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Abstract

:

The effects of ultraviolet irradiation on luminescent centres in bismuth-doped (BDF) and bismuth/erbium co-doped (BEDF) optical fibers were examined in this study. The fibers were fabricated by modified chemical vapor deposition combining with atomic layer deposition method. The fibers were exposed to irradiation from a 193 nm pulsed wave argon fluoride laser, and an 830 nm wavelength laser diode pump source was employed for excitation. The experimental results showed that, for the BDF, the transmission loss was slightly reduced and the luminescence intensity was increased at the bismuth-related active aluminum centre (BAC-Al). Then, for the BEDF, the transmission loss was increased a little and the luminescence intensity was also increased at the BAC-Al centre. However, the luminescence intensity was decreased at approximately 1420 nm of the bismuth-related active silica centre (BAC-Si) for all fiber samples. One possible formation mechanism for luminescence intensity changes was probably associated with the valence state transfer of bismuth ions. The other possible mechanism was that the ArF-driven two-photon process caused luminescence changes in BAC-Al and BAC-Si. It was very important to reveal nature of luminescence properties of Bi-doped and Bi/Er co-doped optical fiber.
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1. Introduction


Bismuth-doped optical fibers are active laser media that have comprehensive broadband and near-infrared range (NIR) emission, covering approximately 150 nm and having an extended lifetime of approximately 1 ms [1]. By employing the surface-plasma chemical vapor deposition method, Bi-doped infused SiO2 synthesized on silica substrate exhibited photoluminescence (PL) under laser irradiation of 193-nm argon-fluoride (ArF), 337-nm nitrogen and 248-nm krypton-fluoride (KrF). Three PL band peaks (650, 800 and 1400 nm) were observed [2]. By doping small concentration of Bi (0.1 mol %) pulsed lasing and continuous-wave were induced. It was noticed that, increasing the concentration of dopants above this quantity caused significant optical absorption (unsaturated), in the preparation of effective Bi-doped laser, which was not appropriate [3,4]. In high purity fused silica, with radiation-induced modification under a 193-nm pulsed laser irradiation, the stress birefringence and refractive index were observed to increase. The mechanisms were considered related to radiolytic atomic readjustment of the SiO₂ originated by the two-photon absorption [5].



In the boron co-doped germino-silicate fibers, the negative index gratings were noticed capable of functioning approximately 25 years at a temperature 300 °C without significant degradation [6]. The photo-induced decline in the absorption and emission bands of BACs under 244-nm radiation was recently revealed. It was confirmed that the degradation of BACs was a result of the photoionization of oxygen-deficient centres (ODC) [7]. Evidently, some of the experiments allowed the creation of the bismuth-related active centres (BACs), whereas unsaturated absorption-related centres are yet to be revealed. Hence, the characteristics of the active centres are significant problems that have to be understood. Their solutions would create means for enhancing the laser features of Bi-doped fibers [8]. Photo darkening in highly ytterbium-doped alumino-silicate and phosphor-silicate fibers, under a 488-nm irradiation, was presented. Both irradiation-induced excess loss and post-irradiation temporal loss evaluations revealed that the Yb-doped phosphor-silicate fiber is highly resistant to photodarkening [9]. It was observed that, Bi-doped high-germania-silica fibers had the most noticeable bleaching, whereas BACs in alumino-silicate fibers exhibited high level of stability against laser radiation [10]. The red luminescence photo activation in Bi-doped glass is because of its irradiation by femtosecond laser pulses [11]. Significant efforts have been made to understand the structure of the color centres and identify electronic transitions responsible for the infrared luminescence in the glass [12].



In this study, UV irradiation effects on luminescent centres in BDF and BEDF were investigated and new data pertaining to physical mechanism of these phenomena were collected. Further by acquiring the luminescence intensity and transmission spectra of the irradiated fiber samples, the rate of irradiation cycle and recovery phases in different time intervals were investigated. The aforementioned are of potential interest in understanding the nature of luminescence properties in Bi-doped and Bi/Er co-doped silica optical fibers. In Section 2, we describe the experimental setup, which consists of the fiber samples and equipment, as well as experimental parameters. In the experiment’s methodology, we have specified the configuration for the irradiation effect measurement and experimental conditions. In Section 3, experimental results on transmission spectra of BDF and BEDF before and after irradiation and secondary luminescence spectra of BDF and BEDF before and after irradiation are presented. In Section 4, the paper is concluded with the discussion of the results of our study on UV irradiation effects on luminescent centres in Bi-doped and Bi/Er co-doped optical fibers.




