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bstract

ttrium aluminium garnet (YAG) powders and thin films deposited on silicon substrates were prepared by an aqueous sol–gel route using metal
itrates. The sol–gel process resulted in an amorphous gel, and the thermal decomposition and successive crystallization were characterized by
hermal analysis and X-ray diffraction. Powders were prepared by heat treatment of the amorphous gel, while crack-free thin films of densely
acked nano-crystalline particles were obtained on silicon substrates by dip-coating technique. Photoluminescence (PL) properties as well as

p-conversion (anti-stoke emission) of Er, Yb co-doped YAG phosphors were investigated. Green (555 nm) and red (650 nm) photoluminescence
p-conversion emissions arising due to 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively for Er3+ ion were observed. Photoluminescence
nd radiative life-times of the exited states of Er3+ in the visible and near IR ranges are also reported.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Yttrium aluminium garnet (YAG, Y3Al5O12) ceramics are
sed in numerous applications as structural and engineering
aterials and as host for solid state lasers and phosphors.1–9

AG demonstrates a high chemical stability, low electrical con-
uctivity as well as high resistance to creep.6,7,10–12 Moreover,
AG is doped with trivalent erbium (Er3+) and ytterbium (Yb3+)
mits light in UV, visible and IR spectrum. Also, Er3+ and Yb3+

an convert photons from the infrared (IR) to the visible light by
ultiphoton absorption processes, which could be attractive for

he light harvesting applications. The photoluminescence (PL)
roperties of phosphors strongly depend on the host lattice, type
nd concentration of activator ion,13 crystallite and particle size,

nd surface morphology.14

The conventional route to YAG is the solid state synthesis
ethod, but in order to achieve a large degree of homogeneity,

∗ Corresponding author. Tel.: +47 735 94084; fax: +47 735 91105.
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mall particle size and thin film soft chemistry techniques are
esired. YAG and rare earth doped YAG thin films and powders
ave been produced by various techniques, such as electrochem-
cal synthesis,15 spray-inductively coupled plasma,16 plasma
pray process,17 pulsed laser deposition (PLD),18 sol–gel19–21

nd metal-organic chemical vapour deposition (MOCVD).22 In
rder to achieve desirable properties of the thin films, precise
ontrol of phase homogeneity, particle size and morphology is
ecessary. Thus, the synthesis method is important for con-
rolling the properties, the cost and possible applications of
he films.4,6,16,21,22 Wu et al. reported film synthesis by the
ol–gel method using acetate and alkoxide precursors.20,21 Jia
t al. reported synthesis of thin films by Pechini sol–gel dip-
oating method using citric acid and polyethylene glycol (PEG)
s chelating and cross-linking agents, respectively.23

Lanthanide ions with luminescent properties are readily
ncorporated in host materials as the f-electrons constituting the

hotoactive center is well shielded.24–26 However, in order to
ontrol parasitic quenching mechanisms as well as introduc-
ng more sophisticated photo-activity, some kind of organic
age or complex is needed, as shown e.g., for dendrimers,27–29

mailto:tor.grande@material.ntnu.no
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.001
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Fig. 1. Scheme of dip-coating

wo-photon absorbing sensitized lanthanide complexes30 and
orphyrin photo-chemistry.31,32 It was recently shown that high-
erformance multi-functional hybrid organic–inorganic hybrid
aterials can be obtained by a sol–gel procedure; here an

rganometallic platinum complex with strong triplet excited
tate absorption was introduced into a laser hardened bulk matrix
ith high temperature performance.33

Aqueous based sol–gel methods have the additional advan-
age that the environmental and health risks are considerably
ower compared to methods based on organic solvents. How-
ver, clusters at high doping concentrations or water and similar
olecules with vibration overtones in the NIR are known to

uench luminescence and shorten excited state life-times of lan-
hanides emitting in this wavelength region, such as Er3+ ion.34

ere we report the preparation of YAG and Er/Yb co-doped YAG

owders and thin films by aqueous chemical solution deposition
sing yttrium and aluminium nitrates as precursors, acetic acid as
omplexing agent and ethylene glycol as polymerization agent.
oreover, the luminescent properties of Er/Yb:YAG thin films

(
p
u
w

thin films, powder synthesis.

nd bulk samples are also reported and the relationship between
r/Yb doping concentration and PL emission intensity is dis-
ussed. It is also demonstrated that the long excited life-times
btained in these systems can be used to harvest light at 980 nm
ia sequential multiphoton absorption processes.

