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Abstract 

Ultrafast laser plasma doping (ULPD) is a recently developed technique that enables the 

blending of femtosecond laser produced plasma from a TeO2 (target) based glass with a SiO2 

(substrate) without or minimum phase separation to form a silicate glass. The background 

oxygen gas pressure plays a major role in ULPD as it directly impacts the plasma plume 

characteristics, resulting in lower erbium doped tellurite modified silica (EDTS) thickness and 

refractive index at higher process gas pressure. X-ray photoelectron spectroscopy (XPS) used 

in this study to analyse the formation of EDTS and local bonding environment of its 

constituents. This report confirms the presence of both target materials and SiO2 in the 

resulting EDTS films. XPS of O 1s core, confirms that bridging oxygen (BO) is more dominant 

compared to non-bridging oxygen (NBO) in the EDTS glass network, and the amount of BO 

is more stand out for higher gas pressures when the glass modifiers are relatively smaller in 

concentration. Our study revealed the nucleation Te and Er to form metal nanoparticles in 

glass under certain preparation conditions/doping concentration which were previously 

undetected using other experimental techniques. It is important to control this nanoparticle 

formation in engineering EDTS for photonic device applications. 
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1.0 Introduction 

Many studies have been undertaken on silica (SiO2) glass material due to its tremendously 

compelling properties and plentiful applications for ultra-high bandwidth fibre optic 

communications which underpin modern society [1,2]. One of the fascinating properties of this 

material is its excellent transparency from infrared (IR) to ultraviolet (UV) range making it 

invaluable for photonic applications such as optical telecommunications, optoelectronic 

devices, medical applications, and a wealth of sensors  [1,3,4]. The realisation of optical 

amplifiers operating in the Er3+ emission band (1530-1550 nm) was made possible by the 

doping of erbium into SiO2 and widely used as efficient signal boosters for the long-haul optical 

network [5,6]. However, the solubility of erbium in silica is very low due to the mismatch in 

valency and the difference in ionic radii between the Er3+ and elements of silica. These 

differences cause the Er to cluster in the silica matrix even at a moderate concentration leading 

to a less than ideal solubility limit and reduced optical amplifier potential [7]. Using the ultrafast 

laser plasma doping technique (ULPD) approach, a very attractive  mixture of SiO2 and high 

concentration erbium-doped TeO2 based glass has been achieved which promises  to offer a 

potential solution for the limited solubility issue of erbium in silica [8,9].  

 

The ULPD technique has been shown to assist the blending of SiO2 and TeO2 based glasses 

without or minimum suffering phase separation, and this combination of glasses (SiO2 and 

TeO2) seems not to have been widely reported. This may be due to phase separation that 

occurred in a ternary or quaternary glass as reported in glass system TeO2-B2O3-SiO2 [10], 

Li2O-TeO2-SiO2 [11] and TeO2-SiO2-ZnO-K2O [12] which in turn, made it less enticing to be 

studied. The previous phase separation is thought to be due to the presence of Te4+ ions. The 

high polarizability of the Te4+ ions is thought to distort the Te-O and O-Si-O bonds and the 

presence of  NBO will accelerate the bond breaking and promote phase separation [13].  

 

The mixture of these two SiO2 and TeO2 based glasses fabricated by ULPD is referred to as 

erbium-doped tellurite modified silica (EDTS), and has been extensively studied regarding its 
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optical and structural properties and their dependency on process parameters such as; fs-

laser energy, repetition rate, and target glass composition [8,9]. However, the dependency of 

the properties on background gas pressure is yet to be fully investigated and understood 

especially with regards to its effect on the resulting chemical properties of the SiO2 and TeO2 

mixture. Background gas pressure has been found to be a key process parameter in the ULPD 

technique, at least for this mixture. Ambient gas present during ULPD process will scatter, 

attenuate and thermalize the ion energies in the plasma plume, and by carefully controlling 

the gas pressure in the chamber, it can influence the kinetic energy and mean free path of the 

ablated ions/nanoparticles which results in important changes in EDTS properties [14,15].  

