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Abstract The Nd3?, Yb3?-doped and Nd3?–Yb3?-cod-

oped high silica glasses (HSGs) were fabricated by sin-

tering porous glasses impregnated with Nd3? and Yb3?

ions solutions. The Judd–Ofelt theory was used to study the

spectroscopic properties of Nd3?-doped HSGs. Large

parameter X2 of Nd3?-doped HSGs suggests a lower cen-

trosymmetric coordination environment around the Nd3?

in HSG. The spontaneous emission probability and emis-

sion cross-section (rem) of Yb3?-doped HSGs are obtained.

A broad emission band from 950 to 1,100 nm was detected

when the Nd3?–Yb3?-codoped HSG was excited by

808 nm LD. The energy transfer process from Nd3? to

Yb3? in HSG was described in this paper.

Introduction

To date, rare earth doped oxide glasses have attracted more

and more attentions because of their increasing applica-

tions in lasers and amplifiers. Among various oxide glasses,

silica is an attractive host matrix for rare earth (RE) ions

because of its excellent optical and mechanical properties,

such as good chemical stability, high UV transparency,

strong thermal resistance, low nonlinear index, high sur-

face damage threshold to lasers and large tensile fracture

strength. However, concentration quenching of RE in silica

glass is a problem which limits its application as a host

matrix. Various methods have been used to suppress

the concentration quenching, e.g., plasma-torch chemical

vapor deposition (CVD) [1], sol–gel method [2] and

modified sol–gel method using zeolite X [3]. Recently,

some groups distribute RE or transition metal (TM) ions

uniformly in porous glass and further heat treatment at a

high temperature to obtain fluorescence high silica glass

(HSG) [4–8]. The concentration quenching of the lumi-

nescence ions decreases because of the physical isolation

of the nanopores. Moreover, the heat treatment temperature

of the glass is lower than the melting temperature of the

SiO2. The RE or TM ions move difficultly in the solid state

glass, so the ions clustering is prohibited in HSG. Nd3?-

doped HSG microchip has been fabricated by this method

and the good laser performance from the microchip laser

operating at 1.064 lm has been successfully demonstrated

[9].

In this paper, Nd3?, Yb3?-doped and Nd3?–Yb3?-cod-

oped HSGs were fabricated by sintering nanoporous glass

impregnating with corresponding ions at 1,150 �C. Spec-

troscopic properties of Nd3?, Yb3?-doped and Nd3?–

Yb3?-codoped HSGs were studied. The fluorescence

intensities of the RE doped HSGs enhance when the Al2O3

was codoped in the glass. The content of SiO2 in HSG is

over 96%. Comparing other glass host, this HSG with

composition of nearly pure SiO2 shows high toughness for

thermal loading. The material herein is expected to find

applications in laser systems, especially high power and

high repetition lasers.
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Experimental

Porous glass was obtained by removing the borate phase

from phase-separated alkali-borosilicate glass by washing

and leaching with hot acid solutions. The raw chemicals

Na2CO3, CaCO3, Al(OH)3, SiO2, H3BO3 were used as

starting materials to produce mother glass ready for the

preparation porous glass. The mother glass has a chemical

composition of 51.7SiO2–33.3B2O3–7.7Na2O–4.0CaO–

3.3Al2O3 (wt%). The method is similar with the fabrication

of Vycor glass developed by Corning Inc. The analytical

composition of the porous glass was 97.0%SiO2–

2.1%B2O3–0.8%Al2O3–0.1%(Na2O ? CaO). The porous

glass is a transparent material whose pore sizes are less

than 4 nm, with pores nominally occupying about 30–40%

of the glass volume. The porous glass was immersed in

solutions of Nd(NO3)3, Yb(NO3)3 or mixed solutions of

Nd(NO3)3 and Yb(NO3)3 for 1 h and dried at room tem-

perature. The porous glasses impregnated with rare earth

ions were then sintered at 1,150 �C for 2 h to obtain the

final samples. Previous reports have indicted that sintering

rare earth doped nanoprous glasses into compact material is

a necessary step for preparing strong emission glass [4].

The sintering process can effectively reduce the impurity

quenching effect of residual OH- groups and the strong

scattering of excitation lights due to the microscopic pores.

