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Abstract

The YAG crystal codoped with Yb** and Tm* has been grown by Czochralski (Cz) method. The crystal structure of the crystal has been
determined by X-ray diffraction analysis. The absorption and emission spectra of Yb,Tm:YAG crystal at room temperature have also been studied.
The emission cross-sections have been calculated by Fuechtbauer-Ladenburg formula and reciprocity method.
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1. Introduction

Recent years have witnessed the development of solid-state
lasers operating in the 1.6-2.0 wm spectral region. 1.6-2.0 pm
lasers have gain wide interests and applications in such fields
as multiple lidar, telecommunication and atmospheric sensing
because of strong absorption by water and water vapor in this
wavelength region. 1.6-2.0 um lasers are safe to human eyes
and thus are also widely used in medicine. Most solid-state
1.6-2.0 wm laser operations are based on transition 3F, — 3Hq
in thulium ions and the performance of the thulium ions in a
number of solid-state host has been widely studied and laser
operation has been successfully realized [1-13].

However, diode-pumped thulium doped lasers are typical of
high laser threshold and low laser efficiency due to the weak
absorption of Tm3* ions at the pumping wavelength region. Yb>*
ions are excellent sensitizers to improve the laser performance
of Tm>* doped crystals by absorbing the pump light and then
transferring energy to Tm3* ions [14]. Yb3* as a 4f!3 ion has
a very simple energy structure with only two manifolds, the
ground state 2F,/, and excited state 2Fs/p, which are separated
by about 10,000 cm~! [15]. Moreover, Yb>* doped in YAG pos-
sess large ground state stark splitting and thus has a quasi-three
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energy structure, which enable broad and intense absorption
band corresponding the transition of 2B/, — 2Fs) in YB3* jons
and effectively increase the population of the upper level of
Tm?>* ions by nonradiative energy transfer from ytterbium to
thulium. YAG crystals are also easy to grow by Czochralski
method and widely used. All of these advantages over other
matrices make Yb,Tm-codoped YAG a promising laser mate-
rial with low threshold and high efficiency compared with Tm>*
doped YAG.

In this work, we presented the growth and crystal structure
properties of Yb,Tm:YAG. Room temperature absorption and
emission properties of this crystal were studied.

2. Experiment

According to the Y>,03—-Al,03 phase diagram, YAG crystal
melts congruently at 1980 °C, and Yb,Tm:YAG crystal in this
work was grown by Czochralski method from an inductively
heated iridium crucible. The Yb** and Tm>* concentrations
are 5 and 4 at.%, respectively. Good quality of raw materials
is quite important to high-quality of crystals. The starting mate-
rial was obtained by mixing powders of YbyO3, Tm>03, Y203
and Al»O3, all of which is at least 99.999% in purity. Then the
well mixed powder was pressed into blocks which will be sent
into a corundum to be sintered at 1400 °C for 24 h, the purpose of
this procedure is to facilitate the formation of YAG polycrystal.
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The rods were placed in a iridium crucible of 70 mm in diameter
and 50 mm in height, we chose a <1 1 1> oriented pure YAG
as a seed, the axial temperature gradient was 30—40 °C/cm. 5N
nitrogen gas was flowed continuously into the iridium crucible as
neutral atmosphere to prevent oxidization, the solid-melt growth
boundary was convex to the melt so that the impurities were
reduced or eliminated. The pulling rate and rotation rate was
1-2 mm/h and 10-20 rpm, respectively.

The crystal structure of the as-grown crystal was examined
with a D/MAX 2550V powder X-ray diffractometer (XRD).
The diffractometer using RINT2000 vertical goniometer (40kV,
40 mA with fixed monochrometer and continuous scanning) in
this process, the divergence slitis 1° and the receive slit 0.3 mm
step size is 0.02° and the scanning range is 10-90° (26).

Sample used in spectral analysis was cut from the boules with
two surfaces perpendicular to the <1 1 1> axis and polished to
spectral quality. The thickness of the sample was 0.68 mm. The
room temperature absorption spectrum was obtained by Jasco
V-570 UV/vis/NIR spectrophotometer in the wavelength range
from 250 to 2000 nm; the resolution is 1 nm. The room temper-
ature emission spectrum was obtained under 970 nm excitation
with InGaAs laser diode by a Nikon G250 monochrometer and
PbS detector. The decay time was measured by a Yocogawa
DL1620 digital oscilloscope.

3. Results and discussion

Fig. 1 shows the as-grown Yb,Tm:YAG crystal boule. The
crystal is about 30-35 mm in diameter and 30 mm in length.
When the 20mW He-Ne laser beam passed through the as-
grown Yb,Tm:YAG, the light beam was almost unseen by eyes,
which indicated very few scattering particles in Yb,Tm:YAG
crystal.

