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ABSTRACT 

Addressing the persistent speed-efficiency trade-off, advanced photodetector designs are increasingly incorporating 

nanophotonic structures to enhance detection efficiency. However, contemporary detector technologies continue to grapple 

with issues of high-power consumption and limited scalability potential. Embedded nanostructures in photodetectors have 

already been demonstrated to improve efficiency, gain, and slight improvement in high-speed performance. This paper 

presents a unique, scalable detector design that leverages nanophotonic enhancement while delivering an ultra-high 

response time with sub-picosecond full-width-half-maximum for 450 nm illumination wavelength with low breakdown 

voltage (~8V). Our innovative design strategy involves etching nanoholes into conventional p-i-n photodetectors (1 μm 

absorbing layer) and doping alternate nanoholes with p+ and n+ doping. The nanoholes are etched all the way through the 

intrinsic layer to connect with the top and bottom highly doped p+ and n+ doped layer forming a composite vertical-lateral 

electric field in the photodetector. This technique drastically reduces the effective carrier transport length to mere hundreds 

of nanometers without diminishing the photon absorption area. As a result, the timing response improves significantly 

compared to conventional models achieving sharp rise time of ~0.6 ps, fall time of ~8.5 ps, and full width half maximum 

of <4 ps. Furthermore, the design offers scalability along with advances in lithography processes, setting a promising 

direction for ultra-high-speed detectors scaling down to <1 ps response time suitable for emerging applications. 

Keywords: Ultrafast detectors, Avalanche photodetectors, Sub-picosecond, Nanophotonic structures, CMOS compatible, 

Scalable. 

 

1. INTRODUCTION 

As communication technologies advance, scalable high-speed photodetectors have become crucial for the development 

and implementation of future generation wireless networks. Ultrafast detectors have a wide range of applications in data 

communication, Light Detection and Ranging (LiDAR) systems, free space communications, etc1–5. Moreover, emerging 

biomedical research demands picosecond capable photodetectors for higher precision and better resolution imaging using 

time of flight positron emission tomography (ToF-PET)6,7. Ultrafast fluorescence lifetime imaging (FLIM) can reveal 

complicated biocellular activities by using detectors with sub-picosecond timing resolution8,9. 

Engineering faster photodetectors has always been a challenge for researchers. Several faster materials such as GaAs, 

CdSe, graphene/MoTe2, and GaN have demonstrated fast response due to their inherent mobility boost10–13. However, 

despite its low mobility, silicon still looks attractive for large-scale production in the industry process14. Hsiang et al. 

showed a 3.7 picosecond timing response using metal-semiconductor-metal (MSM) photodiode designs14. Chen et al. used 

a photoconductive-type detector to report a response time of 1.2 ps15. Recently, Heide et al. demonstrated sub-picosecond 

photon-efficient 3D imaging using single photon avalanche diodes (SPADs)16. 

Increasing the speed of the detector requires them to be thinner such that the RC delay time is reduced. However thinner 

photodiodes have lower efficiency due to a lack of material to capture photons effectively. This speed-efficiency trade-off 
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was a bottleneck for silicon photodetectors, which was later resolved using photon-trapping nanostructures17–20. These 

nanoholes can direct the light to propagate laterally allowing it more time to be absorbed efficiently in a thinner region17,21. 

Thus, making them fast sensors capable of 30 ps timing response22,23. Furthermore, they can modulate light penetration 

depth and enhance gain in avalanche photodiodes making them suitable for low-light applications24–26. In this paper, we 

propose a novel photodiode design that utilizes the capabilities of photon-trapping nanoholes and complements it with a 

better scalable timing response. This is possible by doping the sidewalls of the nanoholes that can modulate the electric 

fields laterally and transport the carriers through the narrow intrinsic layer width. This achieves a high lateral electric field 

that lowers the breakdown voltage to 8V from conventional photodiodes 33V. This means that this photodiode can be 

operated at very low biasing conditions reducing power consumption making them ideal for data center applications. Also, 

the shorter carrier transit improves the rise time and fall time of the impulse response down to only ~0.6 ps and ~8.5 ps 

respectively enabling <4 ps full width half maximum for these devices. More importantly, this design can be scaled down 

by reducing the spacing between nanoholes to further speed up the devices to sub-picosecond capabilities. The photodiode 

designs can be fabricated using a complementary metal oxide semiconductor (CMOS) compatible fabrication process 

making them cheaper and easy to implement for a wide range of applications.  

