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In this paper, the Tm

3+
-doped photonic crystal fiber (PCF) is fabricated by non-chemical vapor deposition method (NCVD) for 

the first time. The absorption, fluorescence, and attenuation properties of Tm
3+

-doped PCF are experimentally investigated. 

The results show that the Tm
3+

-doped PCF has the potential application on the high power fiber laser. 
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1. Introduction 

 

In recent years, the fiber lasers have attracted 

increased attentions because they can provide the excellent 

beam quality, compact system configuration, easy thermal 

management, and high optical efficiency [1, 2].
 
At present, 

the fiber laser has achieved the power output of kW near 1 

µm spectral region using the Yb
3+

-doped silica fiber [3]. 

However, the high power fiber lasers in the mid-infrared 

region around 2 µm fabricated by Tm
3+

 doped, Ho
3+

 doped, 

and Tm
3+

/ Ho
3+

 co-doped glasses, have been a new 

substantial interest due to its widely potential applications 

on the infrared-guided missile countermeasure, optical 

communications, remote sensing, material processing, and 

medicine [4-8]. In addition, they can be used as the pump 

source for the generation of mid-infrared light by 

nonlinear effects [9-11]. Compared with the Yb
3+

-doped 

fiber laser, the spectral range of Tm
3+

-doped fiber laser can 

be tunable from 1850 to 2200 nm. Because of the 

cross-relaxation energy transfer between thulium ions in 

the Tm
3+

 doped fiber laser, the quantum efficiency near 2 

can be obtained for the thulium ions 
3
F4→

3
H6 transition 

when the Tm
3+

-doped concentration is enough highly. The 

simplified energy-level diagram of Tm
3+

 ions in silica 

glass is shown in Fig. 1. In the transfer process of the 

cross-relaxation energy (
3
H6, 

3
H4→

3
F4,

 3
F4), two 

ground-level thulium ions can be excited to the upper 

lasing level of the 
3
F4→

3
H6 transition by absorbing only 

one 790 nm pump photon, which means one excited Tm
3+

 

ion at the level of
 3
H4 generates two Tm

3+
 ions at the level 

of 
3
F4 upper laser. Thus, the thulium exhibits a unique 

feature that the slope efficiency can exceed the Stokes 

limit, that is to say that the thulium-doped silica fiber 

lasers can achieve the theoretical slope efficiency            

of 80% [12]. 

In 2009, Clarkson et al. demonstrated the slope 

efficiency of 70% in the Tm
3+

-doped fiber laser [13]. At 

present, the Tm
3+

-doped fiber laser has achieved the kW 

output power [14]. However, some properties of 

Tm-doped fiber limit the development of high power 

Tm-doped fiber laser, such as the nonlinear effect, 

quantum defect heating, up-conversion effect, and 

photo-darkening, and so on. Using the diode laser as the 

pump source, Norbert et al firstly demonstrated a novel 

Tm
3+

-doped photonic crystal fiber (PCF) laser with the 

CW output power of 4W, the slope efficiency of 36.6%, 

and M
2
<1.25, but the effect of quantum defect heating 

needed to be considered [15]. In 2012, Pankaj et al 

demonstrated a novel ultra-large mode field area 

Tm-doped PCF laser with the peak power of 6.5 KW, the 

diffraction-limited beam quality, and the high polarization 

purity [16]. Using the Tm-doped PCF rod as the gain 

media, Gaida et al carried out the CW laser and 

amplification experiment, and achieved the laser output of 

20 W using the diode laser with 793 nm as the pump 

source [17]. In above reports, all of active media are the 

Tm-doped fiber fabricated by the modified chemical vapor 

deposition (MCVD) and the solution doping process
 
[18, 

19].
 
In this paper, we show the fabrication of Tm

3+
-doped 

photonic crystal fiber based on the non-chemical vapor 

deposition method (NCVD) for the first time. Compared to 

the conventional CVD, this method has the superior 

control of the homogeneity and accuracy of doping 

concentrations, which can be applicable to the multi-rare 

earth co-doping, large core, and high concentration 

configurations to aid the development of high power fiber 

lasers. 
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2. Experiment 

 

The fabrication process of Tm
3+

-doped PCF perform 

includes two phases. One is preparation of the Tm
3+

 doped 

silica glass for the Tm
3+

-doped PCF perform core, another 

is the preparation of Tm
3+

-doped PCF perform. In the first 

phase, the core rod of preform is fabricated by combining 

the high temperature plasma furnace sintering technology 

with the dry granulated oxides. The fabrication process of 

dry granulated oxides can be divided into three steps. 

