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Abstract The synthesis of Y0.9Er0.1Al3(BO3)4 crys-

talline powders and vitreous thin films were studied.

Precursor solutions were obtained using a modified

polymeric precursor method using D-sorbitol as com-

plexant agent. The chemical reactions were described.

Y0.9Er0.1Al3(BO3)4 composition presents good thermal

stability with regard to crystallization. The

Y0.9Er0.1Al3(BO3)4 crystallized phase can be obtained

at 1,150 �C, in agreement with other authors. Crack- and

porosity-free films were obtained with very small grain

size and low RMS roughness. The films thickness

revealed to be linearly dependent on precursor solution

viscosity, being the value of 25 mPa s useful to prepare

high-quality amorphous multi-layers (up to * 800 nm)

at 740 �C during 2 h onto silica substrates by spin

coating with a gyrset technology.

Keywords Er:YAB � Nanopowder � Nanoparticles �
Thin films � Polymeric precursor method �
Thermal analysis � FEG � XRD � GIXRD � AFM

Introduction

Optical properties of rare-earth ions incorporated to

glassy hosts are of great interest in opto-electronic

technology (Urquhart 1988). Rare-earth trivalent ions

in some solid compounds emit light at characteristic

wavelengths due to intra-4f or internal 4f–5d transi-

tions. In the case of Er3+, the emission at 1.54 lm

corresponds to a dipole forbidden intra 4f transition
4I13/2 to 4I15/2, which coincides with the low-loss

window of standard optical telecommunications silica

fiber (Kik and Polman 1998).

In the last years, extraordinary progress has been

achieved in the development of single-mode Er-

doped optical fiber amplifiers and lasers (Shi 1996;

Dejneka et al. 2002; Polynkin et al. 2004; Cheng

and Xiao 2005). The development of Er-doped

silica planar waveguide amplifiers has also been

investigated (Poulsen et al. 2003; Bulla et al. 2005;

Armelao et al. 2005) to be applied in integrated

optical systems. As integrated optical amplifiers

should be as short as possible (a few centimeters),

a large amount of rare-earth concentration is

required than in Er-doped fiber amplifiers (EDFAs).

However, due to the onset of concentration

quenching at low doping level in silica hosts, the

relatively low gains/unit length which can be

achieved has made such development difficult.

Consequently, silica is an unsuitable host in small

and compact amplifiers due to low solubility for

erbium.
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Thus, there is an interest to obtain different hosts

with high solubility for rare-earth elements, espe-

cially erbium. One of the potential host candidate is

yttrium aluminum borate (YAl3(BO3)4, YAB), where

yttrium can be substituted by erbium, because Y3+

ionic radii (0.090 nm) is very close that of the Er3+

(0.089 nm) (Lide 2003). The YAB composition

possesses many good properties as a host material

for solid state laser such as high physical and

chemical stability, high thermal conductivity, good

mechanical strength (Liao et al. 2004) and, on the

other hand, YAB crystals exhibit a rather high non-

linear optical coefficient (Filimonov et al. 1974).

There is also a great interest to obtain amorphous

thin films to be applied as waveguides because, in

contrast to polycrystalline thin films, there are no

grain boundaries which cause a high optical loss. For

this purpose the YAB composition is useful because

it exhibits a good rare-earth dispersion through

yttrium, a high glass transition temperature (higher

to 700 �C), and a high refractive index (n = 1.6–1.8)

in comparison with silica (n = 1.45). Furthermore,

recently, transparent ceramics have been used as laser

medium and became an attractive alternative to single

crystal material due to its easy manufacture and low

cost (Qin et al. 2004; Kumar et al. 2006; Ikesue and

Aung 2006). On the other hand, there has been recent

interest in the development of Er-doped solid-state

lasers (Qin et al. 2004). Consequently, erbium-doped

YAB hosts are promising materials for 1.5 lm-band

integrated amplifiers and lasers.

Different methods such as plasma enhanced

chemical vapor deposition (PECVD) (Cantore et al.