 

In this present paper, the chemical analysis of EDTS with respect to different oxygen (O2) gas 

pressures was achieved using X-ray photoelectron spectroscopy (XPS). This technique has 

been employed to elucidate the elemental surface composition, the oxidation state of the 

cations and the nature of oxygen bonding [16,17]. Indeed, XPS is able to resolve the 

contribution of bridging oxygen (BO) and non-bridging oxygen (NBO) peak in O 1s core level 

spectra in binary and complex oxide glass system [16–18]. Based on the XPS analysis, a local 

structure of EDTS could be estimated. In addition, a depth profiling during XPS measurement 

is important in order to investigate the distribution of various elements in EDTS as a function 

of EDTS layer thickness.  

 

2.0   Experimental procedures 

2.1 Sample preparations 

The EDTS was processed via ULPD with silica-on-silicon (SOS) as the underlying substrate. 

The initial thickness of silica layer was 1 µm.  A femtosecond (fs) laser (100 fs-pulsed, 

wavelength of 800 nm, energy of 50 µJ and repetition rate of 1 kHz) was used to ablate the 

target material (79.5%TeO2-10%Na2O-10%ZnO-0.5%Er2O3 (Er-TZN)). The target material 

was fabricated using a standard glass melt-quenching technique [19]. The fs-laser was guided 

into the vacuum chamber and then focused on the flat target surface at 60° angle from normal, 
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which was then rastered and rotated to ensure uniform target ablation and to produce 

consistent ablation plume. After cleaning (using deionised water, acetone and ultrasound), the 

SOS substrate was then loaded into the deposition chamber and positioned 70 mm above and 

normal to the target. Subsequently, the ablation chamber was pumped down to 8 x 10-6 mTorr 

or lower, before establishing oxygen background gas.  The substrate was heated to 570 °C 

and then exposed to the fs-laser plasma plume for four hours in a background oxygen gas to 

obtain EDTS layer. Four samples H50, H70, H90 and H100, they were fabricated at O2 

pressures of 50, 70, 90 and 100 mTorr respectively. 

   

2.2 Sample characterizations 

The cross-section and thickness of modified layer were obtained using a Hitachi SU8230 

scanning electron microscope (SEM). A prism coupler method was employed to verify the 

thickness of EDTS and measure the EDTS refractive index. A Philips X'Pert X-ray diffraction 

(XRD) tool was utilised to investigate any crystalline phases that might exist in EDTS. Surface 

analysis was carried out using an XPS (K-alpha XPS instrument (Thermo Scientific)), with a 

monochromatic Al KĮ (1486.6 eV) source. For the initial survey spectra, a pass energy of 150 

eV with the step size of 0.4 eV was used, while for the high-resolution spectra, a pass energy 

of 40 eV with a step size of 0.1 eV was applied. Analysis and peak fitting were performed 

using CasaXPS software. A Shirley background subtraction and a mixed of Gaussian-

Lorentzian function were utilized to fit all the peak in the obtained spectra. Since XPS data is 

derived not only originating from the photoemission process but also influenced by the 

instrument and broadening from slightly different local bonding [20], therefore the mix 

Gaussian-Lorentzian function is suitable and widely used for the XPS peak fitting. All reported 

binding energies (BE) of photoelectron spectra in this work used C 1s peak at 285 eV as a 

reference to maintain the consistency and correction for sample charging. The C 1s peak is 

an adventitious peak that obtained from unavoidable hydrocarbon contaminants in most 

vacuum chambers, and is generally accepted to be independent of the chemical state of the 
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material under study [21,22]. Depth profiling was also employed using 3 keV Ar+ sputtering to 

quantify the chemical composition as a function of depth.  

