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Abstract. The effect of the ZnO/SnO2 ratio on phase formation and optical properties of the Zn-Sn-O
compound was investigated by varying the ZnO/SnO:2 molar ratio (ZnO/SnO: = 1:2, 1:1, 2:1, 3:1, and
4:1). All samples were synthesised with high-energy planetary ball milling, followed by calcination at
1000 °C in the air. The result from X-Ray diffraction patterns (XRD) shows that the single-phase
Zn2SnOs was achieved at the ZnO/SnO:2 ratio of 2:1. Whereas, the mixed phase of ZnO and Zn2SnOs
formed when ZnO is more than SnO: (3:1 and 4:1). On the other hand, the XRD patterns of the
products obtained at a ratio where SnO: is more than ZnO present a mixture of SnO2 and Zn25nOs. The
photoluminescence of the two samples with the ratio of 2:1 and 1:3 gives full-visible range spectra from
400 to 800 nm, which are in the blue-far-red region centred at about 514, 580, and 690 nm.
Temperature-dependent luminescence measurements were also carried out in this work, and the
results indicate that the prepared phosphor Zn-Sn-O at the ZnO/SnO: ratio of 1:2 has thermal stability.
The obtained material was used to coat near UV LED chips, and the WLED possesses the highest CRI
of 95. The Sn02-Zn2SnO4 powder can be used as a phosphor for WLED applications with high CRI and

Ro.
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1 Introduction

In recent years, metal oxide semiconductors
(MOSs), in general, and Zn-Sn-O compounds, in
particular, have attracted much attention from
scientists because of their exciting properties in
photocatalytic

mobility, high
attractive optical properties [3]. Depending on the

activity [1, 2], high electron

electrical conductivity, and
ratio of the chemical composition of ZnO/SnOx,
Zn-5n-0O different phase
formations. For ZnO-5n0O:
nanocomposites have been produced with a
ZnO/SnO2 to 1:0.05 by
Hamrouni et al. [4] and other groups [5-7].

compounds have
instance,
molar

ratio equal

Besides, in Nakhanivej et al.’s previous report [3],

the pure single-phase Zn:SnOs was achieved at
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the mass ratio of 1:1, while the mixed phase of
Zn0O and Zn2SnOs was formed when the portion
of ZnO greater than that of SnO: (3:1 and 2:1).
Among them, Zn2SnO: is considered one of the
most stable phases with an entirely inverse spinel
structure in which Zn?* ions occupy tetrahedral
voids and Sn* ions randomly occupy octahedral
voids [2, 8-14].

All phases of the Zn-Sn-O compounds have
a wide bandgap of about 3.6 eV for the Zn25SnOa
phase [8, 15] or 3.29 eV for ZnO or SnO: [7].
Therefore, they have excellent optical properties,
chemical response, low visible absorption, and
excellent electronic properties that have
numerous promising applications in solid light

[8], gas sensors [15, 16], solar cells [11], and
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photocatalysis [6, 17, 18]. However, compared
with the
photocatalyst

widely reported solar cell and
Zn-5n-O
compounds, there are few reports on their WLED
the effect of the

on phase formation and

application for

application. In addition,
ZnO/SnO:2 ratio
photoluminescence behaviour of the Zn-5n-O
compounds has rarely been reported. Moreover,
the influence of various ratios of ZnO/SnO: on
WLED parameters, such as colour rendering
index (CRI), correlated colour temperature (CCT),
and luminous efficacy of radiation (LER), has not

been studied before.

To address these issues, we synthesised the
Zn-Sn-O compounds with simple high-energy
planetary ball milling, followed by calcination at
1000 °C in air. Besides, the effect of the ZnO/SnO:2
mass ratio on formation  and
studied
systemically by varying the ZnO/SnO: ratio (1:1,
1:2, 2:1, 1:3, 3:1) in the milling process. The last
step was to coat a near UV LED chip with all the

phase

photoluminescence  properties was

obtained samples and evaluate the WLEDs

parameters related to their quality.

2 Experimental

Zinc oxide (ZnO) and tin (IV) dioxide (SnQO2)

(Sigma-Aldrich) were selected for starting
material sources. The process includes three steps:
First, the mixture of ZnO and SnO: was
introduced into a clean mortar for coarse grinding
for 30 minutes. Then, the mixed powder was put
into a Restch PM400 machine for high-energy
planetary ball milling for 10 hours. Finally, the
mixture was calcinated at 1,000 °C for exemplary

phosphor.

