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The Yb:YAG and Yb:YAP crystals have been grown by Czochralski method. The absorption spectra
and the fluorescence spectra of Yb:YAG and Yb:YAP crystals have been investigated. It is shown that
the Yb:YAG crystal has better laser properties and smaller threshold power than Yb:YAP crystal. In
addition, the absorption cross-section of the Yb:YAP crystal is 2.16 times of that of the Yb:YAG crystal,
so laser diode pumped Yb:YAG lasing can be easily realized. Because YAP single crystal is anisotropic, it

is provided with polarization characteristics.
OCIS codes: 160.3380, 160.4760, 160.5690.

Recent development of InGaAs diode laser has stimu-
lated interest in Yb3T doped solid state materials to
be used for high efficiency, high power diode-pumped
solid state lasers!'). The trivalent ytterbium ion’s sim-
ple [Xe]*f13 electronic structure allows for no excited
state absorption, upconversion or concentration quench-
ing. The small Stokes shift (about 650 cm™!) between
absorption and emission reduces the thermal loading of
the material during laser operation.

Among the numerous Yb-doped crystals, Yb:YAG
and Yb:YAP have many other attractive characteris-
tics such as high thermal conductivity, excellent physical
and chemical properties of the host material. Yb-doped
yttrium-aluminum garnets and perovskites have been pri-
marily developed as infrared (IR) laser medial?. More-
over, they are also used as scintillation materials, which
have good scintillation properties of high light output in
the ultraviolet (UV) or visible range and a short decay
time. Along with IR (2F5/2 — 2F7/2, peaked at 1.03
mm) emission, Yb3* ions embedded into various host
lattices show charge transfer (CT) luminescence, which
is very interesting[®~5!.

In this paper, Yb:YAG and Yb:YAP crystals were
grown by the radio frequency (RF) heating Czochral-
ski (CZ) method with an iridium crucible (80 mm in
diameter and 50 mm in height). The starting mate-
rials were Y203 (99.999%), AlsOs (99.999%), YboOg
(99.999%) and the chemical reaction formulas are
Yb:YAP: Al,O3 + (1 — J?)YQOg + 2YboO3 =
2Y1-Yb,AlO3, z = 0.1; Yb:YAG: 5A1,035 + 3(1 — z)
Y203+32xYbyO3 = 2Y3(1,I)Yb3xA15012, z = 0.1, which
were mixed in the stoichiometric ratio. The mixture was
ground, extruded to form pieces with diameter close to
the inner diameter of the crucible at high pressure, then
sintered in an aluminum crucible at 1350 °C for 10 h.
The charge was then loaded into the iridium crucibles
for crystal growth.

The optimal growth conditions were that pulling and
rotation rates were 1 mm/h and 10—20 rpm under the
nitrogen or argon atmosphere, respectively. The initial
growth boundary in solid-melt was convex towards the
melt so that the dislocations and impurity were reduced
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or eliminated. After that, the growth boundary became
flat. In order to prevent the crystal from cracking, the
crystal was cooled to room temperature slowly after
growth.

Samples of Yb:YAG for spectroscopic measurements
were cut out of the boules and surfaces perpendicular
to the (111) growth axis were polished. Samples of
Yh:YAP for spectroscopic measurements were cut out of
the boules and surfaces perpendicular to the (100), (010)
and (001) axis were polished, respectively. The thickness
of the samples was about 0.6 mm. A JASCO V-570
UV/VIS/NIR spectrophotometer was employed for ac-
quisition of the absorption spectra at room temperature.
A TRIAX-550 spectrophotometer with InGaAs laser
diode (LD) as the pump source (excited at 940 nm) was
employed for acquisition of the fluorescence spectra at
room temperature.

Light intensity can be taken for log(Ip/I), with which
the absorption coefficient and the absorption cross-
section o,ps can be expressed as

a = 2.303L 'log(Iy/I), (1)

Oabs = 2.303(L - N)'log(Io/I), (2)

where L is the thickness of the sample, N is the concen-
tration of Yb3T ions. The emission cross-section ey, is
given byl®!

Uem(/\) = Uabs()‘)(Zl/Zu) eXp[(Ezl - hc//\)/kT]v (3)

where Z1, Z,, k and E,| represent the partition functions
for lower and upper levels, Boltzmann’s constant, and
zero-line energy. FE, is defined to be the energy separa-
tion between the lowest component of upper and lower
states, respectively. The values of 7}, Z,, and E, have
been provided in Ref. [6].

