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Abstract 
 

In this work, we present, to the best of our knowledge, the 

first demonstration of a low-loss Ge1-xSix -on-Al2O3 optical 

rib waveguide (WG) for the future optical communication 

band, which is a critical enabler of photonic integrated 

circuits (PICs). To achieve effective transmission in the 

mid-infrared (MIR) range (2-14 μm), Ge1-xSix alloys were 

used as the core material. The proposed rib optical WG was 

designed and optimized in order to achieve minimal 

propagation loss and a much higher power confinement 

factor (PCF) of the guided modes. This resulted in a PCF 

of up to 98% and a very low propagation loss of 8.5 × 10−3 

dB/cm at 2-μm, which is the lowest known WG 

propagation loss, as far as we are aware. These findings 

show that our developed Ge1-xSix WG is feasible for future 

optical networking and communication. 

1. Introduction 

Fiber-optic networks have become extensively utilized 

on a global scale to facilitate high-speed communications. 

This can be attributed to the notable advantages they offer, 

including their low loss rate of ~0.2 dB/km and the wide 

array of optical instruments that are readily accessible for 

their implementation. The current utilization of 1.31 and 

1.55 μm wavelengths technology has become limited as a 

result of the rapid growth in internet traffic[1]. To address 

this issue, there is a suggestion to explore alternative 

telecommunication bands that can offer increased capacity. 

In recent research, the utilization of low attenuated hollow-

core photonic bandgap fiber (HC-PBGF) with minimal 

attenuation of approximately 0.1 dB/Km has shown 

promise in the development of a new spectral band for 

telecommunications[2]. This fiber type also offers high-

speed transmission capabilities, reaching speeds of 

approximately 98% of the velocity of light in free space. 

These characteristics make HC-PBGF a potential candidate 

for exploring a spectral band around 2 μm in the field of 

telecommunications. To successfully integrate the new 

band, it is necessary to employ various components such as 

optical WGs, modulators, light sources, detectors, 

multiplexers and demultiplexers, as well as couplers.  The 

integration of various functional elements into a single 

photonic integrated circuit (PIC) has the potential to offer 

a compact, cost-effective, and scalable platform. In this 

particular context, the development of high-bandwidth 

(BW) thulium-doped fiber amplifier (TDFA) light sources 

within the wavelength range of 1.8-2.1 µm has been 

explored by researchers[3]. Furthermore, a limited number 

of detectors based on III-V and group-IV alloys have been 

reported for the 2-µm band[4], [5], indicating the potential 

of this wavelength range as an alternative supplementary 

window for future high-speed optical communication 

systems.  

To accommodate the new wavelength band of 

communications, it is imperative to utilize a waveguide 

(WG) that exhibits minimal loss and high power 

confinement factor (PCF). Hence, the circuit must 

possess the capability to efficiently guide light with 

minimal loss while also being compact, thereby facilitating 

the integration of light sources and detectors. In recent 

years, there has been increasing attention on the integration 

of group-IV photodetectors (PDs) on a silicon (Si)-based 

WG platform. However, it has been observed that these 

WGs exhibit high levels of optical loss[6]. The reduction 

of optical loss and the increase in the power confinement 

factor (PCF) are highly desirable. In recent years, 

researchers have successfully demonstrated several optical 

WGs for the 2-μm bands. These WGs were developed 

using different materials, including TiO2[7], SiGe[8], 

Si[9], Si3N4[10], and SRN[10]. Nevertheless, it is 

important to note that the propagation losses associated 

with the majority of devices continue to remain 

significantly high. The comparative analysis results 

suggest that both Si3N4 and Ge1-xSix alloy demonstrate 

favorable characteristics in terms of achieving low 

propagation loss. As well, it has been observed that the 

propagation loss of SiGe WG can be effectively minimized 

through the utilization of WG engineering techniques and 

the optimization of the device structure.  To date, there has 

been a lack of research conducted on Ge1-xSix alloy-based 

WGs, which has impeded the progress in developing low-

loss WGs for the 2-μm band.  

In this work, we provide the first evidence of low 

propagation loss Ge1-xSix-on-Al2O3 rib photonic WG for 

the emerging fiber-optic communication band (at λ = 2-

μm). 