. Experimental

.1. Synthesis of the sols, gels and powders

A scheme for the synthesis route of the YAG and
r/Yb:YAG sols, gels, powders and thin films is presented in
ig. 1. Yttrium nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%,
ldrich), aluminium nitrate nonahydrate (Al(NO3)3·9H2O,
8.5%, Riedel-de Haen), erbium nitrate pentahydrate

Er(NO3)3·5H2O, 99.9%, Aldrich) and ytterbium nitrate
entahydrate (Yb(NO3)3·5H2O, 99.999%, Aldrich) were
sed as cation precursors. Y(NO3)3·6H2O (7.66 g, 0.02 mol)
as first dissolved in 20 mL of CO2-free deionised water
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nd a stochiometric amount of Al(NO3)3·9H2O (12.492 g,
.03 mol) dissolved in 20 mL of CO2-free deionised water was
dded. The acetic acid (CH3COOH, glacial, Acros Organics;
0 mL of 0.2 M) was added as complexing agent to the
ttrium–aluminium aqueous solution and the mixture was
tirred for 30 min at 60–65 ◦C. In the following step, 2 mL
f ethylene glycol (EG, ≥99%, Aldrich) was supplied to the
ixture as polymerisation agent (Y3+ to EG molar ratio was

:1.75) and the final solution was further stirred for 30 min to
et a clear homogeneous precursor sol.

A part of the Y–Al precursor sols was evaporated at 65 ◦C to
orm transparent gels, which were further dried at 110–115 ◦C
or 24 h and calcined at 600 ◦C (heating rate 30 ◦C/h) for 3 h and
urther annealed at 700, 750, 800, 850 and 900 ◦C (heating rate
0 ◦C/h) for 5 h in air with intermediate grinding between each
nnealing temperature.

Powders with the compositions Y2.94Er0.03Yb0.03Al5O12,
2.97Er0.02Yb0.01Al5O12, Y2.97Er0.015Yb0.015Al5O12, Y2.97
r0.01Yb0.02Al5O12, Y2.85Er0.15Al5O12, Y2.7Er0.3Al5O12 and
2.4Er0.6Al5O12 were prepared by an optimised route using a
olar ratio of Me3+ (Y3+, Al3+, Er3+ and Yb3+) to acetic acid and

o EG corresponding to 1:1.2 and 1:5, respectively. The samples
re labelled Y3Al5O12:Er,Yb (1:1) (2%), Y3Al5O12:Er,Yb (2:1)
1%), Y3Al5O12:Er,Yb (1:1) (1%), Y3Al5O12:Er,Yb (1:2) (1%),

3Al5O12:Er (5%), Y3Al5O12:Er (10%) and Y3Al5O12:Er
20%) in the following. The gels were calcined at 600 ◦C (heat-
ng rate 60 ◦C/h) for 3 h. Isostatically compressed pellets of the
alcined powder were fired at 800 and 1200 ◦C (heating rate
00 ◦C/h) for 5 h.

