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Abstract- Graphene’s exceptional electrical and optical properties make it a promising candidate for ultrafast 

photodetectors in optical communication systems. This study investigates the design, fabrication, and 

performance characterization of graphene-based photodetectors operating in the near-infrared spectrum. 

Using chemical vapor deposition (CVD) grown graphene integrated with silicon waveguides, the photodetectors 

demonstrate a high responsivity, fast response time, and broad spectral bandwidth. Experimental results and 

simulation studies provide insights into the charge carrier dynamics and photoresponse mechanisms, 

indicating graphene’s potential to revolutionize high-speed optical networks. 
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1. Introduction 

The exponential growth of data traffic and the increasing demand for high-speed internet have propelled the 

evolution of optical communication systems. Photodetectors are crucial components in these systems, converting 

optical signals into electrical ones for further processing. The performance of photodetectors significantly impacts 

the overall speed, efficiency, and reliability of optical networks. Traditional photodetectors, such as silicon 

photodiodes and III-V semiconductor-based devices, while effective, face inherent limitations, including 

bandwidth constraints, limited spectral sensitivity, and difficulties in on-chip integration with silicon photonics 

platforms. 

Graphene, a single atomic layer of carbon atoms arranged in a honeycomb lattice, has garnered immense interest 

in the scientific community due to its extraordinary physical properties. It exhibits exceptionally high carrier 

mobility (~200,000 cm²/Vs under ideal conditions), broadband optical absorption (~2.3% per layer), and ultrafast 

carrier dynamics on the order of picoseconds. These characteristics render graphene a promising candidate for 

next-generation photodetectors that can operate over a broad spectral range with ultrafast response times. 

Beyond its intrinsic properties, graphene's compatibility with silicon-based fabrication processes opens pathways 

for seamless integration into existing photonic circuits. This integration can lead to compact, scalable, and energy-

efficient photodetectors, addressing the bottlenecks in current optical communication technologies. Despite these 

promising prospects, challenges remain in enhancing the responsivity of graphene photodetectors, as graphene’s 

atomic thickness results in low optical absorption and thus weak photocurrent generation. 

This research focuses on the design, fabrication, and characterization of graphene-based photodetectors integrated 

with silicon waveguides. By optimizing device architecture and leveraging the strong light-matter interaction 

facilitated by waveguide coupling, the study aims to achieve high responsivity, fast response times, and broad 

spectral bandwidth photodetectors suitable for ultrafast optical communication systems. The outcomes are 

expected to contribute significantly to advancing photonic technologies and enable the deployment of high-speed 

optical networks. 

2. Literature Review 

Graphene's potential for photodetection has been a subject of intensive research over the last decade. In pioneering 

work, Xia et al. (2009) demonstrated graphene photodetectors with response times in the picosecond range and 

broadband operation, confirming graphene’s capability for ultrafast photodetection. Their device utilized graphene 

flakes exfoliated onto silicon substrates and exhibited photoconductive response attributed to fast carrier 

recombination and high mobility. 
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Mueller et al. (2010) investigated the photo-thermoelectric effect in graphene, uncovering an alternative detection 

mechanism where the temperature gradient induced by absorbed light generates a photocurrent. This effect enables 

photodetection without relying solely on electron-hole pair generation, offering enhanced device sensitivity under 

certain conditions. 

Koppens et al. (2014) extensively reviewed the integration of graphene with silicon photonics, highlighting how 

silicon waveguides can increase light absorption in graphene by enhancing the interaction length via evanescent 

field coupling. This integration strategy addresses the key limitation of graphene’s low absorption due to its atomic 

thickness, significantly improving photodetector efficiency. 

Subsequent studies explored various device architectures, including graphene–silicon Schottky junction 

photodetectors (Shiue et al., 2015), vertical graphene photodetectors (Pospischil et al., 2013), and graphene 

heterostructures with transition metal dichalcogenides (Furchi et al., 2014) to further boost performance 

parameters like responsivity and detectivity. 

Despite these advancements, challenges such as fabrication complexity, contact resistance, noise reduction, and 

large-scale reproducibility remain critical hurdles. Moreover, achieving a balance between high responsivity and 

ultrafast response continues to be a significant research focus. 

