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Abstract: In this work we report the synthesis of YAG (Y2Al3O12) matrix polycrystalline ceramics, doped with different 
concentration of Yb (from 0 to 100at%, with Yb replacing Y), by a sol-gel processing that uses acetates and alcoxides 
as precursors. Two types of samples have been studied: 1) bulk samples resulting from drying of the precursor solution, 
followed by heat treatment; (Er-doped bulk samples were also prepared to use the Er3+ ion as an internal standard in 
photoluminescence) 2) film samples, prepared by deposition of the precursor solution in a silicon substrate by spin-
coating, followed by heat treatment. Afterwards, the samples were characterized by X-ray diffraction, showing a well-
defined YAG crystalline phase in undoped and Yb-doped samples. The characteristic metal-oxygen vibrations were 
observed by infrared and Raman spectroscopy. Photoluminescence results show emissions within the 1000-1050nm 
range, typical of Yb energetic transitions. From the intensity of the emission peaks and the measurement of lifetime 
values, a figure of merit was calculated for bulk samples with different Yb concentrations, yielding a maximum value 
for 50at%Yb. The films were also characterized by ellipsometry, in which the refractive index and the thickness of the 
samples were determined. Some cracks were observed at the surface of the films by scanning electron microscopy 
(SEM), whose thicknesses were determined from the cross-section images indicating that the single layer thickness 
was about 20 to 30nm, suggesting that the deposition method allows good control of the growth of the films. 

Key words — YAG matrix; Yb:YAG powders; Yb:YAG films; Sol gel; Spin-coating; Laser applications. 

 
I. INTRODUCTION 

The development of technologies related to light has been, over the past few years, a determining factor in the ongoing 

evolution in the fields of energy, medicine and communications, among many others. In particular, photonics, which relates 

to the manipulation, control and detection of light, has been a powerful tool in acquiring new scientific knowledge, which in 

turn gives rise to innovative technologies such as photonic crystals, LEDs, fiber optics and laser systems, which are present 

in everyday objects. The research regarding the various uses of light has therefore been aimed to develop new and better 

products, through the improvement of current processing methods of those products [1].  

In particular, due to the importance of laser systems in the present technologic development, there have been many 

studies focusing on the improvement of efficiency and overall performance.  

Among the materials that constitute these systems, those based on the Y3Al5O12 structure, commonly called Yttrium 

Aluminium Garnet (YAG) are one of the most currently used, due to their combination of chemical, optical, thermal and 

mechanical properties [2]. YAG adopts a cubic structure and when doped with a transition metal or lanthanide element gives 

unique optical properties, ideal for use in solid-state lasers [3]. Particularly, Yb:YAG is one of the dominant laser gain media, 

mainly due the simple electronic structure of Yb3+, based on two electronic manifolds, the ground 2F7/2 and an excited 2F5/2 

state, conferring several advantages to the Yb ion, like high quantum efficiency, long fluorescence lifetime and broad 

emission spectrum [4], [5]. 

Traditional techniques for producing these materials require expensive equipment and lengthy heat treatments. As such, 

the sol-gel method emerges as an alternative technique for the manufacture of advanced materials, in a variety of forms, 

due to its simplicity and versatility. The polycrystalline ceramic materials produced by this method offer advantages over 

their single crystal counterparts, such as shorter fabrication times, lower fabrication cost, ability to incorporate high doping 

concentrations and fabrication in larger scales [4]. The application of these materials as a thin disk allows the generation of 

a high power laser beam without overheating of the gain medium [6]. 

In this work, Yb:YAG powders and films were produced from acetate and alcoxide precursors, with doping concentrations 

ranging from 0 to 100 at%Yb. In addition, the precursor solution was deposited on Si(100) substrates to make films with 

different thicknesses, by spin-coating. Afterwards, the samples were studied by X-ray diffraction (XRD), Fourier transform 

infrared (FTIR) and Raman spectroscopies, photoluminescence (PL) and lifetime measurements, spectroscopic 

ellipsometry (SE) and scanning electron microscopy (SEM). 