 

 

Figure 1: Schematic drawing of the top and cross-sectional view of a photodiode with nanoholes. The top view shows the highlighted 
simulation window for photodiode with (a) undoped and (c) doped nanoholes. The uniform dopant concentration and dimensions 
of N++, π, and P++ region is indicated (b) for undoped nanoholes and (d) for doped nanoholes. The nanoholes in (d) are doped with 
a Gaussian distribution and its peak concentration is shown. 
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2. METHODS AND PROCEDURE 

2.1 PIN photodiode design 

We use a PIN photodiode structure with 1 μm intrinsic π region sandwiched between two highly doped p++ and n++ 

regions of 0.25 μm as shown in figure 1. We etch the diode with nanoholes of 0.5 μm diameter each and they are also 

separated by 0.5 μm from edge to edge. The p++ and n++ layers are doped with 2×1020 cm-3 impurities while the π layer 

is doped with 2×1014 cm-3 p-type impurities. For the photodiode with doped nanoholes, we consider the doping levels 

inside the nanoholes to be lower than that of the highly doped regions to minimize unintended junctions and electric field 

spikes. We used a peak dopant concentration of 1×1018 cm-3 for the nanohole sidewalls that span over 100 nm in both 

sides shrinking the inner π region width to approximately 0.25 μm.  

2.2 Electrical stimulation 

We use TCAD software Silvaco ATLAS to simulate the PIN photodiode structures. We used a 2D simulation for simplicity. 

We first define the regions and doping concentrations in the cross-sectional area shown in Figures 1(b) and 1(d). We have 

used polysilicon electrodes as neutral contacts for these simulations. For device physics analysis, we considered 

concentration-dependent mobility and electric field-dependent mobility, Shockley-Read-Hall (SRH) recombination, Auger 

recombination, optical recombination, and bandgap narrowing as input models for the TCAD simulator. Thereafter we 

simulated the structure using Newton’s numerical method to analyze the electric field, current-voltage relationship, and 

breakdown voltage of the photodiode structures.  

For the high-speed impulse response, we used a sharp optical pulse of 10 fs width. The pulse was generated at 1 ps time 

originating 0.25 μm away from the bottom center of the photodiode (x = 1 μm, y = 1.75 μm). The peak wavelength of the 

pulse was 450 nm.  

 

Figure 2: (a) Simulated net doping profile of the PIN photodiode with (a) undoped and (b) doped nanoholes at breakdown condition. 
Doping the nanoholes reduced the π-layer width to almost 0.25 μm. 
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3. RESULTS AND DISCUSSION 

3.1 Electric field and breakdown voltage 

Upon simulating the structures, we first observe the doping profile shown in Figure 2 to justify our design criteria. Note 

that the doping concentration is plotted in logarithmic scale as the power of 10, i.e. the maximum doping of 20.3 n-type 

(red) represents a doping concentration of 1020.3 cm-3 which is equivalent to 2×1020 cm-3 n-type dopants. For the PIN 

structure with doped nanoholes in Figure 2(b) we observe that the dopants in the nanoholes do not hamper the net doping 

of the contact region as they are two orders lower than the contact doping. However, the intrinsic π region has been reduced 

significantly due to dopant diffusion leaving only hundreds of nanometers. This property was simulated using a Gaussian 

profile as the diffusion often follows Gaussian distribution. 

