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Abstract.  The microstructure of Er2O3 polycrystals synthesised by 
laser heating is studied. The synthesis of erbium silicate (Er2SiO5) 
layers was observed upon interaction of Er2O3 and SiO2 melts. The 
dependences of the selective emission (SE) and luminescence spec-
tra of Er2O3 polycrystals in the range 200 – 1700 nm on the inten-
sity of laser-thermal (at the wavelength l = 10.6 mm) and resonant 
laser (l ≈ 975 nm) excitation are investigated. The emission of 
heated Er2O3 polycrystals arises as a result of multiphonon relax-
ation of absorbed energy and is a superposition of the SE at the 
electronic-vibrational transitions of Er 3+ ions and the thermal radi-
ation of the crystal lattice. The shape of the SE spectra of Er2O3 
polycrystals in the range 400 – 1700 nm almost does not change 
upon laser-thermal heating from 300 to 1500 K and subsequent 
cooling and corresponds to the absorption spectra of Er 3+ ions. 
With increasing temperature, the thermal radiation intensity 
increases faster than the SE intensity, and the shape of the Er2O3 
spectrum becomes closer to the calculated spectrum of a blackbody. 
The anti-Stokes luminescence spectra of Er 3+ ions formed under 
intense laser excitation of the 4I11/2 level are explained by addi-
tional SE caused by heating of the crystal matrix due to the Stokes 
losses. A difference between the SE and luminescence spectra is 
observed at low intensities of resonant laser excitation and low tem-
peratures, when only the Stokes luminescence occurs. The tempera-
ture dependences of the SE and luminescence spectra of Er2O3 upon 
laser excitation testify to the fundamental role played by the inter-
action of the electronic f-shell of Er 3+ ions with crystal lattice 
vibrations in the processes of multiphonon radiative and nonradia-
tive relaxation. The laser-thermal synthesis is promising for in-
process variation of the chemical composition of rare-earth sam-
ples.

Keywords: Er2O3, laser-thermal synthesis, microstructure, laser spec-
troscopy, selective emission, luminescence, quantum electronics, 
microelectronics, thermophotovoltaics, hypersonic aerodynamics.

1. Erbium oxide Er2O3 is applied in opto- and microelectron-
ics  [1 – 6],  thermophotovoltaic  generators  [7 – 10],  nuclear 
reactors  [11 – 13],  and  hypersonic  aerodynamics  [14].  The 
luminescence spectra of Er2O3 correspond to the transitions 

between the energy states of the screened 4f 11 electronic shell 
of Er 3+ ions [1, 15, 16]. At increased temperatures, the Er 3+ 
luminescence is quenched due to the multiphonon nonradia-
tive relaxation [3, 4]. Of fundamental interest is to study the 
nature of Er2O3 thermal radiation [9, 17 – 19]. Heating Er2O3 
above  900  K  causes  intense  selective  emission  (SE)  in  the 
range  400 – 1700  nm  with  the  bands  corresponding  to  the 
transitions between the energy states of Er 3+. At T = 1540 – 
1873  K,  the  spectral  emissivity  of  the  bands  Jse( l, T )  = 
Ise ( l, T ) /Ibb( l, T ) £ 0.6  [I se( l, T ), Ibb( l, T ) are the intensities 
of  the  SE  and  thermal  radiation  (TR)  of  a  blackbody]  is 
higher than the emissivity of the pedestal, i.e., of the continu-
ous spectrum of the crystal lattice [20].

The laser synthesis of refractory oxides is used for fabri-
cating  single-  and  polycrystalline  samples,  as  well  as  for 
studying their microstructural, spectral-energy, and thermo-
physical  characteristics  [21 – 25].  In  [26],  the microstructure 
and  transformation  of  the  luminescence  and  SE  spectra  of 
Yb2O3  polycrystals  were  studied  upon  resonant  laser  and 
laser-thermal excitation.