Step 1, the TmCl3 and AlCl3 solution are accurately 

mixed according to the weight fraction. 

Step 2, SiCl4 is added into the solution of TmCl3 and 

AlCl3 by a carrier gas of O2. The reaction of SiCl4, TmCl3, 

and AlCl3 with H2O can form the Sol-Gel-like material in 

solution under the temperature of 60℃. In the material 

science, the Sol-Gel process is a method for producing the 

solid materials from small molecules used for the 

fabrication of metal oxides [20]. 

Step 3, the mixed powder is obtained after drying the 

superfluous water. To eliminate OH
- 
, the mixed powder is 

heated at the temperature of 1000 ℃ with the atmosphere 

of O2 and Cl2. Then the dry granulated oxides with low 

OH
- 

are obtained. The composition of dry granulated 

oxides is SiO2, Tm2O3, and Al2O3. 

 

 

Fig. 1. The simplified energy-level diagram of Tm3+ ions 

 in silica glass. 

 

 

 

 

 
 

Fig. 2. The sample rod of Tm3+-doped silica rod  

fabricated by NCVD. 

 

 

Then, the dry granulated oxides is brought into the high 

temperature plasma furnace (the furnace temperature is 

near 3000 ℃) to vitrify by a carrier gas of O2. Finally, the 

Tm
3+

-doped silica rods with no bubbles are successfully 

fabricated. Thereafter, the Tm
3+

 doped silica glass rod is 

prepared by milling and polishing to use for the core rod 

of PCF preform. The sample is shown in Fig. 2, where the 

diameter of Tm
3+

 doped silica glass rod is about 10 mm. 

In the second phase, the Tm
3+

 doped PCF perform is 

prepared by the stack capillaries method. The core 

capillaries of PCF perform are replaced using the 

Tm
3+

-doped silica glass rod, and the Tm
3+

-doped PCF 

perform is successfully fabricated.  

Then the Tm
3+

-doped PCF perform is drawn into the 

fiber under the high temperature of 2000 ℃ . The 

cross-section of the dual-cladding Tm
3+

-doped PCF 

fabricated by the NCVD method is shown in Fig. 4.  

 

 

3. Results and discussion 

 

The absorption spectrum of Tm
3+

-doped silica glass 

rod in the visible and infrared regions at the room 

temperature is shown in Fig. 3. The absorption spectra of 

the developed glass are recorded through Ocean Optics’s 

Maya 2000-Pro and NIRQuest 256 2.5 spectrophotometer 

for 200~2500 nm using the tungsten halogen lamp as the 

light source. As seen from the Fig. 3, a strong absorption 

band centered at 790 nm is observed, corresponding to the 
3
H6→

3
H4 transition of Tm

3+
. In addition, an intensive wide 

band at 1630 nm is also observed, which is ascribed to the 
3
H6→

3
F4 transition of Tm

3+
. The wide absorption band 

indicates that the silica glass fabricated by the NCVD 

method can be efficiently excited by LD around 1630 nm. 

 

http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Manufacturing
http://en.wikipedia.org/wiki/Metal_oxide
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Fig. 3. Absorption spectrum of Tm3+-doped silica rod  

fabricated by NCVD. 

 

Fig. 4 shows the cross-section of dual-cladding 

Tm
3+

-doped silica PCF. As seen from Fig. 4, the outer 

cladding of PCF is disorder because of the hot expansion 

effect of the capillaries in the outer cladding region. The 

PCF has a hole size to pitch (d/ ) ratio of 0.19 with a 

pitch of 11.97 µm. The silica glass core with 50 µm 

diameter is doped with 1.0 wt% Tm and co-doped with Al 

(the ratio of Tm/Al is 1:8). 