2004), flame hydrolysis deposition (Wu et al. 2004),

liquid phase epitaxy (Romayuk et al. 2006), ion

exchange (Liu and Pun 2004), molecular beam

epitaxy (Dekker et al. 2004), or sol–gel method

(Jenouvrier et al. 2004; Ghosh et al. 2005; Zhu et al.

2005) have already been used with success in the

deposition of high quality thin films with optical

properties (Cantore et al. 2004; Wu et al. 2004;

Romayuk et al. 2006; Liu and Pun 2004). Compared

to these methods, the chemical route such as the

polymeric precursor method also knows as Pechini

method (Neves et al. 2004)) represents a promising

low cost deposition method to obtain good planar

waveguides. The main advantages of this method

compared to the previous ones are the high control of

chemical purity, the low temperature of synthesis, the

easy incorporation of rare earth ions, and the

possibility to cover large substrates by dip-coating

and spin-coating techniques. Likewise, the polymeric

precursor method appears to be quite attractive for

the preparation of multi-component systems since the

use of different components at a molecular level can

be easily achieved in solutions, not requiring con-

trolled atmosphere (Maia et al. 2004b). On the other

hand, the main disadvantage of this method is the fact

that resin, from which the thin film is obtained,

contains a high amount of organic materials which is

incorporated during the polymerization process.

Thus, a thermal treatment around 600 �C, under

oxygen atmosphere, must be used to remove the

organic constituents.

This work concerns the application of the poly-

meric precursor method to obtain homogeneous

Y0.9Er0.1Al3(BO3)4 (Er:YAB) ceramic powders and

amorphous cracks- and porosity-free thin films at

relatively low temperature. The most probable chem-

ical reactions that occur during the synthesis and the

thermal decomposition process are proposed. Struc-

tural and micro-structural characterizations of the

powders and the thin film samples were performed

and will be discussed.

Experimental procedure

Synthesis of the resin

The powders and thin films prepared on this study

have the composition of Y0.9Er0.1Al3(BO3)4. The

synthesis of the resin by the polymeric precursor

method was achieved using erbium citrate which was

formed by dissolving erbium nitrate (Aldrich, 99.9%

purity) in an aqueous solution of citric acid (Aldrich,

99.5% purity) at 70–80 �C during 15 min. After

homogenizing, yttrium nitrate (Aldrich, 99.9% pur-

ity) was added to the Er-citrate solution, and

aluminum nitrate (Prolabo, 98% purity) was added

to the Y-Er-citrates. After further homogenization

(30 min.), D-sorbitol (Aldrich, 99.5% purity) and

boric acid (Carlo Erba, 99.8% purity) were dissolved

in water during 1 h and added to the citrate solution.

D-sorbitol instead of ethylene glycol, commonly used

as polymerization agent, was added to promote the

polymerization by a polyesterification reaction at

around 120 �C, producing a better complexation of
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boron within the polymeric clusters (Neves et al.

2004; Maia et al. 2004a). The molar ratio of citric

acid to elements (metals + boron) was 3:1. The citric

acid/D-sorbitol mass ratio was set to 3:2.

Powder preparation and characterization

techniques

In order to obtain homogeneous powders, firstly, the

resins were dried at 80 �C during 1 day, followed by

a calcination at 400 �C and 700 �C during 24 h and a

heat treatment at 1,150 �C to complete the crystal-

lization of the (Y,Er)AB desired. O2-rich atmosphere

and a heating ratio of 1–20 �C/min were used during

the heat treatments. According to literature, 1,150 �C

is the best temperature to crystallize the YAB phase

(ICDD 1998, JCPDS no. 18-0022).