In the present work, we experimentally study the micro-
structure of Er2O3 samples and the transformation of their SE 
spectra in the range 400 – 1700 nm upon laser heating at the 
wavelength l = 10.6 mm up to the melting temperature Tm = 
2691 K  in comparison with  the reflection and  luminescence 
spectra upon intense laser excitation of the  4I11/2 ¬ 4I15/2 tran-
sitions of Er 3+ ions at l » 975 nm.

2.  The  Er2O3  samples  were  synthesised  by  melting 
powders of ultrahigh purity grade  Itb0-1  (dispersion ability 
1 – 50 mm) on a silicon substrate using an ILGN-709 cw CO2 
laser with  the power Plas <  100 W and  the wavelength l =  
10.6 mm at T ³ Tm. The samples were formed due to surface 
tension forces upon multiple melting and recrystallisation of 
the melt in air.

The study of the microstructure and the energy-dispersion 
micro-probe analysis of the elemental composition of the syn-
thesised samples were performed on a JSM-5910LV electron 
microscope with  an  INCA ENERGY analytic  system. The 
X-ray  phase  analysis  was  done  using DRON-4-13  and D8 
Discover diffractometers with GADDS (CuKa radiation), at 
which we obtained the X-ray diffraction patterns of unbroken 
samples.

The shape (Fig. 1a) of the grown Er2O3 samples, as well as 
their chemical and phase composition depended on the syn-
thesis conditions. The surface regions fused by a laser demon-
strate ordered growth steps with a characteristic size of 5 – 
40 mm (Fig. 1b), which testify to a microcrystalline structure 
of the Er2O3 samples synthesised by laser heating. Most of the 
samples had a single-phase cubic modification of Er2O3 (space 
group  Ia-3,  Z  =  16),  whose  lattice  constant  was  precisely 
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determined  from  the  X-ray  diffraction  pattern  to  be  а  = 
10.5637(7) Å. The fused Er2O3 polycrystals have a low defect 
density  [the  angular  width  at  half  maximum  for  the  (222) 
reflection is 0.16°]. Comparison of the X-ray diffraction patterns 
of the unbroken and powdered samples leads to the conclusion 
that the polycrystals have mainly the (001) texture. In some sam-
ples, we observed not only the stable cubic modification but also 
the hexagonal modification (Fig. 1c), which appeared as a result 
of phase transformation at T = 2593 K [27].

The study of the elemental and phase composition on the 
erbium  oxide – quartz  interface  reveals  the  formation  of 
erbium silicate Er2SiO5 in a chemical reaction occurring upon 
laser heating. From  the Z-contrast  image  (Fig.  1d) and  the 
microprobe analysis data, we can conclude that the crystalli-
sation of Er2O3 in the light grey regions (denoted as Spectrum 
1 and Spectrum 2  in Fig. 1d) occurrs without  formation of 
silicate,  while  the  average  atomic  ratio  in  the  dark  regions 
(Spectrum 3 and Spectrum 4) is Er : Si : O = 25.02 : 12.45 :62.48, 
which corresponds to the stoichiometry of Er2SiO5. The pres-
ence  of  the  Er2SiO5  phase  is  also  confirmed  by  the  X-ray 
phase analysis.

3. The temperature dependence of the spatial intensity dis-
tribution of the emission of polycrystalline Er2O3 samples in 
the  visible  region upon  laser-thermal  excitation was  experi-
mentally studied using a Sony DSC-HX7V photo-video cam-
era. The Er2O3 samples attached by melting to the face of a 
quartz  rod 3 mm  in diameter were heated during 30  s by a 
repetitively  pulsed  (0.66/20  ms)  CO2  laser  with  an  average 
power  of ~2 W.  The  radiation  intensity  on  the  surface  of 