II. EXPERIMENT PROCEDURE 

2.1 Materials and methods 

The precursor solution was produced using high purity yttrium acetate (Y(OAc)3 • xH2O, 99.9% Sigma-Aldrich), ytterbium 
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acetate (Yb(OAc)3 • 4H2O, 99.9% Sigma-Aldrich) and aluminum butoxide (ATSB, 97% Sigma-Aldrich). The acetate powders 

were dried at 110ºC for 24h, prior to being used, to remove excess water. The powders were then weighed and mixed 

according to the stoichiometric ratio given by (Ybx Y(1-x))Al5O12 and then dissolved in 2-methoxyethanol (2-Met, 99.5% 

Merck). Afterwards, diethylenetriamine (DETA, 99.9%, Sigma-Aldrich) was added as a complexing agent, stirring the 

solution during 2h. After that time, bi-distilled water was added. For Er-doped solutions, dried Er(OAc)3 • xH2O (99.9%, 

Sigma-Aldrich) dissolved in 2-Met was added. ATSB was dissolved in 2-Met to produce the aluminum solution, mixing the 

latter with the (Y+Yb)-sol, obtaining the final Yb:YAG solution. 

a) Powder samples 
For obtaining the bulk samples, the final Yb:YAG solution was deposited on a container and air dried. After 24h, a 

transparent gel was obtained, which by subsequent aging, started to fracture, turning the gel into particles with 0.5-1cm 
(Fig. 1). 

 

 
Fig. 1 a) Recipient containing a liquid Er,Yb:YAG sol; b) The same sample after 48h. 

Once dried, the particles were submitted to the heat treatment described in Fig. 2. The final powders were composed of 
fine white particles. 

 
Fig. 2 Heat treatment scheme, used to produce the powder samples. 

b) Film samples 
Before the sol–gel deposition by spin–coating, the solution was filtered through a 0.2μm PTFE syringe filter. The films 

were spun at 2000rpm for 30s on single–side polished Si(100) wafers. The coated substrate was then baked at 1000ºC for 

30s in air, in between deposited layers. The process was repeated until the desired number of layers was achieved and 

after the last deposition cycle, the films were heat treated at 1000ºC for 1h. 

2.2 Characterization 

The XRD patterns of the samples were determined by a Philips PW 3020 diffractometer with CuKα radiation (λ=1.542Å, 
40mA and 30W). The 2θ values ranged from 5º to 100º, with a step size of 0.06º and a time per step of 1.25s. The software 
X’pert Quantify and X’pert Highscore were used to collect and process the experimental data.  

Transmission and absorption spectra were measured in MIR (7400 -350 cm-1) and NIR (13000-2700cm-1) by a FT-IR 
Nicolet 5700 (Thermo Electron Corporation) with a quartz beamsplitter for NIR and a KBr beamsplitter for MIR, both using 
a DTGS-TEC detector. The software Omnic7 was used to collect the data.  

Raman spectra of the powder samples were measured using a Horiba Labram Evolution HR 800confocal micro-Raman 
spectrometer, with a diffraction grating of 600lines/mm and a CCD detector. The excitation source was a 532nm diode laser 
with ~10 mW power on the sample. The objective used was x100 and the spectra were acquired using 10 s of signal 
collection time and 4 accumulations. The software used was the Labspec 6 da Jobin-Yvon. 

The refractive index and thickness of the film samples were studied using a UVISEL Horiba–Jobin Yvon ellipsometer, in 
the 300-900cm-1 range, with an increment of 10nm, an incidence angle of 70.07º and an integration time of 200ms. The 
software DeltaPsi2 (Jobin-Yvon) was used to collect and adjust the data to the chosen model. 

The photoluminescence spectra were measured using an Avantes NIR256-1.7 spectrometer, with an InGaAs detector. 
The excitation source was a 975nm laser diode (Lumics High Power Module, model IPS-1820D), with tunable intensity. The 
decay time measurements used the same excitation source plus a rotating chopper. The signal was detected by an InGaAs 
photodetector (GermaniumPower Devices Corp., model GAP1000), associated to a FLUKE PM 3370B oscilloscope. 

The films surfaces and cross-sections were observed in a Hitachi S2400 electron microscope, at 15 kV. 
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III. RESULTS AND DISCUSSION 

3.1 XRD results 

The diffraction pattern of the Yb:YAG powder samples are presented in Fig. 3. It can be seen that the sol-gel method 
produced samples with a well-defined cubic YAG crystalline phase and all off them exhibit the main YAG peak at 2θ =33.5º 
that corresponds to the (420) plane [7]. The samples with 40 and 80 at%Yb also show peaks at 31º, 36º, 40º and 44º which, 
according to the database patterns, seem to indicate the presence of vestigial YAM (Yttrium Aluminium Monoclinic), a 
secondary phase with a monoclinic crystalline structure.  

 
Fig. 3 – XRD patterns of the powder Yb:YAG samples, with different Yb concentrations. 

