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The effects of AlaO3, YbaO3s, EraO3 and OH™ on spectral properties of P205.NasQ.SrO.Al203.Yb2O3.
Er,03 erbium phosphate glass were studied. 5, 8, and 13 mol% Al:Os, 4, 5, 6, 7 and 8 mol% Yb2O3 and
0.05, 0.2, and 0.4 mol% Er,03 were used. It was found that Al,O3 can improve fluorescent lifetime of
Er®* ions, but the integrated absorption cross section of Er®>* ions decreases with the increase of AloO3
concentration. Evaluating from energy transfer efficiency of Yb3t to Er3' and spectral parameters of
Yb3T and Er®*t, we conclude that 6 mol% Yb2Osz and 0.4 mol% Er;Os are needed for LD pumped

microchip laser applications.

OH™ groups in glass affect greatly fluorescent intensity and lifetime of

Er®t, Yb* :phosphate glass. The OH™ absorption coefficient at 3000 cm™" should be less than 1 cm™’
for laser applications. Pumped with a 2-W, 974-nm InGaAs laser diode, CW laser centered at 1530 nm
with slope efficiency of 10.6 % and maximum output of 43 mW was achieved in our 2-mm-thick Er®t,

Yb3+:phosphate glass at room temperature.
OCIS codes: 160.5690, 300.6170, 140.3500.

Erbium laser glasses have attracted much attention
due to their capability for emission at the eye-safe
wavelengths and optical communication windows of
1.54 pm 1, With the development of laser diodes, study
on microchip erbium glass laser has made a great progress
in recent years2—4,

As well known, the spectroscopic properties of laser
glasses depend on glass compositions and fabrication pro-
cess. There were a few reports on the effect of glass com-
positions on spectroscopic properties in erbium glass®!.
Phosphate glass is considered to be the best matrix for
ytterbium sensitized erbium glass laser because of its high
stimulated emission cross section, weak up-conversion lu-
minescence and low probability of energy back trans-
fer from Er3t to Yb3t. In present work, the effect of
glass compositions (AlzOs, YbyOs, EraOs) and OH™
content on spectroscopic properties and the energy trans-
fer efficiency from Yb3*+ to Er®t of an Er3t, Yb3+t co-
doped P205.Nazo.SI'O.AIQO;;.YbQOg.ETQOg phosphate
glass has been investigated. The glass compositions can
be optimized according to the spectroscopic measurement,
results. With a 2-W, 974-nm InGaAs LD pump, laser ex-
periments were carried out on our Ex3+, Yb3+t co-doped
phosphate glass.

Glasses for spectroscopic measurements and laser ex-
periments were melted at 1200—1300 °C. All glasses
were oxygen-bubbled to reduce their OH™ content and
annealed at glass transition temperature after casting.
Then it was cut and polished into 5x10x20 mm? size
for spectroscopic measurements. The absorption spectra
were measured using PERKIN-ELMER UV/VIS/NIR
LAMDA 9 spectrophotometer. The fluorescence lifetime
and emission spectra were detected by exciting the glass
samples from a front surface with a 974-nm, 0.5-W In-
GaAs laser diode. An oscilloscope was used to mea-
sure the fluorescent lifetime. The laser consists of an
LD pump source, two reshape lens, ?;lass sample, out-
put coupling mirror and two filters®/. The glass with
flat-flat surface sized 10x20x2 mm? was longitudinally
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pumped. One side of glass was coated antireflection
at 974 nm (92% transmission) and high reflectivity at
1530 nm (R > 99.9%). The other side was antireflection
coated at 1530 nm and 70% transmission at 970 nm. Out-
put coupling mirror with 0.4% transmission at 1530 nm
and 55% transmission at 970 nm was used. Two filters
were used to isolate the pump light because there was
about 30% pump power leaked out from output coupling
mirror. The output power was measured by a power me-
ter. An InGaAs detector following a monochrometer was
used for laser spectrum measurement. The slit width of
momochrometer was 0.2 mm.

The absorption cross section of Er3T and Yb3t aaps(\)
was calculated according to the expression!”

