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Abstract 

Superconducting nanowire single-photon detectors offer outstanding efficiency and timing performance 

but require cryogenic cooling, which limits their scalability and integration in practical systems. As a room-

temperature alternative, horizontally structured silicon single-photon avalanche diodes (Si-SPADs) are 

fully compatible with photonic circuits.. However, their performance is often hindered by elevated dark 

count rates ( ≈ 100 kHz/μm) arising from non-optimized doping profiles. In this work, we present a 

systematic optimization of Si-SPAD doping architectures using coupled process–device and optical 

simulations. The integrated modelling identifies optimal doping configurations that achieve a 99.96% 

reduction in DCR while maintaining high detection efficiency. These results establish CMOS-compatible 

design for scalable, room-temperature quantum photonic detectors. 
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I. Introduction 

Single-photon detection is a fundamental requirement for advancing quantum technologies, including 

quantum communication, computing, and sensing [1]–[4]. Among existing solutions, superconducting 

nanowire single-photon detectors (SNSPDs) currently define the performance benchmark, offering high 

detection efficiency, sub-50 ps timing jitter, and ultralow dark counts across visible to telecom wavelengths 

[5]–[7]. However, their reliance on cryogenic cooling (1-4 K) imposes significant constraints on scalability, 

integration, and cost, hindering the realization of compact, fully integrated quantum photonic platforms [8], 

[9]. Silicon-based single-photon avalanche diodes (SPADs) and Si/Ge SPADs have emerged as promising 

room-temperature alternatives for single-photon counting (SPC) and time-correlated single-photon 

counting (TCSPC) across the visible–infrared spectrum [10], [11]. These CMOS-compatible devices, 

typically realized in vertical geometries, exhibit moderate photon detection efficiency (PDE) and dark count 

rates (DCR) in the kilohertz range at room temperature [12]–[16] but face significant challenges in efficient 

on-chip optical coupling [17], [18]. Recently, thin horizontal SPADs integrated within photonic integrated 

circuits (PICs) have gained interest due to their planar geometry, low-voltage operation, and compatibility 

with foundry-scale fabrication [17], [18]. Despite these advantages, existing implementations suffer from 

high DCR, often exceeding the megahertz range and limited PDE. These limitations primarily arise from 

non-optimized doping profiles that lead to electric-field inhomogeneity and enhanced generation– 

recombination [19]. 

In this work, we present a systematic optimization of the doping architecture in thin horizontal silicon PN 

junction SPADs using coupled process and device simulations. By correlating ion implantation parameters 

with avalanche and noise characteristics, we identify doping configurations capable of reducing DCR below 

3 kHz/μm while maintaining high PDE. These results provide practical design guidelines for scalable, 

room-temperature, on-chip SPADs compatible with standard silicon photonics platforms. 

 

II. Device Design And Simulation Framework 

 

To optimize the doping configuration of waveguide integrated silicon single-photon avalanche diodes (Si-

SPADs), a comprehensive simulation framework was developed by combining two-dimensional (2D) 

process and device simulations with three-dimensional (3D) optical modelling. Fig. 1 illustrates the 

schematic of the device under study, consisting of a thin silicon layer with a lateral p–n junction integrated 

atop a silicon nitride (SiN) waveguide. This hybrid configuration enables efficient evanescent coupling of 

guided photons from the SiN waveguide into the avalanche region of the Si-SPAD. The 2D process 

simulation, carried out in Synopsys Sentaurus Process (SProcess), models boron and phosphorus ion 

implantation followed by thermal diffusion to form the lateral p–n junction. A systematic sweep of the 



implantation dose from 1 × 109 to 2 × 1014 cm−2 was conducted to analyze its effect on the junction depth, 

electric-field distribution, depletion width, and breakdown voltage. The resulting structures are 

subsequently imported into Sentaurus Device (SDevice) for electrical characterization, focusing on 

avalanche triggering probability, dark current components, and field uniformity across the active junction. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Schematic diagram of the planar Si-SPAD integrated atop a SiN waveguide. 

 

Simultaneously, optical simulations at λ = 600 nm are performed using the finite-difference time-domain 

(FDTD) method. The fundamental TE mode of the SiN waveguide is modeled to evaluate the spatial overlap 

between the optical field and the active silicon region, determining the corresponding absorption intensity. 

To bridge the optical and electrical domains, a Python-based post-processing framework is implemented to 

compute the dark count rate (DCR) and photon detection efficiency (PDE) for each doping configuration 

using Eqs. (1) and (2). 

𝐷𝐶𝑅 = 𝐿𝑆𝑃𝐴𝐷 × [∫ (𝐺SRH + 𝐺BTBT). 𝑃𝑡𝑟𝑖𝑔
𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛

 𝑑𝑠]                    (1) 

where 𝐺SRH, 𝐺BTBT, represent generation contributions from Shockley–Read–Hall recombination and 

band-to-band tunnelling, respectively. 𝑃𝑡𝑟𝑖𝑔 is the avalanche trigger probability. 𝐿𝑆𝑃𝐴𝐷  is the length of Si-

SPAD. 

