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Abstract.  Highly transparent yttrium aluminium garnet ceramics 
doped with holmium or ytterbium or neodymium are synthesised. 
The ceramics were made of a mixture of nanopowders synthesised 
by laser ablation. The structural and spectral characteristics of 
ceramics are studied. In the samples with holmium Ho3+ and neo-
dymium Nd3+ ions, lasing was achieved with a slope efficiency of 
40 % and 35.3 %, respectively; the maximum laser power exceeded 
4 W. The internal absorption and scattering losses for 1% Nd : YAG 
ceramics are estimated to be 1.6 ´ 10–2 cm–1.

Keywords: yttrium aluminium garnet, holmium, ytterbium, neody­
mium, nanopowder, ceramics, transmission spectrum, lasing.

1. Introduction

Highly transparent Nd : YAG laser ceramics was synthesised 
for the first time in 1995 by a group of Japanese scientists 
headed by Ikesue [1]; in specific laser power, this ceramics was 
comparable with single crystals. The highly transparent 
YAG-based ceramics turned out to be extremely attractive as 
a material for active laser elements, which is explained by a 
relatively simple production technology, low cost, unlimited 
dimensions and the possibility of creating multilayer struc-
tures. It was found that, to achieve a high transparency of 
ceramics, it is necessary to fulfil some essential require-
ments, which include a low thickness of intergrain bound-
aries (~1 nm) and the absence of pores and secondary phases 
(their concentration must be lower than 1–10 ppm) [2, 3].

In the course of investigations, we developed two ceramics 
synthesis methods satisfying these requirements. In the first 
method, which was described in detail in [2] and called the 
solid-phase reaction method [3] or the reaction sintering 
method [4], commercial oxide powders after long milling are 
mixed, compacted and sintered. In this case, the phase trans-
formations of Nd2O3, Y2O3 and Al2O3 into Nd3+ : Y3Al5O12 

(Nd : YAG) occur during vacuum sintering of ceramics. In the 
second method [5, 6], ceramics is synthesised from Nd : YAG 
powders. Both methods have some modifications differing by 
the methods of production of nanopowders, their mixing, 
doping with bonding and sintering additives, methods of 
compaction of nanopowders and sintering regimes [1, 2, 7, 8]. 
Due to these technological features, ceramic samples with a 
theoretical transparency (~84 %) have been synthesised only 
by a few scientific groups. One of the reasons for this is, in our 
opinion, insufficiently accurate maintenance of the stoichio-
metric composition of yttrium aluminium garnet.

Previously [9], we showed that the YAG stoichiometry 
can be achieved with a required accuracy by using a mixture 
of Nd3+ : Y2O3 and Al2O3 nanopowders. It is only necessary to 
accurately weight the components. Actually, our method of 
synthesis of highly transparent Nd : YAG ceramics is similar 
to the reaction sintering method with the only difference that 
Nd is already incorporated into the Y2O3 lattice. The aim of 
the present work is to study the possibility of using this 
method to synthesise highly transparent YAG ceramics 
doped with various rare-earth ions (Re = Nd, Yb, Ho) from a 
mixture of nanopowders (Re3+: Y2O3 and Al2O3 produced by 
laser ablation) without surfactants but with the use of tetra-
ethylorthosilicate (TEOS) as a sintering additive.

2. Objects of study

Coarse commercial powders Ho2O3, Yb2O3, Nd2O3, Y2O3 
and Al2O3 with a purity grade at least 99.99 % were used to 
made laser targets of four compositions (Ho3+ : Y2O3, 
Yb3+ : Y2O3, Nd3+ : Y2O3 and Al2O3), which were than evapo-
rated by radiation of a CO2 laser. The concentration of Ho, 
Yb and Nd rare-earth ions in the first three compositions was 
about 1 at %. Nanoparticles with an average size of 12 – 15 nm 
were formed upon vapour condensation in an air flow. The 
technology of laser synthesis of oxide nanopowders is 
described in more detail in [9].

