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Abstract.  The structure and the spectral-luminescent properties of 
CaF2 – TmF3 fluoride ceramics and single crystals are studied. AFM 
investigations revealed a layered nanostructure of grains, which 
was not observed in reference samples of single crystals. It is found 
that the spectral-luminescent properties of CaF2 – TmF3 ceramics 
and single crystals are similar. Lasing at the 3F4 ® 3H6 transition of 
Tm3+ ions in CaF2 – TmF3 ceramics (wavelength 1898 nm) under 
diode pimping is obtained for the first time.

Keywords: fluoride laser ceramics, nanostructure, two-micron lasing.

1. Introduction

The technology of oxide laser ceramics is an important achieve-
ment of recent years in the fields of optical material science 
and laser physics [1 – 3]. Output power of 100 kW was achieved 
in solid-state lasers with active elements of yttrium aluminum 
garnet ceramics doped with Nd3+ ions [4].

Of great practical interest are works on the creation of a 
technology of fluoride laser ceramics, which has better mech
anical properties than single crystals and retains their spectral-
luminescent properties [5 – 8]. Lasing has already been obtained 
in fluoride ceramics with F2– colour centres [9], as well as in 
fluoride ceramics doped with Dy2+ [5], Yb3+ [8, 10, 11], Nd3+ [12], 
and Pr3+ [13] ions.

At present, extensive investigations are carried out on the 
creation of solid-state lasers based on Tm3+-doped materials 
emitting in the two-micron wavelength region. This radiation 
is used in medicine and lidars, as well as for frequency con
version to the mid-IR region. Review [14] presents data on 
two-micron lasing obtained in different crystals, for example, 
Tm : Y3AlO12, Tm : Lu2O3, and Tm : Sc2O3. The structural, 
spectral-luminescent, and lasing properties of Tm : Lu2O3 
ceramics were studied in [15].

In addition to Tm3+-doped oxide crystals and ceramics, of 
interest are Tm3+-doped fluoride materials. In the CaF2 – TmF3 

system, Ca1 – xTmxF2 + x solid solutions are formed within a 
wide homogeneity range (x ³ 0.40) [16]. The solid solution 
phase diagram allows one to grow single crystals of high optical 
quality with TmF3 concentrations up to 15 mol % [17, 18]. The 
thermal conductivity of Ca1 – xTmxF2 + x single crystals was 
measured in [19]. Lasing in Tm3+ : CaF2 single crystals pumped 
by a Ti : Al2O3 laser was obtained in [20].

The results of our investigations of the structure and the 
spectral-luminescent properties of Tm : CaF2 ceramics produced 
by hot pressing were reported in [21].

In this paper, we present the results of the first experiment 
on two-micron lasing in diode-pumped Tm : CaF2 ceramics 
(3F4 ® 3H6 transition), as well as the results of more detailed 
investigations of the structure and the spectral-luminescent 
properties of this ceramics in comparison with Tm : CaF2 single 
crystals.

2. Characteristics of samples and experimental 
technique

The samples of CaF2 – TmF3 single crystals and ceramics were 
produced in the INKROM Ltd and the A.M. Prokhorov 
General Physics Institute, Russian Academy of Sciences.

The CaF2 – TmF3 solid-solution single crystals were grown by 
vertical directed crystallisation (Bridgman method) in plati-
num crucibles in a vacuum furnace with a graphite resistance 
heater and graphite heat shields. The samples of CaF2 – TmF3 
ceramics were produced by deep plastic deformation (hot 
pressing). Hot pressing was performed at a temperature of 
1150 °C and a pressure of 0.6 tf cm–2; the degree of deforma-
tion of the initial billet was 400 %.

We studied the spectral-luminescent properties of samples 
of CaF2 – TmF3 single-crystals and ceramics with dimensions of 
1.5 ́  10 ́  12 and 5 ́  14 ́  16 mm, respectively.

The active elements made of CaF2 – TmF3 ceramics for 
laser experiments had the form of a parallelepiped 3 ́  3 ́  5 mm 
in size. The faces of the active elements were antireflection 
coated for the laser wavelength ( lgen ~ 2 mm).