Three series of rare earth doped HSGs were fabricated:

Nd3?-doped HSGs, Yb3?-doped HSGs and Nd3?–Yb3?-

codoped HSGs. It has been proved that codoping Al2O3 in

silicate glass was good for the emission of rare earth [1].

We also fabricated some Nd3?–Al3?-doped, Yb3?–Al3?-

doped and Nd3?–Yb3?–Al3?-codoped HSGs. All of the

samples look compact and transparent. The glass samples

were cut and polished to 10 9 10 9 1.5 mm3.

Sample density was measured using the buoyancy

method based on Archimedes principle using distilled water

as the immersion liquid. The refractive index was measured

with an Abbe refractometer. The density was 1.98 g/cm3

and the refraction index 1.462. The absorption spectra were

recorded with a Jasco V-570 UV/VIS/NIR spectropho-

tometer. The infrared luminescent spectra were obtained

with ZOLIX SBP300 spectrophotometer excited by laser

diode (LD) at 808 nm for Nd3? and 980 nm for Yb3?. The

fluorescence lifetime was recorded with a modulated LD

with a maximum power of 2 W. The frequency was mod-

ulated at 100 Hz and the signal, detected by an InGaAs

photodetector in TRIAX550, was recorded using a storage

digital oscilloscope (Tektronix TDS3052). All measure-

ments were made at room temperature.

Results and discussions

Nd3?-doped HSGs

Table 1 lists the obtained HSGs with different concentra-

tion of Nd3? ions. The Judd–Ofelt [10, 11] intensity param-

eters X2,4,6 were obtained from the absorption spectra and

listed in Table 1. Parameter X2 reflects the intensity of the

hypersensitive transition, whereas parameters X4 and X6

give an indication for the overall intensity of the spectral

transition. Among the three intensity parameters, X2 is

most sensitive to the local structure and glass composition,

which reflects the amount of covalent bonding and the

asymmetry of the local environment near the rare earth site.

We notice that the parameter X2 in Nd3?-doped HSGs are

higher than in most silicate, fluoride, phosphate, borate,

and aluminate glasses [12–16]. Large parameter X2 sug-

gests a lower centrosymmetric coordination environment

around the Nd3? in HSG.

Figure 1 shows the fluorescence spectra of Nd3?-doped

HSGs N1–N4. Sample N2 has the highest emission inten-

sity when the Nd3? ions concentration is 0.72 9 1020

ion/cm3. The inset depicts the fluorescence intensity con-

trast of sample N1 and N5. An obvious increase in fluo-

rescence intensity is observed after aluminum is codoped

into Nd3?-doped HSG. The fluorescence intensity of the

sample N5 is about 3 times that of the sample N1. Table 2

lists the values of the peak wavelength of emission bands

ke, the stimulated emission cross-sections of the transition
4F3/2 ? 4I11/2 at 1,060 nm r1.06, sc, sm, and quantum

efficiency g of HSG samples N1–N5. sm is fluorescence

lifetime measured by fluorescence decay curve. sc is fluo-

rescence lifetime calculated from the emission spectra.

Detailed calculation of the values in Table 2 has been

reported in a previous paper [7]. As shown in Table 2,

Table 1 Intensity parameters

X2,4,6 of Nd3?-codoped HSGs

with different composition

Nd3?-doped

samples

Nd3?

(1020 ion/cm3)

Al3?

(1020 ion/cm3)

X2,4,6 (10-20 cm2)

X2 X4 X6

N1 0.36 0 5.07 3.98 2.24

N2 0.72 0 5.27 3.40 2.66

N3 1.08 0 5.41 3.20 4.27

N4 1.80 0 5.64 3.22 4.48

N5 0.36 1.80 7.16 3.20 2.97
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sample N5 has a larger stimulated emission cross-section

than sample N1, indicating that adding aluminum into

Nd3?-doped HSG helps to increase its stimulated emission

cross-section. Large stimulated emission cross-section is

beneficial to a low threshold and a high gain in laser

operations for a laser glass. The results show that codoped

aluminum is available to accommodate the Nd3? ions in a

more energetically favorable environment [7, 17, 18].