(V) = Z2RIBI/L), )

where log(ly/I) is optic density, N is the ion concen-
tration of Er3* or Yb3*, [ is sample thickness. The in-
tegrated absorption cross section )., . and spontaneous
radiation probability A;.q can be expressed by

Yabs = /aabs()\)dAv (2&)

Arag = 327en’®/(3A) Zaps, (2b)

where A; is the mean wavelength of absorption band.
The stimulated emission cross section of Er®t, gemi()\)
can be calculated according to the McCumber theory!®!
from the absorption cross section oans(A),

€ — heA™!

TemiA = Tabs(A) exp( kT )s (3)
€ can be calculated by
N1 &
. = 4
= = e, @
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where N; and N, are the equilibrium populations of
*I15/2 and *I 3/, levels at temperature T without opti-
cal pumpin§ respectively. According to the approximate
calculation!™

exp(i) ~ 1.1 exp(kE—;_,), (5)

kT

where Ey is the energy interval between the lowest man-
ifolds of 115/, and *I;55 levels.

The gain coefficient a(v) at frequency v is expressed as

a(v) = NaGemi(V) — N10aps (V). (6)

Laser oscillation will occur when gain is larger than
losses. It was found that a high gain efficiency is gener-
ally associated with a large integrated absorption cross
section in erbium glassl®l. Large integrated absorption
cross section of erbium can be used as one of criteria to
optimize the glass composition. In addition in an LD
pumped Er?t, Yb3* co-doped glass, pump energy was
transferred from Yb3* ions (*Fj/, level) to Er** ion
(‘14 /2 level). For efficient pump, the high absorption
cross section of ytterbium and efficient energy transfer
from Yb3T to Er3t are required. Laser efficiency and
laser threshold are influenced greatly by the fluorescence
lifetime of erbium ionl®!. Fluorescent lifetime is directly
related to OH™ in glass[s]. Reactive atmosphere pro-
cessing (RAP) method is used to remove OH™ in glass
during melting process. To optimize the composition of
an ytterbium sensitized erbium laser glass, the absorp-
tion cross section of ytterbium ion at pump wavelength,
energy transfer efficiency of Yb3T — Er®T, fluorescent
lifetime of erbium, the integrated absorption cross sec-
tion of erbium must be considered.

In phosphate glass, Al;O3 is often used as a compo-
nent, to modify the glass structure and improve chemical
stability. In present work, 5, 8 and 13 mol% Al, O3 were
used to study the effect of Al,O3 content on the spectro-
scopic properties. Figure 1 shows the absorption spectra
of Yb3+ ions at three Al;O3 concentrations and the ab-
sorption and emission spectra of Er3* ions in an Er3+,
Yb?t co-doped phosphate glass. According to the ab-
sorption spectrum of the erbium and the expressions (1)
and (3), absorption and stimulated-emission cross sec-
tions of erbium as the function of the wavelength were
calculated as shown in Fig. 2. It is shown that the peak

of absorption and stimulated-emission cross sections of
erbium is around 1532 nm (Ap). At wavelength longer
than Ap, Oemi is larger than ogps. At wavelength shorter
than Ay, Gemi is smaller than oyp,.

The spectroscopic properties of three glasses with
different Al O3 concentrations are shown in Table 1.
The main peaks of absorption spectra of Yb3+ and Er3+
ions are at 974 nm and 1531-1532 nm, respectively.
The main peak of erbium fluorescent spectrum is near
1531—1533 nm, and is usually separated from absorption
peak within 1 nm in the same glass. It indicates that the
absorption and fluorescence of erbium are determined by
the same pair of Stark manifolds. There is a sub-peak
around 915—930 nm in Yb?*+ absorption spectrum. A
sub-peak at 1490 and 1500 nm for erbium absorption
and fluorescence spectra indicates that a part of erbium
ions occupy the high Stark manifolds of *I;3/5 and *I15/5
levels at room temperature.
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Fig. 1. The absorption spectra of ytterbium with 5, 8 and
13 mol% Al;O3 (a) and absorption and emission spectra of
erbium (b) in an Er3*, Yb** co-doped phosphate glass.