The structure of CaF2 – TmF3 ceramics and single crystals 
was studied using a Jeol JSM-6490 (JEOL, Japan) scanning 
electron microscope. The surface morphology of samples was 
studied with a Solver Pro (NT-MDT, Zelenograd, Russia) 
atomic force microscope (AFM).

The absorption spectra of Tm3+ ions in the studied crystals 
and ceramics were recorded by a PerkinElmer Lambda 950 
double-beam double-monochromator scanning spectrophoto
meter.

The luminescent properties of fluoride single crystals and 
ceramics doped with Tm3+ ions were studied using a computer-
controlled setup based on an MDR-23 monochromator. The 
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luminescence of Tm3+ ions from the 3H4 level was excited by a 
laser diode radiation with lp ~ 800 nm. Luminescence spectra 
were recorded with synchronous detection of signals using an 
SR-810 lock-in amplifier. As radiation detectors in different 
spectral regions, we used a FEU-79 photomultiplier, an 
FD-7G photodiode, and a PbS photoresistor.

In laser experiments, the active elements cut of CaF2 – TmF3 
single crystals and ceramics were optically pumped by a fibre-
coupled (fibre diameter 400 mm) laser diode array with the 
maximum output power of 60 W.

The lasing spectrum of CaF2 – TmF3 ceramics was recorded 
by a computer-controlled system based on an MDR-23 mono-
chromator with the use of an SR250 Boxcar integrator detec-
tion system.

3. Structure of CaF2 – TmF3 single crystals 
and ceramics

Photographs of the surface structure of CaF2 – TmF3 (4 mol %) 
ceramics with different magnifications obtained by scanning 
electron microscopy (SEM) are given in Fig. 1.

The photographs show that the grain structure of ceramics 
is strongly inhomogeneous. Analysing the presented images, 
one can see that the crystallites are significantly different in 
size, namely, the smallest crystallites do not exceed 10 mm and 
the largest crystallites reaches 100 mm in size.

The SEM microphotographs of the cleavage surfaces of 
CaF2 – TmF3 (4 mol %) ceramics and single crystals (Fig. 2) 
show that the cleavages of single crystals have the form of 
triangular steps with inhomogeneities observed on the tops of 
some steps, while ceramics of the same composition demon-
strates a layered structure.

The cleavages of CaF2 – TmF3 (4 mol %) ceramics and single 
crystals were studied in detail by AFM. The measurements 

were performed in air in the contact regime using silicon 
I-shaped NT-MDT NSG-11 cantilevers with the corner radius 
R < 10 nm (rated value). The maximum resolution of AFM 
measurements was 10 nm in the surface plane and 1 nm in 
height.

Figure 3 shows an AFM image of the surface of CaF2 – 
TmF3 (4 mol %) ceramics. One can see that the grains are char-
acterised by a layered structure with the layer thickness of 
150 – 300 nm (Fig. 4). The layered structure of the grains of 
CaF2 – TmF3 ceramics observed in our experiments is similar 
to the structure obtained previously by AFM in CaF2 and 
Nd : CaF2 ceramics [8].

The AFM images of the cleavage surface morphology of 
a  CaF2 – TmF3 (4 mol %) single crystal are shown in Fig. 5. 
One sees that the cleavage surface is imperfect. At the same 
time, some images demonstrate the presence of atomically 
smooth regions on the single crystal cleavages with a thickness 
of 1600 nm. The profiles of cross sections cut perpendicular to 
the direction of layers (Fig. 6) allow us to determine the average 
layer height to be 10 – 70 nm.

Analysing the AFM and SEM images of the cleavages of 
single crystals and the fractures of CaF2 – TmF3 ceramics, we 
can see that the stratification typical for CaF2 – TmF3 ceramics 
is absent in the reference samples of single crystals. The studied 
single crystals are characterised by less perfect cleavage than 
pure fluorite crystals [7].