The weight loss of dried resin powder over a

temperature range of 30–800 �C was monitored by

thermogravimetric analysis (TGA) in a thermobal-

ance (Netzsch, TASC414/3 controller and TG209

cell) under an oxygen atmosphere and with a heating

rate of 2 �C/min. Differential scanning calorimetry

(DSC, Netzsch 404 S) was used to study the

decomposition reactions of the resin as well as the

crystallization of the powders (pre-calcined at

400 �C/24 h and 700 �C/24 h) under O2 atmosphere

with a heating rate of 1, 2, 5, 10, and 20 �C/min over

a temperature range of 50–1,000 �C. X-ray diffrac-

tion (XRD) analyses were performed in transmission

geometry on a Siemens D5000 equipped with a nickel

filter and a graphite-diffracted beam monochromator,

Cu Ka wavelength (k = 1.5406 Å), operating at

40 kV and 50 mA. The XRD patterns were measured

on the step scan mode with steps of 2h = 0.016� and

a counting time of 0.65 s per point. The morphology

of the powder particles was observed using a high-

resolution scanning electron microscope (FEG-VP)

(Supra 35, Zeiss, Germany), operating at 3 kV.

Thin film deposition and characterization

techniques

Before thin films deposition, the substrates were

cleaned with a detergent (Argos, biodegradable

anionic surfactant), rinsed with deionized water and

placed into an HNO3 + HCl (16 HNO3 + 28

HCl + 56 H2O in mol) solution during 5 min.

The substrates were then rinsed once again by

deionized water, ethyl alcohol and dried with

anhydrous air.

The viscosity of resin used to obtain the thin films

was adjusted between 10–30 mPa s by evaporation or

by the addition of water. The thin films were

deposited on silica substrates by using the spin-

coating technique. A spin-coater (RC8 SussMicro-

techTM) with the gyrset technology was used in order

to improve the thin film uniformity. Rotation accel-

eration, rotation speed and spin time were fixed at

500 rpm/s, 2,500 rpm, and 5 s, respectively. After the

deposition of one layer, the film was dried at 80 �C

for 30 min, followed by two intermediary annealing

treatments in an O2 atmosphere at 400 �C during 2 h

with a heating rate of 1 �C/min and at 700 �C during

2 h using a 2 �C/min heating-rate. This procedure

was repeated for each layer (until nine layers), and

finally the film was annealed between 740 and 820 �C

during 2 h with a heating rate of 1 �C/min.

The chemical composition of thin films were

analyzed by using a scanning electron microscopy

(JEOL 840A) equipped with chemical micro-analyzer

energy dispersive X-ray (EDX), operating at 10–

35 kV, with tungsten electron emitter and secondary

electron detection of samples coated by carbon.

Grazing incidence X-ray diffraction (GIXRD) mea-

surements of thin films were performed in a home

made diffractometer using a PSD (position-sensitive

detector) from Inel. Fe Ka (k = 1.936 Å) radiation

(34 KV/25 mA), a divergence slit of 2 mm, a recep-

tion slit equal to 0.6 mm and a plane graphite

monochromator were used during the measurements.

The incident angle of X-ray beam was fixed at 0.3�,

0.5� or 1�. The scan range (2h) was 12–90�;

simultaneous scans each 1 s. The total time of a

GIXRD pattern measurement was 7,200 s. The

microstructure of thin films was analyzed using a

high-resolution scanning electron microscope (FEG-

VP Supra 35, Zeiss, Germany). The surface mor-

phology of the films was analyzed by using an atomic

force microscope (AFM-Digital instrument’s Nano-

scope III) in the tapping mode to measure the surface

roughness and the grain size. The thickness of each

layer (previously dried at 80 �C/20 min, partially

removed by means of a scalpel, and heat-treated at

780 �C for 2 h) was measured by using a perfilometer

(Dektak 32, Veeco).
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Results and discussion

Firstly, the decomposition reactions of dried resins

were studied by DSC and TGA techniques. The DSC

curves of the resins dried at 80 �C/14 days are shown

in Fig. 1a for different heating rates (1, 2, 5, 10, and

20 �C/min). The pyrolysis and the combustion reac-

tions start around 200 �C and finish between 455 �C f

and 687 �C depending on the heating rates used in

these DSC experiments. With the increasing the

heating rate, the exothermic peaks become more

intense and some reactions could be separately

detected using 20 �C/min. These peaks are inter-

preted as resulting from three main reactions: firstly,

polymer dehydration (–OH groups) (peak around

362 �C) and nitrate (NOx) elimination (intense peak

at 375 �C); secondly, carbon oxidation and break-

down of carbon–carbon bonds and its elimination in

the form of CO2 and H2O (broad peak centered at

480 �C); and finally, breakdown of carbon-oxygen-

cation and carbon-cation bonds and its oxidation,

followed by CO2 elimination (broad peak centered at

549 �C).

