
Vol.:(0123456789)

Journal of the Korean Physical Society (2022) 80:257–264 
https://doi.org/10.1007/s40042-021-00363-0

Vol.:(0123456789)1 3

ORIGINAL PAPER - CROSS-DISCIPLINARY PHYSICS AND RELATED AREAS OF SCIENCE 
AND TECHNOLOGY

Effects of substrate temperature on the structure and luminescence 
of transparent red‑emitting Eu‑doped  Y2O3 thin films

Do Hyeong Kim1 · Joo Han Kim1

Received: 15 October 2021 / Revised: 26 November 2021 / Accepted: 30 November 2021 / Published online: 18 January 2022 
© The Korean Physical Society 2022

Abstract
Transparent red-emitting Eu-doped  Y2O3 thin films were deposited by radio frequency magnetron sputtering and the effects 
of substrate temperature on their structure and luminescence were investigated. X-ray photoelectron spectroscopy measure-
ments showed that the stoichiometric  Y2O3 was formed and the Eu ions were incorporated mainly in the form of  Eu3+ in 
the films. The  Y2O3:Eu films had a mixed crystalline structure consisting of monoclinic and cubic phases at low substrate 
temperatures. A single phase of cubic structure was obtained at substrate temperatures above 300 °C and the films were 
preferentially oriented along the [111] direction. The  Y2O3:Eu films deposited at room temperature were under residual 
compressive strain, which was decreased with increasing substrate temperature. The  Y2O3:Eu films showed the photolumi-
nescence with the most intense peak at 613 nm which originated from the transition between the 5D0 and 7F2 states in  Eu3+ 
ions. The PL intensity was increased and the spectral linewidth was decreased with increasing substrate temperature. All 
the  Y2O3:Eu films showed good transparency with an optical transmittance greater than 80% in the wavelength region from 
400 to 1100 nm. The transmittance of the  Y2O3:Eu films was decreased as the substrate temperature increased, which was 
due to the increased surface roughness of the films.
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1 Introduction

Thin films of yttrium sesquioxide doped with europium 
 (Y2O3:Eu) have attracted much attention in the areas of dis-
play technologies. This is because  Y2O3:Eu is a preeminent 
red-emitting luminescent material with a high luminescence 
quantum yield [1–3].  Y2O3:Eu can be prepared in the form 
of thin films and powders. It is advantageous to use  Y2O3:Eu 
in thin-film form because it offers several benefits compared 
to its powder form [4–6]. Thin-film  Y2O3:Eu exhibits a 
smooth surface with uniform thickness and dense structure. 
This enables to make smaller pixel sizes and allows a higher 
resolution display screen. In addition, thin-film  Y2O3:Eu is 
well adhered to a substrate and shows high thermal stability.

Another advantageous property of thin-film  Y2O3:Eu is 
optical transparency. Thin-film  Y2O3:Eu has a smooth sur-
face which leads to low light scattering and high transpar-
ency. Transparent display panels can be fabricated using 
transparent luminescent thin films. Organic light emitting 
diodes (OLEDs) are usually applied to make a transparent 
display. However, OLEDs suffer from degradation issues 
because organic materials are extremely sensitive to mois-
ture and oxygen [7, 8]. Organic materials used in OLEDs 
also have drawbacks of low thermal stability and mechani-
cal strength [8, 9]. Robust transparent displays can be made 
using  Y2O3:Eu because it is much more thermally and 
chemically stable and mechanically stronger than organic 
materials. A recent study showed that transparent elec-
troluminescent display devices can be fabricated using an 
 Y2O3:Eu-based multilayer structure [10].

Thin-film  Y2O3:Eu can be prepared by a wide range of 
thin-film deposition techniques, such as spray pyrolysis [4], 
electron beam evaporation [5], atomic layer deposition [10], 
sputtering [11], electrodeposition [12], metal–organic chem-
ical vapor deposition (MOCVD) [13], electrostatic-assisted 
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CVD [14], pulsed laser ablation [15], and sol–gel process 
[6]. Among them, the sputtering technique has advantages, 
such as simple processing structure and in-line manufac-
turing capabilities. For sputter deposition of thin films, 
substrate temperature is of critical importance in obtaining 
high-quality thin films. Therefore, we investigated the effects 
of substrate temperature on the properties of  Y2O3:Eu films 
prepared by sputtering. The correlations of the photolumi-
nescent emission and optical transmittance with the crystal-
line structure and surface morphology of the  Y2O3:Eu films 
were examined.