 
 
 
3.0 Results and discussions 
 
Fig. 1 (a)–(d) represents the backscattered (BSE) SEM cross-section image of the samples 

H50, H70, H90 and H100 fabricated using various background O2 pressures and showing that 

the EDTS thickness increases with lower oxygen gas pressure, with all other parameters 

remaining constant. This confirms that the EDTS film characteristics were influenced by the 

oxygen pressure used. Generally, plasma plume can be distributed much more widely when 

background gas is present during the ablation process. Since the target material used was an 

oxide-based glass and the substrate was SiO2, oxygen was chosen as the background gas to 

ensure an oxygen-rich environment surrounding the deposition plume and facilitating the 

bonding between elements from Er-TZN and SiO2. The background pressure did not affect 

the path or laser beam absorption, even though the plasma plume characteristics depended 

heavily on background gas pressure. Reduction in gas pressure increased the kinetic energy 

of the ablated species [23]. Thus, the collision rate between the ablated species (Er-TZN) and 

the O2 species during their flight to substrate reduced which in turn allowed more Er-TZN ions 

to reach and penetrate into silica layer. The outcome was penetration of Er-TZN elements into 

silica became more aggressive thus the EDTS thickness increased at a decreased oxygen 

gas pressure. The visible thickness as measured using SEM for the samples is shown in Table 

1. 
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                               (a)                                                           (b)  
 

           
                              (c)                                                               (d)  
Fig. 1: Backscattered cross-section SEM image of SOS doped with Er-TZN at a background 

oxygen gas pressure of (a) 50 mTorr (H50) (b) 70 mTorr (H70)  
(c) 90 mTorr (H90) and (d) 100 mTorr (H100). 

 

Table 1: EDTS layer and remaining silica underneath EDTS thickness and refractive index 
measured by SEM and prism coupler for the sample prepared using various oxygen gas 
pressure. 
 

Sample EDTS thickness 
measured with 

SEM (µm) 

EDTS thickness 
measured with 
prism coupler 

(µm) 

SiO2 thickness 
below EDTS 

layer measured 
with SEM (µm) 

Refractive Index 

H50  
(50 mTorr) 

1.86 ± 0.03 1.71 ± 0.01 0.07 ± 0.01 1.6484± 0.0001 

H70 
(70 mTorr)  

1.64 ± 0.09 1.67 ± 0.03 0.13 ± 0.03 1.6356 ± 0.0009 

H90  
(90 mTorr) 

1.12 ± 0.07 1.18 ± 0.01 0.27 ± 0.03 1.5990 ± 0.0003 

H100 
 (100 mTorr) 

0.81 ± 0.05 0.85 ± 0.02 0.57 ± 0.05 1.5987 ± 0.0003 
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Reduction of the EDTS thickness and refractive index as a function of O2 pressure was also 

measured using prism coupler technique (Table 1). The EDTS refractive index decreases with 

increase in oxygen gas pressure. This relationship seems reasonable because lower gas 

pressure corresponds to a higher kinetic energy which also correlates to higher plasma 

density. The plasma density and gas pressure correlation is related with Beer’s law behaviour 

which is given by ܫ ൌ ݌ݔ௢݁ܫ െ  where I is plasma density, IO is initial plasma density at the ,ݔߪܲ

target, P is the oxygen ambient gas pressure, ı  is the total cross-section for plasma-to-oxygen 

collisions and the x  is the distance from the target. The resulting plasma density is believed 

to obey a Beer's law trend where the density of the plasma is exponentially reduced as the 

background gas pressure increases [24].  Consequently, less elements from Er-TZN can be 

integrated into the silica on the substrate surface resulting low dense layer of EDTS when the 

higher O2 gas pressure was used. This inverse relationship between refractive index and 

background process gas pressure was also reported elsewhere [25–28].  

 

Fig. 2 presents the XRD pattern for the samples fabricated using oxygen pressures of; 70 

mTorr (H70), 90 mTorr (H90) and 100 mTorr (H100) and did not show any distinct peaks 

except for that at 2ș = 69° corresponding to the underlying silicon, Si (100) of SOS substrate. 

