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This paper reports the influence of temperature and doping concentration on optical and thermal prop-
erties of Yb:YAG transparent ceramics. The rise of Yb doping concentration causes the gradual red-shift of
absorption edge, and both Yb3+absorption coefficient and fluorescence lifetime increases. For 5% Yb:YAG
ceramic, as temperature increases from 100 K to room temperature, the fluorescence intensity decreases
with broadening of each peak. By using a 940 nm diode laser as the pumping source, we obtained a high
slope efficiency of 49% for 5%Yb:YAG ceramics, compared with 41% for 10%Yb:YAG ceramic.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Since the first demonstration of Nd:YAG ceramic laser in 1995
[1], the past two decades have witnessed the whole development
of YAG ceramic laser materials [2–11]. Recently, some researchers
have shown strong interest on other ceramics like CaF2, LuAG and
Lu2O3 [12–15]. However, these materials do not shows obvious
advantages compared to YAG ceramics. As one of potential candi-
dates for high-power laser materials, Yb:YAG ceramics have always
gained much attention because of the superior physical properties
of Yb ions, e.g. the broad absorption and emission bands, long stor-
age lifetime, low defect density, no excited state absorption or
upconversion loss, and wide range of tunability, etc. [16–19]. Addi-
tionally, the similarity in diameter between Y and Yb ions allows a
heavy doping of the latter into YAG matrix with low lattice mis-
match, thus minimizing the distortion on fluorescence properties
[20]. In addition, thin heavily doped Yb:YAG ceramic could serve
as microchip laser material due to its excellent thermal property.

However, the quasi-four-level system of Yb:YAG limits the laser
output by the thermal population of terminated lasing levels at
612 cm�1 of 2F7/2 ground state, and it contains about 5% of 2F7/2

population at room temperature [21]. Moreover, the fluorescence
properties, e.g. the emission cross-section and fluorescence life-
time, can be strongly influenced by the doping concentration, as
well as temperature [22,23]. In 2002, Yang et.al. pointed out the
concentration quenching effect of Yb:YAG crystal for Yb concentra-
tion above 10 at.% due to unwanted impurities in raw
materials[24]. In 2003, Dong et.al. reported that both emission
cross-section and lifetime are greater at lower temperature than
those at room temperature for Cr, Yb codoped single crystal [25].
Later, Qiu, Yang and Dong et.al. reported the dependence of optical
properties on doping concentration for Yb:YAG single crystal
[26,27]. In 2009, Dong reported that the fluorescence lifetime be-
gan to decrease when Yb concentration was beyond 15 at.%, and
it decreased to 15% when Yb concentration reached to 25 at.%. It
was attributed to both radiative trapping and concentration
quenching effect [28].

This paper reports the dependence of the optical, fluorescence
and thermal properties of Yb:YAG transparent ceramics on both
temperature and dopant concentration. Efficient laser oscillation
is achieved on 5 at.% and 10 at.% Yb:YAG ceramics by using
940 nm pumping source.
2. Experimental

2.1. Sample preparation

Commercial high-purity powders of a-Al2O3 (99.99%, Sumitomo Chemical Co.
Ltd, Japan), Y2O3 (99.99%, Alfa Aesar, United States), Yb2O3 (99.99%, Alfa Aesar, Uni-
ted States) were used as starting materials, while 0.5 wt.% tetraetheoxysilane (TEOS,
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Fig. 2. Surface morphology of YAG ceramics.

Fig. 3. XRD patterns for Yb:YAG ceramics with various doping concentration.
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99.999+%, Alfa Aesar, United States) and 0.2 wt.% Oletic Acid (99%, Alfa Aesar, Uni-
ted States) were adopted as sintering aid and dispersant agent, respectively. The
starting materials were weighted in accordance with the chemical composition of
(YbxY1�x)3Al5O12 (x = 0, 0.05, 0.10, 0.15, 0.20) and then homogeneously mixed in
ethanol for 20 h in a planetary-milling machine. The weight ratio of powders and
solvent is 1:1. The obtained slurry was dried in the oven at 65 �C for 24 h, then
ground and sieved through 200-mesh screen. The powders were uniaxially pressed
into U15 mm disks with thickness of about 2 mm and then calcinated at 700 oC for
about 10 h in air before cold isostatic pressing under 200 MPa. The as-obtained
Yb:YAG green bodies were sintered at 1720 oC for 10 h under vacuum condition
of 5 � 10�7 torr, and then annealed at 1450 oC for 10 h in oxygen atmosphere.

2.2. Sample characterization

The phase identification was carried out by X-ray diffraction (XRD), and the sur-
face morphology was characterized by means of scanning electron microscopy
(JSM-6700F, JEOL). The optical transmittance was measured by UV/Vis/NIR spectro-
photometer (Lambda-900, PekinElmer). The fluorescence spectra, as well as decay
curves, were recorded using spectrophotometer (Edinburgh, FLS920) by taking a
microsecond flash lamp (Edingburgh, lF900) as the exciting source. The signals
were detected with an NIR PMT(Hamamatsu, R5509). The thermal diffusivity was
measured by Laser Flash Apparatus (LFA457, Netzsch).