2  Experiments

Thin-film  Y2O3:Eu was deposited using a radio frequency 
(RF) magnetron sputtering technique. Sputtering was carried 
out on sapphire (0001) substrates using an Eu-doped  Y2O3 
target in an Ar gas atmosphere. Prior to deposition of the 
films, the sputtering chamber was pumped by a turbomo-
lecular pump until a base pressure of less than 1 ×  10–6 Torr 
was achieved. The deposition was performed in the sub-
strate temperature range from room temperature (25 °C) to 
600 °C. The gas pressure and the RF power density were 
held at 2 ×  10–2 Torr and 5.92  Wcm−2, respectively, during 
deposition.

The chemistry of the  Y2O3:Eu films was examined by 
X-ray photoelectron spectroscopy (XPS, Ulvac Phi) using 
Al  Kα radiation. The crystalline quality of the  Y2O3:Eu 
films was investigated by X-ray diffraction (XRD), which 
was performed using a SmartLab Rigaku diffractometer with 
Cu  Kα radiation. The XRD patterns were collected in the 
10–80° 2θ range. The phases were identified by comparing 
experimental data with those from the Joint Committee on 
Powder Diffraction Standards (JCPDS) database. The sur-
face morphology of the  Y2O3:Eu films was examined by 
atomic force microcopy (AFM) with a Bruker Dimension 
Icon. The photoluminescence (PL) emission spectra of the 
 Y2O3:Eu films were measured using a Perkin Elmer LS 55 
spectrometer. The PL spectra were measured after excitation 
at a wavelength of 207 nm. The optical transmittance spectra 
of the  Y2O3:Eu films were measured using a Perkin Elmer 
Lambda 35 spectrophotometer in the range of 190–1100 nm.

3  Results and discussion

Figure 1 shows the survey scan spectra of X-ray photoelec-
tron spectroscopy for the  Y2O3:Eu films deposited at differ-
ent substrate temperatures. The spectra were collected before 
and after surface etching by  Ar+ ion beam etching for 3 min 
at 3 keV. It can be found that all the films mainly contained 
Y, O, and Eu elements. As shown in Fig. 1a, before surface 

etching, C 1s and C KLL Auger peaks were detected due to 
the surface contamination from ambient exposure. As seen 
in Fig. 1b, the C 1s and C KLL Auger peaks disappeared, 
indicating that the contaminated carbon on the surface was 
completely eliminated after surface etching. The Ar 2p sig-
nal appeared, revealing that Ar was implanted by  Ar+ ion 
beam etching.

Figure 2 shows the XPS core level spectra of C 1s, Y 3d, 
O 1s, and Eu 4d regions for the  Y2O3:Eu films deposited 
at 600 °C. Figure 2a, c, e, and g are the spectra obtained 
before surface etching. Figure 2b, d, f, and h are the spectra 
obtained after surface etching. As shown in Fig. 2a, the C 
1s peak was deconvoluted into three components. The main 
component with binding energy at 284.8 eV can be identi-
fied as C–C bond. The other two components centered at 
285.93 and 289.23 eV correspond to C–O–C and O–C=O 
bonds, respectively. As can be seen in Fig. 2b, these carbon 
contamination peaks were completely removed by surface 
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Fig. 1  XPS survey spectra of the  Y2O3:Eu films deposited at differ-
ent substrate temperatures. The spectra were measured a before and b 
after surface etching
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Fig. 2  XPS core level spectra of a and b C1s, c and d Y3d, e and f O1s, and g and h Eu4d regions for the  Y2O3:Eu films deposited at 600 °C
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etching. Figure 2c and d show the Y 3d spectra before and 
after surface etching, respectively. The Y 3d peak shows 
two pairs of components, which can be identified by two 
different spin–orbit doublets. The first pair of the Y  3d5/2 
and  3d3/2 components with binding energies at 156.50 ± 0.02 
and 158.55 ± 0.02 eV, respectively, is assigned to Y–O bond 
[16], showing that the stoichiometric  Y2O3 was formed. The 
second pair of the Y  3d5/2 and  3d3/2 components appears 
at 157.70 ± 0.16 and 159.75 ± 0.16 eV, respectively, which 
is assigned to hydroxylated Y–OH bond caused by atmos-
pheric moisture. After surface etching, as shown in Fig. 2d, 
the Y–OH components are still detectable although their 
intensities are reduced. This is because the hydroxylated 
 Y2O3 is easily formed due to hygroscopic nature of  Y2O3 
[17].

