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Abstract

Integrating indium phosphide (InP) devices with InP-on-Silicon (InPoSi) wafers enables monolithic fabrication of fully
integrated active-passive photonic circuits. The silicon dioxide (SiO2) buried oxide (BOX) layer ensures hydrophilic bonding
between InP and silicon, provides electrical isolation, and enhances optical confinement. However, its low thermal conductivity
leads to heat accumulation. Elevated device temperatures increase laser threshold currents and reduce slope efficiency by 17-31%.
Simulations indicate that passive waveguide performance remains stable when the InP layers beneath waveguide core exceeds 2
pm, regardless of BOX thickness. To achieve thermal characteristics comparable to InP substrates, BOX thinning to approximately
200 nm is suggested, emphasizing the importance of efficient heat dissipation.

I. INTRODUCTION

Photonic integrated circuits (PICs) are becoming increasingly important, with silicon photonics emerging as a leading
platform. However, silicon’s indirect bandgap limits it to passive components [1]. Active devices require direct bandgap
materials, which are challenging to grow epitaxially on silicon due to lattice mismatch and defect formation [2] [3]. Existing
approaches often rely on bonding or transferring active layers onto silicon, which adds alignment steps, increases fabrication
complexity, and lowers yield. Indium phosphide (InP) and its alloys, such as indium gallium arsenide (InGaAs) and indium
gallium arsenide phosphide (InGaAsP), are direct bandgap materials operating in the O- and C-bands. Their high carrier
mobility enables low power consumption, fast modulation, and sub-terahertz operation, making them attractive for future 6G
systems [2] [4]. InP-based platforms can host both active and passive components, allowing integration of active devices like
semiconductor optical amplifiers (SOAs), modulators, and photodetectors on a single chip [1] [4].

Conventional InP-based devices are typically grown on InP substrates to avoid defects caused by lattice mismatch. However,
InP wafers are expensive, fragile, and limited in size, which restricts large-scale production. Recent advances in InP-on-Silicon
(InPoSi) technology address these challenges by enabling direct epitaxial growth on InPoSi wafers, reducing the need for extra
alignment, bonding or transfer steps [2] [3]. Produced using Soitec’s SmartCut™ technology, these wafers allow strain-free
InP bonding and high-quality epitaxial growth via metal organic vapor phase epitaxy (MOVPE). Combined with wafer tiling,
SmartCut™ supports the fabrication of large-diameter, high-quality wafers suitable for scalable photonic integration [2].

In the InPoSi structure from SmartCut™, a silicon dioxide (SiO2) buried oxide (BOX) layer separates the silicon substrate
from the InP seed layer. The SiO5 layer provides optical confinement by preventing light leakage into the high-index silicon
substrate, while also offering electrical isolation that reduces parasitic capacitance and enhances the bonding of InP onto
the silicon substrate through hydrophilic bonding [2] [5] [6]. However, its low thermal conductivity hinders heat dissipation,
and could increase laser thresholds and reduce slope efficiency by approximately 17-31% [7] [8]. This study investigates the
optical and thermal properties of passive and active waveguides on InPoSi substrates, relative to InP substrates, with a focus
on optimizing the BOX thickness. The devices include InGaAsP passive waveguides (bandgap 1250 nm, Q1.25; n = 3.36) and
SOAs with InGaAsP multiple quantum wells (MQWSs) emitting at 1550 nm within Q1.25 separate confinement heterostructures
(SCH). The InPoSi substrate stack in this research consists of a silicon substrate, a 1.54 ym SiO, BOX with the thickness
tunable between 200 to 1500 nm, and a 500 nm InP seed layer bonded on top of BOX layer [2]. Optical and thermal simulations
are performed to determine the optimal BOX thickness.

II. METHODS

The simulated waveguide is a 2 um wide shallow ridge waveguide on the InPoSi substrate for both passive and active SOA
waveguides, as shown in Figure 1. Layer thicknesses for both passive and active SOA structures are summarized in the same
figure. Thin 20 nm InGaAsP etch-stop layers are included in the stack, though not explicitly listed, and are considered in
the simulations. All simulations are performed in Lumerical (Ansys) optical simulation software. Optical simulation uses the
two-dimensional Finite-Difference Eigenmode (FDE) solver to compute spatial mode profiles and frequency dependence of
the passive shallow waveguide at a wavelength of 1550 nm [9]. Thermal analysis uses the two-dimensional Heat Transport
(HEAT) solver to evaluate steady-state temperature distribution in the active SOA waveguide [10].
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Fig. 1. Illustration of the (a) passive shallow waveguide structure and (b) active SOA waveguide layers.

The refractive indices of all materials at 1550 nm are listed in Table 1. Extinction coefficients are not listed, as the table
provides only a brief summary of the material properties. Although p- and n-type doping may slightly change the refractive
index, no significant variation is expected.