.2. Thin films processing by dip-coating

The sols described in the previous paragraph were used
o produce thin films by dip-coating. An aqueous solution
f 3% polyvinyl alcohol (PVA, molecular weight = 72,000,
erck–Schuchardt) was added to the precursor sol as wetting

gent in order to improve the wettability of the substrate. The
olume ratio of the precursor sol and PVA solution was 1:1. Y/Al
nd Y/Al/Er/Yb ion concentration in the aqueous dip-coating sol
as 0.25 M.
Pure and Er/Yb-doped thin films of YAG were deposited

n as received Si substrates (1 1 1), p-type (Crystal GmbH,
ermany) using dip-coating technique (DC Mono, Nima Tech-
ology, Coventry, UK) with an immersion and withdrawal rate of
mm/min. For pure YAG films, five layers were deposited by a

ingle-dipping process. In a single dipping process the deposited
ayer is calcined before a second layer is deposited by a new
ip-coating step. For the Er–Yb doped YAG film 30 layers were
eposited also by single-dipping method. Before annealing, all
he deposited films were dried at room temperature for 2–3 h,
hen calcined at 300 and at 350 ◦C for 1 h, respectively with
eating rate of 30 ◦C/h. After final deposition, the films were
nnealed at 600 ◦C for 1 h, at 800 ◦C for 3 h and at 900 ◦C for

h using 30 ◦C/h heating rate. The deposited films were calcined
t 600 ◦C for 15 min with heating rate 300 ◦C/h. After final depo-
ition the films were annealed at 900 ◦C for 1 h using 600 ◦C/h
eating rate.

3

T
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.3. Morphology and structure characterization

Thermogravimetrical analysis of the precursor gel was per-
ormed with a Netzsch STA 449C Jupiter in air using a
eating rate of 10 ◦C/min up to 800 ◦C. X-ray diffraction (XRD)
nalysis was performed on a Bruker AXE D8 Focus diffrac-
ometer with a LynxEye detector using CuK� radiation. Average
rystallite size of the films was estimated by the Scherrer equa-
ion, dXRD = Kλ/β cos θ, using the full-width at half maximum
FWHM) of the (4 2 0), (4 2 2), (4 3 1), (5 2 1), (5 3 2), (4 4 4),
6 4 0), and (6 4 2) reflections and for the powder samples of
he (2 1 1), (4 0 0), (4 2 0), (4 2 2), (5 2 1), (5 3 2), (4 4 4), (6 4 0)
nd (6 4 2) reflections. The FWHM was corrected for instru-
ental broadening. The FWHM data did not give evidence for

nisotropic crystallite shapes or crystallographic strain. Mor-
hology and thickness of the films were observed using FE-SEM
eiss Ultra 55 field emission scanning electron microscope with

n-Lens detector.
The density of the Er and Yb doped Y3Al5O12 pellets

nnealed at 1200 ◦C was measured by Archimedes method using
-propanol. Morphology and grain size of the fracture surface
f pellets were studied by low vacuum scanning electron micro-
cope (LVSEM) (Hitachi S-3400N, Hitachi, Japan).

.4. Luminescence measurements

Time-resolved fluorescence decays were recorded using
n IBH 5000 U fluorescence lifetime spectrometer system
ith 1 nm resolved excitation and emission monochromators

5000 M). The IBH 5000XeF sub-microsecond xenon flash-
amp was used for multi-channel scaling (MCS) measurements.
he system was equipped with a TBX-04 picosecond photon
etection module for detection in the UV/visible and a Hama-
atsu NIR PMT module (H9170-5) for detection in the range

00–1700 nm. Melles Griot coloured glass filters were used to
lock scattered light from the excitation source as well as block-
ng unwanted light from the laser source. The luminescence
ecay times were measured and analyzed using multi-channel
caling (MCS) along with the IBH Data Station v 2.1 software
or operation of the spectrometer and analysis of the decay traces
ncluding reconvolution-fits. Excitation and emission spectra
ere obtained by locking the emission and excitation wave-

engths, respectively, monitoring the detector response while
canning the appropriate monochromator.

For measuring the luminescence upon sequential multipho-
on absorption, the films were excited with a 980 nm cw diode
aser (Thorlabs), focused on the film surface. Luminescence
pectra were collected by a lens coupled to an optical fiber
nd analyzed by a Hamamatsu Photonic Multichannel Analyzer
type C7473).