samples was varied by moving a NaCl lens with a focal length 
of 40 cm along the optical axis of the CO2 laser. The surface 
temperature of Er2O3 polycrystals with  a  thermal  radiation 
coefficient of 0.4 at l = 1 mm [20] was measured by a ‘Piton-
104’ pyrometer to be no higher than 1400 K. Figure 2 shows 
a set of frames (spaced by 5 s) of the transformation of the SE 
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Figure 1. Microphotographs of an Er2O3 polycrystal synthesised by laser heating (a); growth steps of Er2O3 microcrystals (b); X-ray diffraction 
pattern of an Er2O3 sample with admixture of a hexagonal modification, whose reflections are marked by arrows (c); and interfaces between the 
Er2O3 (Spectrum 1 and Spectrum 2) and Er2SiO5 (Spectrum 3 and Spectrum 4) phases (d).
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Figure 2. Er2O3 polycrystalline sample on a quartz rod 3 mm in diam-
eter (a) and transformation of its emission intensity distribution in the 
visible region spaced by 3 – 5 s after switching on of a CO2 laser with a 
power of ~2 W (b – d).
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intensity distribution on a sample after stepwise switching on 
of laser radiation. Heating of the sample by absorbed radia-
tion in the region of a laser spot smaller than 1 mm in diame-
ter  is  accompanied by an  increase  in  the  emission area and 
intensity, as well as by a change in the emitting surface colour 
from red  to yellow and  then  to white. Deep under  the  face 
surface, the sample is heated to a lower temperature due to a 
low thermal conductivity. The emission of Er2O3 polycrystals 
ceases  approximately  one  second  after  cutting  off  the  laser 
beam.

4.  The  reflection  and  emission  spectra  of  Er2O3  in  the 
regions  of  300 – 1100  and  1100 – 1700  nm were  recorded  by 
AvaSpec-2048  and  NIR128-1.7-RS232  fibre-coupled  spec-
trometers. Figures 3a, 3b show the reflection spectra of Er2O3 
polycrystals  synthesised  by  laser  heating  (the  absorption 

bands in the visible and near-IR spectral regions are denoted 
by the corresponding terms of the excited electronic states of 
Er 3+ ions).

The  emission  spectra of Er2O3 polycrystals  in  the  range 
400 – 1700  nm  were  studied  upon  stepwise  switching  on 
(Figs 3c, 3d) and off (inset in Fig. 3c) of a repetitively pulsed 
CO2 laser with an average power of ~2 W. The figures show 
the times of recording of the spectra.

The  SE  spectra  of  Er2O3  polycrystals  in  the  range 
1100 – 1700 nm in Fig. 3d consist of bands in the region of the 
4I13/2 ® 4I15/2 transitions with the maxima at l » 1475, 1545, 
and 1640 nm, which correspond to the absorption spectra in 
Fig. 3b. The shape of the spectra almost does not change as 
the  laser  radiation  intensity  increases by ~250  times and  is 
similar  to  the  luminescence  spectra  of  impurity  oxides 
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Figure 3. Reflection spectra of Er2O3 polycrystals (a, b), SE spectra of Er2O3 polycrystals at the 4F9/2, 4I9/2, 4I11/2, 4I13/2 ® 4I15/2 transitions at different 
time moments (figures at the curves) upon stepwise switching on (c, 3 – 33 s; and d) and off (c, 36 – 39 s) of laser-thermal excitation, excitation spec-
tra of the 4I11/2 level of Er 3+ ions at l ≈ 975 nm at the laser excitation intensity Ilas ≈ 48 W cm–2 ( 1 ) and luminescence spectra of the 4I11/2 ® 4I15/2 
transitions at Ilas = 6320 ( 2 ), 8000 ( 3 ), 9600 ( 4 ), 13120 ( 5 ), and 16000 W cm–2 ( 6 ) (e), and luminescence spectra of the 4I13/2 ® 4I15/2 transitions at 
Ilas ≈ 112 ( 1 ), 456 ( 2 ), 800 ( 3 ), 1160 ( 4 ), 1560 ( 5 ), 1920 ( 6 ), 2320 ( 7 ), 3040 ( 8 ), 3840 ( 9 ), and 4320 W cm–2 ( 10 ) (f).
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Er 3+ : SiO2 and Er 3+ : Al2O3 [1, 22]. The intensity of SE bands 
is some orders of magnitude higher than the intensity of the 
equilibrium TR of the crystal lattice (pedestal).