It showed that the thin films were all amorphous with a diminishing broad spectrum of silicate 

with increased oxygen gas pressure and caused by fewer Er-TZN ions that penetrated the 

silica. The broad silicon peak at 2ș = 69° is probably due to the defects that originates from 

the effects of thermal oxidation of silicon. At the interface region of Si-SiO2, there will be at 

least one layer of silicon atoms that are bonded both with oxygen and silicon atoms. These 

silicon atoms are in the intermediate oxidation states (+1, +2, +3, depending on the number 

of oxygen atoms they are bound) [29,30]. The presence of these silicon atoms with 

intermediate states are source of defects [31] which can make the intermediate layer become 

disordered. As the beam penetration depth is probable limited to the intermediate layer, this 

results in the producing of broad peak in XRD patterns. 
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The H50 sample, exhibited a mixed amorphous-crystalline phase. There were crystallite peaks 

at 2ș of 23.05º. 27.62º, 38.40º, 40.44º, 43.31º, 46.22º, 49.62º, 51.28º, 56.88º, 62.95º, and 

82.19º which implied the presence of Te. The Te has a hexagonal structure and belongs to 

the P3121 (152) space group (ICDD reference code: 00-036-1452). This peak is strongly 

believed to be due to Te crystallites particles situated at the interface between EDTS and 

silicon as shown in Fig. 3. The crystallite particles formation is due to the failure of elements 

from Er-TZN to penetrate silicon and accumulated at the silica-silicon interface. The excess 

Te which cannot form network with the modified silica layer undergoes nucleation. Er-TZN 

which was rich with oxygen would have difficulty to create any bond in silicon due to the 

absence of oxygen in silicon. Hence it preferred to remain in areas that were abundant with 

oxygen. Phase separation between those materials also could be the reason for the 

appearance of this crystallite particles. 

 
Fig. 2: XRD spectra of SOS substrate and samples prepared using different oxygen gas 

pressure. 
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Fig. 3: Crystallite particle at the interface between silicon and EDTS at the area when 50 

mTorr oxygen gas pressure used (H50). The appearance of crystallite particle is not visible 
for other samples under same magnification. 

 
 

From the XPS survey scan, as shown in Fig. 4, surface EDTS once again proved that it was 

a mixture of elements from target materials (except erbium) and silica from the substrate. The 

Er concentration was too low to be detected by survey scan. Erbium is commonly detected 

from Er 4d peak, but it was overshadowed by the more prominent background Si 2s peak due 

to the much higher Si concentration compared to Er. The absence of distinctive peaks other 

than peaks for carbon (C 1s) and species from silica and Er-TZN (except erbium) in the survey 

spectra, showed that there was no contaminant present at the surface of EDTS.  The intensity 

of Na 1s, Te 3d and Zn 2p is the highest for sample H50 supporting the hypothesis that at low 

O2 pressures more elements from target glass get embedded in the SOS.   
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Fig. 4: XPS survey scans from the surface of the SOS substrate and samples H50, H70, 

H90, and-H100 using monochromatic Al KĮ (1486.6 eV). 
 

 

As the survey scan failed to detect the presence of erbium, a high-resolution scan for the core 

level of O 1s, Si 2p, Te 3d, Zn 2p, Na 1s and Er 4p3/2 was undertaken to determine the 

elemental composition present at EDTS surface. Table 2 shows the elemental concentration 

for sample H50, H70, H90 and H100 surface. The presence of Si and target material at EDTS 

surface confirm that there is a mixing of target and substrate components. Table 2 clearly 

showed an increase in O and Si while a decline of Te, Zn, Na and Er for samples prepared 

with higher O2 pressure. This trend in elemental composition was manifested in the decrease 

of refractive index as tabulated in Table 1.  When the gas pressure is high, collisions between 

the species in the plasma plume and gas molecule are relatively more frequent [32]. This 

condition causes the energy of the species in plasma plume to decrease and also causes 
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more species to get deflected. Therefore, less elements in the Er-TZN were able to penetrate 

the substrate and subsequently reduce the density and refractive index of the EDTS.  

 
Table 2: Elemental composition of EDTS layer surface for samples H50, H70, H90 and H100 

obtained from a high-resolution scan. The estimated uncertainty is  0.01 at. %. 
 