2. Experiment Setup


2.1. Description of the Fibers and Equipment


The BDF and BEDF fibers were fabricated by modified chemical vapor deposition (MCVD) method combined with atomic layer deposition (ALD) method. The fiber samples were 8 cm in length, the preform material composition was measured by an electron probe micro-analyzer (JEOL JXA-8100, University of Lille 1, France). For the Bi-doped fiber, the elements Si, Ge, O, Bi and Al had mass ratio (wt.%) of 34.4, 19.0, 46.2, 0.15, and 0.05, respectively. In the core, the concentration of bismuth and erbium in Bi/Er co-doped fiber was approximately 200 ppm and 1200 ppm in the cladding layer region. A small quantity of Al was co-doped with the Bi/Er co-doped fiber to increase the activities of bismuth and the erbium ion. Its concentration was practically 100 ppm [13,14,15]. Originally, the laser beam power was measured to be 60 mW. However, after reaching the laser beam expander at the irradiation region, the power was 35 mW. The laser beam was 2.5 cm in length and 1.4 cm in width. It was enlarged using a laser beam expander. The output power of the pump source 830-nm laser diode was 25 mW. A 1310-nm coupler was employed as connector. An, ArF excimer laser with a 193-nm operating wavelength was used for irradiating the fiber samples, and an optical spectrum analyzer (Yokogawa, AQ-6315A, Tokyo, Iapan) was used to measure luminescence and transmission spectra.




2.2. Experiments Methodology


While observing the effects of pulsed wave UV irradiation on BDF and BEDF optical fibers, the luminescence spectra were tested by a backward pump system excited by pump source operating at 830-nm. The transmission spectra were tested by the cut-back technique employing a white light (Yokogawa, AQ4306, Tokyo, Japan) source and measurements were performed at room temperature. The luminescence and transmission intensities of the fiber samples were measured before exposure to UV irradiation. After irradiation of the fiber samples at different time intervals, the measured intensities were analyzed in comparison with those measured before the irradiation process. A series of experiments were performed to understand UV irradiation effects on luminescent centres in Bi-doped and Bi/Er co-doped optical fibers. The laser emitted photon energy of 4.43–12.4 eV and 0.710–1.987 aJ with a relative power of 60 mW. The power of laser diodes was chosen to achieve a uniform population inversion of BACs along the active fiber length, thus, luminescence was collected from the whole length of the tested sample. As for the luminescence spectra measurement, the system was designed in a manner that the 830-nm pump was connected to 1310-nm coupler and to OSA. The fiber under test (FUT) is connected to 1310-coupler on the other end and set horizontally to the laser beam by removing the polymer coating over the fiber samples, as shown in Figure 1a. For the measurement of transmission spectra, the fiber was connected to a white light source on one end and OSA to the other end, via pigtail connector, with FUT aligned horizontally with the laser beam for irradiation, as shown in Figure 1b.





3. Results and the Discussions


3.1. Transmission Spectra of BDF and BEDF Before and After UV Irradiation


The measured irradiation-induced transmission changes with the 35-mW laser power, the slight broadening of transmission intensity in BDF, and the enhanced characteristic bands in BAC-Al, as shown in Figure 2a, were all related to typical electronic transitions of bismuth ions.



In near-infrared and visible regions, a substantial variation in transmission was observed. Variations in transmission after irradiation of the fibers were because of structural modifications, which resulted from the damage or defects in glass. It can be assumed that photobleaching occurred in the region. In addition, it can also be assumed that photodarkening occurred in BAC-Si, where the intensity decreased after exposure to irradiation.



The mechanism for varying intensities indicated that photobleaching process influenced saturation at a slower rate than by the photodarkening rate, although its basis was not evident. The transmission loss reduced by about 0.24 dB with only 2.5 cm in fiber length (equivalent to 9.7 dB/m) at near-infrared region with the UV laser of 35 mW for 60 s. However, Figure 2b describes the variation of the optical transmittance intensity of BEDF in a region within the proximity 850 nm band as a function of the irradiation time. A considerable variation in transmission can be observed in that region, which indicated that there was no significant change in first excitation and ground states. However, the excitation of the state of bismuth ion population occurred after UV irradiation. The experimental evidence obtained after irradiation indicated that photobleaching was not involved to the first excitation, and the ground state transition of bismuth ions contributed to the creation of bismuth active centres. It was possible that the ground state of bismuth ion population changes, which contributed to the creation of BAC, was influenced by the irradiation [16].