Figure 1b shows in more details the same DSC

curves between 650 �C and 1,000 �C. One can

observe a very small crystallization peak (Tc) that

appears at 813 �C using 1 �C/min. This crystalliza-

tion peak become more intense and moves typically

to higher temperatures as the heating rate increases. It

occurs due to the shorter reaction time caused by a

higher heating rate, the thermal delay increases

accordingly and because of the latent heat the

exothermic peak grows. At higher heating rates (10

and 20 �C/min), we observed three additional crys-

tallization peaks between 830 and 970 �C (Fig. 1b).

These peaks were determined by coupled DSC/XRD

measurements and it is in good agreement with

published works (Madarász et al. 2001; Beregi et al.

2000). The first one at *845 �C is mainly due to

Al4B2O9 crystallization whereas the second one,

centered at *910 �C, is due to crystallization of

(Er, Y)BO3 phase. The peak centered at *935 �C is

due to crystallization of (Y, Er)Al3(BO3)4 and (Y,

Er)Al2B4O10.5 phases. X-ray diffraction measure-

ments of powder sample heat-treated at 1,000 �C

(not presented here), reveal the presence of three

phases: (Y, Er)Al3(BO3)4, (Y, Er)BO3, (Y,

Er)Al2B4O10.5, being (Y, Er)Al3(BO3)4 the major

phase. According to published works about the

Y2O3–3Al2O3–4B2O3 system (Madarász et al. 2001;

Beregi et al. 2000), the formation of YAl3(BO3)4

phase, expected by using a solid-state reaction

method, is proceeded and accompanied by the

appearance of YBO3 and Al4B2O9 intermediate

phases respectively. The different intermediate

phases that are observed in our case are related to

Fig. 1 DSC curves of

Y0.9Er0.1Al3(BO3)4 (a–b)

resins previously dried at

80 �C/14 days and (c)

powders previously heat

treated at 400 �C and

700 �C/24 h, for different

heating rates. The curves in

(d) refer to measurements

under argon- and O2
-

atmosphere using a heating

rate of 5 �C/min, performed

on these powders previously

heat treated at 400 �C and

700 �C/24 h (see text)
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the synthesis process employed. The chemical pro-

cess used in this work is based on the mix of the

elements at an atomic level producing nanometric

particles. The large surface area of these nanoparti-

cles can contain surface inhomogeneities favoring the

formation of different crystalline phases

((Y,Er)Al3(BO3)4, (Y,Er)BO3, (Y,Er)Al2B4O10.5).

These crystallization peaks can be better observed

after the elimination of the organic compounds. The

resins dried at 80 �C during 14 days were then heat

treated at 400 �C during 24 h and at 700 �C during

24 h under O2-rich atmosphere using a heating rate of

5 �C/min. DSC curves of the resins after such a

treatment are shown in Fig. 1c. The above-mentioned

crystallization peak is better resolved, moving to

higher temperatures with increasing the heating rate,

as already pointed out. The onset of an endothermic

peak, which was attributed to a glass transition (Tg) of

the samples, is observed around 723 �C when the

samples were heated at 5 �C/min, around 756 �C for

10 �C/min, and at 767 �C for 20 �C/min. The small

changes at 718 �C and at 763 �C on the DSC curve

for the powder heated at 20 �C/min (Fig. 1c) are due

to current oscillations in the electrical circuit of the

furnace.

To the best of our knowledge, this is the first time

that a glass transition is observed on powder samples

prepared by the polymeric precursor method. To verify

if this endothermic peak is really due to a glass

transition effect, DSC curves of these samples were

measured at a fixed heating rate of 5 �C/min: (1) under

O2-rich atmosphere up to 800 �C, followed by cooling

till 100 �C and heated again until 1,000 �C, and (2)

under Ar-rich atmosphere from room temperature to

1,000 �C (Fig. 1d). These DSC curves were compared

with a previous one also measured at 5 �C/min. We

observe that the above-mentioned peak is present when

argon as well as oxygen atmospheres were used,

proving that this peak is not due to oxidation reactions.