Next, Re3+: Y2O3 and Al2O3 nanopowders in the propor-
tion (Re + Y)2O3:Al2O3 = 3:5 were stirred during 48 h in etha-
nol with zirconium oxide balls. At the stirring stage, we used 
TEOS in amount of 0.5 wt % as a sintering additive. The mass 
ratio of nanopowder, balls and ethanol was 1 : 4 : 8. Then, the 
mixture was evaporated in a vacuum rotary evaporator and 
annealed in air at a temperature of 600 °C for three hours to 
remove organic impurities. During this process, no agglom-
eration of nanopowders was observed.

The dry annealed mixture of nanopowders was compacted 
into pellets with a relative density of 20 %, which were then 
annealed in an atmospheric furnace at a temperature of 
1200 °C for three hours. Then, these pellets were milled in 
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ethanol by yttria-stabilised zirconia (YSZ) balls during 48 h, 
after which the mixtures were evaporated and dried.

The obtained products were compacted into disks 15 mm 
in diameter and 2 – 4 mm thick by dry uniaxial static pressing 
under a pressure of 200 MPa. The density of Re : YAG com-
pacts was ~50 % of the X-ray density of this material. Then, 
the compacts were sintered in a vacuum furnace at a tempera-
ture of 1780 °C for 20 h. After this, the ceramic samples were 
bleached by annealing and mechanically polished. According 
to the X-ray diffraction analysis performed using a D8 
Discover diffractometer, the main crystal structure of ceramic 
samples corresponded to yttrium aluminium garnet. 
Additionally, we analysed the existence of secondary phases 
by the luminescent method [10], which allows one to detect 
the presence of secondary phases with a concentration below 
1 %. If secondary phases were detected, the proportion of 
nanopowders was corrected. As a result, we produced ceramic 
samples in the form of nearly perfect polycrystals.

3. Results and discussion

Figure 1 shows a photograph of sintered Re : YAG ceramic 
samples after bleaching and polishing.

Structural characteristics. Using an OLYMPUS 
BX51TRF-5 optical microscope, we estimated the average 
size of crystallites to be 14, 15 and 17 mm in the samples of 
Ho : YAG, Yb : YAG and Nd : YAG ceramics, respectively; 
the fraction of scattering centres in these samples did not 
exceed 30 ppm.

To study the depth distribution of inhomogeneities in 
optical ceramics, we used the method of collinear heterodyne 
detection (Fig. 2), which uses two coherent focused light 
beams – reference beam ( 1 ) and heterodyne beam ( 2 ). The 
heterodyne beam frequency is shifted by DF = 88 MHz with 
respect to the reference beam frequency. In the region of 
intersection of these focused beams, a moving interference 
micrograting is formed, which overlaps with a noise grating 
( 4 ) inside the laser ceramic sample ( 3 ). The light beam ( 5 ) is 
formed as a result of diffraction of the heterodyne beam ( 2 ) 
on the noise grating. If the spatial frequency of the noise grat-
ing is equal or close to the spatial frequency of the moving 
micrograting, then the light beam ( 5 ) will propagate in the 
same direction (collinearly) as the reference beam ( 1 ). The 
interaction of two collinear beams with different frequencies 
leads to the appearance of a photocurrent with a difference 
frequency DF at the exit of a photodiode ( 6 ). This signal car-
ries information on the noise grating amplitude.

As a radiation source, we used a semiconductor laser 
emitting at a wavelength of 660 nm, while a microobjective 
with a working distance of 2 mm and a numerical aperture 

NA = 0.6 was used as a focusing objective. In the focal plane 
of the microobjective, a micrograting with dimensions Dx ´ 
Dy = 0.8  ´ 1.3 mm was formed. The micrograting size (at half 
maximum) along the sample thickness for diffraction-limited 
beams was Dz = 6.8 mm. It should be noted that the hetero-
dyne detection occurs only in the region of intersection of 
beams ( 1 ) and ( 2 ), where the micrograting forms. A detailed 
description of the method is given in [11].