XRD results of Er,Yb:YAG samples (Fig. 4) confirmed that powders with Yb concentrations of 0, 50 and 100 at% also 
exhibit a well-defined YAG-like crystalline phase. 

 
Fig. 4 - XRD patterns of the co-doped powder Er,Yb:YAG samples. 

The average crystallite sizes were calculated from  the Scherrer equation (equation 1) [7], in which K is the form factor 
(equal to 0.9), λ is the source radiation wavelength, θ the Bragg angle and β the full width at half maximum of the analyzed 
peak, corrected for the equipment used (β=βexp-βinstr., where βinstr is equal to 0.072º, according to empirical results). 

 𝜙𝑚 =
𝐾 × 𝜆

𝛽cos(𝜃)
 (1) 

The results for powder samples are presented in Table 1. 
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Table 1 - The mean crystallite sizes of the Yb:YAG and Er,Yb:YAG powder samples, calculated from the XRD results. 

Sample β (º) 2θ (º) φm (nm) 

pYAG 0.28 33.61 40.0 

pYb:YAG(10%) 0.31 33.29 34.7 

pYb:YAG(15%) 0.28 33.41 40.0 

pYb:YAG(26.67%) 0.39 33.53 25.8 

pYb:YAG(40%) 0.24 33.73 48.4 

pYb:YAG(80%) 0.22 33.48 55.6 

pYb:YAG(90%) 0.32 33.28 33.0 

pYbAG(100%) 0.19 33.43 68.1 

pEr:YAG 0.26 33.58 44.0 

pEr,Yb:YAG(50%) 0.30 33.53 36.6 

pEr:YbAG(100%) 0.54 33.13 17.6 

The XRD patterns of the films Yb:YAG (15%) with 50 layers and Yb:YAG (10%) with 100 layers are presented in Fig. 
5. Both samples exhibit the diffraction peaks corresponding to the YAG cubic phase, including the main peak at 2θ=33.5º. 
There is also an intense peak at 2θ=69º corresponding to the Si substrate [8], which is more intense for the 50 layer film 
due to the difference in thickness between the samples (about 1.5µm for the 50 layer film and 3µm for the 100 layer one, 
according to the SEM and FT-IR analysis, presented later). Also, the 50 layer film pattern doesn’t exhibit the peak at 18º 
while the 100 layer film pattern shows a peak at 14º, both not consistent with any of the phases of the Y2O3-Al2O3 system. 
These two differences in the film patterns may be related to internal stresses that distort the crystalline lattice and cause 
modification in the diffraction of the incident radiation. 

 

Fig. 5 – a) XRD pattern of the Yb:YAG(15%) 50 layer film; b) XRD pattern of the Yb:YAG(10%) 100 layer film. In the upper right corner 
of both graphs is represented the same respective pattern, evidencing the broad intensity of the Si peak at 69º 

The average crystallite sizes for the studied film samples are presented in Table 2, also calculated by the Scherrer 
equation.  

Table 2 - The mean crystallite sizes of the Yb:YAG film samples, calculated from the XRD results. 

Sample # layers β (º) 2θ (º) φm (nm) 

Yb:YAG(15%) 50 0.49 32.27 19.8 

Yb:YAG(10%) 100 0.61 32.73 15.3 

3.2 FT-IR spectroscopy  

The transmission spectrum of the YAG 10 layer film in MIR (from 300-900cm-1) is presented in Fig. 6. Absorption bands 
are observed at 777, 712, 681, 561, 440 and 425cm-1, in addition to a small peak at 669cm-1. According to De la Rosa et al 
[9] and Kostić et al [10], the vibration bands above 777, 712 and 681 cm-1 are associated with asymmetric stretching of the 
tetrahedron (ν3) while the bands at lower frequencies (445 and 425cm-1) are associated with symmetric and asymmetric 
(ν2 and ν4) bending motion of the tetrahedron, respectively. According to the referenced work, the weak bands at 
frequencies below 425cm-1 are associated to translation and rotation movements of the tetrahedron (AlO4), octahedron 
(AlO8) and dodecahedron (YO6), though in the presented spectrum, the signal/noise ratio becomes too low to distinguish 
any peak at those frequencies. 
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Fig. 6 – Transmission spectra, in MIR, for the 10 layer YAG film. 