Figure 2e and f show the O 1s spectra before and after 
surface etching, respectively. As shown in Fig. 2e, before 
surface etching, the O 1s peak shows three components. The 
component located at 529.11 ± 0.05 eV corresponds to O–Y 
bond [16], showing the presence of stoichiometric  Y2O3, 
which is consistent with the Y 3d spectra analysis. The com-
ponent at 531.31 ± 0.03 eV originates from hydroxyl groups 
[18]. The component at 532.36 eV is related to the oxy-
gen bonded to carbon [19]. After surface etching, as shown 
in Fig. 2f, the intensity of the component from hydroxyl 
groups decreased. The component from the oxygen bonded 
to carbon disappeared, indicating that the contaminated 
carbon was removed by surface etching. Figure 2g and h 
show the Eu 4d spectra before and after surface etching, 
respectively. The Eu 4d peak can be deconvoluted into two 
pairs of spin–orbit doublets. The doublet peaks located at 
135.46 ± 0.07 and 140.96 ± 0.07 eV can be ascribed to the 
 4d5/2 and  4d3/2 binding energies, respectively, from  Eu3+ 
ions. Another doublet peaks located at 128.4 ± 0.1 and 
133.9 ± 0.1 eV correspond to the  Eu2+  4d5/2 and  Eu2+  4d3/2, 
respectively. The intensities of  Eu3+ peaks are higher than 
 Eu2+ peaks, showing that Eu ions were mainly in the form 
of  Eu3+ in the films. The intensities of  Eu2+ peaks increased 
after surface etching, which resulted from preferential 
removal of oxygen by  Ar+ ion beam sputtering.

Figure 3 shows the PL emission spectra of the  Y2O3:Eu 
films deposited at temperatures between 200 and 600 °C. 
No PL emission was observed from the films deposited at 
room temperature. The PL spectra consist of a series of 
emission peaks originating from the transitions of  Eu3+ ions. 
All the emission peaks are attributed to the transitions from 
the 5D1 and 5D0 excited states to the 7FJ ground state. The 
most intense peak is located at 613 nm which is from the 
5D0 to 7F2 transition, as labeled in Fig. 3. These PL spec-
tra, together with the XPS spectra, clearly show that the Eu 
ions were incorporated mainly in the form of  Eu3+ in the 
films. Figure 4 shows the intensity and the spectral linewidth 
for the PL emission at 613 nm as a function of substrate 

temperature. The spectral linewidth was measured as the full 
width at half maximum of the PL emission peak at 613 nm. 
As can be seen in Fig. 4, the PL intensity was increased and 
the spectral linewdith was decreased with increasing sub-
strate temperature. As will be explained below, this is attrib-
uted to the improved crystalline quality and the increased 
surface roughness of the films.

Figure 5 shows the XRD patterns of the  Y2O3:Eu films 
deposited at different substrate temperatures. The films 
deposited at room temperature show the peaks correspond-
ing to monoclinic and cubic  Y2O3 phases. The diffraction 
peaks from the cubic phase are marked with Miller indices 
[20]. The peaks marked with the symbol (▼) correspond 
to the monoclinic phase [21]. These diffraction peaks show 
that the films deposited at room temperature had a mixed 
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crystalline structure consisting of monoclinic and cubic 
phases.  Y2O3 typically crystallizes in a thermodynamically 
stable cubic structure. However, it is known that the mono-
clinic structure of  Y2O3 could also be formed when the  Y2O3 
films were deposited at low substrate temperature under 
low oxygen partial pressure [22]. As the substrate tempera-
ture increased to 300 °C, the intensities of the cubic peaks 
were increased while those of the monoclinic peaks were 
decreased. At temperatures above 300 °C, the monoclinic 
peak disappeared completely and only the cubic peaks were 
observed, showing that the films had a single phase of cubic 
structure. It can also be found from Fig. 5 that the  Y2O3:Eu 
films deposited at high temperatures were preferentially ori-
ented along the [111] direction. It is known that the (111) 
planes have the lowest surface energy in fluorite-derivative 
oxides [23]. Therefore, it is reasonable that the films hav-
ing the cubic bixbyite  Y2O3 structure are textured along the 
[111] direction.

