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This Supplementary Information includes additional details on device fabrication, electrical and optical measurements, simulation methodology, and analysis that supports the conclusions presented in the main manuscript.
1. Epitaxial Stack and Fabrication
[image: ]
Supplementary Fig. 1 (a)-(b) Shows the epitaxial stack for the Si PIN diode and GaAsSb diode. (c)-(d) Shows the microscopic images of the fabricated PIN diodes.
1.1. Fabrication of Si PIN and GaAsSb PIN diodes
The fabrication process for the Si PIN diode and the GaAsSb PIN diodes is the same, except for the initial epitaxial film. For Si PIN diodes, epitaxially grown P/i/N Si on n+ Si substrate was used; the top contact was made on the p- Si layer, and the bottom contact was made on the back of the n+ Si substrate. For GaAsSb PIN diodes, epitaxially grown P/i GaAsSb with n+ AlInAs on n+ InP substrate was used; the top contact was made on the p+ GaAsSb layer, and the bottom contact was made on the n+ InP substrate. This was essential to understand the characteristics of the GaAsSb absorber layer and the Si multiplier layer. The schematic of the epitaxial layers is shown in Supplementary Fig. 1 (a)-(b).
The Si/Si and GaAsSb/InP substrates were initially cleaned using standard solvent cleaning procedures to remove organic and particulate contaminants prior to fabrication. They were then patterned using standard photolithography to define mesas of varying sizes (60 μm-500 μm). The mesas were subsequently etched to the desired depth using dry etching techniques. For the silicon substrates, deep reactive ion etching (DRIE) was used, and the GaAsSb/InP substrates were etched using reactive ion etching (RIE). No surface passivation layer was deposited for a fair comparison with the transfer-printed devices.
Following mesa formation, the remaining photoresist was removed, and the samples were cleaned to remove native oxide prior to metallization. Contact regions were then patterned using a second lithography step, after which metal contacts were deposited using electron-beam evaporation. 
The microscope images after fabrication are shown in Supplementary Fig. 1 (c)-(d). 
2. Results
2.1. Structural Characterization
[image: ]
Supplementary Fig. 2 SEM image of the transfer-printed GaAsSb/Si device taken at a 45 tilt, showing uniform heterogeneous integration and intact bonded mesas following device fabrication. The small square is the GaAsSb membrane, whereas the background observed is the PIN Si target substrate.
[image: ]
Supplementary Fig. 3 (a) Cross-sectional HAADF-STEM image of the GaAsSb/Si heterointerface showing the GaAsSb layer, interfacial oxide region, and Si substrate.  (b) Elemental line-scan analysis across the bonded interface showing the atomic fraction profiles of O, Si, Ga, As, and Sb. The abrupt compositional transition and oxygen-rich interfacial region confirm the presence of a thin interfacial oxide layer and minimal interdiffusion across the GaAsSb/Si heterojunction.
The heterointerface shown in supplementary Fig. 3(a) is uniform, with no evidence of significant void formation, indicating successful bonding. The corresponding EDS line scan (Fig. 3b) exhibits abrupt transitions in the Ga, As, Sb, and Si concentrations with a localized oxygen-rich region at the interface, confirming the presence of a thin SiO₂/GaAsSb-oxide complex. The confined oxygen profile and sharp elemental gradients indicate minimal interdiffusion across the heterojunction, demonstrating that the heterogeneous integration process preserves a chemically abrupt interface despite the presence of a thin native oxide layer.
2.2. Si PIN 
[image: ]
Supplementary Fig. 4 Electrical characterization of the Si PIN multiplication structure used for the GaAsSb/Si SACM photodiode. (a) Dark and illuminated current–voltage characteristics of Si PIN devices with different mesa diameters under 660 nm illumination. (b) Capacitance–voltage (CV) characteristics of the Si PIN structure showing depletion behavior under reverse bias. Extracted (c) depletion width profile as a function of applied bias and (d) doping concentration profile as a function of depletion width, obtained from CV analysis, confirming the charge and multiplication layer distribution within the Si structure.
