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Abstract 

Directly modulated VCSEL transmitters are widely deployed in short-reach optical interconnects, yet 

further scaling of per-lane symbol rates in AI/HPC datacenter fabrics demands modulation beyond 

the practical limits of direct current modulation. We demonstrate a laterally integrated VCSEL–

electro-absorption modulator (EAM) transmitter enabled by resonance-detuned coupling on an 

oxide-confined half-VCSEL platform. A localized 20 nm surface etch produces >5 nm resonance 

detuning, confirmed by measured spectra and supported by transfer-matrix and mode-matching 

simulations, which indicate strong slow-light-assisted lateral coupling into the modulator. 

Experimentally, the measured spectra confirm an 5 nm resonance separation. Static characterization 

shows a coupling ratio of 63% extracted from near-field profiles and an extinction ratio of 4 dB (based 

on modulator-side power) under a −2 V modulator bias, with an apparent 1 mW absorption at a 6 

mA VCSEL drive current. Dynamic measurements demonstrate a small-signal 3-dB bandwidth of 

approximately 23 GHz and clear NRZ eye openings at 25 Gbps and 30 Gbps. These results validate 

resonance-detuned lateral integration as a compact and manufacturable approach to VCSEL-based 

externally modulated transmitters for next-generation short-reach interconnects. 
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1. Introduction 

Directly modulated vertical-cavity surface-emitting lasers (VCSELs) constitute the backbone of 

modern short-reach optical interconnects—particularly in data centers and high-performance 

computing clusters—owing to their high power efficiency, circular beam profile, wafer-scale 

manufacturability, and favorable cost structure for massive parallelism [1–4]. However, the next 

generation of intra-datacenter fabrics—driven by the rapid bandwidth scaling of AI/HPC clusters—

demands higher per-lane symbol rates while simultaneously imposing stricter constraints on energy 

efficiency, thermal budgets, and link margins [5,6]. This creates an urgent imperative to extend the 

modulation bandwidth of VCSELs beyond their physical modulation limits [7,8]. Our group has 

previously demonstrated that transverse coupled cavity VCSELs (TCC-VCSELs) can effectively 

leverage the photon-photon resonance (PPR) effect to significantly enhance direct modulation 

bandwidth [9–11]. On the other hand, external or hybrid modulation has been widely explored. 

Silicon photonics modulators (rings and Mach–Zehnders) [12] and thin-film lithium niobate 

platforms [13] offer high bandwidth and good linearity, but typically rely on a separate CW laser, 

low-loss coupling, and tight thermal control [14–16]. Even with hybrid-integrated sources, these 

solutions increase packaging and alignment complexity compared with monolithic VCSEL 
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transmitters [17,18], preserving the appeal of VCSEL-based links for cost-sensitive short-reach 

interconnects. 

Building on these considerations, monolithically integrated VCSEL–electro-absorption 

modulator (EAM) transmitters have attracted strong interest as a route to combine VCSEL-class 

manufacturability with compact, low-voltage, high-speed electro-optic modulation. Vertically 

integrated EAM-VCSELs have reported 30-GHz optical bandwidth underscoring the feasibility of 

VCSEL-based externally modulated lasers for short-reach links [19]. However, because the modulator 

and laser cavities are optically coupled in the surface-normal direction, residual cavity 

coupling/feedback and the associated coupled-resonator dynamics can produce pronounced 

resonance features (response peaking) and sensitivity to detuning [20,21]. An alternative route is 

lateral integration, where the VCSEL couples into an in-plane waveguide section incorporating an 

EAM [22,23]. However, a key limitation of the lateral scheme is the difficulty of engineering strong, 

efficient coupling. Extracting sufficient optical power from the VCSEL into an in-plane modulator 

remains challenging. In this paper, we present a laterally integrated VCSEL-modulator platform 

featuring an in-plane, resonance-detuned coupling design. Compared with our previous approach, 

where coupling was induced by an effective-index difference via unequal oxide-aperture widths in 

the two cavities [23,24], the proposed structure achieves a substantially larger resonance detuning (>5 

nm). This enlarged detuning stabilizes the coupling efficiency and enables efficient power transfer. 

Experimentally, we obtain 1 mW coupled optical power delivered to the modulator, together with a 

small-signal 3-dB modulation bandwidth exceeding 20 GHz and clear 25 Gb/s NRZ eye opening. 