2. Device, Design, and Fabrication 
Fig. 1(a-b) shows the proposed WG's three-dimensional (3-

D) structure and the index profile that corresponds to the 

cross-sectional view. Using low-energy plasma-enhanced 

chemical vapor deposition (LEPECVD), Ge1-xSix can be 



grown at a rate of 5–10 nm/s on an Al2O3-SiO2 

platform[11]. Optical lithography can be employed to 

pattern the structures, which are subsequently etched using 

inductively coupled plasma[12].  It is advised to have the 

refractive index of the core layer (ncore) greater than the 

cladding index (ncladding) and the effective index (neff) 

based on the physics design criteria [29]. The material used 

for the core layer is the Ge1-xSix alloy to comply with the 

above requirements. The refractive index values for Ge1-

xSix alloy, SiO2, and Al2O3 can be obtained from the 

relevant source[13], [14]. To extend the transmission 

window up to 5.5 μm, sapphire, also called aluminum oxide 

(Al2O3), is used in the formation of the bottom cladding 

layer. At wavelengths of 2 μm, the WG cross-section 

enables the WG to operate on its fundamental TE mode. A 

simulation of the intended WG structure was performed 

using COMSOL Multiphysics. To support the long WG, 

we took into consideration electromagnetic wave beam 

envelopes (EWBE), and we used boundary mode analysis 

to determine the attenuation constant and effective 

refractive index. Fig. 1(c-d) displays the simulation steps, 

the physics setup, and the propagation loss at various 

concentrations of Si, respectively. Increased silicon (Si) 

concentration in germanium (Ge) causes an increase in 

propagation loss, as seen in Fig. (d), which is considered 

undesirable. Two possible causes for the observed behavior 

are (i) the Ge1-xSix alloy's decreasing refractive index[13] 

and (ii) the impact of the effective refractive index. As a 

consequence, the propagation loss increases due to an 

increase in the imaginary effective index. The reduction in 

the effective refractive index will also result in a decrease 

in PCF. As a result, the optimal value to calculate the 

metrics of the proposed WG in this study has been 

determined to be Si = 10%. 

 

 

(c) 
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Fig. 1. (a) Three-dimensional (3-D) structural schematic of our proposed 
Ge1-xSix-on-Al2O3 rib optical WG on SiO2 substrate for sensing and 

emerging fiber-optic telecommunication applications. (b) Refractive 

index profile for the material used in the proposed WG.  (c) COMSOL 

Multiphysics simulation steps of the proposed WG structure. (d) 

Calculated propagation of the proposed WG as a function of wavelength 
with varying Si concentration (x) for a fixed ratio of 0.65, width of 1.5 

μm, and length of 10-μm.  

Theoretically, the fundamental mode may be supported 

by the device structure by choosing the optimal rib 

structure aspect ratio, which can be found using the 

relation[15]; 

𝑊 𝐻⁄ ≤ 𝛼 + (𝑟 √1 − 𝑟2⁄ ); for 0.5 ≤ 𝑟 ≤ 1.0                   (1) 

where, 𝑊 𝐻⁄  is the aspect ratio of rib WG width to the 

height, 𝑟 is the slab height to the total height of the rib WG 

(i.e. 𝑟 =  ℎ 𝐻⁄ ). The value of 𝛼 = 0.3 and 𝐻 = 2 𝜇𝑚 was 

considered in this work. Next, as shown in Figure 2, the 

fundamental TE mode profile was simulated using the 

COMSOL Multiphysics software. Ge0.90Si0.10, Al2O3, and 

SiO2 have refractive indices of 4.08, 1.6152, and 1.4379 at 

λ = 2 μm, respectively. The high contrast between the 

optical indices of Ge0.90Si0.10 and Al2O3 permits excellent 

confinement of light within the WGs (see Figs. 2a, b, and 

c) for a fixed width of 2 μm. However, as the ratio between 

the height of the slab and the total height of the rib WG (r) 

increases, confinement is weakened. A further observation 

is that the WGs are single-mode at 2 μm and can only 

propagate the fundamental quasi-TE mode. The proposed 

WG will therefore result in low propagation loss. The 

higher-order modes are primarily responsible for 

undesirable high propagation loss[16]. 