The transmission spectra of the 10 layer Yb:YAG(5%), the 50 layer Yb:YAG(15%) and the 100 layer Yb:YAG(10%) films, 
in MIR, are presented in Fig. 7. It can be observed that, although the concentration variation between the samples is not 
very significant, the peak positions don’t change, indicating that the ionic substitution of Y3+ for Yb3+ is homogenous and 
doesn’t produce new crystalline phases. In fact, the main change between the samples is in the reduction of transmittance 
as the number of layers increase, due to the increase of absorption and dispersion centers. 

 
Fig. 7 - Transmission spectra for the 10 layer Yb:YAG(5%), the 50 layer Yb:YAG(15%) and the 100 layer Yb:YAG(10%) films. 

3.3 Raman spectroscopy 

The Raman spectra of powder samples with different Yb concentrations are represented in Fig. 8. It can be observed 
that the peaks at 159, 215, 257 and 337cm-1 shift to lower wavenumbers with increasing Yb content. It is also notable the 
merging of the two peaks initially (without Yb doping) at 366 and 398cm-1. On the other hand, the peak at 777cm-1 shifts 
to higher wavenumber (up to 785 cm-1) with increasing Yb content. 

 
Fig. 8 - Raman spectra for powder samples, with different Yb concentrations. 
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Chen et al. [11], also observed these wavenumber shifts and suggested that the Raman spectra can be divided into 
two groups that behave differently as the Yb3+ content increases. The first group comprises the frequencies below 500 
cm-1 in which the peaks are attributed to the translation motion of the Y or Yb ions (150 to 217cm-1) and to the mixing of 
translational, rotational and ν3 mode of the (AlO4) unit (236 to 403cm-1). The second group includes the frequencies above 
500cm-1 in which the observed peak correspond to the vibration modes ν1, ν2 e ν4 of the AlO4 tetrahedron (544 to 866cm-

1). Although the merging of the two peaks at 366 and 398cm-1 hasn’t been observed, it can indicate that the second peak 
can also be attributed to vibration modes regarding Y and Yb ions. 

3.4 Ellipsometry 

The refractive index and thickness of the films, at 1030nm are presented in Table 2Table 3.  

Table 3 - Refractive index and thickness values for samples with different Yb concentrations and number of layers. 

Sample # layers n Thickness (nm) 

YAG  10 1.74 266 ± 4 

YAG  10 1.73 262 ± 4 

Yb:YAG(5%) 10 1.73 269 ± 5 

Yb:YAG(5%) 25 1.72 682 ± 8 

Yb:YAG(15%) 15 1.71 390 ± 4 

Yb:YAG(15%) 50 1.82 1154 ± 27 

As the Yb concentration increases from 0 to 15 at%Yb, the refractive index of the sample decreases. This contradicts the 
results obtained by Patel et al [12] for monocrystalline samples, in which it was observed that the refractive index increases 
linearly with Yb concentration. Only the sample with 50 layers (15 at%Yb) has the refractive index value equal to the 
theoretical value for YAG (nYAG=1.82 at 1030nm [13]). According to the work of E. Payrer [14], the increase in refractive 
index can be related with the increase in the number of deposited layers since a denser film is originated by exposing it to 
a higher number of thermal cycles, thus reducing the residual porosity. Since the refractive index is sensible to the film 
microstructure, it is expected for the refractive index of the 50 layer film to come closer to the theoretical value. From the 
thickness values, it can be asserted that the deposition method used allows good control of the growth of the film, since all 
the samples have approximately 27 nm/layer.  

3.5 Photoluminescence 

The emission spectra of Yb:YAG powder samples are presented in Fig. 9. All the samples exhibit a main peak at 1030nm, 
typical of a crystalline Yb-doped YAG matrix, according to previous works [2], [4], [15]. In addition, some peaks close to this 
wavelength can be observed, that correspond to the Stark splitting of the 2F5/2 and 2F7/2 Yb levels. 

 
Fig. 9 - Room temperature photoluminescence emission spectra for Yb:YAG samples, from 5at%Yb to 100at%Yb. 

The peak intensity divided by the integration time of the samples, at 1030nm, decrease exponentially as the Yb 
concentration increases, while the FWHM initially decreases, from 10 at%Yb (FWHM=31nm) to 15 at%Yb (FWHM=18nm), 
increasing for higher concentrations. 

The photoluminescence results for the film samples are shown in Fig. 10. As for the powders, the films exhibit the main 
Yb peak at 1030nm, indicating that they are composed of a crystalline microstructure, confirming the previous XRD results. 
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Fig. 10 - Room temperature photoluminescence spectra of the Yb:YAG films. 

