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Abstract

We report, for the first time to our knowledge, a diode-pumped continuous-wave microchip
Er,Yb:YMgB;O,, laser. The purpose of this work was to study the growth technique, spectroscopic properties
and continuous-wave laser performance of Er**,Yb*":YMgB,O,, novel crystal.

Absorption and luminescence spectra as well as kinetics of luminescence decay were studied. Ytterbium-
erbium energy transfer efficiency was determined. The output characteristics (output power, slope efficiency,
laser wavelength) of Er’",Yb*":YMgB,0,, laser were determined.

Two intensive absorption bands with peaks centered at 937 nm and 976 nm were observed in the
absorption spectra at the wavelength near 1 pm. The maximum value of absorption cross-section was
determined to be 1.5-102° cm” at 976 nm for polarization E//N,. A number of narrow lines were observed
in the absorption spectra in the 1425-1575 nm spectral range (transition 4115/2 — 4113‘/2 of erbium ions).
The lifetime of the upper laser level *I,;, of Er'" ions was determined to be 390 + 20 ps. The ytterbium-
erbium energy transfer efficiency for YMgB,O,, crystal with 2 at.% of Er*" and 11 at.% for Yb*" was close
to 84 %. The maximal continuous-wave output power of 0.2 W with slope efficiency of 8 % regarding to
absorbed pump power was realized at the wavelength of 1570 nm. With the improvement of cavity parameters
the output laser performance of the Er,Yb:YMgBO,, crystal can be further enhanced.

Taking into account high thermal conductivity of = 6.2 W-m '-K "', the Er,Yb:YMgB,O,, crystal can be
considered as a good gain medium for 1.5 um lasers for applications in laser rangefinder and LIDAR systems.
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BriepBrie coobmaercst 0 HepepbIBHOM Jlasepe Ha kpucrtamie Er,Yb:YMgB.O,, ¢ nuonHO# HakadKoil.
W3ydeHs! ycinoBus CHHTE3a KPUCTAJUIOB, CIEKTPHI MOTJIOMIEHUS W JIIOMUHECHEHITNH, KUHETHUKU 3aTyXaHHs
momuHeceHn. OmnpeneneHa 3QpQeKTHBHOCTh MepeHoca PHEPrul OT MOHOB MTTEpOMs K MOHaM SpOus.
OnpeneseHbl BEIXOJHBIE XapaKTEPUCTUKH (BBIXOHAS MOIIHOCTD, Tuddepenunansubii KI1JI, nmuHa BosHb
TeHepallin) Jlazepa Ha OCHOBE KpHCTalia Er3+,Yb3+:YMgB5010.

B cmektpax mornomenus B o0mactu 1 MKM HaOIIOJArOTCS 1B€ MHTEHCHBHBIE ITOJIOCHI TIOTJIOIMIEHUS
¢ TMKaM® Ha ITHHAX BOJH 937 HM 1 976 HM. MakcUMaabHOE TMOMIEPEYHOE CEUCHHE TTOTIIOMICHHSI TOCTUTAeT
1.5:10%° cm? Ha JUTHHE BOJTHBI 976 HM IS OIS PU3AuN E//Ng. B crniektpe mornonenust B CHEKTpaIbHOM 00-
nactu 1425-1575 am Habnronaercs HabOp y3KUX MOJIOC TorioeHus. VisMepeHHOe BpeMsl JKU3HH BEPXHETO
YPOBHS 4113/2 nonoB Er’* cocrasuio 390 + 20 mkc. O hexTUBHOCTH MEepeHoca YHEPTUN OT HOHOB UTTEPOUS
K HoHaM 3p0ust 1us kpucrauia Er(2 a1.%),Yb(11 a1.%):YMgB;O,, nocturana 84 %. MakcumanbHas Bbl-
XOJIHasi MOTITHOCTD JIa3epHOM reHepannu Ha juymmHe BOIHBI 1570 HM coctaBmia 0,2 Bt npu quddepenimans-
mom KII/1 8 %.

Briaroapsi BBICOKOH TeruonpoBogHocTH (= 6.2 Br-m “K') kpucramia Er,Yb:YMgB,O,,, oH MOxer
OBITh C YCIIEXOM HCIOIb30BaH B KaUeCTBE aKTHBHOW Cpeibl s J1a3epoB AaibHOMEpHBIX cucteM u JIMIAPoB.