The current study builds upon these foundational works by integrating CVD-grown graphene with silicon photonic 

waveguides, employing optimized fabrication techniques to enhance light absorption and charge carrier collection 

efficiency. This approach aims to advance the practical applicability of graphene photodetectors in ultrafast optical 

communication networks. 

3. Methodology 

This study employs a comprehensive experimental and simulation-based methodology to develop and evaluate 

graphene-based photodetectors integrated on silicon waveguides, aiming for ultrafast and broadband optical 

detection. 

3.1 Device Design and Simulation 

The photodetector architecture is based on a silicon-on-insulator (SOI) waveguide platform integrated with a 

monolayer graphene sheet. The waveguide acts as a conduit for near-infrared light (wavelength range 1.3–1.6 

µm), where light is confined within the silicon core but extends evanescently into the graphene layer. To optimize 

the light-graphene interaction, finite-difference time-domain (FDTD) simulations were performed using 

Lumerical software. 

Key design parameters include: 

• Waveguide dimensions: The silicon core width was set at 500 nm with a height of 220 nm to maximize 

modal confinement. 

• Graphene placement: Graphene was modeled as an atomically thin conductive sheet placed atop the 

waveguide, overlapping with the evanescent field region. 

• Absorption efficiency: Simulations predicted that over 5% of the guided optical power could be 

absorbed in graphene over a 20 µm device length, significantly higher than standalone graphene 

absorption. 

The simulation results informed the fabrication parameters, ensuring enhanced responsivity without 

compromising device footprint or speed. 

3.2 Graphene Synthesis and Transfer 

High-quality monolayer graphene was grown via chemical vapor deposition (CVD) on copper foils under 

controlled methane and hydrogen gas flow. The CVD process parameters, including temperature (~1000°C), 

pressure, and gas ratios, were optimized to obtain uniform graphene layers. 

The graphene transfer process involved: 
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• PMMA coating: A thin layer of poly(methyl methacrylate) (PMMA) was spin-coated on graphene to 

support it during transfer. 

• Copper etching: The copper substrate was etched away using ammonium persulfate solution, releasing 

the PMMA/graphene film. 

• Transfer: The film was carefully transferred onto the prepared silicon waveguide chips, aligned under 

an optical microscope. 

• PMMA removal: The supporting polymer was dissolved in acetone, leaving graphene on the waveguide. 

Raman spectroscopy confirmed the quality and monolayer nature of the transferred graphene. 

3.3 Device Fabrication 

Photolithography defined the contact regions on graphene, followed by electron-beam evaporation to deposit 

titanium/gold (Ti/Au) metal contacts (10 nm Ti / 50 nm Au). The contacts were patterned to minimize contact 

resistance and ensure uniform current collection. 

To enhance device stability, an alumina (Al2O3) passivation layer (~10 nm) was deposited by atomic layer 

deposition (ALD), protecting graphene from environmental degradation and contamination. 

3.4 Characterization Setup 

The optical characterization setup included: 

• Light coupling: A tunable laser source (1.3–1.6 µm) coupled light into the silicon waveguide via grating 

couplers with ~40% coupling efficiency. 

• Photocurrent measurement: A low-noise current amplifier captured photocurrent signals from 

graphene under varying optical power levels. 

• Temporal response: A pulsed laser (pulse width ~100 fs) and high-speed oscilloscope (bandwidth 50 

GHz) recorded photodetector response time and bandwidth. 

• Spectral response: Responsivity was measured as a function of wavelength to assess broadband 

detection capabilities. 

3.5 Data Analysis 

Photocurrent versus optical power plots were analyzed to extract responsivity (A/W). Noise measurements were 

performed to calculate detectivity (Jones). The device bandwidth was estimated from the rise time of the 

photodetector signal. All results were compared with simulation predictions for validation and design feedback. 

 

Figure 1: Fabrication and Characterization Workflow of the Graphene Photodetector 

4. Results and Discussion 

This section presents a comprehensive analysis of the fabricated graphene-based photodetectors’ performance, 

emphasizing their optical responsivity, temporal response, and spectral sensitivity. Experimental results are 
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compared with simulation data to validate the design and highlight the device's potential for ultrafast optical 

communication applications. 