Elements 
Sample 

H50 
(at. %) 

Sample 
H70 

(at. %) 

Sample 
H90 

(at. %) 

Sample 
H100 

(at. %) 

O 54.94 55.83 58.61 61.97 

Si 23.74 24.85 26.81 27.53 

Na 10.07 9.47 6.75 4.52 

Zn 6.61 6.02 4.44 3.61 

Te 3.47 2.86 2.77 1.78 

Er 1.17 0.97 0.62 0.59 

 

Fig. 5 (a)-(c) showed the high-resolution scan and the fitted peak for O 1s spectrum. As seen 

in Fig. 5, the spectra consisted of bridging oxygen (BO) and non-bridging oxygen (NBO) 

components which were situated at the binding energy (BE) of ~532 eV and ~530 eV, 

respectively. If an oxygen is involved in the glass network linking two glass former as in -Si-

O-Si- it is called a bridging oxygen while a non-bridging oxygen is one which is bonded with a 

network former and a network modifier as in -Si-O: Na. Apart from BO and NBO peak, there 

was a Na KL1L2,3 peak at ~536 eV which arose due to Auger process and is not associated 

with O 1s. The conclusions pertaining to the NBO and BO peaks are consistent with 

electronegativity and electron density arguments. Value for electronegativity for oxygen, 

silicon, tellurium, zinc, sodium, and erbium are 3.44, 1.90, 2.10, 1.65, 0.93 and 1.24 

respectively. BO peak always had higher BE than NBO as BO was bonded with glass former 

such as Si and Te which had higher electronegativity compared to Na and Er that were glass 

modifiers. Higher electronegative elements would attract electrons towards it while forming 

bonds with O. This made the reduction of electron density around the BO causing the binding 

energy of the core electrons to increase. As a result, BE for BO is higher comparing to NBO.  
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The best fitting result from the O 1s spectra were displayed in Table 3. From Fig. 5 and Table 

3, it could be seen that BO looked more dominant than NBO in the EDTS network. The position 

of BO and NBO peaks of O 1s spectra from this work was similar to other silicate glasses that 

had been reported [17,33,34]. This evidence again supported that elements from the target 

material had penetrated and mixed with the silica layer resulting in a silicate glass. The 

concentration of Si that acted as a main glass former in EDTS network was far higher than 

other cations which caused BO to be dominant in EDTS. However, the amount of NBO was 

increasing when lower background gas pressure was used due to more glass modifier 

elements present in the doped layer. The increment of these modifier atoms also caused O 

1s peak shift to lower BE as shown in Fig. 5 and Table 3 due to the average increased electron 

population at the oxygen atoms.  
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Fig. 5: High-resolution core level spectra of the O 1s of the surface of EDTS layer for 

samples prepared under background O2 pressure of (a) 50 mTorr (H50) (b) 70 mTorr (H70) 
(c) 90 mTorr (H90), and (d) 100 mTorr (H100). 

 
 

Table 3: Fitted peak information for BO and NBO resulting from O 1s core level of EDTS for 
samples H50, H70, H90 and H100. 
 

Sample 
Peak position (eV) Area (%) 

BO NBO BO NBO 

H50 531.48 529.93 61.90 38.10 

H70 531.51 529.99 68.35 31.65 
H90 532.29 530.58 74.84 25.16 
H100 532.44 530.69 77.44 22.56 

 

Fig. 6 shows de-convoluted Si 2p core level peaks for samples prepared at different oxygen 

gas pressures. Each Si 2p peak consisting of two peaks which were 2p1/2 and 2p3/2 due to 
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spin-orbit splitting. These two peaks have been fitted with area ratio 2p1/2/2p3/2 = ½ based on 

the theory of splitting of the 2p level. The BE for both peaks for different O2 pressures are 

shown in Table 4. Si 2p1/2 and Si 2p3/2 appear to be shifted to lower BEs for samples fabricated 

using lower O2 pressures. The drop in the BE is attributed to the increase in number of Si 

atoms which were attached to a non-bridging oxygen atom. NBO bonded with Na, Zn or Er 

had higher ionicity compared to Si which is covalently bonded with NBO. This caused oxygen 

to relax its attractive potential against the Si atom which in turn resulted in an increase in 

electron density for the Si-O tetrahedron. Correspondingly, an increase in electron density on 

Si atom caused the BE for Si 2p to decrease [34,35]. Therefore, with the increase in Na, Zn, 

and Er in the EDTS, due to the lower use of O2 pressure, the BE for Si 2p decreases. Although 

Te has a higher electronegativity than Si and the potential Si-O-Te bond might cause electron 

population decrease at Si, but its lower concentration than Na and Zn might overshadow its 

role. 

