ionized
oxygen vacancy (Vo) to VB [36]. Finally, the broad level green emission at around 557 nm in the
range 480 nm - 580 nm attributed to the recombination of electrons trapped in the holes of deep
level single ionized oxygen vacancies (Vo') [37]. Along with these emissions small additional
peaks are identified on broad band green emission at ~516 nm, 539 nm and a red emission at ~650
nm with increasing Er content which originate from 4f transitions of Er dopant, which can be

explained as fallow.

When some excited ZnO(s) are trapped by broad defect levels, a part of recombination
energy is transferred to the Er’* ions to promote the Er*" ions from ground state (*I;5,2) to excited
states (*F72, 2Hi12, “For2) which causes additional peaks in green emission center in Er doped ZnO
nanoparticles [34, 35, 38,39]. The transition (*F7z, *Hi12, “Fon) —*1is» gives green emission
centers at ~516 nm, 539 nm and 650 nm. The broad level green emission intensity is observed to
be optimum for 1.30 at. % of Er dopant in our experimental conditions. Thereafter, as Er content
is increased from 1.79 to 3.53 at. %, the defective emission intensity gradually decreases but the
sharpness of additional Er emission peaks are enhanced up to 2.83 at.%. As the energy transfer
rate increases with increasing Er content quenches the visible defective emission and enhance the
sharpness of additional peaks. It is also observed that the direct excitation of Er ion is increased at

higher excitation wavelengths and concentrations. The Er emission centers were almost dominated
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over defect centers at 400 nm excitation at 2.83 at. % of Er shown in Fig. 6. These results confirm

the incorporation of Er ion into the lattice of ZnO.

4. CONCLUSION

The pristine and Er doped ZnO nanoparticles have been successfully synthesized by
chemical co-precipitation method. All samples were crystallized in the hexagonal wurtzite
structure of ZnO without any impurity phases. The substitution of Er in the ZnO nanoparticles is
confirmed by EDS and FTIR spectra. The enhanced green emission is observed for 1.5 at. % of Er
doped ZnO nanoparticles while the emission intensity is decreased with increasing Er content.
However, the additional peaks at 516 nm, 532 nm, and 650 nm were originated from excited states
(*F7i2, *Hi12, “For) to ground state (*I;s2) of Er ions and their sharpness was increased with

increasing excitation wavelength and Er content as well.
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Tables with captions:

Sample Diffraction FWHM () Particle size Micro-strain ~ Relative peak
ZnO:Er angle(20) (D) nm © (109) intensity(%)

0 at. % 36.300 0.3378 24.47 1.4006 100

1.30 at. % 36.298 0.3890 21.56 1.6129 68

1.79 at. % 36.297 0.4033 20.49 1.6722 59

2.83at. % 36.296 0.4568 18.10 1.8940 56

3.53at. % 36.295 0.4854 17.03 2.0126 50

Table 1. Diffraction angle, average particles size, micro strain of pure and Er doped ZnO

nanoparticles.
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Assignments Wave number (cm™) Reference
no.

of ZnO:Er 0 at. % 1.32at. % 1.79 at. % 2.82 at. % 3.52 at. %

O—H stretching 3429 3431 3435 3442 3445 [28,31]

—CH»— stretching 2930 2921 2916 -—-- 2916 [29]

H-O-H bending 1626 1632 1637 1639 1639 [33]

vibration

H-O-H bending 1576 1568 1561 1560 1558 [28]

vibration

Symmetric 1405 1410 1412 1412 1412 [31]

stretching C=0

mode

C-O-C bond 1017 1017 1017 1017 1017 [32]

Zn—0 bond 498 497 492 491 485 [31,33]

Table 2. Functional group analysis of pure and Er doped ZnO nanoparticles from FTIR spectra.

© 2026 Journal of Functional Materials. All Rights Reserved. Page 133



Journal of Functional Materials Volume 33 | Issue 6 | Year 2026
ISSN: 1001-9731 https://journaloffunctionalmaterials.com/

Figures with captions

3.53 at.%Er
e A—qu_

2.83 at.%Er
N AN o\ W

1.79 at.%Er

Intensity (arb. units)

SRS

.

A......_J\-...a—/\fs.w....._._
1.30 at.%Er
Ao i, W, . -
Pure ZnO

0 W, S PO

= __ JCPDS No: 036-1451
— o —— ey —

g &|g S g & e =

E\ T = S E E S5 B

| 8o 9o

| , | o [l

X T T T T T T T T T -
20 30 40 50 60 70 80
20 (degrees)

Fig. 1. XRD patterns of undoped and Er doped ZnO nanoparticles
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Fig. 2. Typical TEM images of (a) pure ZnO and (b) 3 at. % Er doped ZnO nanoparticles.
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Fig. 3. Fourier transform infrared spectra of as-synthesized pure and Er doped ZnO nanoparticles.
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Fig. 4. TGA thermograms of pure and Er doped ZnO nanoparticles.
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Fig. 5. Photoluminescence spectra of pure and Er doped ZnO nanoparticles with (a) Excitation

wavelength 340 nm and (b)Excitation wavelength 367 nm and
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Fig. 6. PL emission spectra of 2.83 at. % of Er doped ZnO nanoparticles with different excitations

wavelengths.

Energy Transfer Mechanisms and Dopant-Dependent Luminescence Properties of Er-ZnO

Nanoparticles
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