However, the intensity values of the peak divided by the integration time of each sample do not represent the true 
spectroscopic properties since the particle size, the density of the powder and the local Yb concentration can vary, ultimately 
influencing the intensity of the received signal by the detector. As such, an internal standard is required to obtain more 
accurate results regarding the relative peak intensities of the samples. The chosen internal standard was erbium, which has 
an absorption range close to that of Yb and emissions between 1400 and 1700nm, with a main peak at 1530nm [16], [17]. 
Due to energy transfer phenomena, the Er3+ concentration had to be kept quite low (0.002 at%) so as not to interfere 
substantially with the Yb emissions. 

The results for the Er,Yb co-doped powder samples are shown in Fig. 11. The spectra continue to exhibit the Yb peak at 
1030nm, with the addition of a series of weak peaks in the range of 1400 to 1700nm, correspondent to Er multiplet 
emissions. 

 

Fig. 11 - Above: room temperature emission spectra of Er,Yb:YAG co-doped samples; Below: the emission spectrum for 
Er,Yb:YAG(10%), evidencing the emission peaks of Er. 

The peak values of intensity at 1030nm normalized to the 1532nm Er peak and the FWHM values are represented in Fig. 
12.  
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Fig. 12 – Er,Yb:YAG powder samples peak intensity values, at 1030nm, normalized to the Er peak at 1532nm and their FWHM. 

The FWHM increases from 10 to 30 at%Yb, varying between 51 and 73 nm for higher concentrations. Unlike the Yb-
doped samples, the peak intensities increase with the Yb concentration, reaching a maximum for 50 at%Yb and gradually 
decrease for higher concentrations. As the concentration increases, more and more Y ions are replaced by Yb3+ which 
results, in turn, in an increase in the number of emissions at 1030nm, thereby increasing the intensity of the emission at 
that wavelength. However, for higher concentrations (above 50 at%Yb), the distance between Yb ions is reduced and energy 
transfer by dipole-dipole interaction can occur, instead of emission of photons [18]. This transference of energy, from one 
ion to the other, results in a loss of intensity by multi-phonon non-radiative decay. 

3.6 Figure of merit 

The laser material performance was evaluated through the product between peak intensity σ and the measured 

fluorescence lifetime τ. The peak intensities correspond to Er,Yb:YAG bulk samples, while lifetime values correspond to the 

Yb:YAG bulk samples, without Er doping, so the energy transfer between Er3+ and Yb3+ ions, called the antenna effect [19], 

doesn’t influence these results.  

 
Fig. 13 - a) Lifetime values of Yb:YAG powder samples; b) Calculated product στ  

 Although the values of lifetime decrease almost continuously with the increase in Yb concentration, the values for the 

figure of merit follow the normalized peak intensities with an increase from 20 at%Yb to 40 at%Yb, reaching a maximum for 

50 at%Yb and decreasing for higher doping concentrations. 

3.7 SEM 

Fig. 14 shows the surface and cross-section of the 50 layer Yb:YAG(15%) film. It can be observed that the surface exhibits 
some fractures. In the work of Payrer et al [14] this fractures were also reported and attributed to the difference in heat 
expansion coefficients between the YAG film and the Si substrate (6.9x10-6/ºC para YAG [20] and 3x10-6/ºC for Si [14]). 

The film cross-section was also observed, giving an estimate of 1.256 µm (around 25 nm per layer), which is in good 
agreement with the results obtained by ellipsometry. 
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Fig. 14 - SEM images of the 50 layer 10at%Yb film. In the bottom right corner, the cross-section of the film: A – film surface, B – film 

cross-section and C – Si substrate. 
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IV. CONCLUSIONS  

In this study, a sol-gel process based on acetate and alcoxide precursors used as a route to YAG powders and thin 
film is presented. This method produced samples with a well-defined cubic YAG crystalline structure, as confirmed by 
XRD results. In FTIR and Raman spectroscopies, the Al-O, Y-O and Yb-O metallic bonds were observed in the 300-
900cm-1 range. The photoluminescence results show the Yb3+ main emission, around 1030 nm. The highest peak intensity 
for Er and Yb co-doped samples was obtained for the 50 at%Yb composition. The lifetime values decrease with increasing 
Yb concentration. The figure of merit was calculated by the product between the peak intensity and fluorescence lifetime, 
obtaining a maximum for the 50 at%Yb concentration. By SEM images, it was observed that the surface of the films was 
composed of cracks and a thickness of 20 to 30nm was determined by observing the cross-section of the latter. 
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