KawueBble cioBa: 3pOuii, uTTepOuii, 60paThl, CIEKTPOCKOIIMYECKHE HCCICIOBAaHMs, AHOIHAS HAKayKa,

HCIIPCPBIBHAA JIa3€pHasd rcHCparlus.
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Introduction

Nowadays eye-safe lasers emitting in 1.5—
1.6 um spectral range find application in LIDAR
systems for robots, self-driving cars, etc. due to its
eye-safety and high transparency of the atmosphere.
Currently, many sources are emitting in this spectral
range, but solid-state lasers on Er'" and Yb*'-
codoped crystals are of greatest interest. Phosphate
glasses currently are the leading Er**, Yb*"-codoped
laser materials, because they combine very efficient
energy transfer from Yb*" to Er’" ions (= 90 %)
with a long lifetime of the erbium upper laser level
4113/2 (7-8 ms) and short lifetime of the 41“/2 energy
level (2-3 us), which prevents the depopulation of
this level because of excited-state absorption and
upconversion processes [1]. However, phosphate
glass has poor thermomechanical properties (a
thermal conductivity of 0.85 W-m *K ") [2], which
limits the average output power of Er,Yb:glass
lasers because of the thermal effects. A maximal
continuous-wave (CW) output power did not exceed
353 mW with a slope efficiency of 26 % [3]. For
this reason, the search for new crystalline hosts for
Er,Yb-codoping is ongoing.

Due to their spectroscopic characteristics and
high thermal conductivity, Er,Yb-codoped borate
crystals are most widely used crystalline laser media
for lasers operating in the 1.5-1.6 pm spectral range.
To date, effective laser operation has been obtained
by using various erbium, ytterbium codoped borate
crystals [4-9]. By using of ErYb:GdAL(BO,),
crystal the maximal output power in continuous-
wave mode exceeded 1.5 W with the slope efficiency
of about 359%[9]. Recently, one more borate
crystal YMgB;O,, (YMBO) has been regarded as
a potential laser host material owing to large thermal
conductivity (6.2 +0.3 W-m K ') and good optical
properties [ 10]. Moreover, in comparison with huntite-
type borates, YMBO bulk crystals of large enough
with good optical quality can be obtained reproducibly
by optimizing the crystal growth conditions.

In this paper the laser related spectroscopy and,
for the first time to our knowledge, continuous-wave
laser performance of Er,Yb:YMgBO,, crystal are
presented.

Experimental details

Crystal growth

Er,Yb:YMBO (Er=2.0at.%, Yb=11 at.%)
single crystals were obtained by high-temperature

solution growth on dipped seeds (SGDS) from
K,Mo0;0,, flux melt. The ratio of the raw materials
was Er,Yb:YMgB,O,,: K,M0;0,, = 80:20 wt.%.
The growth technique follows Ref. [10]. The
chemicals used (at least 99.996 % and 99.99 %
purity for rare earth and other materials,
respectively) were R,0; (R=Y, Yb, Er), MgO
and B,0;, but K,Mo,0,, was previously sintered
from K,Mo00, (99.0 %) and H,Mo0O, (99.5 %) at
650 °C for 24 h by a scheme:
K,Mo00, + 2H,M00, — K,Mo0,0,,+2H,01. (1)
The starting charge was placed into a platinum
crucible of 250 ml in volume and heated to a
maximum temperature which is normally 100-
150 °C above the expected saturation point. After
the solution homogenization within 10-20 hours,
the saturation temperature (7,,) was accurately
determined by dipping a trial YMBO crystal in the
solution, and it was kept at constant temperature by
observing growth/dissolution of the crystal face at
different temperatures. The T, were found from
the experimental data on changes both in weight
and micro-relief of the probe seeds after soaking
in fluxed melts from 10 min to several hours,
depending on an expected deviation from their
equilibrium state. The obtained value of 7,, was
about =~ 950 °C for the solute concentration being
investigated. As a result visually macrodefect-
free Er,Yb:YMBO single crystal was grown.
The dimensions of the crystal obtained were
typically 20x15x10 mm (Figure 1).

