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The spectral properties of Er,Yb co-doped Y;Al;O,, single-crystals grown for the first
time by modified horizontal directional crystallization method in reducing atmosphere
Ar+(CO, H,) are reported in the paper. Optical absorption and photoluminescence spectra
indicated that doping ions are effectively incorporated into the garnet crystal matrix.
Photoluminescence spectra were measured under the 920 nm excitation. The strongest IR
emission peaks were located at 1531 nm and 1619 nm. The up-conversion red and green
emission lines were also recorded.
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IIpencraBieHsl PesyIbTaThl UBMEPEHUI CIIEKTPAJBHBIX CBOMCTB cojerupoBaHHbIX Er m Yb
MOHOKPHUCTAILIOB Y3Al;0,,, BIlepBble BHIPAINEHHBEIX METOLOM MOIM(DHIMPOBAHHON IOPUBOH-
TAJTBHOI HAIpPaBJIEHHOH KPUCTANJIM3ANNE B BOCCTAHOBUTEeNbHOH aTmocdepe Ar+(CO, H,).
CrneKxTpalbHBIE UCCAETOBAHUS OMTUUECKOTO TOTJIONIEHNA U (DOTOMIOMUHECIIEHIITUY TTOKABaJIHT,
YTO MOHBI JIETUPYIOUUX ITpUMecedl BXOMAT B KPUCTAJNINYECKYI0 MaTpully rpanata. CreKTps
(QOTONMIOMUHECIIEHITNY U3MepAAnch npu BosOy:xAennu 920 mm. Hawmbojsiee MHTEHCUBHBIMU
opltu uku UK-usnyuenus 1531 um n 1619 um. Takike 3aperncTpUpOBaHBI JUHUU aN-KOH-
BEPCUOHHOTO KPAaCHOTO U 3€JI€HOT0 U3JIyUeHUs.

Onruuni i mominecuentni Biaactusocri Kpucraxis Er,Yb:YAG, Bupomenux meromom
rOPpU30HTAJNBHOI cupamosaHoi Kpucrtaxizanii. C.B.Hixcankoscvruil, A.A.Kosnoscvruil,
H.O.Fosanenro, 0.0.Bosk.

Hageneno pesyibTaTu BUMIpIOBAHb CIIEKTPAJBLHUX BJacTHBOCTell cmiBierosanmx Er ra Yb
moHOKpHCTATiB Y5Al;0,,, BIEpIIe BUPOIIEHNX MeTos0M MoAu(GiKoBaHOI rOPM3OHTAIBHOL CIIpA-
MoBaHOi Kpueranisanii y BignosHi#t armocdepi Ar+(CO, H,). Cnexrpansni gocrmimxenns omrmd-
HOTO TOTJIMHAHHA 1 (DOTOJTIOMiHECIeHIIiI MoKasajiu, IO i0HUW Jerywouyux IOMIIIOK BXOAATL Y
KpHcTaniuny marpuiio rpaHaty. CmekTpm (QoromoMiHecIieHITii BUMipoBaauca Tpu 36ymIKeHHL
920 um. Haiibinein inTencuBauMy Oysau miku IY-punpomimoBanus 1531 um ta 1619 uM. Takox
3apeecTpoBaHi JiHil an-KOHBePCiTHOTO YepPBOHOTO i 3€/IeHOTO BUIIPOMiHIOBaHHS.

1. Introduction

Lasers operating in the eye safe wave-
length range near 1.5 um are widely used in
many fields of technology, such as commu-
nications, ranging, air navigation ete. The

lasing around 1.5 um is traditionally
achieved with use of the 4113/2—>4I15/2
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transition of trivalent erbium ion [1]. One
of the main problems of erbium laser active
media is the low optical absorption of the
excited energy level 4I11/2 around 980 nm,
which reduces pump efficiency [2]. The
most obvious way to enhance efficiency is to
increase the concentration of erbium ions.
However, due to the complex energy struc-
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ture of Er3* and the existence of numerous
energy levels that are on the energy scale
above the level of 4113 9, at increased con-
centrations of Er3* ions (already more than
~ 1-2 at.%) co-operative processes are initi-
ated [3] that results in a decrease in lumi-
nescence intensity (so-called concentration
quenching of luminescence). This drawback
is resolved by the co-activation of laser
media by Yb3* ions [4-6]. Ytterbium ions
intensively absorb the excitation radiation
in the region of 1 um and energy transfer
Yb3* — Erd* is quite effective.