Moving the sample along the Z axis (in depth), one can 
record a one-dimensional distribution of optical inhomogene-
ities. However, more comprehensive information about the 
inhomogeneity distribution is provided by a two-dimensional 
pattern obtained as a result of series of in-depth scans with 
sequential shifts in the transverse direction (along the Y axis). 
In particular, Fig. 3a shows an example of a synthetic image 
of distribution of optical inhomogeneities (topograph), which 
is obtained by this two-dimensional scanning of Ho : YAG 
ceramics. From Fig. 3, one can see that the number of inho-
mogeneities in ceramics, at least in this scanning range, is 

1 2 3

Figure 1.  Photographs of ( 1 ) Ho : YAG, ( 2 ) Yb : YAG and ( 3 ) Nd : YAG 
ceramics.

3

4

5

6

2

1

Y

Z
X

Figure 2.  Scheme for investigating the spatial distribution of optical in-
homogeneity in a bulk material using collinear heterodyne detection.
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Figure 3.  Graphical representation of a two-dimensional scan of 
Ho : YAG ceramics: (a) topograph of the region Y ´ Z = 60 ´ 400 mm 
and (b) amplitudes of reading signals in all the reading cycles (from the 
first to the thirty first).
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small and their size does not exceed 1 – 2 mm since they are not 
seen in neighbouring scans. On the assumption of a phase 
character of inhomogeneities, the change in the refractive 
index due their presence is ~10–4.

Figure 4 presents the results of similar investigations of 
Nd : YAG sample No. 1570 (neodymium concentration 1 at %). 
One can see that the scattering noise in the volume of this 
sample is rather low. As an example, let us analyse scan 1 
(Fig. 4b) in more detail. Since the heterodyne detection pro-
vides information not only about the signal amplitude but 
also about the signal phase, in Fig. 5 we present the photode-
tector signal amplitude and phase distributions obtained by 
scanning.

The root-mean-square noise in air is 5 mV and is deter-
mined by the noise of the photocurrent amplifier and of the 
components of electronic schemes. The root-mean-square 
noise voltage in ceramics (50 – 540 mm) is 6.4 mV and only 

slightly exceeds the scattering noise in air. The reading signal 
amplitude distribution in this case does not allow one to sepa-
rate the information about scattering centres in the scanning 
region. At the same time, the phase distribution pattern is 
more informative. In the regions with a weak scattering, the 
phase is randomly distributed from – p to p, but slightly 
changes in the presence of a scattering centre. In particular, 
the phase distribution shown in Fig. 5b allows one to easily 
detect the ceramics boundary (range from 40 to 60 mm), as 
well as small scattering centres lying along the scanning line at 
depths of 270, 360 and 470 mm. The size of the region of a 
weakly changing phase near 360 mm is 6 – 7 mm, which corre-
sponds to the depth point spread function. Therefore, we can 
conclude that the inhomogeneity size does not exceed 1 mm. 
More precise data on the inhomogeneity size can be obtained 
having a priori information about its nature.

Spectral characteristics. Figure 6 presents the transmis-
sion spectra of all the three ceramic compositions. The spec-
tra were recorded on a Shimadzu UV-1700 spectrophotome-
ter within the range 200 – 1100 nm at room temperature. One 
can see that the transmission of Nd : YAG ceramics near a 
wavelength of 1 mm reaches almost the limiting value (~84 %) 
achieved in the best laser single crystals.