Figure  6 shows the full width at half maximum 
(FWHM) of (222) diffraction peak as a function of sub-
strate temperature. The FWHM was decreased as the sub-
strate temperature increased, indicating an improvement in 
the crystalline quality of the films. This suggests that the 
 Y2O3:Eu films deposited at higher substrate temperatures 

have fewer structural defects such as grain boundaries. 
These defects are known to act generally as non-radiative 
recombination centers, consequently reducing the lumines-
cence efficiency. It can therefore be found that depositing 
 Y2O3:Eu films at higher substrate temperature reduces the 
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number of the structural defects in the films, thereby lead-
ing to higher PL intensity.

Figure 7 shows the residual strain of the films as a func-
tion of substrate temperature. The strain (ε) value was calcu-
lated using the equation, ε = [(afilm −  abulk)/abulk], where  abulk 
is the lattice parameter of bulk  Y2O3. It can be found from 
Fig. 7 that the films were under residual compressive strain, 
which was decreased with increasing substrate tempera-
ture. The observed strain in the films is likely to be intrinsic 

because the thermal strain induced by the difference between 
thermal expansion coefficients of the sapphire substrate and 
the  Y2O3:Eu film is significantly lower than the measured 
strain. As substrate temperature increases, atom diffusion 
is enhanced and structural defects are reduced, resulting in 
the relaxation of the residual strain in the films. Therefore, 
the strain in the films decreases with increasing substrate 
temperature.

Figure 8 shows AFM images of the  Y2O3:Eu films. As 
can be seen in Fig. 8a, the  Y2O3:Eu films deposited at 
room temperature exhibited a granular surface structure. 
The grains were uniformly distributed on the surface of the 
films. As the substrate temperature increased, the grain size 
was increased and the grain shape changed to a pyramidal 
faceted structure. Figure 9 shows the surface roughness of 
the  Y2O3:Eu films as a function of substrate temperature. It 
can be seen that the surface roughness was increased as the 
substrate temperature increased. These AFM results indi-
cate that the crystalline quality of the  Y2O3:Eu films was 
improved with increasing substrate temperature. Figure 10 
presents the optical transmittance spectra obtained from the 
 Y2O3:Eu films deposited at different substrate temperatures. 
All the films showed good transparency with a transmit-
tance greater than 80% in the wavelength region from 400 
to 1100 nm. The films became completely absorbing near 
210 nm, indicating an optical absorption edge in deep ultra-
violet region. It can be seen that the transmittance of the 
 Y2O3:Eu films was decreased as the substrate temperature 
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increased. This resulted from the increased surface rough-
ness of the films deposited at higher substrate temperatures.

4  Conclusion

We have investigated the structure and luminescence of 
transparent red-emitting  Y2O3:Eu thin films deposited at dif-
ferent substrate temperatures. XPS measurements showed 
that the stoichiometric  Y2O3 was formed and the Eu ions 
were incorporated mainly in the form of  Eu3+ in the films. 
As the substrate temperature increased, the structure of the 
 Y2O3:Eu films changed from a mixed structure of mono-
clinic and cubic phases to a single phase of cubic structure. 

The films deposited at high temperatures were preferentially 
oriented along [111] direction. The residual compressive 
strain of the  Y2O3:Eu films was decreased with increas-
ing substrate temperature. The PL spectra of the  Y2O3:Eu 
films consisted of a series of emission peaks with the most 
intense peak at 613  nm originating from the transition 
between the 5D0 and 7F2 states in  Eu3+ ions. The PL inten-
sity was increased and the spectral linewidth was decreased 
with increasing substrate temperature. The  Y2O3:Eu films 
exhibited a transmittance greater than 80% in the wavelength 
region from 400 to 1100 nm. As the substrate temperature 
increased, the transmittance of the  Y2O3:Eu films decreased 
due to the increased surface roughness.
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