Figure 1 — The Er,Yb:YMBO crystal grown by the SGDS
method
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Investigation of spectroscopic characteristics

In our study polarized absorption spectra of
Er,Yb:YMBO crystal at room temperature were regi-
stered by a Varian CARY-5000 spectrophotometer in
the spectral ranges 875-1025 nm and 14251575 nm.
The spectral bandwidth was 0.5 nm. Two polished
plates with dimensions of 5x7x2 mm’ oriented along
three principal optical indicatrix axes N,, N,, and N,
were used. The concentration of doping ions in the
crystal was determined by means of a Tescan VEGA
II LMU scanning electron microscope with Oxford
INCA Energy 350 energy dispersive x-ray analyzer to
be 1.4:10*° cm™ of Er'" and 9.8-10%° cm™ Yb*'.

The lifetime measurements were performed using
an optical parametric oscillator based on a $-Ba,B,0,
crystal and pumped by the third harmonic of a Q-swit-
ched Nd:YAG laser. The fluorescence from the sample
was collected on the entrance slit of a monochromator
and registered by an InGaAs photodiode coupled
with a 500 MHz digital oscilloscope. It is well
known that radiation trapping strongly influences the
fluorescence dynamics of ytterbium ions because of
the significant overlap of the absorption and emission
bands. To prevent reabsorption the measurements of
Yb*" luminescence kinetics were performed using a
fine powder of the crystals immersed in glycerin [11].

The energy transfer efficiency was determined
by estimation of the °Fs, level lifetime shortening
in Er,Yb-codoped crystals and Yb-single doped
crystal according to the formula (2) [12]:

n=t(/t-1/7,), )

where 7 is the ytterbium °Fs , level lifetime in Er,Yb-
codoped crystal; 7, is the ytterbium °Fs , level lifetime
in Yb single-doped crystal.

Luminescence spectra were registered at
room temperature using an experimental setup that
ensured synchronous detection of the optical signal.
The excitation source was a semiconductor laser
diode emitting at the wavelength near 976 nm. The
luminescence was detected by an InGaAs photodetector.
Its signal was processed by a lock-in amplifier. The
output signal of the amplifier was digitized using an
analog-to-digital converter and stored on a computer.

Setup for continuous-wave laser experiments

A plane—plane N,-cut Er,Yb:YMBO crystal with
a length of 2 mm was used as an active medium. The
polished facets of the crystal were antireflection-
coated for both pump (900-1100 nm) and laser
(1500-1650 nm) wavelengths. The active element

was wrapped in indium foil for good thermal contact
and mounted between two copper slabs with the
hole in the center to permit passing of pump and
laser beams. The temperature of an active element
was kept at 20 °C. As a pump source a 976 nm fiber
coupled laser diode (@105 um, NA=0.22) was
used. The plano-plano cavity with geometrical cavity
length not exceeding 5 mm was adopted. The one-
lens focusing system focused the pump beam into a
120-um spot inside the laser crystal with the confocal
parameter of 2.3 mm. Three output couplers with
different transmittances at the laser wavelengths
were used during laser experiments. The laser setup
is shown in Figure 2.

K

|

2 3 4 5 i

1 6

Figure 2 — The experimental setup of a continuous wave
diode-pumped Er,Yb:YMBO laser: 1—Ilaser diode;
2 — fiber; 3 — focusing system; 4 — input mirror; 5 — copper
heatsink; 6 — active element; 7 — output coupler

Results and discussion

Spectroscopy

The room-temperature polarized absorption
cross-section spectra of the Er,Yb:YMBO crystal
in the spectral range of 8§75-1025 nm (transitions
of ’F,,—’Fs5, of Yb’ ions and *I,5,—l,,,
of Er’" ions) are shown in Figure 3. Two intensive
absorption lines with peaks centered at 937 nm
and 976 nm are observed. These peaks coincide
with the emission wavelengths of commercial
available InGaAs laser diodes. The maximum
value of absorption cross-section was determined
to be 1.5:10%° cm” at 976 nm with the bandwidth
(FWHM) ofabout 3.5 nm for polarization E//N, axis.
Thus, the pump beam polarization corresponded to
the N, axis of the crystal will be preferable for laser
experiments.