Moreover, the process is seen be highly reversible on

cooling. Consequently, this endothermic peak is really

due to a glass transition thermal effect.

The strong baseline evolution between Tg and Tc

can be attributed, according to the literature (Chrys-

sikos et al. 1996; Shelby 1997; Cormier et al. 2006),

to the boron anomalies (transformation from BO4 to

BO3 units) that change strongly the viscosity of the

glassy sample thus modifying its specific heat

capacity (Cp).

The thermogravimetry (TGA) and its differential

(DTG) curves of the resin dried at 80 �C during 24 h

are shown in Fig. 2. These also essentially indicate a

complete pyrolysis around 500 �C under O2-rich

atmosphere. A total weight loss around 89% occurs

between 50 and 550 �C. The weight loss of about

15% observed from 50 to 135 �C is due to adsorbed

water not evaporated by drying at 80 �C, while that of

about 74% observed from 135 to 550 �C and

involving three superposed broad reactions, is due

to NOx and CO2 elimination during the pyrolysis of

the polymeric resin, in agreement with the previous

DSC results (Fig. 1a). This result agrees well with the

amount of precursors as nitrates, citric acid and D-

sorbitol used in the synthesis.

The chelation and polymerization reactions may

be written as follows. For chelation:

2C6H14O6 þ H3BO3 ! BC12H27O13 þ 2H2O ð1Þ

3C6H8O7 � H2OþM(NO3)3 � xH2O

! MC18H21O21 þ 3HNO3 þ (xþ 3)H2O ð2Þ

where M is Al, Y or Er, and x is equal to 9 for Al, 6

for Y, and 5 for Er; and B is boron.

For polymerization, we will have:

BC12H27O13 þMC18H21O21

! MBC30H46O33 þ H2O ð3Þ

The probable complex product of reaction (3)

is structurally (HOCH2(CHOH)3CHOHCH2O)(HO)B

(OCH2(CHOH)3CHOHCH2OCOCH2C(OH)(COOH)

CH2COO-)M3+[O-COCH2C(OH)(COOH)CH2COOH]2,

and this reaction (3) occurs successively forming more

Fig. 2 TGA and DTG curves of Y0.9Er0.1Al3(BO3)4 resins

previously dried at 80 �C/1 day. Measurements using a 2 �C/

min heating rate under O2 atmosphere
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water and polyester, being a tri-dimensional polymer

network with B and metallic cation (M) within the

complexes. Consequently, we should have a resin with

the composition (reduced formula):

4MBC30H46O33 þ nH2Oþ 12HNO3 ð4Þ

where M is equal to 0.75Al + 0.225Y + 0.025Er, n

is superior to 34, because H2O was added to dissolve

the precursors and chelation/polymerization agents.

Drying the resin at 80 �C, water is partially

removed. The suggested reactions occurring during

the thermal decomposition of the Y0.9Er0.1Al3(BO3)4

resin are summarized below, according to DSC and

TGA results, for a heating rate of 2 �C/min:

– Drying from 50 to 135 �C:

4MBC30H46O33þnH2O "þ12HNO3

! 4MBC30H46O33þ12HNO3

ð5Þ

– Heating the dried resin, structural H2O, and

HNO3 are eliminated between 135 and 200 �C:

4MBC30H46O33 þ 12HNO3

! 4MBC30H28O24 þ 36H2O " þ12HNO3 "
! 4MBC30H28O24 ð6Þ

– Between 200 and 550 �C, the pyrolysis, oxida-

tion, and combustion reactions occur:

4MBC30H28O24 þ 106O2 (from atmosphere)

! Y0:9Er0:1Al3(BO3)4 (amorphous)þ 56H2O " þ
120CO2 "

ð7Þ

The synthesis of organic-free and amorphous

nanoparticles is achieved around 600 �C, the amor-

phous nanoparticles becoming dense at about 780 �C

(between Tg and Tc).