. Results
.1. Crystallisation and phase purity of bulk powders

The calcination temperature of the YAG was evaluated from
G analysis of the Y–Al–O gel powders. The TG curve pre-
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ig. 2. Thermogravimetrical analysis of the decomposition of the Y–Al–O pre-
ursor gel.

ented in Fig. 2 demonstrates that the decomposition of the
rganic part of the gel occurred around 300 ◦C, while a minor
eigh loss is observed until 800 ◦C. XRD of Y–Al–O gel pow-
ers annealed at different temperatures (Fig. 3) confirmed that
he gel was amorphous (not shown) and that the gel decom-
oses to an amorphous oxide at around 300 ◦C. The amorphous
xide powder starts to crystallize at 700 ◦C and at 850 ◦C it is
ompletely crystallized with crystallite size of about 70 ± 5 nm
XRD). Further annealing at higher temperature resulted in crys-
allite growth.

XRD of Er/Yb:YAG powders confirmed that all composi-
ions after heat treatment at 1200 ◦C (Fig. 4) were phase pure
nd no impurity phases such as YAlO3 (YAP), Y4Al2O9 (YAM),
r2O3 or Yb2O3 were observed. The average crystallite size of

he powders sintered at 1200 ◦C was calculated to be 88 ± 5 nm
nd the density of pellets annealed at 1200 ◦C was 50% of the-
retical. The cross-section SEM analysis of pellets heat treated

t 1200 ◦C confirmed that porous nano-crystalline samples were
btained.

ig. 3. X-ray diffraction patterns of YAG powders derived from precursor
–Al–O gel annealed at 600–900 ◦C.
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3Al5O12:Er,Yb (1:1) (1%), Y3Al5O12:Er,Yb (1:2) (1%), Y3Al5O12:Er
5%), Y3Al5O12:Er (10%) and Y3Al5O12:Er (20%) powder samples annealed
t 1200 ◦C.

.2. Thin films

The surface morphology and cross-section FE-SEM images
f the deposited YAG films are shown in Fig. 5. The
eposited films appear smooth and homogeneous and consist of
ensely packed nano-crystalline grain after annealing at 900 ◦C
Fig. 5(d)). The thickness of the deposited films was determined
o be in the range of 200–250 nm showing that thickness per
ingle dipped layer was 40–50 nm. Cross-section image of the
3Al5O12:Er,Yb (1:1) (2%) film deposited from the modified sol

Fig. 5(e)) demonstrates a homogeneous film of densely packed
ano-crystalline particles. The thickness of the deposited film is
�m confirming that the thickness per single dipped layer was
0 nm.

The Bragg reflections in the XRD pattern of the deposited
AG film annealed at 900 ◦C were assigned to the poly-
rystalline YAG phase which is consistent with literature
JCPDS No. 33–40) (data not presented). No other intermedi-
te phases such as YAP and YAM were observed. The average
rystallite size of the deposited films was estimated to be
7 ± 5 nm.

.3. Photoluminescence properties

The samples of Y3Al5O12:Er,Yb (1:2) (1%), Y3Al5O12:Er
5%), Y3Al5O12:Er (10%) and Y3Al5O12:Er (20%) showed
haracteristic Er3+ luminescence between 1350 and 1600 nm
or excitation in the UV and visible region as shown in Fig. 6.
he main emission peak occurs at ∼1530 nm and is attributed

o the intra-4f 4I13/2 → 4I15/2 transition of the Er3+ ion. Repre-
entative excitation spectra obtained by scanning the excitation
onochromator while monitoring the Er3+ luminescence at
530 nm are presented in Fig. 7. The main excitation peaks are
bserved at 455 and 255 nm, with weaker features observed at
25 and 660 nm. The absorption channels correspond to direct
xcitation of the transitions 4I15/2 → 4F5/2 (455 nm emission),
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Fig. 5. Surface and cross-sectional FE-SEM images of YAG (one layer film annealed at 350 ◦C (a); five layer films annealed at 600 ◦C (b) and five layer films
annealed at 900 ◦C (c) and (d)) and Y3Al5O12:Er,Yb (1:1) 2 mol% doping (30-layer film annealed at 900 ◦C (e)) films derived from 0.25 M dip-coating sols.