Yb3?-doped HSGs

Figure 2 shows the absorption spectra of Yb3?-doped

HSGs. Adding aluminum ions increases the absorption

intensities of Yb3?-doped HSG as shown in Fig. 2. The

peak absorption cross-section rp and integrated absorption

cross-section Rabs of 1.08 9 1020 ions/cm3 Yb3?-doped

(sample Y1) and 1.08 9 1020 ions/cm3 Yb3?-1.08 9 1020

ions/cm3 Al3?-codoped (sample Y2) HSGs are calculated

from the absorption spectra and listed in Table 3.

The inset of Fig. 2 shows the fluorescence spectra of the

Yb3?-doped HSGs excited by 980 nm LD. The fluorescent

intensity increases when aluminum ion is codoped into the

Yb3?-doped HSGs. The fluorescent intensity of sample Y2

at 1,015 nm is about two times of sample Y1. Emission

cross-section and fluorescent lifetime are usually used to

evaluate laser glasses. These properties can be calculated

using intensity parameters based on the Judd–Ofelt theory.

Since there is only the 2F5/2 ? 2F7/2 transition for Yb3?, it

is impossible to directly calculate the Judd–Ofelt parame-

ters. The spontaneous emission probability (AR) and the

emission cross-section (rem) of Yb3?-doped HSGs are

calculated by Eqs. 1 and 2 [19] and listed in Table 3.

AR ¼
8pcn2ð2J0 þ 1Þ
k4

pð2J þ 1ÞN

Z
KðkÞdk ð1Þ

remðkÞ ¼
k4AR

8pn2cDkeff

ð2Þ

where c represents the velocity of light, n the refractive

index, kp is the absorption peak wavelength, N is the con-

centration of Yb3? ions, K(k) is the absorption coefficient,

J0 and J are the total momentum for the upper and lower

levels and Dkeff is the fluorescence effective linewidth. The

measured fluorescent lifetime (sf) of samples Y1 and Y2 are

also listed in Table 3. The emission cross-section increased

from 0.65 pm2 for sample Y1 to 0.82 pm2 for sample Y2.

remsf is also an important parameter to evaluate laser

properties of laser materials. remsf of Yb3?–Al3?-codoped

HSG is larger than Yb3?-doped HSG. Our results indicate

that Yb3?–Al3?-codoped HSG has better spectroscopic

properties for a laser material.

Nd3?–Yb3?-codoped HSGs

The absorption spectrum of 0.72 9 1020 ions/cm3 Nd3?–

0.36 9 1020 ions/cm3 Yb3?-codoped HSGs is shown in

Fig. 3. The transition 2F7/2 ? 2F5/2 peaking at 975 nm is

attributed to the Yb3? and the others are related to Nd3?

transitions. Figure 4 shows the fluorescence spectra of

0.36 9 1020 ions/cm3 Nd3?-doped and 0.36 9 1020 ions/

cm3 Nd3?–0.36 9 1020 ions/cm3 Yb3?-codoped HSG

excited by 808 nm LD. A broad emission band from 950 to

1,100 nm was detected when the Nd3?–Yb3?-codoped

HSG was excited by 808 nm LD. The main peaks locate at

about 970, 1,020, and 1,058 nm due to the 2F5/2 ? 2F7/2

transition of Yb3? and 4F3/2 ? 4I11/2 transition of Nd3?.

The fluorescence intensity of Nd3? excited by 808 nm

decreases when the Yb3? ions are codoped into the HSG.

The inset of Fig. 4 compares the fluorescence intensities

between Nd3?–Yb3?-codoped HSG and Nd3?–Yb3?–

Al3?-codoped HSG. Both the fluorescence intensities of

Nd3? and Yb3? ions increase after the aluminum ions are

codoped into the glass.

For Yb3? ion, there is no absorption band near 808 nm.