X-ray diffraction (XRD) with CuKa (Bruker
D8 Advance) as an X-ray source with a
wavelength of 1.5604 A was used to characterise
the structure of all produced samples. Ultra-high-

resolution scanning electron microscopy (FESEM

84

Jeol JSM-7600F) was used to study surface
morphology and particle sizes. The optical
properties of all obtained products were
examined by using photoluminescence spectra
(PL) and 3D photoluminescence spectra (3D PL).
The produced phosphors were coated directly
onto a near UV LED chip by using the i-DR S320A
Desktop Dispensing system, and the fabricated
LEDs' parameters were measured with the

integral sphere and Colorcalculator-32 system.

3 Results and discussion

3.1 Effect of ZnO/SnO: ratio on structure and
surface ~ morphology of  Zn-Sn-O
compounds

Fig. 1 shows X-ray diffraction patterns of all
samples obtained with different ZnO/SnO: ratios.
Overall, the crystal phase formation of the Zn-Sn-
O compounds is significantly affected by the
varying ratios of ZnO/SnO: (1:2, 1:1, 2:1, 3:1, and
4:1) in the process. It is clear to see from Fig. 1 that
the single-phase of the Zn:5nO4 material has been
formed at the ZnO/SnO: ratio of 2:1. All the
diffraction peaks are indexed to the cubic phase
Zn:SnOs  (JCPDS card no. 00-024-1470, space
group Fd-3m (227), and cell parameters a=b=c =
8.7125 A) [19] and the majority peaks positioned

e ®mZnO =8n0O, ® ZnSnO,

" (4:1)e

- ln A m(3:1) A

(2:1), k
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Fig. 1. XRD patterns of the Zn-Sn-O samples
fabricated with different ZnO/SnO2 ratios
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at 28.62, 33.80, 35.32, 41.17, 54.44, and 59.83° can
be attributed to the (220), (311), (222), (400), (511),
and (440) planes, respectively.

This result is in good agreement with
previous work by Dimitrievska et al. [9]. Using
the high-energy planetary ball milling method,
these authors reported that their energy-
(EDXS)

measurements of the sample obtained at 1,200 °C

dispersive X-ray spectroscopy
shows the Zn/Sn compositional ratios of 1.9 and
1.95 for the undoped and Eu-doped Zn25nOs
samples. Compared with this result, our work
gets a good Zn25nOs phase at a calcination
temperature of 200 °C lower. The reason possibly
belongs to the difference in milling time and
speed. For the mixtures with more ZnO than SnO:
(ZnO/SnO:2 ratio at 3:1 and 4:1), the XRD patterns
show the mixed phase of ZnO and Zn2SnOs,
which can be assigned to excessive Zn ion
participation in the solid-state reaction. All the
diffraction peaks are indexed to the cubic phase
ZnSnOs (JCPDS card No. 00-024-1470, space
group Fd-3m (227), and cell parametersa=b=c =
8.657 A)[19] and hexagonal phase ZnO (JCPDS
card No. 00-005-0664, space group P63mc (186),
and cell constants a = b =3.249 A and ¢ = 5.205 A)
[20]. Whereas, the samples where SnO: is more
than ZnO (ZnO/SnOx: ratio at 1:2 and 1:1), the XRD
patterns present a mixed phase of SnO: and
Zn:SnOs  because of the excessive Sn ion
participation in the solid-state. All the diffraction
peaks are indexed to the Zn:SnOs cubic phase
(JCPDS card No. 00-024-1470, space group Fd-3m
(227), and cell parameters a = b = c = 8.657 A) [19]
and tetragonal phase SnO: (JCPDS card No. 00-
021-1250, space group P42/mm (136), and cell
constants 7 =b=4.738 A and c=3.188 A) [21].

To study the surface morphology and
particles size of the produced samples obtained at
different ZnO/SnO: ratios, we used ultra-high-
emission electron

resolution field scanning

microscopy (FESEM), and the results are shown in
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Fig. 2. It is obvious that all samples have spherical
particles. The average particle size is in the range
of 0.2-0.5 pm, and a big size difference exists
among the samples. Meanwhile, ZnO/SnO2 ratios
significantly ~affect surface morphology and
particle size. The change in the grain size may be
due to the difference in the reaction temperature
between ZnO and SnO: because all samples were
produced under the same conditions, such as
milling time, calcination temperature, rotation

speed, and annealing time.