TABLE I
REFRACTIVE INDICES OF MATERIALS AT 1550 NM [11].
Material Description n’(Refractive Index)
InP Cladding and Seed layer 3.17
InGaAsP (Q1.25, bandgap 1250 nm ) | Waveguide Core and SCH 3.36
InGaAsP (MQW, 1550 nm emission) MQWs Active Core 343
p-InGaAs p-contact 3.74
SiO2 BOX layer 1.45
Si Substrate 3.48

Because the passive and active waveguide cores have similar refractive indices and are both sandwiched by InP claddings,
only the passive waveguide is considered for optical simulations. In contrast, thermal simulations are performed only on the
active SOA waveguide, since the passive waveguide does not have electrical current applied. These two models represent
typical passive and active devices, providing insight into how the InPoSi substrate and its BOX layer affect overall device
performance.

The optical and thermal characteristics of waveguides on InP and InPoSi substrates are compared to evaluate their differences.
Additionally, the BOX thickness is varied from 200 to 1600 nm to identify an optimal value that balances optical confinement
and thermal dissipation.

III. RESULTS

Effective Index = 3.2589523 + 0.0000102i Effective Index = 3.2589520 + 0.0000102i
Loss = 3.5788196 dB/cm b Loss = 3.5788695 dB/cm
a 1le-6 1e-6
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Fig. 2. Optical simulation results of the passive shallow waveguide on (a) InP substrate and (b) InPoSi substrate with a 1.54 pm BOX layer at wavelength
1550 nm.

From the FDE optical simulations, Figure 2 compares the shallow ridge waveguide structures on InP and InPoSi substrates
using the same passive layer stack. The transverse-electric (TE) mode is well confined in the waveguide core, with an effective
refractive index of nes = 3.259 and a propagation loss of 3.579 dB/cm. These results indicate that replacing the InP substrate
with InPoSi has a negligible impact on optical performance.

In contrast, the thermal simulations in Figures 3 and 4, with the MQWs acting as a 0.059 W heat source [12], show that
the SOA center temperature rises to about 315.5 K on the InPoSi substrate, roughly 20 K higher than the 294.5 K observed



on InP substrate. This temperature increase can cause device degradation and reduce lasing efficiency, as SOA performance
declines at elevated temperatures [8]. The most direct way to enhance heat dissipation in InPoSi substrate is to reduce the
BOX layer thickness [7].
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Fig. 3. Thermal simulation results for SOAs on (a) InP and (b) InPoSi substrates with a 1.54 pm BOX layer.
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Fig. 4. Simulated temperature profiles of the SOA along the z-axis at the device center on InPoSi substrates incorporating a 1.54 ym BOX layer and on
conventional InP substrates.

Figure 5 shows the thermal simulation results for InPoSi substrates with varying BOX thicknesses under the same MQW
heat source power of 0.059 W [12]. The device temperature decreases as the BOX thickness is reduced from 1600 to 200
nm. At 200 nm, the temperature at the SOA core center is 296.1 K, only 1.5 K higher than that on the InP substrate. As
noted earlier, the BOX layer not only enables bonding and electrical isolation but also prevents optical leakage into the silicon
substrate due to its low refractive index.

This indicates that the InP layer (with a total thickness exceeding 2 pm) beneath the waveguide core is sufficiently thick to
confine the optical mode and suppress light leakage into the silicon, implying that the BOX layer has minimal optical influence
for the SmartCut™ InPoSi substrate. Literature have reported that even without a BOX layer, lasers with an InP layer thicker
than 2 pm beneath the active core still exhibit excellent performance [3].

Overall, the simulations show that thermal management is the main limitation of InPoSi wafers, as the BOX layer has
minimal effect on optical confinement but strongly influences heat dissipation. Nevertheless, these results represent an ideal
case, assuming all layers are successfully grown and identical to those on InP wafers. Further work on epitaxial growth, device
fabrication, and experimental validation is needed to confirm the simulation results.

IV. CONCLUSION

The optical and thermal simulations in this work examine the behavior of passive and active waveguides on InPoSi substrates.
The FDE optical simulation results show that the InPoSi substrate performs comparably to InP, with nearly identical effective
refractive index and propagation loss. Thermally, however, the BOX layer in the InPoSi structure causes significant heat
accumulation. When the MQWs act as a 0.059 W heat source under steady-state conditions, the SOA temperature on InPoSi
is about 20 K higher than on InP, which will affect the performance of the active devices like SOAs on the InPoSi substrate.

To maintain effective heat dissipation and keep the active device temperature close to that on InP, the BOX thickness must
be optimized. The thermal simulations show that the steady-state temperature decreases as the BOX layer becomes thinner,
reaching a value close to InP when the BOX is below 200 nm. Meanwhile, the FDE optical simulation results indicate that
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Fig. 5. Thermal simulation of SOA temperature along the z-axis at the device center for InPoSi substrates with varying BOX thicknesses and for an InP
substrate. Only layers above the BOX are shown.
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Fig. 6. Optical simulation of effective refractive index and loss of the passive shallow ridge waveguide at wavelength of 1550 nm for various BOX thicknesses.

BOX thickness has minimal effect on optical performance, as the InP layers above the BOX is sufficiently thick to confine
the optical mode. These findings are based on ideal simulations and require experimental validation through epitaxial growth,
fabrication, and measurement.
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