2. Strcuture and Modelling 

The schematic of the proposed laterally integrated VCSEL–modulator device is shown in Figure 

1(a). The device is fabricated on an oxide-confined VCSEL epitaxial platform and adopts a half-

VCSEL configuration in which the epitaxial top distributed Bragg reflector (DBR) is intentionally 

limited to five mirror pairs. The vertical stack comprises a bottom epitaxial DBR, an multi-quantum-

wells (MQWs) active region, an oxidation layer for current and optical confinement, and the reduced 

top epitaxial DBR. Limiting the top DBR to only five pairs enhances the sensitivity of the cavity 

resonance to surface perturbations, providing an effective handle for resonance engineering in the 

lateral integration scheme. A localized surface-etch region is introduced on the VCSEL side to 

deliberately shift the cavity resonance relative to the neighboring modulator section, thereby 

establishing an in-plane resonance detuning. With this resonance detuning, the VCSEL couples 

laterally into the slow-light mode [25,26] supported by the Bragg-reflector waveguide, enabling 

enhanced in-plane energy transfer. The modulator shares the MQWs stack but is defined by ion 

implantation, which forms a high-resistivity region to suppress lateral current spreading [27,28] and 

enables independent electrical biasing of the laser and modulator. To provide sufficient reflectivity 

for lasing, additional dielectric DBR stacks are deposited on the surface and designed for the 

operating wavelength band. Figure 1(b) shows a top view of the fabricated device. The VCSEL section 

is confined by a 5 µm x 5 µm oxide aperture, while the EAM section employs a 5 µm x 50 µm oxide 

aperture to form an extended electro-absorption interaction region. Separate metal electrodes are 

patterned to provide independent electrical access for VCSEL biasing and high-speed modulation 

driving. 
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(a) (b) 

Figure 1. (a) Schematic picture of the proposed laterally integrated VCSEL–modulator ; (b) Top view of the 

fabricated device. 

Figure 2 presents the simulated resonance detuning and the resulting lateral coupling behavior. 

In Figure 2(a), the resonance spectra of the laser and modulator sections are calculated using the 

transfer-matrix method (TMM) [29,30]. Because the device adopts a half-VCSEL configuration with a 

reduced epitaxial top DBR, the cavity resonance is highly sensitive to changes in the surface optical 

thickness. Introducing a 20-nm surface etch in the laser section effectively reduces the optical cavity 

length, producing a clear blue-shift of the laser resonance. The calculation indicates that this etch 

depth yields a resonance separation of approximately 5 nm between the laser and modulator sections. 

Figure 2(b) shows the optical field distribution computed with a film mode-matching method using 

a commercial electromagnetic solver. The simulation reveals that, when the resonance detuning is 

present, the optical energy generated in the laser section couples efficiently into the laterally 

propagating in-plane mode supported by the modulator region, as evidenced by the strong forward-

propagating field in the modulator section. Physically, the detuning promotes coupling of the laser 

emission into a highly dispersive slow-light lateral mode, which increases the effective interaction 

time and strengthens the coupling efficiency. 

  

(a) (b) 

Figure 2. (a) Calculated resonance spectra of the laser and modulator sections (b) Optical field distribution 

simulated by a film mode-matching method. 

3. Experimental Results and Discussions 

Figure 3 summarizes the experimental verification of the resonance-detuned coupling concept. 

Figure 3(a) shows the measured optical spectra collected from the two sections. Two distinct spectral 

bands are observed, separated by approximately 5 nm, which is in good agreement with the TMM 

prediction in Figure 2(a) for a 20-nm surface etch. The clear spectral separation confirms that the laser 
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and modulator sections operate with intentionally detuned resonances, consistent with the design 

objective of promoting directional lateral coupling under detuned operation. Figure 3(b) shows the 

measured L– I characteristics, which reflect the overall optical power evolution as the VCSEL 

injection is increased. Stable lasing is obtained and the output power increases monotonically above 

threshold.The blue curve corresponds to the case where the VCSEL is forward biased while the 

modulator is left unbiased, yielding a maximum detected power exceeding 2.5 mW. The orange curve 

shows the result when the modulator is reverse biased at −2 V. A clear reduction in the detected 

output is observed, and the maximum power difference between the two curves reaches ~1 mW at a 

VCSEL drive current of 6 mA, indicating that approximately 1 mW of optical power is absorbed in 

the modulator under electro-absorption operation. We note that the photodetector measurement 

unavoidably includes the total optical power and cannot isolate the in-plane coupled output from the 

directly emitted VCSEL light. Therefore, the extracted absorption and modulation-induced power 

change should be interpreted as an apparent value, rather than the absolute coupled power delivered 

solely to the EAM section. 