The infrared emission from single Yb3?-doped glasses is

Fig. 1 Fluorescence spectra of Nd3?-doped HSGs N1–N4. The inset

depicts the fluorescence intensity contrast of N1 and N5

Table 2 Peak wavelength of emission bands (ke), stimulated emis-

sion cross-sections of the transition 4F3/2 ? 4I11/2 (r1.06), measured

fluorescence lifetime (sm) and calculated fluorescence lifetime (sc) of

HSG samples N1–N5

Sample ke (nm) r1.06 (pm2) sm (ls) sc (ls) g (%)

N1 1,061 2.20 355 748 47.4

N2 1,061 2.23 340 727 46.8

N3 1,060 2.54 328 615 53.1

N4 1,060 2.49 320 621 51.5

N5 1,061 2.96 285 562 50.7
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very weak when excited by 808 nm LD. The characteristic

infrared emission of Yb3? with peaks at 970 and 1,020 nm

was detected when the Nd3?–Yb3?-codoped HSG was

excited by 808 nm LD as shown in Fig. 4. It is indicated

that there is energy transfer process from Nd3? to Yb3?. We

note that the fluorescence intensity of Nd3? at 1,060 nm

becomes lower in the Nd3?–Yb3?-codoped HSG. Figure 5

shows the overlap of the emission spectrum of Nd3? (the
4F3/2 ? 4I9/2 transition) and the absorption spectrum of

Yb3? (the 2F7/2 ? 2F5/2 transition). The Nd3? and Yb3?

energy levels diagrams are represented in Fig. 6. The

energy transfer process of from Nd3? to Yb3? was descri-

bed by the scheme. When the Nd3?–Yb3?-codoped was

excited by the 808 nm LD, the Nd3? ions in the ground state

absorb a photon to 2H9/2 level and relax to 4F3/2 level via a

non-emission relaxation process, then the energy transfers

Fig. 2 Absorption spectra of

Yb3?-doped HSGs. The inset

shows the fluorescence spectra

of the Yb3?-doped HSGs

excited by 980 nm LD

Table 3 Spectroscopic properties of Yb3?-doped HSGs

Yb3?-doped samples rp (pm2)
P

abs (104 pm3) rem (pm2) AR (s-1) sf (ls) remsf (pm2 ms)

Y1 1.06 3.60 0.65 485.2 823 0.53

Y2 1.47 5.27 0.82 705.0 745 0.61

Fig. 3 Absorption spectrum of 0.72 9 1020 ions/cm3 Nd3?–0.36 9

1020 ions/cm3 Yb3?-codoped HSGs Fig. 4 Fluorescence spectra of Nd3?-doped and Nd3?–Yb3?-cod-

oped HSGs excited by 808 nm LD. The inset compares the

fluorescence intensities between Nd3?–Yb3?-codoped HSG and

Nd3?–Yb3?–Al3?-codoped HSG
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from the 4F3/2 of Nd3? to the 2F5/2 of Yb3?. Finally, the

emission at 1,020 nm from Nd3?–Yb3?-codoped HSG

occurs due to the transition of 2F5/2 ? 2F7/2.

Conclusions

The Nd3?, Yb3?-doped and Nd3?–Yb3?-codoped high sil-

ica glasses were fabricated by sintering porous glasses

impregnated with Nd3? and Yb3? solutions. The Judd–

Ofelt intensity parameters X2,4,6 of Nd3?-doped HSGs were

obtained from the absorption spectra. Large parameter X2

suggests a lower centrosymmetric coordination environ-

ment around the Nd3? in HSG. The stimulated emission

cross-sections of the transition 4F3/2 ? 4I11/2 (r1.06) were

obtained to evaluate the laser properties of Nd3?-doped

HSGs. The spontaneous emission probability and emission

cross-section (rem) of Yb3?-doped HSGs are calculated.

remsf of Yb3?-Al3?-codoped HSG is larger than Yb3?-

doped HSG, indicating that Yb3?–Al3?-codoped HSG has

better spectroscopic properties for a laser material. The

spectroscopic properties of Nd3?–Yb3?-codoped HSGs

were studied. The Nd3?–Yb3?-codoped HSGs has a broad

emission from 950 to 1,100 nm because of the 2F5/2 ? 2F7/2

transition of Yb3? and 4F3/2 ? 4I11/2 transition of Nd3?

when excited by 808 nm LD. The energy transfer process

from Nd3? to Yb3? was described in this study.
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