Table 1. The Compositions and Spectroscopic Properties of Er3+, Yb3+:Phosphate Glasses

with Different Contents of Al;Og

60P20515Nap0135r0  60P20512N22,013Sr0  60P2057Na,013SrO
Spectroscopic Properties 5A1,036Ybo0g3 8A1,036Yb203 13A1,036Yb203
0.6La2030.4Er203 0.6La2030.4Er203 0.6La203 0.4Er203
> (YD3T) (10% pm®) 2.88 2.84 2.85
> e (Br®T) (10% pm?) 2.74 2.19 2.43
Araa(Er?T) (571 117 94 104
Traa (Er®T) (ms) 8.5 10.7 9.6
Tm(Er3T) (ms) 7.0 7.8 8.0
oabs(YD3T) at 974 nm (107%° cm?) 0.83 0.76 0.69
Tabs (Er®T) at 1530 nm (1072° cm?) 0.54 0.48 0.50
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Fig. 2. The absorption and emission cross section of an Er3t,
Yb3* co-doped phosphate glass.

In Table 1 and Fig. 1(a), it is found that the sub-peak
of ytterbium absorption spectrum is blue-shifted from
930 to 915 nm with the increase of Al;O3 content. This
is due to the local environmental change of Yb3* ions.
The glass network is reinforced for the phosphate glass
with 13 mol% Al;O3. This leads to the large population
at high Stark manifolds of Yb3+ ions. There is also a
blue shift of sub-peak in the erbium fluorescent spectrum
when Al, O3 content is 13 mol%.

In Table 1, it is known that glass with 5 mol% Al,O3
has the largest integrated absorption cross section (X,ps)
of erbium. It infers that this glass has the highest oscilla-
tor strength. Glass with 8 mol% AlyO3 has the smallest
Yabs of erbium. The integrated absorption cross section
of ytterbium seems not dependent on AlyOz content.
The spontaneous emission probability A..q of erbium is
the largest for the glass with 5 mol% Al;O3;. Conse-
quently this glass has the shortest radiation lifetime 7y,q.
The peak absorption cross section of both Er3t and
Yb3t shows the largest in 5 mol% Al,O3 content. The
variation of Y, of erbium with Al,O3 concentration is
in good agreement with that of peak g,ps of erbium. The
measured fluorescent lifetime 7, of erbium in Table 1

is generally in accordance with radiation lifetime. The
measured fluorescent lifetime is affected by both radi-
ation lifetime and the residual OH™ contents in glass.
For the same glass, the measured fluorescent lifetime can
be greatly degraded when there is large amount of OH™
in glass. It is known from measured emission spectrum
that glass with 5 mol% AlyO3 content has the strongest
fluorescent intensity. Evaluating from Xaps, Arag of Er3T
and peak o,ps of Er3t and Yb3t, it is found that glass
with 5 mol% Al,O3 content is the most promising erbium
laser material.

4,5, 6, 7and 8 mol% YbsO3 were used to investigate
the effect of YbyO3 concentration on the spectroscopic
properties of Er?t,Yb3+ co-doped phosphate glasses.
All glasses contain 0.4 mol% ErsOs and low Al;Os
contents. Table 2 shows the dependence of integrated
absorption cross section X,ps of erbium, peak oaps of
erbium and ytterbium and fluorescent lifetime of erbium
on YbyOs3 contents. The integrated absorption cross
section, fluorescent lifetime and peak absorption cross
section of erbium first increase with Ybs O3 content, and
then decrease with YbyO3 content. 4 mol% Yb,QOj5 is not
sufficient to activate full Er3* ions. High Yb2O3 concen-
tration leads to the concentration quenching due to Yb3+
clusters formation and energy cross relaxation between
Yb?+ and OH™ or other impurities. It is shown that
glass with 5—6 mol% Yby03 has the best spectroscopic
parameters. Peak absorption cross section of ytterbium
decreases with YbsO3 content. This indicates that with
the increase of ytterbium, the distance between Yb3+
ions shortens. The interaction between Yb3t becomes
strong and this may influence the spectroscopic property.