Fig. 2. The simulated fundamental quasi-TE mode profiles at λ = 2 μm for 

(a) r = 0.65, (b) r = 0.75, and (c) r = 0.85 with a fixed width and rib height 
of 2 μm. 

3. Results and Discussion 
The power confinement factor (PCF) is commonly 

defined as the ratio of the mode power flux confined within 

the WG region to the total power flux in an infinite region. 

In order to calculate the PCF, it is necessary to determine 

the region of the WG's cross-section. In this study, the 

Ge0.90Si0.10 rib WG region is chosen as the focus of the 

investigation. The PCF can be computed to determine the 

light/optical power confined within the WG core and 

mathematically it can be estimated as[17], [18], [19]; 

PCF =
∫ 𝑃(𝑠).𝑑𝑠

𝑅
−∞

∫ 𝑃(𝑠).𝑑𝑠
∞

−∞

                                                                           (2) 

In the above eqn. (2), we denote the power in the region 

as 𝑃(𝑠) and the WG region as 𝑅. According to the studies, 

it has been concluded that in order to achieve effective 

mode propagation in a rib WG region, the calculation 

method indicates that the PCF must have a minimum value 

of 5% or higher[20]. Fig. 3 displays the calculated PCF as 

a function of the rib WG width for different ratios of the 

height of the slab to the total height of the rib WG. In this 

study, the estimation of the range of rib WG width is done 

using Eqn. (1).  



 

Fig. 3. Calculated power confinement factor of the designed WG 
at λ = 2 μm as a function of rib WG width for (a) r = 0.65, (b) r = 0.75, 

and (c) r = 0.85 with a fixed width and rib height of 2 μm. 

The obtained results indicate that the variation in width has 

a substantial effect on the PCF of WG for r (ratio) values 

of 0.65 and 0.85. However, the impact is comparatively 

less prominent for r = 0.75. The observed behavior can be 

elucidated by considering the relationship between the 

effective refractive index (neff) and the width[17]. The 

analysis conducted indicates that the WG demonstrates a 

high value of PCF exceeding 98% for a specific value of r 

= 0.75. Thus, in order to achieve optimal performance in 

the communication band, it has been determined that 

selecting a value of r = 0.75 can be considered an optimal 

choice.   

 

Fig. 4. Calculated propagation loss of the rib WG at λ = 2 μm for (a) r = 

0.65, (b) r = 0.75, and (c) r = 0.85 for a fixed rib height of 2 μm. Fig. (d) 

represents the calculated loss as a function of the ratio for a fixed rib WG 
width and height of 2 μm at λ = 2 μm. 

The propagation loss of the WG is primarily a function 

of the effective refractive index, specifically the imaginary 

effective refractive index (𝐼𝑚𝑔 [𝑛𝑒𝑓𝑓])  and wavelength 

(𝜆). Here, the wavelength is in μm. The smaller the value 

of the imaginary refractive index, and consequently the 

lower the propagation loss. In order to propagate the utmost 

optical power through the WG, it is desirable to use WGs 

with minimal loss. Experimentally, it can be determined 

based on the slope of the linear variation of transmittance 

with WG length[11]. Theoretically, however, propagation 

loss (𝛼) of the WG in various modes can be calculated 

by[21]; 

𝛼 (𝑖𝑛 𝑑𝐵) =  
4𝜋×𝐼𝑚𝑔 [𝑛𝑒𝑓𝑓]

𝜆
10𝑙𝑜𝑔10(𝑒) ≅

54.57 (
𝐼𝑚𝑔[𝑛𝑒𝑓𝑓]

𝜆
)                                                          (3) 

The propagation loss in dB/cm can be calculated by taking 

the slope of propagation loss versus the WG’s width[22]. 

In this work, the value of the effective refractive index was 

obtained using COMSOL Multiphysics software, and the 

mathematical expression is given as; 

𝑛𝑒𝑓𝑓 = 𝛽1 𝛽0 = 𝛽1 𝜆0 2𝜋⁄⁄                                                            (4) 

where, 𝛽1  and 𝜆0  denote the propagation constant and 

operating wavelength (also known as free-space 

wavelength). Fig. 4 depicts the deduced propagation loss 

for the fundamental TE mode for r = 0.65, 0.75, and 0.85 

to allow for non-destructive transmission, yielding 

comparable performance at λ = 2 μm.  The propagation loss 

decreases as the ratio (r) value increases. For the optimal 

value of r, which is 0.75, a propagation loss of 0.0085 

dB/cm is obtained with W = 2 μm, which is the lowest 

value compared to previously reported results at λ = 2 

μm[7], [8], [9], [10]. At λ = 2 μm, this exceptionally low 

propagation loss value paves the way for the development 

of high-performance WGs for emergent fiber-optic 

communication. 