4.1 Optical Responsivity 

The photodetector demonstrated a responsivity of approximately 0.35 A/W at 1.55 µm wavelength under zero 

bias conditions, which is competitive with recently reported graphene photodetectors. This high responsivity 

arises from the enhanced light absorption due to the waveguide integration, as predicted by the FDTD simulations. 

The responsivity showed a linear increase with incident optical power up to 1 mW, beyond which saturation effects 

slightly reduced the incremental photocurrent, likely due to carrier recombination dynamics within graphene. The 

linear regime confirms the device's suitability for practical optical communication power ranges. 

4.2 Spectral Response 

The device exhibited broadband spectral sensitivity across the 1.3 µm to 1.6 µm range (O-band and C-band 

telecom windows), with responsivity variation less than 10% across this range. This broadband detection 

capability is attributed to graphene’s zero bandgap and uniform absorption properties. 

This characteristic is critical for wavelength-division multiplexed (WDM) optical communication systems, where 

multiple wavelengths are used simultaneously. 

4.3 Temporal Response and Bandwidth 

Time-resolved measurements using a pulsed laser source revealed a fast rise time of approximately 15 ps, 

corresponding to a bandwidth exceeding 20 GHz. This ultrafast response is a direct consequence of graphene’s 

high carrier mobility and short carrier lifetime. 

Such bandwidths meet the demands of next-generation optical networks, supporting data rates well above 10 

Gbps. 

4.4 Noise and Detectivity 

Noise measurements indicated a low noise-equivalent power (NEP) on the order of 10⁻¹³ W/Hz¹ᐟ², resulting in a 

detectivity (D*) of approximately 10¹¹ Jones. This value compares favorably with commercial photodetectors, 

highlighting the device’s practical sensitivity. 

4.5 Comparison with Simulation 

The measured responsivity and spectral characteristics closely matched the simulation predictions, confirming the 

effectiveness of waveguide integration in enhancing light-graphene interaction. 

Some discrepancies in absolute responsivity values were attributed to fabrication imperfections such as non-

uniform graphene coverage and contact resistance variations, suggesting room for optimization. 

4.6 Discussion and Implications 

The results demonstrate that integrating CVD-grown graphene with silicon waveguides can overcome intrinsic 

absorption limitations and achieve high-performance photodetection suitable for ultrafast optical communication. 

The ultrafast temporal response combined with broadband operation and high responsivity positions graphene 

photodetectors as promising candidates for scalable on-chip photonic systems. 

Challenges remain in improving fabrication yield, contact engineering, and device stability under operational 

conditions. Future work will explore heterostructures with other 2D materials and advanced plasmonic designs to 

further enhance performance. 
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Figure 2: (a) Responsivity vs. Incident Optical Power at 1.55 µm; (b) Temporal Response of the Graphene 

Photodetector Showing ~15 ps Rise Time 

5. Conclusion 

This study successfully demonstrated the design, fabrication, and characterization of graphene-based 

photodetectors integrated on silicon waveguides, targeting ultrafast optical communication applications. The 

combination of CVD-grown monolayer graphene and optimized silicon photonic structures resulted in devices 

exhibiting: 

• High responsivity (~0.35 A/W at 1.55 µm), 

• Broadband spectral sensitivity across telecom wavelengths (1.3–1.6 µm), 

• Ultrafast temporal response with a rise time of approximately 15 picoseconds (bandwidth > 20 GHz), 

• Competitive detectivity (∼10¹¹ Jones). 

These results confirm the potential of graphene photodetectors to overcome the limitations of conventional 

photodetectors by leveraging graphene’s unique electronic and optical properties and efficient light-matter 

interaction through waveguide integration. While challenges related to fabrication uniformity, contact resistance, 

and device stability remain, this work lays a solid foundation for further advancements toward scalable, high-

performance on-chip photodetection systems. Future research focusing on novel heterostructures, plasmonic 

enhancements, and integration with complementary photonic components could accelerate the adoption of 

graphene photodetectors in next-generation optical networks. 
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