We show the electric field profiles at near breakdown conditions in Figure 3 for both PIN structures with undoped and 

doped nanoholes. In the case of the PIN structure with undoped nanoholes in Figure 3(a), the electric field profile is 

completely vertical with no lateral component. This suggests that the recombined carriers would have to travel the complete 

thickness of the intrinsic i-layer rendering the photodetector slow in time response. Also, the breakdown voltage would be 

higher for this case as observed in Figure 4(a). This is because higher voltage is required across a thicker region to generate 

enough electric field to induce impact ionization. We also simulated a PIN structure without nanoholes and compared its 

breakdown voltage with a PIN photodiode with undoped nanoholes. As expected, they are quite similar to each other as 

the electric field profiles in both cases are identical. 

On the other hand, the electric field profile in Figure 3(b) shows that the electric field is driven laterally as well as vertically 

covering almost the whole intrinsic region. This composite field distribution allows us to collect the carries more efficiently. 

Moreover, the shorter travel distance allows the carriers to be collected much faster than that of conventional structures. 

This also results in a smaller breakdown voltage which means that even with a low voltage, a strong enough electric field 

can be generated for impact ionization to occur in this device architecture. 

 

Figure 3: Simulated electric field profile of the PIN photodiode with (a) undoped and (b) doped nanoholes at breakdown condition. 

The PIN photodiode with undoped nanoholes show only vertical electric field, but in case of the PIN photodiode with doped 

nanoholes, there is a strong lateral electric field that dominates the carrier transport. 
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3.2 Transient Response 

The transient response characteristics in Figure 4(b) show that the PIN photodiodes without nanoholes (black dashed line) 

and with undoped nanoholes (blue solid line) show similar performance. This is expected as the electric field profiles 

governing the carrier transport are identical for both cases. They both have a sharp rise time (~0.02 ps) and longer fall time 

(~14.5 ps) that contributes to a slow time response as depicted in Table 1. The sharp rise time can be attributed to the small 

simulation area of the device. Also, the absence of dopant atoms in the intrinsic transport layer provides ballistic transport 

and no RC delay results in faster response time in the simulation. The long tail is attributed to the longer travel path for 

carriers as they must travel across the whole intrinsic layer thickness to reach the highly doped contact regions. Therefore, 

the overall performance is relatively poor giving a full width half maximum of 4.86 ps.  

On the other hand, the PIN photodiode with doped nanoholes (red solid line) shows a much better time response with 

almost half the fall time of ~8.5 ps due to the impact of the lateral field that shortened the traveling distance of the carriers. 

The rise time increased slightly (~0.6 ps) due to the presence of dopant atoms in the intrinsic region that resists the ballistic 

transport of photogenerated carriers. Overall, the performance of this novel structure improved the full width half 

maximum to 3.92 ps. Although this is not a huge improvement, this can easily be scaled down to sub-picosecond by 

increasing nanohole doping concentration or reducing hole-to-hole distance. Furthermore, for thicker photodiodes with 

increased efficiency, the timing response would suffer drastically for vertical PIN architecture, while this composite 

vertical-lateral architecture would provide similar performance as it is determined by the lateral width of the intrinsic π 

layer rather than vertical thickness. We believe that a complete 3D device simulation would provide a better comparison 

between the two device designs and providing us with more accurate response time that includes carrier collection 

efficiency, RC delay and other parasitic contributions.  

 

  

 

Figure 4: Comparison of the (a) breakdown voltage and (b) transient response among a PIN without nanoholes, PIN with undoped 
nanoholes, and doped nanoholes. The flat PIN and PIN with undoped nanoholes show similar performance in breakdown voltage 
and transient response, but PIN with doped nanoholes shows significantly lower breakdown voltage (8V) and a shorter fall time due 
to the presence of lateral electric fields. 
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4. CONCLUSION 

Photon-trapping nanoholes are well-known for their efficiency enhancement, reduced capacitance, high speed and gain 

improvement. This new PIN photodiode design with doped nanoholes will further complement them by manipulating the 

electric field to our advantage. The lateral electric field reduces the transit time of the carriers and improves the speed of 

the photodiodes significantly. Enhanced timing response is essential in various applications such as fast data 

communication, 6G networks, LiDAR communications, biological studies, ultrafast fluorescence lifetime imaging, and 

more. The ability to scale further adds a technological boost for groundbreaking scientific advancements. 
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