3. Results and discussion

3.1. Morphology and phase characterization

Fig. 1 shows the photos of Yb:YAG ceramics with Yb concentra-
tion ranging from 0 to 20 at.%. The green color of pre-annealing
samples tends to be dark with increasing Yb content. We attributed
this phenomenon to the emergence of color centers during vacuum
sintering process [24,29,30]. However, the color has faded, and the
samples become colorless and transparent after high temperature
annealing treatment in oxygen atmosphere. SEM image of surface
morphology of YAG ceramic is shown in Fig. 2 in which the clear
grain boundary is observed without any pores or other second
phase. All of the grains are tightly bonded with each other, of
which the average size is about 10 lm. When a light beam trans-
mits through the samples, they exhibit excellent transparency,
which could be ascribed to the grain boundaries without any pores
inside. In transparent ceramics, when the grain size is much lower
than the light wavelength, the scattering can be totally ignored.
Fig. 3 illustrates the XRD patterns of 5 at.%, 10 at.%, 15 at.% and
20 at.% Yb:YAG ceramics. It indicates that each graph matches well
with YAG crystal phase, and no second phase peak is observed.
With the rise of Yb doping concentration, some peaks show weak
Fig. 1. Photos of YAG transparent ceramics doped with 0, 5 at.%, 10 at.% 15 at.% and
20 at.% Yb concentration (left denotes pre-annealed samples and right denotes
post-annealed samples).
shifts, which, nonetheless, could be negligible and have no
influence on YAG phase identification.
3.2. Optical and fluorescence analysis

The optical transmittance spectra were measured at room
temperature ranging from 190 nm to 1100 nm for each sample,
as shown in Fig. 4. The pure YAG ceramic has an absorption edge
at about 190 nm, which red-shift to about 230 nm for Yb:YAG
ceramics. The inlet figure shows this gradual red-shift with the rise
of Yb concentration. According to the energy band theory, the pure
YAG crystal has a stable crystal field and constant band-gap. How-
ever, the Yb doping into YAG matrix disturbs the crystal field, and
induces impurity energy levels into the forbidden band. It finally
results in red shift of the absorption edge. Additionally, optical
transmittances are beyond 80% for all samples, with three strong
absorption peaks around 915 nm, 940 nm, and 970 nm. Fig. 5
shows the absorption spectra, and absorption coefficient is
observed to rise with increasing doping concentration. They are
measured to be 6 cm�1,11 cm�1,16 cm�1 and 22 cm�1 for 5 at.%,
10 at.%, 15 at.%, and 20 at.% Yb:YAG ceramics respectively.

Fig. 6(a) illustrates fluorescence spectra of Yb:YAG ceramics
with various doping concentrations in room temperature, ranging
from 950 nm to 1300 nm. The strongest emission peaks locate at



Fig. 4. Optical transmittance spectra for YAG ceramics with Yb doping concentra-
tion of 0, 5 at.%, 10 at.%, 15 at.% and 20 at.% (inlet figure shows the variation of
absorption edge with Yb ions concentration).

Fig. 5. Absorption spectra for YAG ceramics with Yb doping concentration of 0,
5 at.%, 10 at.%, 15 at.% and 20 at.%.

Fig. 6. Fluorescence spectra (a) and lifetime decay curves (b) for YAG ceramics with
Yb doping concentration of 5 at.%, 10 at.%, 15 at.% and 20 at.% at room temperature
(inlet figure shows the fluorescence spectra ranging from 1044 nm to 1052 nm).

Fig. 7. Fluorescence spectra for 5 at.% Yb:YAG ceramic at various temperatures.
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1030 nm for all samples, and the intensity begins to decrease when
Yb concentration is beyond 10 at.%. However, the intensity of an-
other emission peak located at about 1050 nm increases with the
rise of Yb content, as shown in inset figure. As a result, the ratio
of peak intensity at 1030 nm to that at 1050 nm varies among sam-
ples, and the higher value means easier oscillation at 1030 nm for
laser experiment. It can thus be predicted that samples with 5 at.%
and 10 at.%Yb are preferred to generate 1030 nm laser. Actually,
both emission peaks above can be attributed to the transition from
2F5/2 to 2F7/2 manifolds for Yb3+ions [21,31–36]. Fluorescence life-
time spectra of all samples are shown in Fig. 6(b). The lifetime
was found to increase with increasing Yb concentration, and
1.92 ms of lifetime was obtained for 20 at.% Yb:YAG ceramic. Such
long lifetime is mainly attributed to the self-absorption effect,
which is unavoidable at high doping concentration. Sumida et.al.
mentioned that this effect could be depressed using thin sample
in the experiment [37], and this work is now being carried on.