The absorption of Yb3T in Yb:YAG and Yb:YAP crys-
tals occurs only in the wavelength range of 900—1050
nm, and the spectrum is shown in Fig. 1. There are four
main absorption bands in Yb:YAG and Yb:YAP crys-
tals, respectively. Four absorption bands centered at 915,
941, 969, 1029 nm in Yb:YAG crystal were observed and
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Fig. 1. Absorption spectra of Yb:YAG and Yb:YAP crystals
at room temperature.

attributed to the 2F7/5 — 2Fy )5 transition of Yb** in
YAG. Four absorption peaks at 932, 960, 978, 998 nm
in Yb:YAP crystal were attributed to the 2F7/2 — 2F5/2

transition of Yb3* in YAP. In the Yb:YAG crystal, the
strongest absorption peak occurs in 941 nm, and the cor-
responding absorption coefficient is 11.0 cm™!; the ab-
sorption full-width at half-maximum (FWHM) is about
20 nm and the absorption cross-section is 0.74 x 10720
cm? as calculated from Eq. (2). In the Yb:YAP crystal,
the strongest absorption peak occurs in 960 nm, and the
corresponding absorption coefficient is 14.79 cm™!; the
absorption linewidth (FWHM) is about 17 nm and the
absorption cross-section is 1.51 x 10729 cm? as calculated
from Eq. (2). They all have the wide FWHM and large
absorption cross-section. A wide FWHM means that
laser crystal can accommodate some thermal shift of the
pump light wavelength, and the output power of the
laser remains stable. Therefore, the FWHM of absorp-
tion band at pump wavelength is one of the important
parameters for laser crystal. The absorption cross-section
of Yb:YAP is 2.16 times of that of Yb:YAG. A large ab-
sorption cross-section means that laser crystal is easy to
realize LD pumping.

We used the same sample to measure the fluorescence
spectra at room temperature, which are shown in Fig. 2.
In the spectra, there are several strong broad fluorescence
bands in the wavelength range of 950—1150 nm. We
can see that four peaks appear at the wavelengths of
969, 1007, 1031, 1048 nm in Yb:YAG and 980, 1000,
1013, 1040 nm in Yb:YAP. They are attributed to the
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Fig. 2. Fluorescence spectra of Yb:YAG and Yb:YAP crystals
at room temperature.

transitions between the lowest energy-level of excited
state 2F5/2 and the ground state 2F7/2. In the Yb:YAG
crystal, the peak at about 1031 nm is the strongest
fluorescence peak and the corresponding emission cross-
section is 1.86 x 1072% cm? as calculated from Eq. (3). In
the Yb:YAP crystal, the peak at about 1000 nm is the
strongest, but where the absorption coefficient is very
large. So this wavelength cannot be used for practical
laser output. The peak at 1013 nm is lower than that at
1000 nm. The absorption coefficient at 1013 nm is very
little, so it is a useful wavelength for laser output. And
Oem at 1013 nm is 1.20 x 10720 cm? as calculated from
Eq. (3).

We can estimate the laser function parameters through
the absorption cross-section, the emission cross-section
and fluorescence lifetime, such as the emission satura-
tion flounce Feyt at the extraction wavelength Aeyt, the
pump saturation intensity parameter Is,¢, the minimum
pump intensity Inin, and the minimum fraction Buyin.

The emission saturation fluence Feyy is given by

Fext = hc/(aext)\ext);

where eyt is the value of the emission cross-section (oem )
at the chosen extraction wavelength. Smaller values of
Fioxt allow for simpler means of extraction for the case of
a laser amplifier, and also lead to a lower threshold and
a continuous wave (CW) oscillator configuration. The
actual magnitude of gext which is most useful will de-
pend on the pulse length, pumping conditions, damage
threshold of the optical components and other factors.
For nanosecond range, ey > 10720 cm? is generally re-
quired.

The pump saturation intensity parameter Iy, is given
by

Isat - hV/(UabsTem)~

For all configurations of efficient diode-pumped Yb-laser
systems, it will be necessary to drive a substantial frac-
tion of the ground state Yb ions to the excited state,
in order to achieve adequate gain (and to overwhelm the
ground state absorption losses). The ease with which this
ground state depletion may be accomplished depends on
the absorption cross-section o,,s and the emission life-
time 7. This is described by the pump saturation in-
tensity parameter.