 
Fig. 6: High-resolution Si 2p spectra of the surface of EDTS layer for sample (a) H50   

(b) H70 (c) H90, and (d) H100 
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Table 4:  XPS binding energy for the core levels of Si 2p, Na 1s and Zn 2p for samples H50, 
H70, H90, and H100. 

 

Sample  
Si 2p 

Na 1s 
Zn 2p 

Si 2p1/2 Si 2p3/2 Zn 2p1/2 Zn 2p3/2 

H50 102.35 101.75 1071.67 1044.82 1021.74 

H70 102.54 101.94 1071.35 1044.43 1021.34 

H90 102.88 102.28 1070.86 1044.11 1021.02 

H100 103.20 102.60 1070.55 1043.84 1020.77 
 

No deconvolution of the spectra was required for Na 1s (Fig. 7) as it had no spin-orbit splitting 

for orbital s. From Table 4 and Fig. 7, Na 1s peak had been observed to shift to lower BEs for 

samples corresponded to the increase in background gas pressure. It is argued that Na, which 

was the most electropositive element in the doped layer encourages the electrons to 

congregate at the NBO sites. Due to this, electron density was lower around the Na further 

increasing the attraction force between the nucleus and O 1s electrons and also increasing 

the Na 1s binding energy. Consequently, the sample with higher concentration of Na tends to 

exhibit higher BE.  

 

The Zn 2p was similarly fitted like peak Si 2p without need of deconvolution as Zn 2p1/2 and 

Zn 2p3/2 are non-overlapping (Fig. 8). Table 4 shows that the Zn 2p peak shifts in the opposite 

direction to the Si 2p, as for EDTS, the Zn atom acted as a modifier like Na. The Zn behaves 

is similarly to Na, due to its high electropositive, electron density to be reduced around the Zn 

atoms causing them resulting in higher BE. Consequently, the reduction in Zn for samples 

prepared under higher O2 pressures (Table 2) resulted in the H100 sample exhibiting the 

lowest BE (Fig. 8). 



16 
 

 
Fig. 7: High-resolution Na 1s XPS spectra of the surface of EDTS layer for the sample 

(a) H50 (b) H70 (c) H90 and (d) H100 
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Fig. 8: Zn 2p photoelectron peaks of the samples (a) H50 (b) H70 (c) H90, and (d) H100 

showing the spin-orbit split into the Zn 2p3/2 and Zn 2p1/2 level. 
 
 

The XPS of Te 3d5/2 show two distinct peak that corresponded to Te oxide and Te metal as 

shown in Fig. 9. From the Te oxide peak, deconvolution revealed the presence of TeO4 and 

TeO3 polyhedra.  In TeO4, Te are bonded to BOs while for each TeO3, Te is bonded to an 

NBO. As clearly shown in Fig. 9 and Table 5, the proportion of Te atoms which were bonded 

to NBO was much higher that bonded to BO. This clearly showed the difficulty that Te 

experiences bonding with -Si-O- to form -Si-O-Te- linkages. As a glass former in itself it would 

be easier for Te to bond with Si-O in the presence of a modifier elements which would promote 

the rupture of strong -Si-O-Si- covalent bonds. However, the number of BO was clearly higher 

for samples prepared using the lower background O2 pressure, probably because the Te ions 

had higher kinetic energy at lower gas pressure and consequently were more capable of 

breaking Si-O-Si bonds and attaching to BO. Consequently, H50 exhibited the highest 



18 
 

proportion of TeO4 as clearly evident from Table 4. On the other hand, when the total amount 

of Te decreased in proportion to modifier ions for samples prepared with higher background 

O2 pressures the TeO3 units increased as expected. This explains the relatively larger shift for 

BE of Te in TeO3 comparing to TeO4.     