3.2. Luminescence Spectra of BDF and BEDF Before and After UV Irradiation


The measurement of luminescence intensities were performed at different time intervals. Before irradiation was started, the luminescence intensity of the ideal fiber was measured through the excitation of the pump source. The irradiation effect of UV on BDF showed that at ~1100 nm the luminescence intensity (BAC-Al) was increasing firstly and then decreasing, whereas at ~1420 nm (BAC-Si) the intensity kept reducing, as shown in Figure 3a–c. Thus, that the variations observed under UV laser irradiation suggested the results were because of the two-photon process, where a number of blue photons had enhanced energies to match the energy of one UV photon. If it is supposed that the variation was because of the two-photon process, then the quadratic dependency of the amount of irradiation on the laser power intensity was probably the characteristic time of the irradiation and number of photons [17]. However, because the UV irradiation process is lower than the band gap of silica glass, exciting an electron from the valence band to the conduction band through a one-photon process is insufficient by the pulsed UV irradiation. When high-photon density and coherency absorptions because of multiple photons were considered, with a 6.4 eV photon energy, the laser operated at 50 Hz repetition rate and the laser energy was 4.1–4.2 mJ. Recent studies revealed that the irradiation of silica glasses by an ArF laser created E’ centres having intrinsic defects, which exhibited a characteristic behavior. The creation of E’ centres were saturated with a small dose of light. At room temperature the induced centres reduced quickly [18,19].



The change in the intensity can be ascribed to centres in the presence of Bi and Al ions, the luminescence at ~1100 nm corresponded to the BAC-Al was increased by 0.6 dB with only 2.5 cm in the fiber length (equivalent to 24 dB/m) at ~1100 nm by the UV irradiation for 60 s and the fluorescence intensity of BAC-Si at ~1420 nm was decreased obviously. In addition, it can be emphasized that the luminescence at the ~1100 nm band was allocated to the ³P₁, ³P₂→³P₀ transition of Bi⁺ and ²D3/2 → 4S3/2 transition of Bi0, and the luminescence at ~1420 nm band was assigned to the mixed valence states of Bi3+/Bi⁵⁺. Moreover, it was also observed that the intensity at ~1100 nm could be enhanced by changing the length of fiber and pump power, compared to that when the band was ~1420 nm [14,20].



The irradiation changes can be expressed in relation to the decay curve of the luminescence intensity by considering a stretched exponential function. This function is physically interpreted as a continuous sum of a number of single exponential relaxation systems and extensively used to fit an integrated relaxation process in the disordered electronic and molecular system. It can be expressed by the following equation:


IA(t)=I(A),∞(P)+Iβ,∞(P)e−(tτ(P))β(P) 



(1)




where Iβ, ∞ represents for the bleachable part of the luminescence, IA(t) and I(A); β is the stretched parameter; τ is the time constant and ∞ is the luminescence intensity at the time when the irradiation effect is saturated under the radiation power, P.



All measured luminescence spectra have the same exponential decay trend. However, the speed and degree of decay vary with the improvement of the induced power; the irradiation ratio increases and the time constant drops, exhibiting a faster and stronger irradiation effect.



After irradiation, BAC-Al and BAC-Si gained the same changes in BEDF fibers as shown in Figure 4. It can be observed from the figure that both irradiation ratio and decay rate were inclined to be saturated at a higher irradiation rate. Therefore, we related these two parameters with the ~1100 nm luminescence intensity in relation with the pump power in FUT. Furthermore, it was also observed the luminescence intensity was increased by 1.53 dB with only 2.5 cm in fiber length (equivalent to 61.32 dB/m) when the irradiation time was 60 s and tended to saturate, subsequently. And the peak at 1420 nm, which belonged to BAC-Si, dropped markedly with the increasing of the irradiation time. The trend can also be compared with the irradiation ratio and decay rate of photobleaching. The possible energy levels of BAC-Al and BAC-Si are shown in Figure 5a,b, respectively. These evidences allow the assumption that the principal mechanism responsible for effect on the BAC-Si was its loss of an excited electron. It can be stated that, firstly, BAC-Si absorbed the 193-nm photon and was agitated towards the second excitation level. Secondly, some of the BAC-Si fell to the lower excited state through the non-radiative transition and another release the electron to the acceptor site.