 
 

(a) (b) 

Figure 3. (a) Measured emission spectra confirming an approximately 5 nm wavelength separation between the 

laser and modulator resonances; (b) L–I characteristics measured with the modulator unbiased (blue) and 

reverse biased at −2 V (orange). 

Figure 4 summarizes the measured static coupling behavior and the high-speed modulation 

performance of the laterally integrated VCSEL–EAM device. To visualize the in-plane power transfer, 

we first recorded the near-field emission distribution across the laser–modulator boundary. As 

shown in Figure 4(a1), when the device is operated under the designed resonance-detuned condition, 

the emission profile becomes clearly asymmetric with a intensity extension toward the modulator 

side. The corresponding lateral line profile confirms that a substantial fraction of optical power is 

transferred into the modulator region rather than remaining localized within the laser section, 

providing direct experimental evidence of detuning-enabled lateral coupling. By integrating the 

intensity on each side, we extract a coupling ratio of 63%, where the coupling ratio is defined as the 

modulator-side power divided by the total power collected from both sides. Static electro-absorption 

modulation is evaluated using the modulator-side output power as shown in Figure 4(a2). When the 

modulator is biased at −2 V, the modulator-side power decreases, yielding an extinction ratio of 

approximately 4 dB, where the extinction ratio is defined here based on the modulator-side power 

only. The dynamic performance is shown in Figure 4(b). A multimode fiber (MMF) is positioned 

above the modulator section to collect the modulated output, and the measured small-signal 3-dB 

bandwidth is approximately 23 GHz. Further optimization will focus on extending the usable 

bandwidth beyond 23 GHz by reducing parasitics, including lowering the device and pad 

capacitance, shortening the active/interconnect lengths, minimizing series resistance, and etc. Clear 

NRZ eye openings are obtained at 25 Gb/s and 30 Gb/s, while operation beyond 30 Gb/s becomes 
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limited. This behavior correlates with the pronounced peaking (>5 dB) in the small-signal response. 

The peaking is mainly attributed to residual optical feedback (back-coupling) from the modulator 

side to the laser side. While wavelength detuning favors forward coupling, it does not fully eliminate 

reflections and coupled-cavity interactions in the present device. In addition, the MMF inevitably 

collects part of the light emitted from the laser side, so the detected waveform cannot be purely 

attributed to the modulator-side output in the current measurement configuration. Further 

optimization will target suppressing laser-side emission and reducing feedback-induced peaking. 

Selectively adding extra dielectric DBR pairs on the laser side can increase top reflectivity and 

minimize surface output, directing more power into the in-plane path. In parallel, refining the 

coupling interface/boundary conditions and introducing absorbing regions (lossy terminations) can 

suppress back-coupling from the modulator to the laser and flatten the frequency response. 

 
 

(a) (b) 

Figure 4. (a) Near-field emission images and corresponding lateral line profiles with the modulator unbiased 

and at −2 V; (b) Small-signal E/O frequency response and NRZ eye diagrams at 25 and 30 Gb/s. 

4. Conclusions 

In conclusion, we demonstrate a laterally integrated VCSEL–EAM transmitter enabled by 

resonance-detuned coupling on a half-VCSEL platform. A localized 20-nm surface etch produces a 

detuning >5 nm, as confirmed by spectra and consistent with simulations, and drives slow-light-

assisted lateral power transfer into the modulator. Experimentally, the device shows strong coupling 

(63% coupling ratio), ~4 dB static extinction ratio , and an apparent 1 mW absorption power. High-

speed measurements yield a 23 GHz small-signal 3-dB bandwidth and clear NRZ eye openings until 

30 Gbps. Future work will focus on flattening the frequency response and further extending the 

usable modulation bandwidth through parasitic reduction, as well as suppressing laser-side emission 

and feedback.Overall, the demonstrated resonance-detuned lateral integration provides a practical 

pathway toward compact, manufacturable VCSEL-based externally modulated transmitters for next-

generation short-reach optical interconnects. 
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