Performance of AIN and hBN materials as heat spreaders
for active InP devices heterogeneously integrated on Silicon
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Abstract

Heterogeneous integration of active III-V devices onto high index contrast photonic platforms offers
enhanced scalability and broad application potential. However, it also introduces substantial thermal
management challenges due to the low thermal conductivity of intermediate bonding layers. Effective heat
dissipation is therefore critical to preserve device performance, stability, and reliability. In this work, we
explore the use of high thermal conductivity Aluminum Nitride (AIN) and hexagonal Boron Nitride (hBN)
as heat spreading layers to improve heat removal from active III-V devices. Three—dimensional thermal
simulations are performed to analyze the temperature distribution and thermal performance of
photodetectors on the Indium Phosphide Membrane on Silicon (IMOS) platform, both with and without the
inclusion of these heat spreaders. Furthermore, simulations also investigate the combination of AIN and
hBN layers with thick gold (Au) thermal shunts that connect the active devices to the substrate. Results
demonstrate the potential of integrating AIN and hBN heat spreaders to enhance thermal management in
hybrid photonic integrated circuits (PICs).

INTRODUCTION:

Heterogeneous integration of active III-V devices onto high index contrast passive platforms provides
a promising pathway toward scalable manufacturing and enables the realization of photonic devices with
unprecedented performance [1]. It also addresses key challenges in developing next generation
technologies, such as the tight vertical integration of photonics and electronics for higher component
density and lower power consumption [2]. However, one of the major challenges associated with these
heterogeneously integrated active devices is efficient heat removal.

The conventional packaging approach typically involves cooling devices from the bottom of the
substrate using a thermoelectric cooler (TEC). For devices fabricated on native substrates, heat can be
effectively dissipated. In contrast, heterogeneous devices are thermally isolated from the substrate by
bonding materials such as benzocyclobutene (BCB) or silicon dioxide (SiOz). The thermal conductivity of
these two are up to two orders of magnitude lower than those of native substrates. This thermal barrier traps
heat near the active region, leading to localized heating and degradation of the electro—optic performance
[3].

In our previous work, we investigated the implementation of gold (Au) thermal shunts to provide a
direct thermal pathway between the active device and the substrate [3]. These thermal shunts achieved up
to a threefold improvement in both DC and RF performance. However, further optimization remains
necessary, as the overall thermal impedance of heterogeneous devices remains higher than that of their
monolithically integrated counterparts [4].

Previous studies have explored the integration of uni-traveling—carrier photodiodes (UTC—PDs)
directly onto high thermal conductivity submounts, such as AIN, silicon carbide (SiC), and diamond [5],
demonstrating notable improvements in device thermal stability and RF output power. Additionally, AIN
has been investigated as a cladding layer for InP-based lasers, with simulation results showing up to a
twofold reduction in operating temperature compared to devices with BCB claddings [6].

In this work, we investigate the potential of AIN and hBN thin films as heat spreaders to enhance heat
dissipation from active III-V photonic devices, namely UTC-PDs. These two materials are particularly
suitable due to their dielectric nature, low refractive indices relative to InP, and compatibility with wafer—
scale deposition processes. Three—dimensional thermal simulations are performed to evaluate and compare
the thermal performance of devices incorporating AIN and hBN layers, both individually and in
combination with existing thermal management schemes on the IMOS platform.

Simulation Setup

The 3D heat simulations were realized using COMSOL, modeling heat transfer in UTC-PDs based on
the exact geometry and epitaxial structure of real devices as detailed in [4]. The thermal conductivities of
materials used in the simulation are listed in Table 1, and the 3D simulation layout is shown in Figure 1.
The active PD geometry is shown in the figure inset. Here, the x-direction is along the PD width, the y-



direction corresponds to the direction of light propagation, and the z-direction aligns with the PD epitaxy
direction. The diode region consists of an isolated island where the n-semiconductor and optical coupling
regions are in the diode center and connected to the signal probe pad. Two p-contacts extend from the sides
of this island in the x-direction and are connected to the ground probe pads. A ground-signal-ground (GSG)
probe pad is used to interface the UTC-PD with radiofrequency (RF) equipment through high-speed GSG
probes. The Au pads are positioned above a 1 um-thick BCB layer used for planarization in addition to the
BCB layer used for bonding. As for the fabrication process, the full fabrication flow of these devices without
heat spreaders is reported in [4]. The heat spreader consists of a single layer deposited at the bottom side of
the PD, i.e., separating the PD from the bonding BCB. This layer is deposited right before bonding, so it
does not change the process flow.