3.3. Influence of temperature on fluorescence and thermal properties

It is of significant importance to study the dependence of fluo-
rescence and thermal properties on temperature. As shown in
Fig. 7, the emission peak intensity at about 1030 nm is very sharp
at 100 K. However, it is depressed with broadening FWHM when
the temperature gradually rises. At room temperature, the inten-
sity is only half of that at 100 K, and the FWHM increases from
4 nm to nearly 10 nm. Additionally, a weak peak located at
1024 nm gradually disappears with increasing temperature. This
phenomenon indicates that peak at 1030 nm is preferred at room
temperature. Except for the two peaks mentioned above, a weak
peak at 1049 nm could also be found, as shown in Fig. 7. The ratio
of intensity at 1030 nm to that at 1050 nm is clearly different, and
it tends to rise with decreasing temperature. This contributes to
the explanation of good laser output at about 1030 nm for Yb:YAG
ceramics when temperature is set low enough.

The dependence of thermal diffusivity (a) on temperature, as
well as on doping concentration, was shown in Fig. 8(a). It was
found that temperature has apparent influence on thermal
diffusivity. Each ceramic performs the decline trend of thermal
diffusivity with increasing temperature. For YAG ceramic, while



Fig. 8. Curves of the thermal diffusivity vs temperature for YAG ceramics with
various Yb doping concentration (a) and the curve of thermal conductivity vs Yb
concentration at room temperature (b).

Fig. 9. CW laser output power as a function of absorbed pump power for 5 at.%
Yb:YAG and 10 at.% Yb:YAG ceramics.
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temperature increases from room temperature to about 560 �C, the
thermal diffusivity decreases by as much as 67%. However, the ef-
fect of temperature on thermal diffusivity is found to be gradually
weakened with rise of doping concentration. For samples with Yb
doping content of 0, 5 at.%, 10 at.%, 15 at.% and 20 at.%, when the
temperature changes from the room temperature to about
400 �C, the corresponding thermal diffusivity decreases by 62%,
56%, 55%, 52%, and 28%.

The relationship between the thermal diffusivity (a) and
thermal conductivity (D) is expressed by:

D ¼ aqCP ð1Þ

where q is the density of Yb:YAG ceramic, and CP is the specific
heat. The room temperature thermal conductivity was measured,
as shown in Fig. 8(b). We could find that YAG ceramic has a thermal
conductivity of about 10.7 W m�1 K�1, and it is comparable to the
theoretical value of YAG single crystal [38]. However, while the
doping concentration of Yb ions increases from 5 at.% to 20 at.%,
the thermal conductivity decreases by as much as 88%, from
8.6 W m�1 K�1 to 0.99 W m�1 K�1. From Fig. 8(a), we could also pre-
dict that with the increase of temperature, thermal conductivity
decreases. In Yb:YAG ceramic matrix, the heat conduction is mainly
due to lattice vibration (phonons transport). Yb ions doping into
YAG matrix induces some extent of structural distortion, and gener-
ation of point defects. These defects can reduce the phonon mean
free path, and therefore depress the thermal conductivity. Similarly,
the increase of temperature causes the lattice vibration of a higher
degree and larger point defects density. The deterioration of ther-
mal properties of Yb:YAG ceramic is tightly related with thermoop-
tic aberrations, lensing and birefringence. Therefore, an efficient
cooling arrangement is required during laser experiment to obtain
high beam quality and stable laser output.
3.4. Laser performance of Yb:YAG ceramics

The measurement of laser performance was carried out on an-
nealed Yb:YAG ceramics with doping concentration of 5 at.% and
10 at.%, as shown in Fig. 9. A fiber-coupled 940 nm diode laser
was used as the pumping source, and we adopted plano–plano res-
onator. The input mirror has a transmission of 95% at 940 nm and
99.8% at 1030 nm while the output coupler has a fixed transmis-
sion of 5%. The temperature was controlled at about 20 �C by the
circulating water system. Fig. 9 shows that slope efficiency of
49% has been obtained for 5 at.% Yb:YAG ceramic, and the thresh-
old absorbed pump power is 2.1 W. However, when Yb doping con-
centration is changed to 10 at.%, slope efficiency decreases to 41%,
and the threshold absorbed pump power increases to 2.6 W. There-
fore, 5 at.% Yb:YAG ceramic performs better laser output than
10 at.%Yb:YAG ceramic.
4. Conclusions

YAG transparent ceramics with various Yb doping concentra-
tion were successfully fabricated using vacuum sintering technol-
ogy. The influence of concentration, as well as temperature, on
their optical, fluorescence, and thermal properties was systemati-
cally investigated. The results indicate that the increase of Yb dop-
ing concentration leads to the red-shift of absorption edge and rise
of Yb3+ absorption coefficient as well. The fluorescence lifetime
could also become longer with increasing Yb concentration. How-
ever, the optimum emission at 1030 nm occurred in 5 at.% and
10 at.% Yb:YAG ceramics. With the rise of temperature, the emis-
sion intensity at 1030 nm falls, and the thermal property deterio-
rates for 5 at.% Yb:YAG ceramics. At room temperature, the
thermal conductivity of YAG ceramic attains to 10.7 Wm�1 K�1.
The heavier Yb doping results in the lower thermal conductivity
of Yb:YAG ceramics. Finally, our laser experiment indicates that
5 at% Yb:YAG ceramics demonstrate better laser output than
10 at.%Yb:YAG ceramics do.
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