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Abstract—In this work we review the recent advances in 
pedestal waveguide amplifier fabrication. The improvement of 
conventional photolithography and plasma etching methods 
brings advantages that benefit light guiding and reduce 
propagation losses, mainly in the 3rd telecommunication 
windows (λ~1550 nm). Yb3+/Er3+ codoped Bi2O3-GeO2 thin 
films, with and without Si nanostructures, are obtained by RF 
Magnetron sputtering deposition and are used as core layer of 
500 nm height in the pedestal waveguides. Choosing an 
appropriate amount of these silicon nanostructures inside the 
rare-earth waveguides we achieve pump light scattering and at 
the same time very little scattering at the signal wavelength. 
The overall effect is again enhancement of 50% thus opening 
possibilities for potential applications in integrated optics. 
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I. INTRODUCTION  

Doped fiber amplifiers such as Erbium Doped Fiber 
Amplifiers (EDFAs) and Ytterbium Doped Fiber Amplifiers 
(YDFAs) have been essential components of optical 
communication networks. In this way, Erbium doped 
waveguides amplifiers (EDWAs) have become extensively 
studied over the past years due to their promising 
applications in optical networks. New host materials based 
on heavy metals are of much interest in these areas [1] since 
they may present high nonlinear optical susceptibilities, 
which is important for applications like optical switching, 
wavelength conversion, parametric amplification among 
others [2-7]. 

 There is a lack of studies concerning methodologies for 
EDWAs fabrication processes based on heavy metal oxide 
matrices. In this regard, pedestal waveguides are very 
promising, since their fabrication does not involve etching of 
the core layer [8]. 

For pedestal waveguides, reactive ion etching (RIE) 
occurs before the core definition, which represents an 
alternative method for achieving the lateral confinement in 
optical waveguides fabricated with silicon technology. The 
procedure represents an advantage when compared to rib 
waveguide production [9], since the material used as core 
layer does not need to be submitted to etching procedures, 
simplifying the fabrication process of the optical 
waveguides. 

Recent studies based on pedestal waveguides fabricated 
with tellurite and germanate amorphous films also motivated 

the present work [1,8,10]. Another general lack of literature 
is related to research on heavy metal oxide glasses 
incorporating silicon nanostructures. This fact combined with 
progress in the photonics field in disordered optical media 
[11-13], lead us to a new strategy of photoluminescence (PL) 
and gain enhancement in Yb3+/Er3+ codoped Bi2O3–GeO2 
(BGO) waveguides, which is provided through disorder and 
scattering caused by silicon nanostructures (NSs) formed in 
the sputtering process of the core.   

Disorder in optical systems (elastic scattering) has given 
rise to new and interesting phenomena ranging from 
applications in solar collectors [14], random lasing [15,16], 
and other novel photonic functions, to investigations into 
fundamental topics, such as localization light [17-19]. Elastic 
scattering induces an increase in optical path length, which 
leads to an increase in the effective absorption and, in the 
stationary regime of population inversion gives also rise to 
an increase of gain [20,21] 

   

II. MATERIALS AND METHODS 

A. Pedestal waveguides fabrication process 

The steps used for the pedestal waveguides fabrication 
process based on silicon technology are shown below [8,10]. 

 
1) Cleaning of the substrate surface 
The cleaning of a P type silicon substrate with (100) 

orientation was realized to remove impurities like Na ions 
and metals (Fig 1.a).  

2) Oxidation of the substrate surface 
Thermal growth on a silicon substrate of a relatively 

thick silicon dioxide film (1~1.2 μm-thick) with refractive 
index of 1.46 was realized in order to obtain the cladding 
layer (Fig 1.b). 

3) Cromium deposition  
The Cr thin films were deposited using Magnetron RF 

Sputtering. This film serves as a mask and it is necessary 
since the photorresist is partially attacked during following 
the plasma corrosion process (Fig 1.c). 

4) Photorresist deposition 
Then the photoresist was deposited using a melt-spinner 

(Fig. 1d). After the solvent has evaporated, the 
photolithographic mask containing straight lines (with 



widths in the range of 1–100 μm) was aligned (Fig. 1e) with 
the wafer. The photoresist regions which were exposed to 
the UV light were sensitized during 10 s. 

5) Removal of the photorresist 
The developed solution AZ 351 (Microchemicals) was 

use to remove the sensitized photoresist (Fig 1f). 

6) Removal of the chromium 
The removal of exposed chromium was performed by 

wet etching process (Fig 1g). 

7) Silicon dioxide corrosion 
The pedestal structure was defined by the CHF3/O2 

plasma etching using the Reactive Ion Etching (RIE) 
technique (Fig. 1h). 

8) Removal of the remaining chromium 
After the silicon oxide etching of the pedestal structures, 

the chromium film was removed using a ceric ammonium 
nitrate solution (Fig. 1i). 