Y0.9Er0.1Al3(BO3)4 crystalline powder

All the results presented in this section concerns the

powdered samples that were previously heat treated

at 400 �C and at 700 �C during 24 h. The XRD

patterns of the Y0.9Er0.1Al3(BO3)4 powders heat

treated at 800 �C and at 1,150 �C are shown in

Fig. 3. The powder heat-treated at 800 �C is amor-

phous, in agreement with the previous DSC results

(Fig. 1). The sample annealed at 1,150 �C shows

mainly diffraction peaks of Y0.9Er0.1Al3(BO3)4 phase

and one very weak peak of lower intensity which

were attributed to the Y0.9Er0.1BO3 phase. The

presence of a small amount of Y0.9Er0.1BO3 phase

could arise either due to stoichiometric imbalance

(boron loss, mainly) or the lower reaction rate of

aluminum oxide with yttrium and boron oxide.

According to previous works (Madarász et al.

2001; Beregi et al. 2000), the solid state reaction of

Y2O3–3Al2O3–4B2O3 compounds leads to the for-

mation of YAl3(BO3)4 phase proceeded and

accompanied by the crystallization of YBO3 and

Al4B2O9 as intermediate phases. Thus, we can

consider our method very effective to obtain the

Y0.9Er0.1Al3(BO3)4 phase when compared to those

previous works.

The diffraction peaks and their intensities of the

Y0.9Er0.1Al3(BO3)4 phase are compared on Table 1

with those of ErAl3(BO3)4 (EAB) and YAl3(BO3)4

(YAB) crystalline phases. As it can be seen, the

diffraction peaks of the Y0.9Er0.1Al3(BO3)4 phase

occur at lower Bragg angles when compared to pure

EAB and YAB phases (ICDD 1998, JCPDS no. 18-

0022; ICDD 1998, JCPDS no. 72-1978). This differ-

ence can be related to the distortion of the YAB unit

cell due to substitution of Y3+ atoms by Er3+ atoms

that have a lower ionic radius (Lide 2003).

Figure 4 shows the evolution of the (202) XRD

peak of Y0.9Er0.1Al3(BO3)4 powders heat treated at

1,150 �C with different heating rates. We can observe

an increase of the degree of crystallinity as the

heating rate increases, mainly from 1 to 5 �C/min.

Fig. 3 XRD patterns of amorphous (800 �C) and crystalline

(1,150 �C) Y0.9Er0.1Al3(BO3)4 nanoparticles
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The microstructures of the powder sample were

also studied by FEG. Figure 5a shows the micrograph

of the sample heat treated at 400 �C and at 700 �C

during 24 h while Fig. 5b refers to the sample heat

treated at 1,150 �C. In both cases, a high-coalescence

of the nanometric particles is observed. The micro-

graph (a) also indicates a significant powder

densification, with a partial content of liquid phase

(4) because the sample was heat treated below but

close to Tg. Significative microstructural changes are

observed above Tg. The micrograph (b) shows

coalesced grains with size around 200 nm forming

well-densified plate-like particles.

In summary, using the polymeric precursor

method we could prepare a nanometer sized powder

sample of Er:YAB phase without the presence of

Table 1 Comparison between our X-ray diffraction results for Y0.9Er0.1Al3(BO3)4 and the results of other works for ErAl3(BO3)4

and YAl3(BO3)4

Hkl ErAl3(BO3)4 JCPDS no. 18-0022 YAl3(BO3)4 JCPDS no. 72-1978 Y0.9Er0.1Al3(BO3)4 This work