Fig. 6. Emisison spectra of Y3Al5O12:Er,Yb (1:2) (1%), Y3Al5O12:Er (5%),
Y3Al5O12:Er (10%) and Y3Al5O12:Er (20%) pellets samples under 455 nm
excitation.

Fig. 7. Excitation spectra of Y3Al5O12:Er,Yb (1:2) (1%) and Y3Al5O12:Er (5%)
pellets samples.
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Fig. 9. Time decay curves at 670 nm under 295 nm excitation of
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low doping concentration 2H11/2/4S3/2 → 4I15/2 was found to
dominate over 4F9/2 → 4I15/2 transition.
ig. 8. Time decay curves at 1530 nm under 455 nm excitation of

3Al5O12:Er,Yb (1:2) (1%), Y3Al5O12:Er (5%), Y3Al5O12:Er (10%) and

3Al5O12:Er (20%) pellets samples. The continuous lines are fitting curves.

I15/2 → 2D7/2 (255 nm emission), 4I15/2 → 2H11/2 (525 nm
mission) and 4I15/2 → 4F9/2 (660 nm emission).

Time resolved measurements gave further information of
he relaxation of the Er3+ levels. The decay times of the
I13/2 → 4I15/2 transition for the same samples as shown in
ig. 6, for excitation at 455 nm and emission at 1530 nm, are
epicted in Fig. 8. For the low Er3+ concentration one observes
long decay time of 10 ms, which is of similar magnitude as

bserved for Er3+ in Er,Yb:YAG.35,36 As the concentration of
r3+ increases the luminescence gradually is quenched to reach
decay time of 2.2 ms for the sample with 20% of Er dopant. The

aster drop of the decays for higher Er3+ concentrations suggest
ross-relaxation process to be involved.

The samples also exhibited weak luminescence emission in
he visible. Emission spectra of Y3Al5O12:Er,Yb (2:1) (1%),

3Al5O12:Er,Yb (1:1) (1%), Y3Al5O12:Er,Yb (1:2) (1%) pel-
ets subjected to excitation pulses at 295 nm showed that the
atter has the most intense emission in the visible region with
istinct peaks at 670 and 770 nm (data not shown). The time-
esolved measurements resulted in the decays as shown in Fig. 9.
ompared to the emission in the IR, the emission decays at
70 and 770 nm were not mono-exponentials and two decay
onstants had to be assumed to fit all cases. The detailed
nalysis is summarized in Table 1. As can be judged from
he appearance of the decay traces there are only minor dif-
erences in the decay times for the emissions in the visible
s the decay times are hardly changed with dopant concen-
ration as was observed for the 4I13/2 → 4I15/2 luminescence
n the IR.

.4. Up-conversion photoluminescence
It was also investigated the possibility to stimulate further
equential excitation of the Er3+ doped samples by moni-
oring the up-conversion photoluminescence by excitation at
80 nm. Emission spectra of the bulk samples are presented

F
Y
Y
1

3Al5O12:Er,Yb (2:1) (1%), Y3Al5O12:Er,Yb (1:1) (1%) and Y3Al5O12:Er,Yb
1:2) (1%) pellets samples. The continuous lines are fitting curves.

n Fig. 10. The observed luminescence peaks in the visible
egion at 520–570 and 640–680 nm are due to the radiative
ransitions in the Er3+ ions from 2H11/2 and 4S3/2 to 4I15/2
green emission), and from 4F9/2 to 4I15/2 (red emission), respec-
ively. Y3Al5O12:Er,Yb (2:1) (1%), Y3Al5O12:Er,Yb (1:1) (1%),