For a long time glasses of various chemi-
cal nature most often used as laser hosts for
erbium activation and ytterbium sensitiza-
tion [7-11]. Laser materials based on er-
bium-ytterbium-doped glasses have certain
advantages, primarily due to the simplicity
and lower cost of manufacture. Due to this,
they found some application in the creation
of devices for generation in the eye safe
spectral range. Nevertheless they own a
number of serious limitations with respect
to their low damage threshold, mechanical
frailness, complexity of machining and low
thermal conductivity. These properties seri-
ously limit the performance of glass based
lasers particularly in average and high
power applications. Therefore production of
crystalline Er-activated and Yb-sensitizated
materials is highly desirable.

Yttrium aluminum garnet Y3Al5045
(YAG) single crystal is used extensively as
laser active medium doped with rare-earth
ions. Having a garnet structure, YAG has a
number of advantages as a host matrix for
laser applications including the ability to
incorporate a wide range of rare-earth ions,
thermal resistance, chemical inertness, me-
chanical strength and high thermal conductiv-
ity (the thermal conductivity of crystalline YAG
is about 15 times higher than that of glass).
Earlier the ErYb:YAG crystals were grown by
the Czochralski method in an oxidizing atmos-
phere using iridium crucibles [12, 13].

The aim of the present work is investiga-
tion of optical and luminescence properties
of Er, Yb:YAG single-crystals grown for the
first time by modified horizontal directional
crystallization (MHDC) method [14] in re-
ducing carbon-containing environment with
using molybdenum crucible.

2. Experimental
The crystals Er3* Yb3*:YAG (0.5 at. %

Er3*, 8 at. % Yb3") were obtained by
MHDC. Unlike the conventional horizontal
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Fig. 1. Appearance of Er,Yb:YAG crystals: a)
as grown, b) annealed in air.

directional crystallization in vacuum, the
crystallization process were carried out in
weakly reducing atmosphere Ar+(CO, H,) at
0.1 MPa pressure. Crystal dimensions were
70x150x15 mm3. The crystallization rate
was 2—2.5 mm/h. The temperature gradient
at the crystallization front was 10-30 K/cm
depending on the stage of growth and the
degree of overheating of the melt. To ex-
plore the influence of the growing condi-
tions on the optical properties, the crystals
were annealed in air atmosphere.

The optical absorption spectra of the
crystals were recorded at room temperature
by means of a UV-Vis spectrometer (Optizen
3220, double beam) with 1 nm step. The
photoluminescence spectra were obtained
under optical excitation by a laser diode
with a emission wavelength A = 920 nm and
half-width of excitation band AA =3 nm.
The photoluminescence emission detected by
a Ge photodiode in the photo-emf mode.

3. Results and discussion

Fig. 1la shows a photograph of the as-
grown crystal Er3*,Yb3*:YAG, which had a
blue-violet color. The annealing in an oxi-
dizing atmosphere eliminates coloration of
crystal (Fig. 1b).

The optical absorption spectra of the
grown crystal are presented in Fig. 2. The
sharp absorption lines in the spectral region
400 nm < A < 900 nm are attributed to the
transitions of the Er3* ions from the ground
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Fig. 2. Optical absorption spectra in the spectral ranges 190+1100 nm (a) and 1400+1700 nm (b).

state 4I15 9 to the different excited energy
levels [15—17]. These peaks marked in the
Fig. 2,a completely coincide with the ab-
sorption lines of erbium ions in Er3*:YAG
single crystals grown by the HDC method
[18]. In the spectral range of 0.9-1 um sev-
eral broad absorption bands were recorded.
Three of which, the most intense (at
916 nm, 944 nm, 972 nm), coincide with
the bands of absorption of Yb3* ions in
Yb3*:YAG (5 at. % Yb3*) [19]. The bands at
916 nm and 944 nm correspond to the opti-
cal transitions between Stark components of
the ground-state multiplet manifold, 2F7/2
and the excited state 2F5/2 of Yb3* ions. The
intense band at 972 nm is mainly attributed
to the strong 2F7/2—>2F5/2 transition of
the Yb3* ions. However, the much weaker
4,5/9 = 4y )9 transition of Er®* ions [18]
also contributes to formation of this band.
The main ytterbium absorption lines are
much wider than erbium absorption lines.
This is due to the vibronic nature .of the
energy transitions of ytterbium [20]. The
appearance of additional sideband at a
wavelength of 932 nm is also attributed to
vibronic character of these transitions.