Table 1 Thermal conductivity of materials used in the simulation

Material Therm(a\l)vc/(r)nn/il)lctivity Material Therm?\l)vc/(r)nn/cli(l)lctivity
BCB 0.29 InP 68
Au 317 InGaAs 16
AIN 237 [7] InGaAsP 9
Bulk 400 (in-plane) [8] InGaAsP(QW) 7
hBN 1.5 (out-of-plane) [8] Si 131

The heat source was defined in the InGaAs absorption region volume having 2um width, 130nm epi-
thickness, and 2.92 length. Note that the optical field distribution profile within the absorption region also
plays a major role in heat generation. So the simulations were realized based on this exact distribution for
our waveguide-coupled PDs. The heat distribution is based on the fundamental optical mode field
distribution in the absorption region in the three dimensions. The latter was extracted from FDTD
simulations reported in [9], and is used to determine the electron-hole pair generation for the heat source
term, as Joule heating is dominant [10], [11]. Boundary conditions and other details are found in [4].
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Figure 1 Full 3D simulation geometry showing. Inset: active PD area (The substrate, BCB, and Au pads are removed
for clarity)

A total of eight baseline simulations were performed to evaluate the influence of various fabrication
parameters on the thermal performance of UTC-PDs. These simulations formed a full factorial design of
experiments, incorporating the following parameters: bonding BCB thicknesses of 1 um and 10 pm, Au
contact pad thicknesses of 0.2 pym and 5 pm, and the presence or absence of a thermal shunt connecting the
device to the silicon substrate. These parameter ranges were chosen to represent both standalone photonic
applications and 3D integrated photonic—electronic platforms. For simulations including a heat spreader,
the input optical power was adjusted using the same spatial heat profile to achieve the same peak
temperature corresponding to thermal failure within the absorption layer. Subsequently, the power-handling
enhancement factor was determined by comparing the maximum core temperature of PDs with heat
spreaders to that of reference PDs under identical conditions, i.e., with the same BCB and Au pad



thicknesses and thermal shunting configuration. The investigated thickness ranges for the heat spreader
materials were 10-200 nm for hBN and 10-500 nm for AIN.
Performance of bulk hBN heat spreaders

The power enhancement ratio vs bulk hBN heat spreader thickness is summarized in Figure 2.a and .b
for PDs with Au pads on BCB (unshunted) and Au pads with thermal shunts, respectively. Figure 2.c and
.d illustrate the thermal profiles of a reference device and a device incorporating a 200 nm hBN heat
spreader, respectively. For the reference device, heat is primarily dissipated through the Au pad, resulting
in a maximum diode core temperature of 856 K. Introducing a 200 nm-thick hBN layer enables additional
lateral heat spreading beyond the diode area, reducing the maximum core temperature to 694 K. This
corresponds to a power handling improvement factor of 1.32x compared to a device without an hBN heat
spreader. From Figure 2.a, hBN layers thinner than 50 nm provide modest power enhancement (<1.2x),
while thicker films achieve enhancements up to 1.35%. These improvements are more pronounced in
configurations with thicker BCB layers or thinner Au pads, where overall heat dissipation through the pads
is limited. Figure 2.b further demonstrates that combining hBN with Au pad thermal shunts yields superior
power dissipation, achieving a maximum enhancement factor of 1.5% compared to the reference device
having only thermal shunts.
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Figure 2 Power enhancement ratio vs hBN film thickness for various Au pad and bonding BCB thicknesses for: a)
unshunted, b) shunted devices. Thermal profile of a PD with 0.2 Au thick pads on BCB and bonding BCB thickness of
10 um for: ¢) reference device, d) device with 200 nm hBN

Performance of AIN heat spreaders

Similarly, the power enhancement ratio vs AIN film thickness is summarized in Figure 3.a and .b for
unshunted and shunted PDs, respectively. Here, power enhancement reaches up to 2.3x and 1.8x by using
500nm-thick AIN for these devices, respectively. These results also indicate that on average and for the
same heat spreader thickness, AIN is more effective in heat removal than hBN. This is most likely the cause
of the very low out-of-plane thermal conductivity of hBN, which affects vertical heat dissipation between
the layers in bulk hBN. It should be noted that the thermal conductivity values for AIN in these simulations
are based on DC magnetron sputtered films, whereas atomic layer deposition (ALD) coatings might be
more suitable for real devices to minimize accumulated thermal or mechanical damage to the active core.
Hence, experimental studies are needed to validate these findings and assess performance with greater
precision based on the suitable deposition method.
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Figure 3 Power enhancement ratio vs AIN film thickness for various Au pad and bonding BCB thicknesses for: a)

unshunted, b) shunted devices

Conclusion

This work demonstrates that integrating high thermal conductivity materials specifically AIN and hBN
directly on top of active PDs result in an intimate thermal connection for effective heat removal from
heterogeneous II1I-V UTC-PDs. 3D simulations show that AIN provides the best performance, achieving
up to 2.3x power enhancement, while hBN offers up to 1.5% improvement due to its limited out-of-plane
thermal conductivity. Both materials effectively reduce the core temperature to enhance power handling,
especially in thermally limited configurations with thick BCB or thin Au pads. Overall, AIN and hBN heat
spreaders could offer a scalable solution for improving the thermal performance of integrated photonic
devices, with further experimental optimization required to refine their implementation.
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