 

 

Fig. 4. The cross-section of Tm3+-doped photonic crystal  

fiber fabrication by NCVD. 

 

The cut back method is implemented to determine fiber 

attenuation. Fig. 5 shows the attenuation spectrum of 

Tm
3+

-doped silica PCF in the range of 200 to 2500 nm. As 

shown in Fig. 5, the absorption attenuation at 793 nm 

(
3
H6→

3
F4) is 10.413 dBm

-1 
(the attenuation at 790 nm of 

NKT’s Tm
3+

-doped PCF with 2.5% Tm is ~17 dBm
-1

), 

13.415 dBm
-1

 at 680 nm for energy leve1 
3
H6→

3
F2/

3
F3 

transition, 4.479 dBm
-1 

at 1185 nm for energy level 
3
H6→

3
H5 transition, 6.919 dBm

-1
at 1605 nm for energy 

leve1 
3
H6→

3
F4 transition, and 0.001 dBm

-1
 at 2000 nm. In 

addition, the absorption attenuation bandwidth around 

1605 nm is up to 255 nm, which offer a good condition for 

pumping the Tm
3+

-doped silica PCF using the infrared 

diode laser around 1750 nm as the pump source. 
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Fig. 5. The attenuation spectrum of Tm3+-doped photonic  

crystal fiber. 

 

 

Fig. 6 shows the NIR fluorescence spectrum in the 

range of 900 to 2500 nm of the Tm
3+

 doped PCF. In the 

experiment, the length of PCF is 1 m. An intense and 

broad emission band centered at 2170 nm is observed, 

corresponding to the 
3
F4→

3
H6 transition of Tm

3+
. It is 

interesting that the fluorescence peak of 2170 nm in the 

Tm
3+

-doped PCF with NCVD method is longer than that 

by CVD method, which is longer than the emission peak 

of Ho
3+

-doped silica fiber
 
[21]. According to our analysis, 

the fluorescence peak centered at 2170 nm is also within 

the laser wavelength of Tm
3+

-doped silica fiber
 
[22]. 

However, because of the high background loss of the fiber 

around 2000 nm, it is difficult to observe the fluorescence 

peak longer than 2100 nm in the silica fiber with CVD 

method. This phenomenon shows that the background loss 

around 2100 nm of the Tm
3+

-doped PCF fabricated with 

NCVD method is very low, as seen from Fig. 5. As shown 

in Fig.6, the fluorescence intensity becomes stronger with 

the increase of pump power. In addition, a small emission 

band located at about 1630 nm is observed, corresponding 

to the 
3
H4→

3
F4 transition of Tm

3+
, which offer a proof of 

the improvement of the cross-relaxation energy transfer in 

our Tm
3+

-doped PCF. 
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Fig. 6. The fluorescence of Tm3+-doped photonic crystal 

fiber fabrication by NCVD by using the different power pump. 

http://www.sciencedirect.com/science/article/pii/S0022231311007484#f0020
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  Based on the above experimental analysis, the 

successful fabrication of Tm
3+

-doped PCF with large core 

with NCVD method will make the fabrication of 

Tm
3+

-doped PCF simpler and more convenient. In addition, 

because this fiber has large doping core, Tm
3+

-doped PCF 

will have many applications not only such as high average 

power fiber laser, high peak power fiber laser operating at 

2 µm for materials processing and biomedicine, but also 

atmospheric propagation, sensing and so on. 

 

 

4. Conclusion 

 

In summary, the Tm
3+

-doped silica PCF is 

successfully fabricated by the NCVD method. The 

absorption attenuation at 793 nm (
3
H6→

3
H4) of 

Tm
3+

-doped silica PCF can be up to 10.413 dBm
-1

. An 

intense broad fluorescence band is located around 2170 

nm, corresponding to the 
3
F4→

3
H6 transition of Tm

3+
. In 

addition, a small band around 1630 nm corresponds to the 
3
H4→

3
F4 transition of Tm

3+
, which shows the 

improvement of the cross-relaxation energy transfer in our 

Tm
3+

-doped PCF. The results show that the Tm
3+

-doped 

silica PCF may be a preferable candidate for the high 

power fiber laser around 2 µm. 
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