Figure 1.  Microphotographs of the surface of CaF2 – TmF3 (4 mol %) 
ceramics.
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Figure 2.  Microphotographs of the cleavage surfaces of a CaF2 – 
TmF3 (4 mol %) single crystal (a) and ceramics (b).
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Figure 3.  AFM image of the morphology of the fracture surface of 
CaF2 – TmF3 (4 mol %) ceramics.
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Figure 4.  Profile of the cross section cut perpendicular to the layers of 
CaF2 – TmF3 (4 mol %) ceramics.
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4. Spectral-luminescent properties of CaF2 – TmF3 
single crystals and ceramics

The absorption due to the transition of Tm3+ ions from the 
ground 3H6 state to the excited 3H4 state in thulium-doped 
crystals and ceramics plays an important role in two-micron 
lasing at the 3F4 ® 3H6 transition of Tm3+ ions. The 3H4 level 
of Tm3+ ions is populated under laser diode pumping ( lp ~ 
790 nm), and then the upper laser level 3F4 is populated due 
to the cross relaxation 3H4 ® 3F4, 3H6 ® 3F4. The absorption 
spectrum of CaF2 – TmF3 (4 mol %) ceramics and single crystals 
corresponding to the 3H6 ® 3H4 transition of Tm3+ ions is 
shown in Fig. 7. As is seen, the absorption spectra of single 
crystals and ceramics are very similar. The slight difference 
in  the peak values of the absorption of ceramics and single 

crystals is explained, in our opinion, by some difference in the 
concentrations of dopants in the studied samples of single 
crystals and ceramics.

In order to obtain two-micron lasing at the 3F4 ® 3H6 
transition of Tm3+ ions, it was interesting to study the lumines-
cence spectrum of this transition and to estimate the spectral 
dependence of the gain cross section of the laser transition 
using the spectral dependences of luminescence and absorp-
tion cross sections for the 3F4 ® 3H6 transitions of Tm3+ ions. 
The knowledge of this dependence is important for choosing 
laser cavity mirrors for laser experiments.

The spectral dependence of the luminescence cross section 
of the stimulated 3F4 ® 3H6 transition of Tm3+ ions at the 
temperature T = 300 K was determined by the Füchtbauer –
Ladenburg formula [22]
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where l is the wavelength, I is the relative luminescence inten-
sity, n is the refractive index of the medium for the correspond-
ing wavelength, trad is the radiative lifetime of the excited level 
of the corresponding rare-earth ion transition, and c is the 
speed of light. We used the refractive index n = 1.42 and the 
radiative lifetime trad = A–1 = 14.2 ms. Here, A–1 is the prob-
ability of the radiative transition from the 3F4 level, which was 
estimated by the formula [23]
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where N0 is the concentration of dopant atoms, k( l) is the 
absorption coefficient, J' and J are the total angular momenta 
of 4f electrons in the ground and excited states of the transition.

The spectral dependences of the absorption and lumines-
cence cross sections for the 3H6 ¬® 3F4 transitions of Tm3+ 
ions at T = 300 K for CaF2 – TmF3 (4 mol %) single crystals 
and ceramics are shown in Fig. 8. One can see that these 
dependences are identical.

Using the spectral dependences of the absorption and 
luminescence cross sections sabs and sem for the 3H6 ® 3F4 
and 3F4 ® 3H6 transitions of Tm3+ ions, we found the wave-
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Figure 5.  AFM images of the morphology of the cleavage surface of a 
CaF2 – TmF3 (4 mol %) single crystal.
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Figure 6.  Profile of the cross section cut perpendicular to the layers of a 
CaF2 – TmF3 (4 mol %) single crystal.
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Figure 7.  Absorption spectra of CaF2 – TmF3 (4 mol %) ceramics and 
single crystals at T = 300 K (3H6 ® 3H4 transition).
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length dependence of the gain cross section sg of the expected 
laser transition 3F4 ® 3H6 in the form [24]

sg( l) = Psem( l) – (1 – P) sabs( l),	 (3)

where P is the relative population inversion of levels. Figure 9 
shows the dependences sg( l) for the parameter P equal to 0.06, 

0.07, 0.08, 0.09, and 0.1. As seen from the figure, the gain 
region of CaF2 – TmF3 (4 mol %) ceramics extends from 1850 
to 2000 nm.