In addition to absorption lines of activa-
tors, the broad absorption band 550-
600 nm and the intensive UV absorption
maxima are observed. The annealing elimi-
nates absorption band at 550—-600 nm. The
appearance of this band in unannealed crys-
tal, as in the crystals of Er3*:YAG, grown by
HDCM method in reducing atmosphere [18],
is due to a small amount of impurity Ti%*
(=103 wt.%). The oxidizing annealing
changes the charge state of titanium ions
Ti3* — Ti4*. The absorption band of of Ti4*
ions is in the UV region of 220-225 nm.
This explains the decoloration of the crystal
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after annealing. The intensive absorption
maxima in UV spectrum region were re-
corded at 240 nm and 256 nm. Annealing in
an oxidizing atmosphere eliminates the ab-
sorption band at 256 nm, which indicates
its connection with the F-centers. The ap-
pearance of absorption band near 240 nm in
undoped YAG crystals grown in a reducing
atmosphere and in carbon doped YAG has
been reported in a number of works [21-23].
This band was attributed to oxygen vacan-
cies. The absence of a decrease in the optical
absorption at 240 nm after annealing in an
oxidizing atmosphere indicates another origin
of this band not associated with F-centers in
Er3*,Yb3*:YAG crystals grown by HDCM
method in reducing atmosphere.

It should be noted that the 4G11/2 and
2H11/2 transitions observed in the visible
spectral region are so-called hypersensitive
optical transitions, whose intensities are ex-
tremely sensitive to the least changes in the
coordination sphere of rare earth ions [24].

Deducing from the absence of differences
in the intensities and positions of these
transitions for grown Er3*,Yb3*:YAG crys-
tals and Er3*:YAG crystals also obtained by
HDCM method [18], we can conclude that
the ytterbium co-doping of the YAG crystal
matrix doped with erbium does not lead to
changes in the symmetry of local crystalline
fields. Thus, the presence of ytterbium in a
fairly significant concentration does not af-
fect the YAG matrix and its characteristics.
The interaction between donor and acceptor
subsystems of matrix is limited to energy
transfer 4F5 2(Yb3+) — 4111/2(EF3+).

Fig. 2,b ({isplays the absorption spectrum
of the grown crystal in the spectral region
corresponding to optical transition from the
ground state 4I;5,, of Er3* ion to the its

37



S.V.Nizhankovskyi et al. / Optical and luminescence ...

1531

1,04
0,8

0,6

a.u.

— 04

0,2

0,0 +—

1,40

I, mm

145 150 155 160 165 1,70 1,75

b)
3,0 .

2,54
2,04

H
1112}

1,54

-— excitation

1,04

0,51

0,0
200

600 800 1000

A, nm

400

Fig. 3. Photoluminescence spectrum in: (a) the region of transition ‘LI13/2 - ‘LI15/2 (the numbers
indicate the wavelength of the corresponding peaks in nm), (b) the range 200-1100 nm.

energy level 4113/2 where lasing occurs. The
optical absorption spectrum in this range
consists of two groups of lines located below
and above 1.5 um and separated by a spec-
tral interval in the width of about 25 nm.
This feature of the absorption spectrum,
which is also characteristic of Er*:YAG
crystals grown by HDCM [18], is due to
splitting of the 4I,5,5 and *I;3,, multiplets
of the Er3* into several Stark components,
which form two groups of closely spaced
energy levels separated by a wider energy
interval [15, 25].

The photoluminescence spectra in the
range of 1400-1700 nm and 200-1100 nm
are presented in Fig. 8,a and Fig. 3,b, re-
spectively. For optical excitation, the radia-
tion of a laser diode with a wavelength A =
920 nm was used. The photoluminescence
spectrum of the optical transition
4I13/2 — 4I15/2 of Er3* ions consists of two
groups of lines separated in a region near
1600 nm by interval of about 25 nm (Fig.
3,a). The lines have a rather large half-
width (approximately 15 nm), which makes
them merge into fairly broad bands. This is
in contrast with both the absorption lines of
Er3*,Yb3*:YAG crystal (see Fig. 2,b) and the
emission lines of the ErYAG crystal grown
by HDCM method [18] in this spectral range
being significantly narrow (about 1 nm).
This difference can be explained by the fact
that the excitation of Erd* ions in the
Er3*,Yb3*:YAG crystal is due to the energy
transfer from the Yb3* ions, whose energy
transitions are vibronic and characterized
by wide spectral bands. The luminescence
peaks at 1531 nm and 1619 nm are the
most intensive.
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The intense up-conversion photolumines-
cence bands were observed in visible spec-
tral region, as shown in Fig. 3,b. The re-
corded green emission lines at around 525
and 555 nm are assigned to the Stark com-
ponents of the 2H11/2 —> 4]15/2, and
4S3/9 = *I15/5 transitions, respectively. The
photoluminescence lines corresponding red
region of spectrum (660-680 nm) are as-
signed to the 4Fg o — 4F;5,, transition.