S

Fig. 2. FESEM images of the Zn-Sn-O sample obtained
at different ZnO/SnO: ratios and calcination
temperature of 1,000 °C

The energy-dispersive X-ray spectroscopy
(EDXS) was used to check the atom composition
and chemical composition of the samples, and the
obtained results are represented in Fig. 3. Three
elements: zinc (Zn), tin (Sn), and oxygen (O) are
present in the as-prepared Zn-Sn-O compound,
confirming fine pure phosphor. Besides, the
element atom composition of all prepared
samples is shown in the EDXS data (the table in
Fig. 3). For the ZnO/SnO: ratio of 2:1, the atom
composition of Zn, Sn, and O is 27.8, 13.2 and

59%, respectively, showing a suitable ratio to form
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Zn2SnOs. When there is more ZnO than SnO:
(ZnO/SnO: ratio of 3:1 and 4:1), the EDS data
demonstrate that the Zn atoms are excessive
during phase transformation, while the excess of

the Sn atoms is present in the inverted case.

Fig. 3. EDS spectra of the Zn-Sn-O sample obtained at
different ZnO/SnO: ratios and calcination temperature

of 1,000 °C

3.2 Effect of ZnO/SnO: ratio on optical
properties of Zn-Sn-O compounds

The band gap, Eg, is one of the essential factors
affecting the optical properties of a phosphor. To
evaluate how various ZnO/SnO: ratios affect the
bandgap change of the materials, we recorded the
UV-Vis spectra of all prepared samples in the
wavelength range of 200-700 nm, examined
optical properties, and estimated the band gap of
the samples (Fig. 4).

To determine the band gap of all samples
obtained at different ZnO/SnO: ratios, we used

Tauc’s formula [22].

Typically, a Tauc’s plot shows the quantity
hv (the energy of light) on the abscissa and the

quantity (ahv)" on the ordinate as formula (1)

86

(o x I x V)= K x (1 x v ~Eg) )

where o is the absorption coefficient of the
material. The value of the exponent r denotes the
nature of the transition where r = 1/2 for direct
allowed transitions and r = 2 for indirect

allowed transitions.

It is known that ZnO, Zn:5nQOs4, and SnO:2
are direct semiconductors [22, 12] and hence, by
plotting (o x h x v)? versus h x v, we can determine
the optical band gap by extrapolating the linear
portion with (h x v) axis when (o x & x v)2=0, as

given in the inset of Fig. 4.
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Fig. 4. UV-Vis spectra of the Zn-Sn-O samples obtained
at different ZnO/SnO: ratios and calcination
temperature of 1,000 °C

For the sample obtained at the ZnO/SnO:
ratio of 2:1, the 3.65 eV,
approximately equal to that of bulk Zn25nOs (3.6

band gap is

eV) [23, 24]. However, for the samples with more
ZnO than SnO:z (ZnO/SnO: ratio of 3:1 and 4:1),
their estimated band gap value is slightly smaller
at 3.25 and 3.2 eV. As pointed out in the XRD
result, X-ray diffraction patterns for ZnO/SnO: at
the ratios of 3:1 and 4:1 show two mixed phases of
ZnO and Zn2SnOs because of the Zn ion excess in
the solid-state reaction. Therefore, we suggest that
the ZnO phase causes the band gap of these two
samples to decrease. Nevertheless, the estimated

band gap of the samples with more SnO: than



Hue University Journal of Science: Natural Science
Vol. 132, No. 1B, 83-91, 2023

pISSN 1859-1388
elSSN 2615-9678

ZnO (ZnO/SnO: ratio at 1:1 and 1:2) is larger than
that in the two other cases (3.68 and 3.76 eV). The
increase of band gap may be due to the
appearance of the SnO: (3.7 eV) [26] phase,
causing the Sn ion excess to appear in the solid-
state reaction, as analysed in the previous XRD

results.

Intensity (a.u.)

S I PO | v
400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 5. PL spectra of the Zn-5n-O samples obtained at
different ZnO/SnO: ratios and calcination temperature
of 1,000 °C

The PL spectra at room temperature were
measured by using Nanolog — Horiba Jobin
Yvon equipment with an excitation wavelength of
310 nm. Fig. 5 represents the PL spectra of the Zn-
S5n-O samples obtained at different ZnO/SnO:
ratios and at the calcination temperature of 1,000
°C. As can be seen from Fig. 5, the PL spectra of
all samples obtained at various ratios of
ZnO/SnO:2 show a strong and broad emission
band from 400 to 1,000 nm with three peaks. The
first and second peaks appear in the green-orange
region at 514 and 580 nm, and the last peak is at
690 nm,
According to Zhao et al. [27, 28], the first peak is

attributed to oxygen vacancies in the host lattice

corresponding to the red region.