5. Lasing properties of Tm : CaF2 ceramics

The optical scheme of a laser used to obtain and study lasing at 
the 3F4 ® 3H6 transition of Tm3+ ions in CaF2 – TmF3 (4 mol %) 
ceramics is shown in Fig. 10. The active element was pumped 
to the 3H4 level of Tm3+ ions by a laser diode array ( 1 ) with a 
fibre pigtail ( 2 ) (wavelength 798 nm). To reduce the thermal 
load on the active element, we used a chopper ( 4 ), which 
formed pump pulses with a duration of 20 ms and a repetition 
rate of ~2 Hz. The pump radiation was projected into the 
sample in a 1:1 proportion by an objective ( 3 ). The tempera-
ture of the active element holder was kept at ~18 °C by a tem-
perature stabilisation system.

The laser cavity was formed by an input spherical mirror 
( 5 ) (with the working surface radius of curvature of 300 mm, 
the transmission coefficient at the pump wavelength no less 
than 90 %, and the reflection coefficient at the laser wave-
length higher than 99 %) and a plane output mirror ( 7 ) with a 
transmission coefficient at the laser wavelength below 1 %. 
The cavity length was 15 mm.

The dependence of the average output power of the laser 
based on CaF2 – TmF3 (4 mol %) ceramics on the average pump 
power is given in Fig. 11. Under the conditions of the described 
laser experiment, the laser slope efficiency was 5.5 %.
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Figure 8.  Absorption (3H6 ® 3F4 transition of Tm3+ ions) and lumines-
cence (3F4 ® 3H6 transition) spectra of CaF2 – TmF3 (4 mol %) single 
crystals (a) and ceramics (b) at T = 300 K.
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Figure 9.  Spectral dependence of the gain cross section sg( l) (3F4 ® 3H6 
transition) of CaF2 – TmF3 (4 mol %) ceramics at different values of rela-
tive population inversion P at T = 300 K.
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Figure 10.  Optical scheme of a laser based on CaF2 – TmF3 (4 mol %) 
ceramics: 	
( 1 ) laser diode arrays; ( 2 ) optical fibre; ( 3 ) objective; ( 4 ) chopper; 
( 5 ) input mirror; ( 6 ) active element; ( 7 ) output mirror.
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absorbed pump power for CaF2 – TmF3 (4 mol %) ceramics.
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The lasing spectrum of CaF2 – TmF3 (4 mol %) ceramics is 
presented in Fig. 12.

6. Conclusions

The structural, spectral-luminescent, and lasing properties of 
Tm3+-doped CaF2 single crystals and ceramics are studied in 
order to use these materials as active media of solid-state two-
micron lasers.

We obtained the following results.
(i) Investigations of CaF2 – TmF3 (4 mol %) ceramics revealed 

that its grain structure is hierarchical. The size of the finest 
grains does not exceed 10 mm, and the largest grains reach a 
size of 100 mm.

(ii) The AFM investigations showed that the grains have 
a layered nanostructure comprising a system of lamellas with a 
characteristic thickness of 150 – 300 nm.

(iii) The spectral dependence of the luminescence cross 
section for the 3F4 ® 3H6 transition of Tm3+ ions is studied for 
the ceramics and single crystal. The gain region of both mate-
rials for the relative population inversion P varying from 0.06 
to 0.1 corresponds to the spectral range of 1850 – 2000 nm.

(iv) Lasing at a wavelength of 1898 nm was obtained on the 
3F4 ® 3H6 transition of Tm3+ ions in the CaF2 – TmF3 (4 mol %) 
ceramics under diode laser pumping. The lasing slope efficiency 
was 5.5 %.
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Figure 12.  Lasing spectrum of CaF2 – TmF3 (4 mol %) ceramics.