The dependence of the SE spectra of Er2O3 polycrystals in 
the  range  400 – 1100  nm  on  the  laser  heating  duration  was 
studied  using  an  AvaSpec-2048  spectrometer  by  the  same 
method. The spectra were recorded upon stepwise switching 
on and off of the CO2 laser. The spectrometer sensitivity was 
corrected by the TR spectrum of a reference tungsten lamp. 
The  recorded  SE  spectra  (Fig.  3c)  consist  of  broad weakly 
structured bands of  the  4F9/2,  4I9/2,  4I11/2 ®  4I15/2  transitions 
corresponding  to  the  absorption  spectra  of  Er 3+  in  Er2O3 

polycrystals. From the SE spectra, one can conclude that the 
change of the target colour from red to yellow with changing 
the laser radiation intensity is caused by mixing of the spectral 
bands at l = 660 and 530 nm. According to [20], the spectral 
selectivity is retained up to 1873 K.

The  luminescence  spectra  of  Er2O3  polycrystals  in  the 
range 1100 – 1700 nm  (Fig. 3f) were  studied under  resonant 
excitation of the 4I11/2 level of Er 3+ ions by cw radiation of a 
fibre coupled (core diameter 400 mm) laser diode array with 
the power Plas < 20 W at l » 975 nm. The radiation power 
was varied by the array current. Figure 3f shows the lumines-
cence spectra of Er 3+ ions in Er2O3 polycrystals correspond-
ing to the 4I13/2 ® 4I15/2 transitions at different intensities Ilas 
of resonant laser excitation of the 4I11/2 ¬ 4I15/2 transitions at 
l » 975 nm. The shapes of the SE and luminescence bands of 
Er2O3 polycrystals almost coincide in the entire region of exci-
tation intensities. An exception is the luminescence peak at 
l = 1570 nm and Ilas  £ 2000 W cm–2. As the excitation power 
Plas increases by a factor of ~40, the intensity of the lumines-
cence peak at l » 1550 nm increases by ~250 times (Fig. 3f) 
and is interpolated by the formula Imax = 212exp(Plas /0.97) + 
76. The nonlinear intensity increase in this region of the lumi-
nescence spectrum is obviously related to an additional ther-
mal multiphonon excitation of the 4I13/2 level due to increas-
ing temperature.

The  luminescence  spectra  of  Er2O3  polycrystals  in  the 
region of 400 – 1100 nm were studied upon similar excitation 
of the 4I11/2 level of Er 3+ ions by the same diode laser array. 
Figure 3e shows the spectra of pump radiation ( 1 ) and lumi-
nescence of Er2O3 polycrystals ( 2 – 6 ) at different laser radia-
tion intensities. The resonant luminescence line at l = 975 nm 
is subtracted from the spectra for demonstration of compo-

nents with lower intensities. At the laser excitation intensity 
Ilas £ 8 kW cm–2, the spectra contain only the Stokes compo-
nents [Fig. 3e, curves ( 2 ) and ( 3 )] with respect to the 4I11/2 ® 
4I15/2 luminescence excitation spectrum [Fig. 3e, curve ( 1 )]. At 
higher excitation intensities, the spectra also show anti-Stokes 
bands corresponding to the SE at the 4I9/2 ®  4I15/2, 4F9/2 ® 
4I15/2,  and  2H11/2,  4S3/2 ®  4I15/2  electronic-vibrational  transi-
tions  of  Er 3+  ions  [Fig.  3e,  curves  ( 4 )  and  ( 5 )]  due  to  an 
increase  in  the  sample  temperature. Further  increase  in  the 
excitation intensity is accompanied by a decrease in the inten-
sity of these transitions with respect to the TR pedestal of the 
crystal lattice.