Zn25nOs and is responsible for the green emission
band. Meanwhile, Das et al. and other reports [2,
29] confirmed that oxygen vacancy in the ZnO
lattice is responsible for the green emission (520

nm). Nevertheless, the SnO:nanowires produced

DOI: 10.26459/hueunijns.v132i1B.6838

by Domashevskaya et al. show stable
photoluminescence (PL) with one emission peak
centred at around 2 eV (591 nm), which is
associated with oxygen vacancies or surface
defect states in SnO: [30]. For our results, we
conclude that the green-orange region at 514 and
580 nm may be due to the contribution of oxygen
vacancies in the host Zn:SnOs Ilattice at the
Zn0O/SnO:> ratio of 2:1, while for the ZnO/SnO:
samples with the ratio of 1:1 and 1:2, the two
emission bands belong to both oxygen vacancies
in the host Zn25nOx lattice and oxygen vacancies
in SnO2. Indeed, as can be seen from Fig. 5, the PL
intensity of the peaks at 514 and 580 nm increases
with the amount of SnO2, while the PL intensity of
these two peaks decreases for the ZnO/SnO: ratios
of 3:1 and 4:1, when ZnO is more then SnO..
Furthermore, the excitation photoluminescence
(PLE) of the ZnO/SnO:2 1:1 and 1:2 samples shows
strong peak absorption at about 330 nm, close to
the band gap of SnO: (Fig. 6). Meanwhile, we
suggest that the origin of the green-orange region
at 512 and 580 nm is related to oxygen vacancies

in SnO:a.

The nature of the far-red emission (690 nm)
is still questionable. Hu et al. claimed that the
origin of the unusual 630 nm emission band is
related to the Sn and Zn vacancies in Zn2SnOs
phosphor powder. Whereas, Fu et al. [31]
approved that stoichiometry Zn/Sn plays a role in
this emission. In this work, we speculate that the
red emission peak at 690 nm is attributed to the
crystal quality of the Zn2SnOs phase. Specifically,
we suggest that this far-red emission belongs to
the surface defects of the Zn vacancies instead of
the Sn vacancies in Zn2SnOs. Indeed, as shown in
PL spectra (Fig. 5), the intensity of the 690 nm
peak of the two samples with a Zn ion excess is
lower than that of the other samples. This may be
explained by the fact that the Zn vacancies in
Zn2SnOs4 are filled with extra Zn ions, and, thus,

reducing the PL intensity. By contrast, for the
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samples with more SnO: than ZnO, Zn vacancies
and the Zn

vacancies due to the lack of Zn ion caused the

appeared during the process,

increase of PL intensity. However, when the
amount of SnO: increases to a ZnO/SnO: ratio of
1:3, the excess of Sn may fill up the Zn vacancies
because of their close ionic radii (0.74 nm for Zn2
and 0.69 nm for Sn*), resulting in the reduction of
the PL intensity in this sample. In addition, the
effect of different ZnO/SnO: ratios

absorption spectra of obtained samples was

on the

examined by using the PLE spectra, as given in
Fig. 6. The spectra show that for the ZnO/SnO: at
3:1 and 4:1 ratio samples, the PLE spectra present
a high peak at 380 nm (3.26 eV), corresponding to
the band emission of ZnO while it is not observed
for other
agreement with the XRD and EDS results.
Furthermore, this figure also shows that the

samples. This result is in good

suitable excitation wavelengths for all samples are
in the UV range (270-320 nm), and, therefore, we
used UV-LED chips as an excitation source for
creating WLED by coating with the prepared
phosphors.

380

Intensity (a.u.)

380 385 390 395

lavelength (nm)

Intensity (a.u.)