Laser characteristics. We studied the lasing properties of 
Ho : YAG and Nd : YAG ceramics. The first ceramics was 
chosen due to the fact that the trivalent holmium ion emits in 
the range 0.8 – 2.1 mm. Lasers operating within this wave-
length range are of great interest for a number of applica-
tions, including remote probing of the atmosphere [12, 13], 
range finding [14], ecological monitoring [15, 16] and pump-
ing of optical parametric oscillators [17 – 19]. The use of 
highly transparent laser ceramics as active elements consider-
ably extends the capabilities of these laser systems due to, first 
of all, an increase in the specific energy output and in the las-
ing efficiency [20, 21]. The lasing characteristics of Ho : YAG 
ceramics were studied in [22 – 24]. Upon pumping into the 
absorption maximum at a wavelength of 1.907 mm, the output 
laser power exceeded 20 W and the slope efficiency h was 
higher that 60 %, which closely approaches the corresponding 
parameters for crystalline active elements [19, 25]. The choice 
of Nd : YAG ceramics is explained by the fact that it is most 
promising for creating high-power lasers [2, 5, 6]. In both 
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Figure 4.  Graphical representation of a two-dimensional scan of Nd : 
YAG laser ceramics: (a) topograph of the region Y ´ Z = 60 ´500 mm 
and (b) amplitudes of reading signals in all (31) scanning cycles.
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Figure 5.  (a) Reading signal amplitude and (b) phase distributions ob-
tained by depth scanning of Nd : YAG ceramics (scan 1 in Fig. 4b).
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Figure 6.  Transmission spectra of ( 1 ) Ho : YAG, ( 2 ) Yb : YAG and ( 3 ) 
Nd : YAG ceramics.
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cases, we used ceramic samples in the form of disks with 
dimensions Æ11 ´ 1 mm.

Ho : YAG ceramics. The ceramics was pumped by a disk 
thulium laser with a wavelength of 1.85 mm (potassium lute-
tium double tungstate crystal 5 % Tm : KLuW 250 mm thick). 
Since the optical density of ceramics is comparatively low 
(about 15 %) even in the absorption maximum at l = 
1.907 mm, the ceramic sample was pumped using an intracav-
ity scheme. In our case, the cavity was formed by a highly 
reflecting mirror deposited on the surface of the 5 % 
Tm : KLuW crystal and a partially transmitting mirror (Toc = 
0.6 %) on the output surface of the ceramic sample. All optical 
surfaces inside the cavity were antireflection coated for the 
spectral range 1.85 – 2.1 mm with residual losses for each coat-
ing no higher than 0.1 % in the region of 1.85 mm and ~0.5 % 
in the region of 2.1 mm. The thulium laser beam was focused 
on the ceramic sample by a fused quartz (KI) lens with a focal 
distance of 18 mm, which was placed at identical distances 
from the sample and the thulium laser disk. The physical cav-
ity length was 50 mm. The 5 % Tm : KLuW active disk was 
pumped by collimated beams of two laser diode arrays ( lex = 
806 nm); the pump spot diameter was 0.95 mm. To reduce 
heat flows, all measurements were performed in a quasi-cw 
regime with an off-duty ratio of 14 %, 7-ms current pulses of 
the arrays, and a repetition period of 50 ms. In all the cases, 
the absorbed pump power was determined as a difference 
between the optical powers of the incident and output light 
beams (pump and laser powers) and recorded by an Ophir 
L30A power meter. The laser spectra were measured using an 
MDR-204 monochromator, an FR-185 photoresistor and a 
Unipan-233 selective nanovoltmeter; the spectral resolution 
(FWHM) was ~0.5 nm.

The dependences of the overage output laser power on the 
average absorbed pump power are shown in Fig. 7. Curve ( 2 ) 
is plotted for a Ho : YAG ceramic sample with dielectric coat-
ings and corresponds to the total output power of the thulium 
laser ( l = 1.85 mm) and the ceramic sample ( l = 2.09 mm). 
Curve ( 1 ) corresponds to the output power of the thulium 

laser at l = 1.85 mm with replacement of the ceramic sample 
by a plane dielectric mirror with a transmission of 0.6 %, while 
curves ( 3 ) and ( 4 ) correspond to the powers at wavelengths 
of 1.85 and 2.09 mm and are calculated from relative intensi-
ties of laser spectra.