9) Core deposition 
The last step consisted of Yb3+/Er3+ codoped GeO2–Bi2O3 

deposition by RF Magnetron sputtering (Fig. 1j). This last 
procedure used the advances reported in references [1,8] that 
are: 1) reduction of the chromium mask thickness  in 70% to 
reduce the micromasking effect  and, 2)  for the etching of 
the silicon dioxide an RF power of 100W and gas flow rate 
of 40 sccm for both CHF3 and O2, under a chamber pressure 
of 50 mTorr using 3 steps of 30 min instead of 2 steps. 

 

 
Fig. 1. Schematic diagram of the pedestal optical waveguide fabrication 
process: clean silicon substrate (a); cladding layer deposition (b); chromium 
film deposition (c); photoresist deposition (d); revelation of the photoresist 
(e); photoresist mask definition (f); chromium mask definition (g); etching 
of the SiO2 (h); chromium removal (i); core deposition (j). 

B. Microstructure characterization 

Scanning Electron Microscopy (SEM) was performed in 
order to observe the resulting structure of the pedestal-type 
waveguides. Figure 2 shows SEM images of the Er3+/Yb3+ 
codoped BGO pedestal waveguide.   

  
Fig. 2. SEM image of the Er3+/Yb3+ codoped BGO pedestal waveguide. a) 
front view showing waveguide core dimensions. b) top view.  

The higher refractive index of the waveguide containing 
Si should induce a decrease of the intrinsic losses of BGO 
waveguides at 1542 nm associated to the irregular 
morphology or defects at the waveguide borders. However, 
owing to the Si NSs that behave as a source of scattering, 
these may induce additional losses. 

Additionally, the Si NSs should also provide inelastic 
scattering (absorption) at 980 nm (pumping), but at 1542 nm 
(gain) the absorption values should be small compared to 
shorter wavelengths as exemplified in figure 3. 

 

 
Fig. 3.  Schematic view of the optical path-length increase  in a waveguide 
with Si nanostructures (scatterers) in comparison with the one without Si 
nanostructures. 

 
High resolution transmission electron microscopy (HR-

TEM), electron diffraction pattern (EDP) analysis, energy 
dispersive spectroscopy (EDS) and small angle X ray 
scattering (SAXS) were performed in order to obtain 
information about the morphology and structure of the 
silicon NSs. Figure 4 shows HR-TEM images of the thin 
film waveguide containing Si nanostructures (500 nm 
thickness) where we observe Si aggregate with 25-35 nm 
size.  

 
 

Fig. 4. HR-TEM images of the thin film waveguide containing Si 
nanostructures (500 nm thickness). Si aggregate with 25-35 nm size are 
observed. Dashed red lines were introduced for highlighting of the contours 
of Si aggregates. 



III. RESULTS 

 
The relative gain at 1542 nm was obtained using a 980 

nm and 1542 nm for excitation and signal wavelengths, 
respectively with the experimental setup shown in figure 5.  

The value of the relative gain is given by the ratio of the 
signal peak with and without 980 nm pumping [10]. Using 
the same setup the 980 nm pump absorption and the 1542 nm 
photoluminescence (PL) spectra were collected at very low 
pump powers from the top of the waveguide as a function of 
the longitudinal distance from the waveguide pump facet 
using a 200 μm diameter fiber, coupled to a spectrometer, in 
close proximity to the top surface.  

 
 

 
Fig. 5.  Experimental setup used for gain and PL measurements 

 

Figures 6a and 6b show PL results and relative gain of 
Er3+/Yb3+ codoped BGO thin films with and without Si NSs, 
respectively. The large PL (Fig. 6a) increase at 1530 nm in 
the Si-nanostructures doped waveguide may be attributed to 
three main effects: i) increase of the effective optical path 
length due to the scattering provided by the Si NSs, leading 
to a absorption increase of Yb3+ ions; ii) decrease of 
[Bi+] and its respective absorption band (980 nm), increasing 
the effective pumping intensity for the Yb3+  ions inside the 
waveguide [12] and iii) smaller reabsorption at 1542 nm due 
to the decrease of [Bi+] and resulting decrease of Er3+  Bi+  

energy backtransfer [13,14]. The results presented in Fig. 
6(b) show a higher slope for the waveguide with Si NSs, at 
lower pump powers and before the saturation. This result can 
be explained by the higher effective cross-section of the 
waveguide with Si NSs. 
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Fig. 6. Er3+/Yb3+ codoped BGO thin films with and without Si (a) PL 
spectra, (b) Relative gain results at 1542 nm .  

IV. CONCLUSION  

This work investigated the fabrication and optical 
properties of Yb3+/Er3+ codoped Bi2O3–GeO2 pedestal type 
waveguides for application with optical amplifiers. A method 
for producing Si NSs using the RF sputtering technique 
followed by an adequate heat treatment enabled the 
improvement of waveguide performance at 1542 nm of 50% 
obtaining a relative gain of 5.5 dB/cm. Large PL 
enhancement (~10 times) was observed in the visible and 
infrared regions.  

The present work shows a strategy of increasing gain by 
introducing an appropriate amount of disorder caused by Si 
NSs and represents an alternative to the manufacture of 
more efficient amplifier waveguides and other advanced 
photonic devices. 
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