Let  us  compare  the  experimental  SE  spectra  of  Er2O3 
polycrystals at low and high temperatures. The SE spectra of 
Er2O3 polycrystals  in  the  range  300 – 1100 nm  (Fig.  4a)  are 
measured  with  the  highest  possible  sensitivity  of  the 
AvaSpec-2048 spectrometer without sensitivity correction. At 
a  small  reversible variation  in  the  intensity of  laser-thermal 
excitation  with  a  repetition  rate  exceeding  1  Hz,  the  Er 3+ 
spectra  (shifted along  the ordinate axis  in Fig. 4a  for clear-
ness) appear as luminescence bursts on the background with 
unchanged shape of electronic-vibrational SE bands.

At  the  sample  surface  temperature higher  than 1500 K, 
the selectivity of spectra decreases due to an  increase  in the 
emissivity  of  the  continuous  spectrum  of  the  crystal  lattice 
[20], and the laser spot becomes white. The shape of the nor-
malised  experimental  spectrum  of  the  Er2O3  laser  melt 
[Fig. 4b, curve ( 1 )] is close to the calculated TR spectrum of a 
blackbody [Fig. 4b, curve ( 2 )] at T = Tm. The minima of the 
laser  melt  spectrum  correspond  to  the  Er2O3  absorption 
bands in Fig. 3a and are explained by the self-absorption of 
Er 3+ radiation in the cooler regions of the samples.

5. It is experimentally found that the Er2O3 samples syn-
thesised by laser heating have a dense cubic microcrystalline 
structure with the lattice constant а = 10.5637(7) Å [27]. The 
temperature resistance of oxide samples on a quartz substrate 
under  the  extremal  conditions  of  synthesis  and  hypersonic 
aerodynamics [14] is related to the microstructure of the inter-
face  at  which  the  laser  welding  causes  a  chemical  reaction 
with formation of the erbium silicate phase Er2SiO5.

The  colour  of  Er2O3  polycrystals  heated  by  a  quasi-cw 
laser is determined by the steady-state temperature distribu-
tion formed in the processes of multiphonon and electronic-
vibrational relaxation of laser energy absorbed by the crystal 
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Figure 4. SE spectra of Er2O3 polycrystals near the detection threshold at different laser-thermal excitation intensities (a), as well as normalised 
spectra of Er2O3 laser melt ( 1 ) and a blackbody ( 2 ) at Tm = 2691 K (b).
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lattice and depends on the heat conduction and self-radiation. 
The  local radiation spectrum of Er2O3 samples  in the range 
400 – 1700  nm  is  a  superposition  of  the  SE  spectra  of  elec-
tronic-vibrational transitions of Er 3+ ions and the TR of the 
crystal  lattice. The relative SE and TR intensities are deter-
mined by  the  local  temperature-dependent  emissivity of  the 
Er 3+ electronic states Jse(l, T ) and the crystal lattice Jcl(l, T ).

In  the  process  of  heating  of  Er2O3  polycrystals,  the  SE 
spectral bands arise on the background as bursts of lumines-
cence.  The  SE  spectra  of  Er2O3  polycrystals  in  the  range 
400 – 1700 nm at T < 1400 K correspond  to  the absorption 
spectra of Er 3+ ions and their shape is almost independent of 
temperature. The intensity of SE bands of Er2O3 polycrystals 
in the quasi-cw regime is many times higher than the TR ped-
estal  intensity  because  Jse  >>  Jcl  and    Jse  changes  synchro-
nously with the laser radiation intensity. In this case, the SE 
of Er2O3 polycrystals upon  laser-thermal excitation of  their 
surface  is  a  thermodynamically  nonequilibrium  process.  In 
this  temperature  region,  the  SE  is  identical  to  the  lumines-
cence  of  Er 3+  ions,  the  possibility  of  which  under  thermal 
(multiphonon) excitation was discussed in [28]. The lumines-
cence spectra of Er2O3 polycrystals under intense laser excita-
tion of the 4I11/2 level of Er 3+ ions are similar to the SE spec-
tra.  The  anti-Stokes  luminescence  bands  of  Er 3+  ions  are 
explained by the appearance of additional SE caused by heat-
ing of  the  crystal matrix due  to multiphonon  relaxation. A 
difference  between  the  SE  and  luminescence  spectra  is 
observed at low temperatures and low resonant laser excita-
tion intensities, when only the Stokes luminescence occurs. A 
similar transformation of the SE and luminescence spectra of 
Yb2O3 polycrystals was studied in [26], while the cathodolu-
minescence and SE of Er2O3  oxides and Er 3+ : YAG crystals 
upon electron beam excitation was considered in [29].