 

Interestingly, Te metal peaks were also detected in the XPS of EDTS as shown in Fig. 9. 

Because EDTS is amorphous [8,9], the presence of Te metal appeared to be undetectable by 

XRD (Fig. 2) and this can be inferred that the Te metal particles were embedded in the glass 

matrix and their size is below XRD detection limit (> 5 nm) [36,37]. As for the BE of Te metal, 

it showed a similar trend with Te oxide. The proportional reduction in BE for the Te metal with 

increasing O2 pressure increment was believed to be related to size of the metal particles. As 

femtosecond laser produced plasma of the target glass consists predominantly of 

nanoparticles [38] a reasonable assumption is that these Te metal nanoparticles are formed 

post deposition within the silica due to diffusion and nucleation. It is the excess of Te present 

in the EDTS that cannot participate in glass network that made it nucleate and grow. The use 

of high pressure caused a higher incidence of collision to occur by vapor species and the 

nucleation and growth of these vapor species promoted the formation of particulates. 

Increased gas pressure caused velocity vapor species to decrease, which in turn, caused the 

particulates to become larger when they reached the substrate. Based on Fig. 9 and Table 5, 

it is clear that H50 have higher BE and this is related to its smaller particle distribution as 

discussed above. This relationship between particle size and BE had been reported in the 

literature for other type of metal nanoparticles [39–41]. It is to do with relaxation energy of X-

ray photoelectron in a metal nanoparticle. In a nanoparticle the relaxation following 

photoemission from an atom take place by the rearrangement of the electron from within the 

atom (intra-atomic relaxation) and the movement of electron among the neighbouring atoms 

(extra-atomic relaxation) [42]. This relaxation energy produced due to the movement of 

electrons to the lower energy level helps increase the kinetic energy of the ejected 

photoelectron and at the same time decrease the binding energy [43,44]. When the particle 
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size became smaller, the number of overlapping energy levels decreased, and the band gap 

became larger. The relationship between band gap and particle size could be simplified by 

Brus equation [45,46] (with the assumption that nanoparticles were in spherical form): 
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Here,  *
gE  is the band gap of nanoparticle,  bulk

gE  is the band gap of bulk material (for Te is 

0.33 eV), h  is Planck constant, r  is nanoparticle radius, *
em  is effective mass of electrons, 

*
hm  is effective mass of holes, e  is standard unit charge,  0  is permittivity of free space and  

  is relative permittivity of the solid. From equation (1), again it shows that band gap increased 

when the particle size is decreased. In smaller particles the wider band gap makes it more 

difficult for electrons to fall to the lowest occupied level and this caused the likelihood of 

relaxation process to be low. When the relaxation process lower, the kinetic energy of 

photoelectron decrease proving increased binding energy of the metal particle [47].  

 
Fig. 9: Te 3d5/2 spectrum of the surface of EDTS layer for the sample (a) H50 

 (b) H70 (c) H90 and (d) H100. From the fitted peak suggest that EDTS contains Te metal 
and two form of Te oxide which are TeO3 and TeO4.  
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Table 5: Peak positions (eV) and areal percentage (%) for the component in core level Te 
3d5/2. 
 

Sample  

Te 3d5/2 

Peak position (eV) Area (%) 
Te oxide 
(TeO4) 

Te oxide 
(TeO3) 

Te 
metal 

Te oxide 
(TeO4) 

Te oxide 
(TeO3) 

Te 
metal 

H50 577.34 576.13 573.01 8.35 57.97 33.68 
H70 577.33 575.82 572.83 7.02 59.69 33.29 
H90 577.26 575.45 572.41 4.96 64.45 30.59 

H100 577.04 575.18 571.63 4.36 69.97 25.67 
 
 