3Al5O12:Er,Yb (1:2) (1%) bulk samples with low doping
oncentrations showed higher green emission intensity than
mission intensity in the red spectra region. When the Er3+ con-
entration increases from 5, 10 to 20%, the red up-converted
uminescence intensity is enhanced. In up-conversion photo-
uminescence emission spectrum of the Y3Al5O12:Er,Yb (1:1)
2%) thin film sample the same green/red emission intensity
atio was observed (data not shown). For thin film samples with
ig. 10. PL up-conversion emission spectra of Y3Al5O12:Er,Yb (2:1) (1%),

3Al5O12:Er,Yb (1:1) (1%), Y3Al5O12:Er,Yb (1:2) (1%), Y3Al5O12:Er (5%),

3Al5O12:Er (10%) and Y3Al5O12:Er (20%) pellets samples annealed at
200 ◦C after IR exitation at 980 nm (150 mW, 500 ms).
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Table 1
Decay times for emision at 670 and 770 nm for Y3Al5O12:Er,Yb (2:1) (1%), Y3Al5O12:Er,Yb (1:1) (1%) and Y3Al5O12:Er,Yb (1:2) (1%) pellets samples annealed
at 1200 ◦C, excited at 295 nm. The value in parenthesis behind the decay constants is the relative weight for each component of the fit.

Sample Decay ms (rel. weight %) at 670 nm Decay ms (rel. weight %) at 770 nm

Y3Al5O12:Er,Yb (2:1) (1%) τ1 = 0.388 (24%) τ1 = 2.72 (14%)
τ2 = 1.28 (76%) τ2 = 10.4 (86%)

Y3Al5O12:Er,Yb (1:1) (1%) τ1 = 0.389 (13%) τ1 = 3.20 (17%)
τ2 = 1.11 (86%) τ2 = 10.1 (83%)

Y Al O :Er,Yb (1:2) (1%) τ = 0.507 (23%) τ = 3.54 (19%)
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τ2 = 1.39 (77%)

. Discussion

The aqueous chemical solution deposition route was demon-
trated to produce single phase YAG powders. The sol–gel
oute was also demonstrated to yield homogeneous, smooth and
ano-crystalline YAG films on silicon substrates by dip-coating.
ccording to the surface morphology (Fig. 5(a–d)), the films

ppear crack-free, smooth and homogeneous. The thin films
ere also shown to consist of densely packed nano-crystalline
rains in the range 27 ± 5 nm. To simplify the preparation
oute, multi-dipping deposition (five immersions before each
alcination) was also performed. The films produced by the
ulti-dipping procedure and calcined at 900 ◦C exhibited very

imilar morphology as films deposited by the single dipping
ethod.
The films completely covered the substrate which indicates

ood wettability of the solution on the substrates and significant
dhesion strength between the substrate and the deposited layer.
ther concentrations of PVA solutions (1, 2, 5 and 10%) as
etting agent were also tested in the dip-coating procedure. The
igher concentrations of the PVA solution led to the formation of
thick, inhomogeneous layer of deposited Y–Al–O gel. On the
ther hand, the low concentrations of PVA led to an undesirable
ecrease in the wettability of the substrate, hence a 3% solution
as regarded as the optimum.
In the films annealed at 600 ◦C, homogeneous distribution of

ne pores was observed (Fig. 5(b)). With increasing annealing
emperature up to 900 ◦C, the porosity decreased leading to film
ensification. It should be noted that density gradients along the
lm surface was observed. Hence, further optimization of e.g.,
nnealing temperature is necessary to remove all porosity. It was
owever shown, that with careful control of sol composition and
ip-coating conditions it is possible to produce nano-crystalline
AG thin films without the presence of other intermediate phases
y this simple aqueous route.

The optical properties of the (Er, Yb) doped YAG prepared
y the present sol–gel synthesis were similar to the properties
eported for similar materials prepared by another preparation
outes.14,23 In the following the optical properties are discussed
n detail.