In the region of T = 1540 – 1873 K, the emissivities of 
the SE and the TR pedestal are comparable, Jse » Jcl. At 
T  » Tm = 2691 K, the condition Jse < Jcl is fulfilled and the 
emissivity of  the Er2O3 melt becomes closer  to  the black-
body  emissivity  Jbb.  Note  that  the  saturation  of  the  SE 
intensity  with  increasing  laser  excitation  intensity  occurs 
due to a phase transition near the melting temperature of 
Er2O3 [23].

The temperature dependences of the SE and luminescence 
spectra  of  Er2O3  polycrystals  upon  laser-thermal  and  reso-

nant  laser  excitation  testify  to  the  fundamental  role  of  the 
interaction of the electronic 4f11 shell of Er 3+ ions with intrin-
sic vibrations of the crystal lattice in the process of multipho-
non radiative and nonradiative relaxation.

The energy balance upon laser heating of Er2O3 polycrys-
tals in the stationary case is described by the relation

(1 – r)IlasS = Ph + Pse + Pt,

where  r  is  the  laser  radiation  reflection  coefficient, S  is  the 
laser beam cross section, and Ph, Pse, and Pt are the powers of 
heat  losses,  selective  emission,  and  continuous  radiation  of 
the target. A decrease in Ph is accompanied by an increase in 
the coefficient of absorbed energy conversion into the target 
emission. The energy efficiency of SE and TR in Er2O3 poly-
crystals is characterised by the temperature-dependent emis-
sivities of Er 3+ ions Jse and crystal lattice Jcl. At low tempera-
tures, Jse >> Jcl and Pse >> Pt. With increasing temperature, Pt  
increases faster than Pse, and the shape of the integral spec-
trum of Er2O3 becomes closer to the shape of the blackbody 
spectrum. The temperature dependence of the Jse and Jcl ratio 
is obviously caused by the quantum nature of the correspond-
ing radiative transitions.

The time dependences of the intensities of the SE spectral 
bands in the range 400 – 1100 nm and of the central SE maxi-
mum at l » 1545 nm (Fig. 5) upon stepwise switching on and 
off of the CO2 laser testify that the population of energy levels 
depends on the electron temperature Te = T stable at the given 
time scale,  i.e., point to the thermal excitation of Er 3+ ions. 
The shape of the leading edges of the SE intensity is interpo-
lated by the formula I » 103{1 – [1 + (t/10)3]–1}. The SE inten-
sity decay is exponential with the time constant t » 1 s. The 
smooth rise and the steep fall of the SE of Er2O3 polycrystals 
upon the stepwise switching on and off of laser radiation are 
determined by a power balance of heating with thermal and 
radiative losses.

The  synthesis  of  rare-earth  samples  with  variable 
chemical  composition  by  laser  heating  is  promising  for 
efficient  investigations  of  the  microstructure,  spectral-
kinetic,  and  thermophysical properties of models of dif-
ferent forms and for applications in quantum electronics, 
microelectronics,  thermophotovoltaics,  and  hypersonic 
aerodynamics.
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