Next, the effect of Al2O3 (lower cladding) layer 

thickness (𝑡Al2O3
) on the effective refractive index, PCF, 

and propagation loss of a rib WG is investigated.  This 

study aims to achieve the optical thickness of the Al2O3 

layer in order to obtain the highest power confinement 

factor and lowest propagation loss. As shown in Figure 5 

(a), the effective refractive index is independent of the 

thickness of Al2O3. However, the imaginary component of 

the effective refractive index is highly dependent on the 

thickness of Al2O3. As shown in Figure 5(a), as the Al2O3 

thickness increases, the imaginary part increases 

considerably, and the propagation loss exhibits the same 

behavior (see Fig. 5(b)). The PCF is less affected by 

variations in Al2O3 thickness, and its value is nearly 

constant in the thickness range of 50 to 60 nm. The result 

also implies that reduced propagation may be achieved by 

depositing a thin layer of Al2O3. Growing an Al2O3 layer 

less than 50 nm is challenging. Therefore, the 50 nm 

thickness of Al2O3 has been selected as the optimal 

thickness from the fabrication standpoint in order to assess 

the performance of the proposed WG. 

 
Fig. 5. (a) Calculated effective refractive index as a function of Al2O3 
layer thickness. (b) Calculated PCF and propagation loss as a function of 

Al2O3 layer thickness at λ = 2 μm. 

The benchmarking results for propagation loss in various 

materials used for the design and fabrication of optical 

waveguides operating at a wavelength of 2 μm are 

presented in Table 1. The results of the comparative 

analysis indicate that both Si3N4 and Ge1-xSix alloy exhibit 

promising characteristics for achieving low propagation 

loss. In previous studies, various WGs have been 

investigated. However, our research focuses on a novel 

Ge0.90Si0.10-on-Al2O3 rib waveguide. Our findings indicate 

that this particular waveguide demonstrates the lowest 

propagation loss when the waveguide structure is 



optimized. The proposed WG operating at the 2 μm band 

holds significant potential for various applications such as 

on-chip optical interconnect, sensing, spectroscopy, and 

emerging fiber-optic telecommunication applications. 

Table 1. Comparative analysis of propagation loss of 

different optical waveguides to date used for data 

transmission at 2 μm 

Materials n 𝜶 

(dB/cm) 

Year Method* Ref. 

TiO2 2.31 6 2017 Num. Sim. and Exp. [7] 

Si0.8Ge0.2 3.54 2 2017 Exp. [8] 

Si 3.45 <3 2019 Exp. [9] 

Si3N4 2.0 <1 2019 CFD and Exp. [10] 

SRN 2.53 2 2019 CFD and Exp. [10] 

Ge0.9Si0.1 4.08 0.0085 --- FEM Sim. This work 

*Note: Num. Sim. →  numerical simulation, Exp. →  experimental, 
CFD → commercial finite difference Eigenmode solver, and FEM → 
finite element method Eigenmode solver 

4. Conclusion 

In conclusion, the successful demonstration of Ge1-xSix-on-

Al2O3 low-loss optical waveguides for the 2 um bands has 

been achieved. The proposed WG is implemented by 

utilizing the finite element method (FEM) Eigenmode 

solver. To the best of our knowledge, we achieved the 

lowest propagation loss ( 8.5 × 10−3  dB/cm) and the 

highest PCF (>98%). We show that both the PCF and 

propagation loss can be enhanced by adjusting the aspect 

ratio (W/H) and slab height to the total height of the rib WG 

(r). This study presents a comprehensive investigation of 

the design and analysis of high-performance GeSi-based 

waveguides (WG) specifically tailored for the 2-μm 

telecommunication band. The aim of this demonstration is 

to showcase a feasible method that can be employed to 

achieve optimal performance in Ge1-xSix-based WG 

devices. 
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