2h Intensity 2h Intensity 2h Intensity

101 16.556 60 16.450 70.2 16.339 19.6

110 19.237 40 19.081 26.6 18.986 15

021 25.420 60 25.294 44.4 25.195 42.6

012 27.047 40 26.975 28.7 26.921 11.6

211 31.971 60 31.877 42.1 31.792 23.2

202 – – 33.252 99.9 33.184 100

300 33.407 100 33.365 68.2 – –

003 – – 37.210 1.4 37.204 2.4

122 – – 38.618 23.8 38.603 36.6

220 38.765 80 38.717 31 39.114 4.4

113 42.214 60 42.142 15.5 42.237 13

131 42.422 60 42.328 27.5 42.237 13

401 46.916 40 46.814 14.3 46.786 12.9

312 47.887 40 47.821 26.9 47.783 28.9

033 – – 50.832 11.3 50.853 7.8

321 51.037 40 50.992 15.3 50.853 7.8

104 51.720 30 51.701 1.8 51.946 4.7

042 – – 51.938 12.2 51.946 4.7

410 52.132 40 52.018 15 51.946 4.7

223 54.864 60 54.784 24.1 54.744 18.2

024 55.658 40 55.610 21.7 55.628 9.4

232 55.953 40 55.836 13.3 55.628 9.4

051 58.804 20 58.698 3 – –

214 59.429 30 59.344 6.7 59.567 3.7

330 59.767 10 59.633 7.2 59.567 3.7

Fig. 4 XRD patterns of crystalline (1,150 �C)

Y0.9Er0.1Al3(BO3)4 nanoparticles for different heating rates
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secondary phases. This is thus a promising method to

prepare bulk ceramics.

Y0.9Er0.1Al3(BO3)4 amorphous thin films

The thin films were obtained from solutions with

different viscosity, on silica substrates using the spin-

coating technique. Rotation acceleration, rotation

speed and spinning time were fixed at 500 rpm/s,

2,500 rpm, and 5 s, respectively. The coatings were

annealed in an O2 atmosphere at 400 �C during 2 h

with a heating rate of 1 �C/min and at 700 �C during

2 h using a 2 �C/min heating rate, and then annealed

just above Tg, between 740 and 820 �C during 2 h

with a heating rate of 1 �C/min.

The EDX technique was used to evaluate the thin

films composition heat-treated at 700 �C/2 h and the

experimental composition is shown in the Table 2.

The experimental values are very close to the

nominal composition showing good agreement for

all elements measured. The boron content was not

measured due to low detection efficiency of this

element

The sols show interesting properties for the

preparation of dense and crack-free transparent

Y0.9Er0.1Al3(BO3)4 coatings. The surface morphol-

ogy of the films sintered at 740 �C for 2 h is shown in

Fig. 6a and b. The images (a) and (b) refers to the

FEG and AFM measurements, respectively. The

surface of the thin films heat-treated at 740 �C is

very smooth with a surface RMS roughness of

0.13 nm. This is corroborated by the glass transition

of material measured by DSC and observed by FEG

images for the powders previously heat treated at

700 �C/24 h presenting already a liquid phase.

The microstructures characterized by AFM of

films prepared from different solution viscosities are

presented in Fig. 7. As can be observed, the samples

present a homogeneous microstructure. The average

grain size and the surface RMS roughness of the films

were also estimated using AFM micrographs. Fig-

ure 8a shows the RMS roughness and grain size

values as a function of viscosity of the initial solution

(sol). Treatments at 780 �C of thin films deposited

using solutions with different viscosities led to grain

growth and to an increase of the surface RMS

roughness. This effect is related to crystallization and

to more condensed polymeric clusters in more

viscous precursor solutions that reduce the flow off

during the spinning. From the same effect, the

thickness has a linear increase as a function of the

viscosity (Fig. 8b). Thickness were measured using a

perfilometer.

GIXRD patterns of Y0.9Er0.1Al3(BO3)4 thin film

annealed during 2 h at 740, 780, and 820 �C are

presented in Fig. 9. As can be seen, the films are

Fig. 5 FEG images of (a) amorphous (800 �C), and (b)

crystalline (1,150 �C) Y0.9Er0.1Al3(BO3)4 nanoparticles. h are

amorphous regions from the precursor powder and4 are liquid

phase due to Tg

Table 2 EDX analysis results of Y0.9Er0.1Al3(BO3)4 thin film

for Y, Er, and Al elements

Elements Composition

Experimental Nominal

Y 0.220 ± 0.005 0.225

Er 0.024 ± 0.002 0.025

Al 0.756 ± 0.005 0.750

1258 J Nanopart Res (2008) 10:1251–1262

123



amorphous until the sintering temperature rises to

780 �C when the first diffraction peaks indexed as

those of Al4B2O9 crystalline phase are observed. The

stability of these films against the crystallization

indicates that they can be used on optical applications

as waveguides and amplifiers in integrated optical

systems.