Beginning from the threshold pump power of ~1.0 W (see 
Fig. 7), two light fields corresponding to the 3F4 ® 3H6 transi-
tions of Tm3+ ions in the KLuW matrix ( l = 1.85 mm) and 
the 5I7 ® 5I8 transition of Ho3+ ions in the YAG matrix ( l = 
2.09 mm) are simultaneously excited in the cavity. The absorp-
tion of Ho : YAG ceramics (per two passes) at l = 1.85 mm 
(Tabs) was 3 % in the unsaturated absorption regime and 2.4 % 
in the lasing regime with allowance for 20 % inversion [24]. 
Thus, the total losses in the cavity with Ho : YAG ceramics 
were determined as Tabs + Toc + Tloss (where Tloss are the para-
sitic absorption and scattering losses in the cavity per round-
trip) at the wavelength 1.85 mm. In the case of replacement of 
ceramics by an output mirror with a transmission Toc, absorp-
tion was absent (Tabs = 0). In accordance with the general 
relations [26], the experimentally determined slope efficiency 
can be written as

hexp = hToc /(Tabs + Toc + Tloss),	 (1)

where h is the maximum slope efficiency for an ideal lossless 
cavity. Applying (1) to the dependences described by curves 
( 1 ) and ( 3 ), we obtain the relation 

(0.6 % + Tloss)/(3.0 % + Tloss) = (6.2 %)/(14.0 %) = 0.44,	 (2)

where 14.0 % and 6.2 % are the slope efficiencies for curves 
( 1 ) and ( 3 ). Thus, relations (1) and (2) allow one to estimate 
the losses Tloss to be ~1.2 % at h = 45 %, which well agrees 
with the results of works [27, 28]. The estimate Tloss » 1.2 % 
seems quite likely due to a large number of optical surfaces 
inside the cavity. According to these estimates, the light power 
absorbed by ceramics fivefold exceeds the output laser power 
with respect to curve ( 3 ) (see Fig. 7).

On the other hand, losses in the cavity at a wavelength of 
2.09 mm increase at least to Tloss(2.09) »  3.0 % first of all due 
to an increase in the residual reflection from the lens surfaces, 
i.e., the intracavity losses are at least five times higher than the 
transmission coefficient of the output mirror Toc(2.09) equal 
to 0.6%. Thus, comparing curves ( 3 ) and ( 4) with allowance 
for (1), we can estimate the limiting slope efficiency of 
Ho : YAG ceramics at the 5I7 ® 5I8 transition in the case of 
intracavity pumping with respect to the absorbed power at a 
wavelength of 1.85 mm to be h » 40 %. This is approximately 
twice as low as the corresponding parameter for Ho : YAG 
crystals [18, 24], which can be explained by the existence of 
structural microdefects in the ceramics.

Nd : YAG ceramics. Laser characteristics of 1% Nd : YAG 
ceramics were studied in sample No. 1570 synthesised at the 
Institute of Electrophysics, Ural Branch, Russian Academy 
of Sciences, and in reference sample R10097 synthesised at 
Baikowski Ltd. (Konoshima Chem.). The samples had shapes 
of disks with plane polished surfaces and dimensions of 
Æ11 ´ 1.5 mm and Æ10 ´ 2.2 mm, respectively. For com-
parison, the transmission coefficients of both samples were 
additionally measured on a Shimadzu UV-3101PC spectro-
photometer within the spectral range 800 – 1100 nm (Fig. 8).

In both samples, the absorption maxima in the near IR 
region are centred at a wavelength of 808 nm. It is important 
to note that the transmission of both ceramics in the transpar-
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Figure 7.  Dependences of the average output laser power on the ab-
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cies hexp.



	 S.N. Bagayev, V.V. Osipov, S.M. Vatnik,  et al.496

ency range (1000 – 1100 nm) is the same within the measure-
ment error (± 0.5 %, which is determined by the long-term 
stability of the spectrophotometer) and corresponds to the 
calculated transmission Tc = 83.9 % of an optical material 
with the refractive index n = 1.815 (the case of ideal homoge-
neous ceramics with allowance for only the Fresnel reflection 
losses).