Accordingly, thermal vibrational energy generated by the laser beam aided in implementing the decay of luminescence and ground state absorption [20]. Finally, supported by thermal energy, the trapped electron still had possibility to returning to the bismuth ion, which can cause the recovery of photobleaching. All the acquired results suggest that the existence of the luminescence of Bi-doped fibers could not be entirely ascribed to some optical transitions of bismuth ion. The most substantial hypotheses for the source of the BAC with laser-active transitions were bismuth ions related to a structural defect, as previously proposed. The defect had greater probability of becoming an ODC with an absorption which approximated 5 eV band, creating an environment for the Bi(n+) ion. The schematic structure of BAC can be denoted as (Bi(n+) + ODC). The two types of ODC defects that are approximately twofold are as follows: corresponding silicon (Si + ODC) and corresponding germanium (Ge + ODC) atoms, which are similar to Si/Ge. The aforementioned possibly caused the formation of two types of BACs, namely, BAC-Si and BAC-Ge. The photoelectron progression because of the photoionization process can be confined by bismuth ions. However, no manifestation of new absorption or luminescence band was observed that could be related with bismuth ions. In the thermally-stimulated luminescence (TSL) of Bi-doped fibers, it was observed that bismuth related trap condition in germino-silicate glass fibers was not created. Although ODC was transformed in to an E’ centre, the structural model was not a paired spin on a sp3-hybridized molecular orbital of a threefold corresponding silicon/germanium atom. The transformation was most possibly shaped by the local structural readjustment of the glass caused the variation of the bismuth ion atmosphere [21].





4. Conclusions


The Bi-doped and Bi/Er co-doped optical fibers were fabricated by MCVD combined with ALD method. This study revealed a significant property of UV irradiation effects on luminescent centres in the optical fiber samples. At first, the transmission loss was slightly reduced by 0.24 dB in Bi-doped fibers at 1200 nm and the transmission loss of the Bi/Er co-doped fibers was increased a little. Then, the luminescence intensity was increased by 0.6 dB of the Bi-doped fibers and by 1.53 dB of Bi/Er co-doped fibers at ~1100 nm (BAC-Al) with UV laser irradiation treatment. In the meantime, the luminescence intensity was decreased at ~1420 nm (BAC-Si) of all fiber samples. In addition, an energy level diagram was constructed for BAC-Al and BAC-Si centres. It is very important to further understand the different processes of luminescence. The change mechanism for luminescence intensity was probably ascribed to valence state transfer of bismuth ions at the ~1100 nm band. And at ~1420 nm band, the mechanism was probably associated with the loss of an excited electron and ArF-driven two-photon process. These aided in understanding the nature of luminescence properties in Bi-doped and Bi/Er co-doped silica optical fibers. In the future, we will further investigate the relationship between active centres and valence states.
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Figure 1. Irradiation effect measurement setup: (a) Luminescence spectra measurement system and (b) Transmission spectra measurement system. 
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Figure 2. (a) Transmission spectra of Bi-doped fiber before and after irradiation as a function of time and the enlarged luminescence spectra, from 1170 nm to 1245 nm, is inserted. (b) Transmission spectra of Bi/Er co-doped fiber before and after irradiation, as a function of time and the enlarged luminescence spectra, from 850 nm to 1000 nm, is inserted. 
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Figure 3. (a) Change of the luminescence spectra of Bi-doped fibers with an 830 nm pump excitation only after UV irradiation treatment. And the inserts are enlarged luminescence spectra from 1050 nm to 1150 nm (left) and 1380 nm to 1460 nm (right). (b) The change of luminescence intensity at ~1100 nm. (c) The change of luminescence intensity at ~1420 nm. 
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Figure 4. Luminescence spectra of Bi/Er co-doped fibers with an 830 nm pump excitation after UV irradiation treatment. And the changes of luminescence intensity at ~1100 nm (black line) and 1420 nm (red line) were inserted. 
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Figure 5. Possible energy levels with 830 nm pumping: (a) BAC-Al centre and (b) BAC-Si centre. (NRT: non-radiative transition; GSA: ground state absorption). 
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