25 300 350 400 450
Wavelength (nm)
Fig. 6. PLE spectra of the Zn-5n-O samples obtained at

different ZnO/SnO: ratios and calcination temperature
of 1,000 °C
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In this part, we coat the UV-LED chips with
the prepared phosphors and evaluate the LEDs’
parameters. The PL spectra and CIE coordinates
of the Zn-Sn-O samples obtained at different
ZnO/SnO: ratios are presented in Fig. 7, and all
LED indices are

Colorcalculator-32 software (Table 1).

evaluated by using

337

4
3056 K /89 CRI/ S8R9/

(1:2)

3329 K/ 95 CRI/ 7%

(1:2)///
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Fig. 7. PL spectra and CIE colour coordinates of the Zn-
Sn-O samples obtained at different ZnO/SnO2 ratios
and calcination temperature of 1,000 °C

The calculated colour coordinates (x, y) for
various ratios of ZnO/SnO: (1:2, 1:1, 2:1, 3:1, and
4:1) samples are as follows: x = 0.3693, y = 0.3707; x
= 0.4515, y = 0.4409; x = 03757, y = 0.3852; x =
0.4685, y = 0.4349; and x = 04375, y = 0.4579,
respectively (Table 1). As can be seen from CIE
values, the colour coordinates of the ZnO/SnO:
samples at the 3:1 and 1:2 ratios are close to
some WLED’s

parameters (Du, correlated colour temperature,

natural white light. Besides,
colour rendering index, and CIE coordinates (x,
y)) are given in Table 1. We can see from Table 1
that the ZnO/SnO: sample with a ratio of 1:2 has

the highest value of colour rendering index (95)
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and good colour temperature (4,277 K), which is
energizing and most closely mimics natural
daylight. Besides, the values of CRI at 92 and CCT
at 5,043 K belong to the 2:1 ratio sample. Hence,
these results demonstrate that we can change the
ratio of ZnO/SnO: to get high CRI in WLEDs.

It is evident that sunlight is a natural source
with colour temperature and high CRI at 5,600 K
and 100. The CRI values of all obtained samples

with various ZnO/SnO: ratios (1:2, 1:1, 2:1, 3:2,
and 4:1) were measured and compared with the
CRI value of the sunlight (Fig. 8). As shown in the
figure, the Ri value of the ZnO/SnO: samples at
the 1:2 and 2:1 ratios is closer to that of sunlight
than others. And hence, we can conclude that
these samples are the most suitable for
transparent luminescent layers and for white

LEDs.

Table 1. WLED parameters (Duv, correlated colour temperature (CCT), colour rendering index (CRI), luminous
efficacy of radiation (LER), and CIE coordinates (x, y)) of LED covered with phosphor

Sample CCT (K) CRI (R.) x y Duv
Zn0O/Sn02(1:2) 4,277 95 0.3693 0.3707 0.0006
ZnO/SnO:2 (1:1) 3,049 89 0.4515 0.4409 0.0120
Zn0O/Sn0O2 (2:1) 5,043 92 0.3757 0.3852 0.0053
ZnO/Sn0:2 (3:1) 2,764 92 0.4685 0.4349 0.0080
Zn0O/SnO:2 (4:1) 3,383 86 0.4375 0.4579 0.0203

100 4

90 4

1—=—(1:1)
70 4 —®— (sunlight)
—a— (1:3)
1|—#—(3:1)
——(1:2)

601 _o—(2:1)

T T T T T T T T T T T T T T
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10R11R12R13R14R15

R

Fig. 8. Comparison of Ri values of prepared samples with different ZnO/SnO: ratios and the sunlight

4 Conclusion

In this study, we report the effect of ZnO/SnO:
ratio on phase formation and photoluminescence
properties of the Zn-Sn-O compounds. For the
phase formation, the pure single phase Zn2SnOs
was achieved at the ZnO/SnO:2 ratio of 2:1, while
either ZnO or SnO: phase could be observed if
there was a Zn or Sn ion excess in the synthesis

system. The particles size was 0.2-0.5 um with

DOI: 10.26459/hueunijns.v132i1B.6838

spherical morphology. The material with the
ZnO/SnO: ratio of 2:1 had a band gap of 3.65 eV.
This parameter could be be smaller or larger
depending on Zn or Sn ion excess in the solid-
state reaction. The ZnO/SnO:2 ratio also caused the
of both
properties of the obtained samples. For the
ZnO/SnO2 and 1:2, the

photoluminescence gave full sunlight spectrum

change emission and absorption
ratios of 2:1

from 400 to 800 nm, and the blue-far-red region
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centered at about 514, 580, and 690 nm. The UV
LED Chip covered with the material at the
ZnO/SnO: ratio of 1:2 exhibits the colour
rendering index at 95 and a colour temperature of
4,277 K, which is energizing and most closely

mimics natural daylight.
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