Fig. 4 shows the energy levels diagram
of crystal YAG co-doped with Er3* and Yb3*
ions and the possible up-conversion mecha-
nisms excited with 920 nm emission. Based
on the energy diagram the main mechanism
of up-conversion process is energy transfer
(ET) from the Yb3* ion (sensitizer) to the
Er3* ion (activator). The Yb3* ion absorbs a
photon with A = 920 nm upon an irradiation
and transits from the ground state 4F7/2 to
the excited state 4F5/2. Since the energies
of sensitizer excited state 4F5/2 and activa-
tor excited state 4I11 o are nearly equal and
the energy states of the Er3* ion have a long
lifetime, sensitizer can non-radiatively
transfer energy to activator, which transits
from the ground level #I;5,, to the excited
leVe]. 4[11/2.

When a second energy transfer from an-
other excited Yb3* ion occurs, the Erd* ion
is excited to its 4F7/2 state, at energy of
Stark components being twice the 4I11/2
state energy. The populated 4F7/2 state of
erbium relaxes through non-radiation tran-
sitions to lower 2H11/2, 433/2 and 4F9/2 lev-
els and ion then returns to its ground state,
emitting photons in the green and red parts
of the spectrum.

It is known that the up-conversion lumi-
nescence intensity Iup depends on the exci-
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Fig. 4. Diagram of the energy levels and the
mechanisms of upconversion for Erd*/Yb3* co-
doped YAG crystal.

tation intensity I according to the relation
Iup ~ I" where n is the number of photons
involved in the up-conversion process [26].
Thus, in order to ascertain the important
information about the number of energy
transfers 4F7/2 (Yb3*) — 4I11/2 (Erd*) in the
each up-conversion step, the green and red
emission intensities were measured as a
function of excitation intensity.

Fig. 5 shows dependence of up-conver-
sion emission intensity on excitation inten-
sity for the luminescence lines correspond-
ing to optical transitions 433/2 - 4115/2
(672 nm, 680 nm). The logarithmic plots of
Iup(I) are straight lines with slope n. The
obtained slope value is ~ 1.7 for all investi-
gated dependences. Thus, the relationship
between the luminescence intensity and the
excitation intensity is close to quadratic de-
pendence. This indicates that two-photon
energy transfer 4F7/2(Yb3+) %4I11/2 (Erd*)
is the main up-conversion mechanism for
Er3*/Yb3* co-doped YAG crystal host under
920 nm excitation. To reduce the energy
losses associated with up-conversion due to
two-photon energy transfer between the ac-
tivator and the sensitizer, it is necessary to
optimize the ratio of their concentrations
for lasing applications.

4. Conclusions

0.5 at % Erd*, 8 at. % Yb3*-co-doped
YAG single-crystals have been grown for the
first time by modified horizontal directional
crystallization method in reducing atmos-
phere Ar+(CO, H,). The optical spectroscopic
measurements have indicated that the main
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Fig. 5. Dependences of up-conversion emis-
sion on excitation intensity for

spectral lines correspond to optical transi-
tions between the ground and excited states
of doping ions incorporated into the YAG
crystal lattice. In absorption spectra there
were present the bands in UV region attrib-
uted to F-centers, which reduced or disap-
peared completely after annealing in oxidiz-
ing atmosphere. The infrared photolumines-
cence spectra presented several emission
peaks in the 1450-1700 nm ranges, which
is due to the transition 4113312—>4115 9-
These emission bands in the Ers*, Yb3+:YAG
single-crystals are much wider than in the
Er:-YAG single-crystals also grown MHDC,
which indicates an effective energy transfer
from Yb3* to Erd*. Up-conversion photolu-
minescence was detected in visible spectral
range. Analysis of the photoluminescence
spectra showed that visible up-conversion
luminescence occurs as a result of two-pho-
ton absorption.
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