Supplementary Fig. 4 shows the electrical characterization of the Si PIN multiplication structure. The dark current and the photocurrent under 660 nm illumination scale with device area. There is a sudden rise in the dark current of the diode starting around -7.5 applied bias, which indicates the turn-on voltage for gain of the Si PIN diode. Capacitance-voltage measurements and the extracted depletion width indicate that the 750 nm intrinsic Si layer approaches full depletion at reverse biases of approximately -5 V. Beyond this bias, the depletion width exhibits minimal variation, indicating that the gradual increase in dark current primarily results from the increasing electric field across the multiplication region rather than further depletion. The extracted doping profile confirms the designed p-i-n layer structure.
2.3. GaAsSb PIN
[image: ]
Supplementary Fig. 5 Electrical characterization of the GaAsSb PIN reference photodiode fabricated from the same epitaxial structure used for transfer printing. (a) Dark and illuminated current–voltage characteristics of GaAsSb PIN devices with different mesa diameters under 1550 nm illumination. (b) Capacitance–voltage (CV) characteristics of the GaAsSb PIN diode under reverse bias. Extracted (c) depletion width profile as a function of applied bias and (d) doping concentration profile as a function of depletion width, obtained from CV analysis, showing the doping distribution within the GaAsSb absorber structure.
Supplementary Fig. 5 presents the electrical characterization of the GaAsSb PIN reference photodiode fabricated from the same epitaxial structure used for heterogeneous integration. The dark current exhibits a strong dependence on device area. Under 1550 nm illumination, the reverse current increases due to photocarrier generation in the 1.5 µm GaAsSb absorber, while reverse-bias operation remains stable over the measured voltage range. The capacitance decreases monotonically with increasing reverse bias, indicating progressive expansion of the depletion region within the lightly doped GaAsSb absorber. The extracted depletion width approaches the full absorber thickness at approximately 7 V reverse bias, beyond which only minimal changes in depletion width are observed. The doping profile extracted from the C-V measurements indicates a nearly uniform background doping concentration throughout the GaAsSb absorber, consistent with the intended UID epitaxial layer and confirming the designed p-i-n structure.
2.4. GaAsSb SACM
[image: ]
Supplementary Fig. 6 Simulated band diagram and electric field profile of the GaAsSb/Si SACM detector. 
Supplementary Fig. 6 compares the simulated band diagram and electric field distribution at equilibrium and under a reverse bias of −25 V, corresponding to the schematic and band diagram shown in Fig. 1 (c)-(d) of the main paper. Under the applied reverse bias of -25V, the energy bands bend more strongly, increasing the potential drop across the device. The electric field is significantly enhanced throughout the GaAsSb absorber region, indicating a strong drift field, which is required for efficient transport of photogenerated carriers from the GaAsSb absorber into the Si multiplication region.
[image: ]
Supplementary Fig. 7 (a) Shows the simulated current-voltage (IV) behavior under dark and 1550 nm illumination conditions of the GaAsSb/Si SACM detector. (b) Experimentally measured dark current density of all the fabricated GaAsSb/Si SACM detectors.
Supplementary Fig. 7 (a) shows the IV behavior of the simulated GaAsSb/Si SACM detector. Unlike a traditional SACM APD, the simulation shows dark-current detection at early applied voltages, which was also observed in the fabricated SACM detectors. This might be due to the small conduction band offset between GaAsSb and Si, which is favorable for an electron-avalanche photodiode. The simulation also showed an increase in dark current around -5 V, around which the charge layer in the Si PIN multiplier gets depleted. Similar behavior is observed in fabricated diodes, as shown in Supplementary Fig. 7 (b). This increase in dark current is consistently observed across all measured devices. After the dark current rises around -5 V, depletion mainly occurs in the absorber. The trend of increasing dark current beyond this voltage is similar to that of the GaAsSb PIN absorber, as shown in Supplementary Fig. 5(a), further confirming that the dark current contribution is dominated by the absorber. This is further confirmed through a depletion width study shown in Supplementary Fig. 8.