Fig. 10 shows the deconvoluted high-resolution XPS spectra of Er 4p3/2. The peak which had 

higher BE corresponded to the Er trivalent ions (Er3+) while the peak that associated with Er 

metal was situated at lower BE energy. The presence of the Er3+ ions were believed to promote 

the formation of Er-O bonds in the EDTS glass network. Like Te, the Er metal particle also 

consists of several Er atoms and is situated in the glass matrix at concentrations and sizes 

below the XRD detection limit. Fig. 10 and Table 6 indicated that the proportion of Er metal 

was much higher compared to the number of Er3+ ions and its concentration seemed to 

increase with decreasing background gas pressure as more Er metal was detected in the 

EDTS. This is directly proportional to the overall Erbium atomic concentration reported in Table 

2. Results in Table 2 clearly proves that at higher Er atomic concentration higher proportion of 

them nucleates and form Er nanoparticles and at lower concentrations (H100) almost 70% are 

present as Er3+ ions.   However, the variation BE for Er3+ ions and Er- nanoparticles is 

insignificant as concentration of erbium is very low in the EDTS comparing to other 

components. Following the pervious argument regarding the dependence of nanoparticle size 

on BE, it can be concluded that there is no significant shift in the particle for Er in the studied 

samples. This result is significant as the presence large concentrations of Er in nanoparticle 

form will be detrimental for any waveguide amplifier or laser fabricated using EDTS.  
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 Fig. 10: Er 4p3/2 core level spectra with peak fitting for samples prepared with oxygen gas 
pressure of (a) 50 mTorr (H50) (b) 70 mTorr (H70) (c) 90 mTorr (H90) (d) 100 mTorr (H100). 
 
 
Table 6: Peak parameter (peak position (eV) and area percentage (%)) derived from fitting Er 
4p3/2. 
 

Sample 
Peak position (eV) Area (%) 

Er oxide Er metal Er oxide Er metal 

H50 325.26 319.89 34.09 65.91 
H70 325.29 319.88 36.02 63.98 

H90 325.29 319.85 39.69 60.31 
H100 325.30 319.81 41.37 58.63 

 
 
Subsequently, depth profiling was done to investigate the trend of semi-quantification values 

as a function of etching time or EDTS depth. Fig. 11 shows the depth profile for sample H70. 

It was found that concentration of all the elements, except Er, which was below the detection 

limit, was almost consistent and this clearly showed that the distribution of elements for O, Te, 

Zn, Na, and Si was uniform in EDTS. Fig. 11 also shows that all elements from the tellurite 
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target glass mixed well with the silica. Since as the EDTS layer was too thick and the etch rate 

was low, the etching process did not reach the interface between EDTS and silica. 

Nevertheless, the depth profiling done was only survey scan at every 30 s, thus the element 

Er failed to be obtained. 

 
Fig. 11: XPS depth profile for sample H70. The in-depth distributions of silicon, oxygen, 

tellurium, zinc, and sodium are reported. 
 

4.0 Conclusion 

In summary, we have studied the impact of the oxygen gas pressure towards the physical, 

optical, structural and chemical properties of our EDTS layers. Each parameter changes 

significantly altered the properties of EDTS leading to the conclusion that the background gas 

pressure is an important process parameter in the ULPD process for this family of glasses. 

Samples that were prepared using a higher background oxygen gas pressure exhibit thinner 

EDTS layers with lower refractive indices. Additionally, using lower O2 gas pressures 

increased the concentration of Te, Na, Zn and Er in the EDTS layers due to fewer collisions 

during the ablation and time of flight.  We conclude that the oxygen pressure is an 

indispensable factor for the constituents of the target material to mix with silica. Furthermore, 

the lack of oxygen in the underlying silicon substrate caused the Te to accumulate in 

interphase between EDTS and silicon. Peak-fitting XPS of Te 3d5/2 and Er 4p3/2 revealed the 

presence of Te and Er metals in EDTS and, it is suggested that they are situated in interstitial 

sites and their size is less than 5 nm. XPS depth profiling confirms that the EDTS fabricated 
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using ULPD consists of a homogeneous mixture of elements from the target material and silica 

from the substrate.  
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