The importance of Iy can be recognized by noting
that the fraction of excited Yb ions is given by Iaps/Isat
in the low doping limit, where I, is the absorbed pump
power. Since InGaAs diode sources are regarded as peak-
power-limited devices, clearly a long emission lifetime is
favorable in order to accumulate a greater population in-
version for a given peak power. We can also calculate
the minimum fraction of Yb3* ions that must be excited
such that the ground state absorption and the gain ex-
actly balance, and there is net transparency at Aext.

The minimum fraction (B, at the extraction wave-
length is given by

Bmin = Uabs()\ext)/[aabs(Aext) + Uem(Aext)]'

The minimum pump intensity required to achieve
transparency at the extraction wavelength is given by

Imin = BminIsat )
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Table 1. Spectroscopic Parameters of Yb:YAG
and Yb:YAP Crystals

Parameter Yb:YAG Yb:YAP
Aabs (nm) 941 960
A)pbs (nm) 19 17
Oabs (x1072Y cm?) 0.8 1.51
Aext (nm) 1031 1013
Tem (X107 cm?) 1.86 1.20
Tem (mS) 1.08 0.72
Fex (x10%% cm™?) 10.4 16.4
Brin 0.055 0.146
Lot (KW /cm?) 24 18
Imin (KW /cm?) 1.32 2.63

where we have obtained the I, by setting the fraction
of excited Yb ions (Labs/Isat) equal to the required frac-
tion Bmin, such that Iy, = labs, Imin may be interpreted
as the absorbed pump intensity required to reach thresh-
old in an otherwise lossless oscillator, or the absorption
and gain become exactly equal at the chosen extraction
wavelength Aeyxt in an amplifier configuration.

In order to make further evaluation on laser proper-
ties of Yb:YAG and Yb:YAP, we compared the spectral
parameters of the crystal which have been estimated, as
listed in Table 1. From the table, we can see that the
Yb:YAG crystal has the longest radiative lifetime, which
provides good energy storage properties. The Fext, Bmin
and Iy, of the Yb:YAG crystal are less than that of
Yb:YAP crystal, so Yb:YAG has the lower threshold
power than Yb:YAP crystal.

Yttrium orthoaluminate, YAlOs, is known to have a
perovskite type structure (unit cell parameters: a =
0.5176 nm, b = 0.7355 nm, ¢ = 0.5307 nm, space group:
D%g—ana)m. Because YAP single crystal is anisotropic,
the gain of the medium, polarization characteristics and
laser wavelength vary with the orientation of the crystal.
The absorption and fluorescence spectra of the crystal
with the orientation perpendicular to the b axis have an
obvious discrepancy with other axis.

The absorption spectra of different axis Yb:YAP crys-
tal at room temperature are shown in Fig. 3. The ab-
sorption peak of b-axis crystal is at 960 nm with absorp-
tion coefficient of 14.79 cm~?!, while the peaks of a-axis
and c-axis crystals are both at 978 nm with absorption
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Fig. 3. Absorption spectra of 10 at.-% Yb:YAP at room tem-

perature.
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Fig. 4. Fluorescence spectra of 10 at.-% Yb:YAP crystal at

room temperature.

coefficients of 16.39 and 20.88 cm™!, respectively. The
absorption intensities of a-axis and c-axis crystals are
larger than b-axis crystal. The fluorescence spectra of a-,
b- and c-axis crystals are shown in Fig. 4, whose peaks are
all at 1000 nm. It is interesting that the fluorescence in-
tensity of b-axis crystal is about two times of a- or c-axis
crystal. From the absorption and fluorescence spectra, it
can be seen that both bands have overlapped. So the self-
absorption phenomenon is serious in YAP crystal. Com-
pared with a- and c-axis crystals, the absorption peak of
b-axis crystal at 960 nm is more far from the fluorescence
band so that the overlap of both bands is little which can
reduce the self-absorption phenomenon. The b-axis crys-
tal was the best direction for laser.

In conclusion, the spectroscopic properties of Yb:YAP
and Yb:YAG crystals have been compared. The laser
function parameters have also been estimated. Our re-
sults show that Yb:YAG crystal has better laser proper-
ties and little threshold power than Yb:YAP crystal. On
the other hand, the absorption cross-section of Yb:YAP
is 2.16 times of that of Yb:YAG, LD pump can be eas-
ily realized. Because YAP single crystal is anisotropic,
it is provided with polarization characteristics. In the
Yb:YAP crystal, self-absorption phenomenon is serious.
Because the self-absorption of b-axis crystal is less serious
than that of other axes, it is the best direction for laser.

X. He’s e-mail address is hexiaoming@siom.ac.cn.
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