[image: ]
Supplementary Fig. 8 Extracted depletion-width evolution of the GaAsSb/Si SACM photodiode under reverse bias. The depletion region initially remains confined within the Si multiplication structure at low reverse bias and progressively extends toward the GaAsSb absorber. The transition of the depletion region toward the GaAsSb/Si heterointerface enables increasingly efficient electric-field-controlled carrier injection into the Si multiplication region.
Supplementary Fig. 8 illustrates the reverse-bias evolution of the depletion region in the GaAsSb/Si SACM photodiode extracted from the C-V measurements. The depletion region initially develops within the Si multiplication layer and extends across the Si charge layer, reaching the GaAsSb/Si heterointerface at approximately 6 V reverse bias. Further increases in reverse bias result in progressive depletion of the low-doped GaAsSb absorber, as evidenced by a change in the slope of the curve. The depletion width approaches the full active device thickness near 20 V, confirming the designed field distribution in which the electric field is established first in the Si multiplication region before extending into the GaAsSb absorber, consistent with the intended SACM architecture.

[image: ]
Supplementary Fig. 9 Shows the current-voltage characteristics of a GaAsSb/Si SACM detector. (a) Dark current and photocurrent under illumination from lasers of different wavelengths. (b) Dark current and photocurrent under 1550 nm laser illumination at different laser optical powers. 
Supplementary Fig. 9 (a) shows the photoresponse of the GaAsSb/Si SACM detector under illumination from 660 nm to 1550 nm. The illumination laser was focused directly onto the GaAsSb absorber, with a spot size of about 30 µm, which is smaller than the device size, ensuring that all illumination was confined to the GaAsSb absorber. Illumination at wavelengths (1550 nm), which is beyond the Si absorption edge (1100 nm), produces a clear photocurrent, confirming that photocarrier generation occurs only within the GaAsSb absorber and that the carriers are efficiently collected through the GaAsSb/Si heterointerface. Since the incident optical power differed between the laser sources, these measurements provide a qualitative assessment of the detector's wavelength-dependent response rather than a quantitative comparison of responsivity. Under 1550 nm illumination, the photocurrent increases systematically with increasing incident optical power, as shown in Supplementary Fig. 9 (b).  
[image: ]
Supplementary Fig. 10 Current-Voltage-Temperature (IVT) analysis of the GaAsSb/Si SACM detector. (a) Shows the dark current density (solid lines) and its corresponding photocurrent density (dashed lines) under 1550 nm illumination of a GaAsSb/Si SACM detector at different temperatures. (b) Arrhenius plots of ln(J) versus 1000/T at different reverse biases used to extract activation energies. (c) Poole–Frenkel (PF) emission analysis, plotted as versus , showing the temperature-dependent trap-assisted conduction behavior. (d) Fowler–Nordheim (FN) tunneling analysis, plotted as versus , with linear fits indicating field-induced tunneling in the high-electric-field regime.
The temperature-dependent current-voltage behavior of the GaAsSb/Si SACM detector is studied systematically from 100K to room temperature (295K). The dark current density from the IVT measurements is then used to derive the Arrhenius plot, the Poole-Frenkel (PF) analysis, and the Fowler-Nordheim (FN) analysis. Activation energy is then extracted from the Arrhenius plot as a function of reverse bias, which is shown in Fig. 4 of the main paper. As the applied reverse bias increases, a transition in the dominant carrier transport mechanism is suggested under high electric fields. The Poole-Frenkel (PF) analysis in Supplementary Fig. (c) shows good linearity over the intermediate electric-field range, indicating trap-assisted carrier emission through the interface or interface-related defect states. At higher electric fields, the Fowler-Nordheim (FN) plot in Supplementary Fig. (d) displays a linear dependence, confirming that field-induced tunneling becomes the dominant carrier transport mechanism. Together, these results reveal a transition from trap-assisted conduction to tunneling transport as the reverse electric field increases.
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