Thin films which were prepared with a 25 mPa s

viscosity solution present an average grain size

around 42 ± 2 nm with a high degree of coalescence,

a surface RMS roughness around 0.37 nm and a

thickness of 76 ± 2 nm. Under this condition, crack-

and porosity-free thin films were obtained. Herewith,

these films (when heat treated at 740 �C) are useful to

be applied as waveguides and amplifiers. The mate-

rial studied presents properties within requirements

previously reported (Uhlmann et al. 1996). That is,

for signal processing in the plane of the film

(waveguides), inhomogeneities in the refractive

index, n, must be minimized to reduce attenuation

Fig. 6 (a) FEG and (b) AFM images of Y0.9Er0.1Al3(BO3)4

thin films sintered at 740 �C for 2 h for 25 mPa s viscosity

solution

Fig. 7 AFM surface morphology of a Y0.9Er0.1Al3(BO3)4 thin

film sintered at 780 �C for 2 h for different precursor resin

viscosities: (a) 10, (b) 20, and (c) 30 mPa s
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losses; this reduction can be achieved with either

amorphous or single crystal materials, because grain

boundaries in polycrystalline materials are regions of

compositional or structural discontinuity which pro-

duce undesirable variations in n. However, this

requirement does not preclude the use of oriented

epitaxial films. As the Y0.9Er0.1Al3(BO3)4 material

studied crystallizes on a single phase only at high

temperature (1,150 �C), then the crystalline form

become useless. Thus, Y0.9Er0.1Al3(BO3)4 is very

promising to be used in amorphous state (when heat

treated at about 740 �C) as waveguides and compact

planar optical amplifiers.

Conclusions

Y0.9Er0.1Al3(BO3)4 crystalline powders and amor-

phous thin films were successfully prepared using a

modified polymeric precursor method in which

D-sorbitol is used to replace ethylene glycol in order

to improve better boron complexation into the

polymerized framework. The chemical reactions of

complexation, polymerization and resin decomposi-

tion were described, corroborating with DSC and

TGA results. Y0.9Er0.1Al3(BO3)4 powders heat trea-

ted at 800 �C were amorphous in agreement with the

DSC results, and Y0.9Er0.1Al3(BO3)4 crystallizes as

main phase at 1,150 �C, with a very small amount of

Y0.9Er0.1BO3, probably due to stoichiometric imbal-

ance (small boron loss) at high temperatures. This

synthesis of Y0.9Er0.1Al3(BO3)4 powder is thus

promising for the preparation of bulk ceramics. On

the other hand, this process is also interesting for the

preparation of optical glassy waveguides, due to its

high difference between the glass transition and

crystallization temperatures (around 90 �C), showing

good thermal stability. X-ray diffraction shows that

Fig. 8 (a) RMS roughness and grains size, and (b) thickness of

the Y0.9Er0.1Al3(BO3)4 thin films sintered at 780 �C during 2 h

for different precursor resin viscosities

Fig. 9 GIXRD patterns of amorphous (740 �C) and partially

crystallized (820 �C) Y0.9Er0.1Al3(BO3)4 thin films. (a) Pat-

terns of Y0.9Er0.1Al3(BO3)4 amorphous thin film for different

incidence angles. (b) Measurements of Y0.9Er0.1Al3(BO3)4 thin

films for different heat treatments
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only after 2 h at 780 �C the crystallization process

occurs. Heat treatment of precursor films at 740 �C is

most recommended to prepare high-quality amor-

phous Y0.9Er0.1Al3(BO3)4 films (multi-layers until

800 nm) to be applied as waveguides and optical

amplifiers free of cracks and pores, with very smooth

and dense surface. High quality thin films were

prepared without any macroscopic defect. In this

work heat-treatment and thickness were adjusted to

prepare homogeneous, dense and glassy thin films.

Multilayer thin films preparations are in progress to

perform then their optical characterizations.
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