The position of the luminescence bands in the spectrum is

haracteristic for a specific lanthanide ion. The Er3+ is a widely
sed system in fiber optics and photonics due to its emission at
.5 �m, but it also emit in the visible region. Er3+ ion has incom-
lete 4f electronic shell which is shielded by closed 5s and 5p

5

r

1

τ2 = 11.5 (81%)

hells resulting in rather sharp luminescence bands.37,38 In par-
icular, a quantum efficiency of the 4I13/2 → 4I15/2 transition in
he Er3+ ion is very high.39 However, for low Er3+ ion concen-
rations the absorption coefficients are very small. In order to
ncrease luminescence generally Yb3+ is used as co-dopant for
r3+ systems which has a very simple f–f energy level struc-

ure. Besides the 2F7/2 ground multiplet, there is only the 2F5/2
xcited multiplet at around 1 �m in Yb3+ ion. Also, the energy
f 2F5/2–Yb3+ state is very similar to 4I11/2–Er3+ state. For these
easons, the energy is mostly absorbed by Yb3+ ion and trans-
erred to Er3+ ion (2F5/2(Yb3+) → 4I11/2(Er3+)) by dipole-dipole
nteraction.35

Because of possible energy level transitions both Er3+

nd Yb3+ ions are used extensively in up-conversion (anti-
tokes emission) process. In Er–Yb up-conversion process,

wo mechanisms ESA (excited state absorption) and ETU
energy transfer up-conversion) are involved. ESA is oper-
tive via the channel 4I15/2 → 4I11/2 → 4F7/2 and ETU from
F5/2 → 2F7/2:4I11/2 → 4F7/2 (of neighbouring Yb3+) and from
I11/2 → 4I15/2:4I11/2 → 4F7/2 (of neighbouring Er3+), followed
y photon relaxation to the 2H11/2 or 4S3/2 for green emission
nd to the 4F9/2 for the red emission.39–42 The up-conversion
uminescence is very weak in the samples with 1 mol% Er/Yb
oping concentrations. At low doping concentrations the pre-
ominant mechanism is excited state absorption (ESA). In this
rocess Er3+ by absorbing the IR photon (ground state absorp-
ion, GSA) is excited to the 4I9/2 level from where it relaxes
onradiative to the 4I11/2 level. By subsequent absorption of
econd IR photon, the 4I11/2 → 4F3/2 transition occurs (ESA).
rom the metastable 4F3/2 level, the nonradiative multiphoton
elaxation (NR) can occur to the 4S3/2 and 4F9/2 levels, which
re more stable than 2F5/2, 4F7/2 or 2H11/2 levels.

However, the absolute intensities in the bulk materials
ncrease with increasing Er3+ doping concentration from 5
o 20 mol%. At high doping concentrations the cooperative
nergy transfer (CET) process (4F7/2, 4I11/2 → 24F9/2 and 4S3/2,
I1/2 → 24F9/2) operate between two nearby Er3+ ions. Conse-
uently, the 2H11/2 → 4I15/2 has very weak intensity and the
mission from 4F9/2 to 4I15/2 becomes more dominant in com-
arison with 2H11/2, 4S3/2 to 4I15/2 transitions.
. Conclusion

The present report demonstrate a successful aqueous sol–gel
oute to YAG powders and thin film using nitrate cation pre-
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ursors, acetic acid as complexing agent and ethylene glycol as
olymerization agent. The gels were shown to decompose to
n amorphous oxide and the crystallisation of the amorphous
el was characterized. Fabrication of homogeneous, crack-free
ure YAG and Er/Yb-doped YAG thin films by dip-coating
f the aqueous sol deposited on Si (1 1 1) substrates were
emonstrated. The photoluminescence up-conversion (anti-
tokes emission) properties of the Er,Yb:YAG materials are
eported. The photoluminescence as well as up-conversion (anti-
tokes emission) processes demonstrated significant influence
f the dopant level.
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