Then, the surfaces of disks were coated with dielectric lay-
ers, namely, a broadband antireflection coating with the 
residual reflection R < 0.15 % at the pump (808 nm) and laser 
(1064 nm) wavelengths was deposited on one of the surfaces, 
and a combined reflecting coating consisting of a highly 
reflecting dielectric mirror (R > 99.8 % at l = 1064 and 
808 nm) and an additional metallisation layer, which 
decreased the residual transmission losses to ~0.05 % for both 
wavelengths, was deposited on the other surface. For effective 
heat removal, the ceramic disks were mounted on copper heat 
sinks with an intermediate indium foil layer 100 mm thick 
using different soldering and pressing methods.

Pumping of 1 % Nd : YAG samples Nos 1570 and R10097 
was performed by two diode arrays, whose beams were 
focused by two-mirror collimators and auxiliary optics into a 
round spot 1.2 mm in diameter in the focus. The total optical 
pump power reached 50 W; the radiation of arrays had a 
spectral width of ~4 nm and was centred at a wavelength of 
808 nm due to appropriate thermal stabilisation of array 
housings.

In the course of preliminary studies of lasing characteris-
tics of samples, it was found that a change in the physical cav-
ity length L within the range 20 – 100 mm only slightly (within 
~5 %) affects the output laser power, while at L > 100 mm 
the power begins to rapidly decrease because the cavity leaves 
the stability region. Therefore, all laser experiments were per-
formed at L = 20 mm, at which the output laser power was 
maximum (L = 20 mm is the minimal length at which the 
pump beam is not blocked by the output mirror). As output 
mirrors, we used two spherical concave mirrors with the cur-
vature radius r = 100 mm and the transmission coefficients 
T = 2.6 % and 10.5 % at l = 1064 nm. The Gaussian beam 
diameter for a cavity with these parameters was 0.23 mm. Since 
the pump spot diameter was considerably larger (1.2 mm), we 

compared the maximum output power and laser efficiency of 
laser ceramics ignoring the mode composition of radiation. 
The optical pump and laser powers were measured with an 
Ophir L30A power meter.

Figure 9 shows the measured laser characteristics of 1 % 
Nd : YAG ceramic samples No. 1570 and R10097 for a two-
pass pumpng scheme; the absorbed power was calculated as a 
difference between the incident and output powers. According 
to the presented results, the lasing thresholds of both samples 
almost coincide, the slope efficiencies being 41.1 % (Т = 2.6 %) 
and 43.6 % (T = 10.5 %) for sample R10097, as well as 29.8 % 
(T = 2.6 %) and 35.5 % (T = 10.5%) for sample No. 1570. 
Comparing the slope efficiencies at different transmissions of 
the output mirror, we can estimate the intracavity losses (per 
two passes) to be 0.2 % for R10097 ceramics and 0.7 % for 
ceramic sample No. 1570. Assuming that the absorption and 
scattering losses in the volume of the reference sample R10097 
are considerably lower than the losses at optical surfaces 
(antireflection coatings and mirrors, including the output 
one), we find that the losses in the studied sample No. 1570 
are ~0.5 % at the laser wavelength (two passes), i.e., the spe-
cific losses are ~1.6 ´ 10–2 cm–1. At these losses, the slope 
efficiency of ceramic sample No. 1570 (35.5 %) reaches 80 % 
of the corresponding parameter for the reference sample 
R10097 (43.6 %).

4. Conclusions

In this work, we described the technology of synthesis of 
highly transparent ceramics based on yttrium aluminium gar-
net doped with holmium, ytterbium and neodymium ions. 
Ceramic samples with a transparency close to theoretical 
transmission are synthesised. The lasing thresholds and slope 
efficiencies of Ho : YAG and Nd : YAG ceramics are close to 
the corresponding parameters of the best foreign samples. 
However, the achieved slope efficiencies of 40 % (Ho : YAG) 
and 36 % (Nd : YAG) are lower than the world’s best values. 
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This can be related to a decrease in the transparency in the 
short-wavelength spectral region due to, most probably, the 
presence of small inhomogeneities. In this connection, further 
improvement of the optical homogeneity of laser ceramics 
remains a topical scientific and technical problem, which is of 
high priority for the development of modern multikilowatt 
solid-state laser systems.
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