X-ray powder diffraction results of Yb,Tm:YAG and pure
YAG single crystal at room temperature are shown in Fig. 2.
From Fig. 2, we can see that the locations of Yb,Tm:YAG peaks
are almost the same as that of pure YAG although the strength
of peaks is different. The Yb,Tm:YAG crystal has the same
structure as the pure YAG. The calculated lattice constant for

Fig. 1. The photograph of as-grown Yb,Tm:YAG crystal boule.
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Fig. 2. The X-ray power diffraction pattern of pure YAG and Yb,Tm:YAG.

Yb,Tm:YAG crystal is about 1.2125 nm, which is very close to
that of pure YAG (lattice constant for pure YAG is 1.2012 nm).

The absorption spectrum of Yb,Tm:YAG crystal from 250
to 2000nm at room temperature is shown in Fig. 3. From
Fig. 3, we can see that seven bands are associated with Tm3*
transitions from the 3Hg ground state to 3p,, Dy, 3F4, 3Hs,
3Hy, 3F3-3F,, Gy excited states, respectively, and the band
around 0.9-1.0 wm is associated with the >F7/, — 2Fs, transi-
tion of Yb>*. The absorption cross-section is 0.82 x 10720 cm?
at 940 nm and 0.85 x 10720 cm? at 1624 nm. Though only one
band is attributed to the transition of 2F7, to 2F5/2 in Yb3* ions,
the band is intense and much wider than any other bands asso-
ciated with transition from the ground state to upper levels in
Tm3* ions, the strong absorption derives from the large ground
state stark splitting of Yb3*, making Yb>* a excellent sensitizer
to absorb the pump light.

The emission spectrum ranging from 1600 to 2200 nm was
obtained under 970 nm pumping (presented at Fig. 4), and the
emission bands correspond to the transition 3F4 — 3H6 of Tm3*.
Fluorescence decay curve for the 3F4 — 3Hg energy transition
was shown in Fig. 5. The fluorescence lifetime is measured to
be 13.2 ms, which is much more larger than that of the Tm3* in
Tm:YAG crystal.
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Fig. 3. Room temperature absorption spectrum of Yb,Tm:YAG single crystal.
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Fig. 4. Room temperature emission spectrum of Yb,Tm:YAG single crystal.

The stimulated emission cross-section of 3F4 — 3Hg transi-
tion can be calculated by the Fuechtbauer-Ladenburg formula
[16]:

I
8nZet [ I(A)Ada

Oem(A) =

where I(A) is the emission spectral intensity at different wave-
length of Tm3* ions, ¢ the light velocity, n the refractive index,
and 7 is the radiative lifetime of the upper laser level. The
calculated emission cross-section is presented in Fig. 6. The
maximum value of emission cross-section is 0.19 x 10720 cm?
at 2014 nm.

The emission cross-section can also be calculated from
the ground state absorption cross-section using the reciprocity
method [16]:

oem (1) = o) 2 exp [EZL—W/U]

kT
In the above equation, oaps(A) is the absorption cross-section,
Z1 and Z, are partition functions of lower and upper mani-

folds, respectively. Ez1 is the zero-line energy, and is defined
as the energy difference between the lowest Stark level of the
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Fig. 5. Decay curves of the 3F; manifold of the Tm?* in Yb,Tm:YAG crystal.
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Fig. 6. The emission cross-section derived by the Fuechtbauer—-Ladenbury
method.
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Fig. 7. The emission cross-section derived by the reciprocity method.

upper manifold and the lowest Stark level of the lower man-
ifold. The stark levels of manifolds are provided by previous
literature [17]. The calculated emission cross-section is shown
in Fig. 7. The emission cross-section is 0.16 x 10720 cm? at
1878 nm. From Figs. 6 and 7, we can see that the emission
cross-sections are comparable before 1900 nm. The emission
cross-sections derived by the reciprocity method is influenced
by the baseline at the wavelength larger than 1900 nm, so we
consider that the emission cross-sections are inaccurate when
the wavelength is larger than 1900 nm.

4. Conclusion

Yb,Tm:YAG crystal with good optical quality was grown
by Czochralski method, the crystal has the same structure as
YAG crystal. The absorption spectrum from 250 to 2000 nm
and emission spectrum around 1600 nm of Yb,Tm:YAG were
studied at room temperature. The experimental fluorescence
lifetime was 13.2ms. The emission cross-section from 1600
to 2200 nm has been calculated by Fuechtbauer-Ladenburg for-
mula and the peak emission cross-section was 0.19 x 10720 cm?
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at 2014 nm. The emission cross-section has been also calculated
by reciprocity method and the peak emission cross-section was
0.16 x 1072 cm? at 1878 nm.
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