Figure 4 shows the room-temperature polarized
absorption spectra of Er,Yb:YMBO crystal in the
1425—1575 nmspectralrange (transition"l15 /2—>411 1
of erbium ions). A number of narrow lines are
observed for three polarizations. The maximum
value of absorption cross-section was determined
to be 1.6-102° cm? at 1482 nm for polarization
E//N,, axis.
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Figure 3 — Polarised absorption cross-section spectra of
Er,Yb:YMBO crystal at near 1 pm
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Figure 4 — Polarised absorption cross-section spectra of
Er,Yb:YMBO crystal at near 1.5 um

The measured decay curve of 1.5um
emission was single exponential (Figure 5), and
the luminescence decay time of the *I,;, level was
obtained to be about 390 + 20 ps.

o

&

w
1

Intensity, arb. un.

1E-4 4

0.0032

0.0016

0.0024 0.0040
Time, s
Figure 5 — Kinetics  of  luminescence decay of

Er,Yb:YMBO in the region of about 1.5 pm

The dependence of obtained lifetimes of
2F5,2 energy level on different weight content of
Yb(1l at.%):YMBO crystalline powders in glycerin
suspension is presented in Figure 6. The fluores-
cence lifetime decreased with the decreasing of
powder concentration in suspension. Starting from
a certain powder content, the lifetime remained
constant despite further dilution, which indicates
negligible reabsorption influence. The ’F 55 energy
level lifetime of ytterbium ions was measured to be
580 £ 10 ps.

680

T(%Fs2) =580+10 ps

w = =N =N =N

[ [=3 [N} ey [o)

S S =} =) S

1 1 1 1 1
S —

s

20 40 60 80 100

Content of ytterbium powder, %

2F 5/2 energy level lifetime (us)

wn

(o)

(=]
1

(=]

Figure 6 - The °F;, energy level lifetimes of

Yb(1 at.%):YMBO crystal

The *F,, energy level lifetime of Yb*" was measu-
red to be 95+ 5 ps in Er(2 at.%),Yb(11 at.%):YMBO.
By using formula (2) the energy transfer efficiency
from ytterbium to erbium ions was calculated to be
about 84 %. It should be mentioned that the energy
transfer efficiency in Er,Yb:YMBO is similar to
those in Er,Yb:YAB and Er,Yb:GdAB crystals [8, 9].

The polarised luminescence spectra of the
Er,Yb:YMBO crystal (Figure 7) measured at room
temperature are characterized by a structured bands
in the spectral range 1450—1650 nm.

1.0
—— E/Np
—— E//Nm
0.8 —E/Ng
5
£ 0.6
[+
iy
£ 0.41
E
0.2

0.0
1400

1500 1550 1600
Wavelength, nm

1450

1650

1700

Figure 7 — Polarised Iuminescence
Er,Yb:YMBO crystal

spectrum of the
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Laser characteristics of Er,Yb:YMBO crystal

Input-output characteristics of continuous-
wave diode-pumped microchip Er,Yb:YMBO laser
are plotted in Figure 8. The best laser performance
was demonstrated with the 2 % output coupler
transmittance. The laser threshold was measured
to be about 2 W of absorbed pump power. The
maximum CW output power of 200 mW with the
slope efficiency near 8 % was obtained at 1570 nm at
about 4.7 W of absorbed pump power. After further
increasing of pump power, the rising of output laser
power wasn’t observed. It provides evidence for
the influence of thermal load in the crystal on laser
performance. To our mind, with the improvement of
cavity parameters the output laser performance of the
Er,Yb:YMgB.O,, crystal can be further enhanced.

200~

ot

W

(=]
1

100 4

Output power, mW

W
(]
1

0 1 ‘I 1 | 1 T 1 T
1000 1500 2000 2500 3000 3500 4000 4500 5000

Absorbed pump power, mW

Figure 8 — The laser performance of Er,Yb:YMBO
crystal in continuous-wave mode

The laser radiation was linearly polarized (E//N,,,).
The laser wavelength was measured to be 1570 nm.
The spatial profile of the output beam measured at
4.5 W of absorbed pump power is presented in the
inset in Figure 8.

Conclusion

In conclusion, a continuous-wave diode-
pumped Er,Yb:YMBO laser with output power of
200 mW and slope efficiency of 8 % at near 1570 nm
was realized for the first time to our knowledge.
Absorption and luminescence spectra, emission
lifetimes, and efficiencies of energy transfer from
Yb* to Er’” ions were determined.
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