𝑃𝐷𝐸 = ∫ 𝑃𝑎𝑏𝑠 . ƞ𝑝−𝑐𝑜𝑙𝑙𝑒𝑐𝑡 . 𝑃𝑡𝑟𝑖𝑔
𝑝−𝑛𝑒𝑢𝑡𝑟𝑎𝑙

 𝑑𝑠 + ∫ 𝑃𝑎𝑏𝑠 . 𝑃𝑡𝑟𝑖𝑔
𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛

 𝑑𝑠 

+ ∫ 𝑃𝑎𝑏𝑠. ƞ𝑛−𝑐𝑜𝑙𝑙𝑒𝑐𝑡 . 𝑃𝑡𝑟𝑖𝑔
𝑛−𝑛𝑒𝑢𝑡𝑟𝑎𝑙

 𝑑𝑠                                                    (2) 

 

where 𝑃absis the absorption probability obtained from FDTD simulations. 𝜂p-collect   and 𝜂𝑛-collectdenotes 

carrier collection efficiency of hole and electron, which are assumed to be unity due to the picosecond-

scale diffusion time versus nanosecond-scale carrier lifetimes. This unified formulation enables direct 

correlation between implantation parameters, electric-field distribution, and overall device performance. 

 

Fig. 2. Contour plot of (a) dark count rate (DCR), (b) photon detection efficiency (PDE), (c) figure of meri (FOM) 

with respect to ion implantation dosage. 

III. Results and Discussion 

 

Fig. 2(a)–(b) present the contour maps of the dark count rate (DCR) and photon detection efficiency (PDE) 

of planar Si-SPADs as functions of the boron and phosphorus implantation doses at an excess bias of Vex 

= 10%. In these plots, iimplantation dose is used as the primary variable because the resulting doping profile 

across the junction exhibits a spatial gradient due to diffusion, scattering, and implantation straggle. Distinct 



low-DCR and high-PDE regions can be clearly identified and are highlighted in the respective plots. The 

optimized planar SPAD exhibits a minimum DCR as low as 2.12 kHz/μm (99.96% lower than the current 

design) and a PDE as high as 31.78% for a device length of 30 μm. Further suppression of the DCR is 

possible by employing high-resistivity silicon wafers and PIN-diode architectures, which can substantially 

reduce trap-assisted generation pathways. The trade-off between DCR and PDE is quantified through a 

figure of merit (FOM), defined as 𝑃𝐷𝐸 = 𝑃𝐷𝐸𝑛𝑜𝑟𝑚 − 𝐷𝐶𝑅𝑛𝑜𝑟𝑚 where 𝑃𝐷𝐸𝑛𝑜𝑟𝑚 and 𝐷𝐶𝑅𝑛𝑜𝑟𝑚 represent 

the PDE and DCR normalized to their respective maximum values. As shown in Fig. 2(c), the region of 

interest corresponding to high detection efficiency and moderate dark count levels is highlighted, indicating 

the optimal doping configuration for balanced SPAD performance.  

 

Fig. 3. Doping-level profiles of planar SPADs for a representative implantation dose showing: (a) low-DCR region, 

and (b) high-PDE region. Corresponding line profiles for the same dose at (d) low-DCR region and (e) high-PDE 

region. (c) Excess-bias-dependent DCR and PDE characteristics of a 30 m planar SPAD at low-DCR and high-PDE 

conditions, respectively. (f) Length-dependent DCR and PDE characteristics of planar SPADs at 50% excess bias for 

low-DCR. 

To understand the distinction between the low-DCR and high-PDE regions, representative doping profiles 

are selected from each case. Fig. 3(a) and 3(b) show the corresponding two-dimensional doping 

distributions, while Fig. 3(d) and 3(f) present the extracted line profiles. It is evident that the junction 

associated with the high-PDE region exhibits a more symmetric doping distribution compared to that of the 

low- DCR region. This increased symmetry results in a more uniform electric field across the junction, 

thereby enhancing the avalanche breakdown probability. To evaluate device performance under high-bias 

and extended-length conditions, planar SPADs were simulated for representative implantation doses 

corresponding to the low-DCR and high-PDE regimes. The excess bias was varied up to 60%, and the 

active length was extended to 200 μm, assuming optical excitation through a 300 μm SiN waveguide. As 

shown in Fig. 3(c) and 3(f), the DCR in the low-DCR regime increases exponentially from 2.12 kHz/μm at 

Vex = 10% to 70.95 kHz/μm at Vex = 60%, while the PDE in the high-PDE regime rises from 31.65% to 

53.70% over the same bias range. With increasing length, the DCR scales nearly linearly, reaching 17.8 

MHz for a 200 μm device, whereas the PDE saturates beyond 100 μm, achieving a maximum of about 71%. 

 

IV. Conclusions 

 

This work systematically investigates doping optimization in thin, horizontally structured silicon p–n 

junction SPADs, targeting scalable, room-temperature single-photon detection. By sweeping boron and 

phosphorus implantation doses, optimized doping configurations are identified, yielding DCRs as low as 

2.12 kHz/μm for planar SPADs at an excess bias of 10 %. Trade-off analysis reveals that while higher 

excess bias and longer active lengths enhance photon detection efficiency (PDE), reaching up to 71%, they 

also induce an exponential rise in DCR, ultimately constraining device scalability. 

Further performance improvements can be achieved by integrating high-refractive-index guiding layers, 

optical cavities, or slow-light structures to enhance absorption and trigger probability. Additionally, 

employing high-resistivity, low-defect silicon substrates could substantially suppress trap-assisted noise, 



enabling even lower dark count rates.  Overall, these results provide practical design guidelines for 

engineering doping profiles that balance low DCR with high PDE. The proposed doping strategy remains 

fully compatible with standard CMOS workflows, paving the way for monolithically 

integrated, room-temperature silicon SPADs as viable alternatives to cryogenic SNSPDs for quantum 

communication, computing, and sensing applications. 
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