Table 3 shows the effect of EroO3 content on some spec-
troscopic parameters and the energy transfer efficiency
1 of Yb3+ =Er3*. 5 is calculated by

Mg = 1— TYb/Toa (7)

where 19 is ytterbium fluorescent lifetime without EraOg
doping and 7, is the ytterbium fluorescent lifetime with

Table 2. Effect of YbyO3 Concentrations on the Spectroscopic Properties (0.4 mol% Er;03)

Yb203 Content Tabs(Yb) T abs(Er) Tm(Br)  Dabs(Er)
(mol%) (1072 ecm?) (1072° cm?) (ms) (10*pm?3)

4 0.95 0.54 6.8 2.60

5 0.92 0.58 7.5 2.85

6 0.90 0.58 7.5 2.80

7 0.87 0.54 7.2 2.70

8 0.80 0.50 6.8 2.40

Table 3. The Effect of Er,O3 Content on Spectroscopic Properties and Energy Transfer Efficiency

of Yb** to Er3t (6 mol% Yb,03)

Er203 Content Tabs(Yb) Tabs(Fr) Zabs(Br)  Tm(Er) Tm(Yb) 7Er
(mol%) (1072 ecm?) (107%° cm?) (10* pm3)  (ms) (s) (%)
0.05 0.86 0.65 3.50 7.5 210 81

0.2 0.87 0.60 3.10 7.5 65 94

0.4 0.9 0.58 2.80 7.5 40 96
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Fig. 4. Output power versus absorbed input pump power of
an LD pumped Er®", Yb3*t co-doped phosphate glass laser.
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Fig. 5. Laser spectrum of an LD pumped Er3t, Yb3t co-
doped phosphate glass laser.

Er, O3 doping. The ytterbium fluorescent lifetime is 1.1
ms in the present glass. All glasses have 6 mol% YbsOs
and low Al;O3 content. It is known from Table 3 that
energy transfer efficiency of Yb®t —Er3* is greatly de-
pendent on EroOsz concentration. From above results,
it is found that the higher the Er,O3 content, the more
efficient the energy transfers from Yb3* ions to Er3t
ions. 96% energy transfer efficiency can be achieved in
the glass with 0.4 mol% Ery0s. Glass with 0.05 mol%

Ers03 has the highest peak absorption cross section of er-
bium. Fluorescent lifetime of erbium has no change with
Er,0O3 content. For microchip laser application, large
amount of Er,O3 is needed to get efficient energy trans-
fer from Yb3+ to Er3+.

It is well known that fluorescent lifetime and laser per-
formance of erbium glass are strongly influenced by OH~
in glass(®. Ert, Yb3* :phosphate glass was sampled af-
ter different oxygen bubbling time from the same glass.
Fluorescent lifetime of erbium and absorption coefficient
of OH~ at 3000 cm~! were measured. Figure 3 is the re-
lationship between 1/7 and aon- of the glass, in which
content of Al;Oz is 5 mol%. It shows that there is a
nearly linear relationship between 1/7 and agy-, ab-
sorption coefficient of OH™ at 3000 cm™—'. To improve
stimulated emission and increase fluorescent lifetime of
erbium, ao- should be less than 1 cm™!. It is known
from our work that fluorescent lifetime is more sensitive
to the existence of OH™ in glass with high rare earth ox-
ide concentration and alkali oxide components.

Figures 4 and 5 depict the output power versus
the absorbed input pump power and the laser spec-
trum of a 2-W, 974-nm LD pumped microchip Er3T,
Yb3t :phosphate glass laser. The thickness of glass sam-
ple is 2 mm. The concentrations of YbsO3 and ErsO3
are 6 and 0.2 mol%, respectively. CW laser opera-
tion achieved for this microchip laser at room temper-
ature without cooling. The slope efficiency is 10.6%.
Laser threshold is about 118 mW and the maximum out-
put is 43 mW. Because pump spot size on glass sam-
ple is large (about 200 pm), laser threshold is high
and high output is achieved without damage in coating
and glass. Further work needed is to improve pump light
quality and to optimize coating parameters. Several lon-
gitudinal modes were detected as shown in Fig. 5. The
center laser wavelength is about 1530 nm with FWHM
of 4.4 nm.

Z. Liu’s e-mail address is liuzp121Q@citiz.net.
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