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ABSTRACT  

Short-distance optical communications and large-scale networks are central in telecom, 

datacom, and information processing technologies. Such applications require high 

transmission capacity, low energy consumption, implementation at the chip-scale level 

and cost-effective production. Silicon photonics (SiP) is well-positioned to tackle these 

growing needs. Indeed, photonic chips enable dense integration of complex functions 

through light-driven, compact, and high-performance devices. SiP is boosted by 

complementary metal-oxide-semiconductor (CMOS) processes and toolsets used for 

decades in the microelectronic industry. CMOS-friendly manufacturing, mature 

germanium (Ge) epitaxy and open-access foundry model are advantageous for 

monolithic integration, where a low-loss silicon (Si) platform meets advanced opto-

electrical efficiency and fast response time. Optical photodetectors are key building 

blocks in the SiP library. They leverage progresses made in design strategies, material 

processing and seamless Si CMOS integration. In particular, chip-integrated silicon-

germanium (Si-Ge) photodetectors are aiming for fast, sensitive, and energy-aware 

operation, with performances that are becoming competitive or even superior to existing 

and well-adopted III/V-based counterparts. In this work, we present our recent advances 

in waveguide-integrated p-i-n photodetectors based on double silicon-germanium-

silicon (Si-Ge-Si) heterojunctions. Hetero-structured Si-Ge-Si photodetectors with a 

butt-waveguide-coupling and a lateral p-i-n electrical junction are most promising to 

detect light on a silicon chip at near-infrared (near-IR) wavelengths. They rely on 

unique integration approach that yields structures with compact footprints and properly 



 

 
 

 

engineered waveguide geometries. Such devices then benefit from improved modal 

confinement and overall control over the intrinsic region. They are also easy to fabricate 

and integrate with other passive and active components on a single chip. Si-Ge-Si p-i-

n photodetectors were fabricated on 200 mm silicon-on-insulator (SOI) substrates using 

industrial-scale semiconductor manufacturing processes. Fabricated p-i-n structures 

were operated under low-voltages and in avalanche regime, respectively. In both 

situations, devices showed up a reliable high-speed, low-noise, and sensitive signal 

detection within a mainstream telecom waveband around 1.55 µm.  

Keywords: Optical photodetectors, Silicon photonics, Silicon-on-insulator, 

Germanium, PIN photodiode, Avalanche photodiode, Complementary metal-oxide-

semiconductor technology, optical communications, energy consumption 

 

   

1.   INTRODUCTION  

Advanced technologies for photonic integration become key enablers to realize optical 

chips and afford access towards many emerging applications. Surging applications 

range from sensing, biomedicine and health sciences through object recognition, 

LIDAR and civil engineering up to optical communications and interconnects, to name 

a few. In particular, optical communications and optical interconnects are essential 

drivers in the field of photonics integration. Both application domains replace 

traditional, yet inferior in performance, metalized electrical wirings in a variety of chip-

scale links. In this context, photonic technologies are particularly promising for long-

haul optical fiber systems as well as short-reach data centers, which may include clouds 

and storages or high performance computing, among others rising areas. Dense 

integration of photonic components on a single semiconductor chip is a natural route to 

tackle challenges associated with cost, speed and bandwidth as well as energy 

consumption [1-4]. 

Compact and high-performance components are now available through photonic 

integration in a single chip, leveraging monolithic integration approach [4,5]. This can 

be achieved thanks to two group-IV materials: silicon (Si) and germanium (Ge). Group-

IV semiconductor chips are thus very perspective as they can deliver complex on-chip 

functions [5-10], ranging from light generation and modulation through light 

processing, and up to light detection. Si is an indirect bandgap material with an energy 

of 1.14 eV, while Ge has a quasi-direct energy bandgap, carrying an energy of 0.67 eV. 

Using Ge then offers great advantages and desired complementarities compared to pure 

Si platforms. 



 

 
 

 

Optical photodetectors are components that transform optical signals into electrical 

signals. Optical  photodetectors that are based upon group-IV materials and silicon-on-

insulator (SOI) waveguide system attracted a large attention. Such photodetectors can 

be fabricated using mainstream Si-foundry processes and procedures, providing 

accurate reproducibility and high yields. In addition, compatibility with complementary 

metal-oxide-semiconductor (CMOS) technology opens up a way for a mass-scale 

development with a reduced processing and production expenses [11-29]. 

Alternatively, III-V-based photodetectors implemented on SOI substrates are good 

candidates. They can be realized through hybrid or heterogeneous integration with chip-

to-chip bonding or direct hetero-epitaxial growth [30,31]. However, hybrid or 

heterogeneous integration bring additional drawbacks into the overall process flow, 

including manufacturing complexity and associated higher production costs. This way, 

utilization of group-IV semiconductors is foreseen to be optimal for the feasible 

monolithic chip integration.  

Different kinds of waveguide-integrated p-i-n photodetectors have been investigated in 

the last years, usually taking the form of full-Ge structures [12-22] and combined Si-

Ge devices [23-29]. Homo- and hetero-junction optical photodetectors use p-i-n 

junctions. The opto-electrical performance of homo-junction detectors is typically 

affected by process issues (ion implantation for p- and n-doped regions and metal vias 

are performed in/on top of Ge) and optical factors (weak modal field confinement 

within the intrinsic device zone). Consequently, their opto-electrical performance 

outputs are not as high as their hetero-junction counterparts. Full-Ge p-i-n's have higher 

dark currents, lower bandwidths, and reduced responsivity [12-22]. In opposite, hetero-

structured Si-Ge photodetectors take advantages of improved fabrication processes [23-

29] and better optical confinements within the intrinsic (light-absorbing) region. 

Hetero-structured photodetectors are fabricated with full-Si metal via-contacts and 

doping. Both aspects help to improve the device performances. However, conventional 

p-i-n structures have limited responsivity up to 1.24 A/W at 1.55 μm. Moreover, their 

optical power sensitivity for high-speed modulated signals is modest as well. Moreover, 

simple p-i-n devices also generate low electrical outputs, and thus extra amplification 

stages with additional electronic components need to be employed.  

Better performances can be expected by using photodetectors with an internal 

multiplication gain [32-45], so-called avalanche photodetectors (APDs). APDs can be 

found as metal-semiconductor-metal (MSM), p-i-n or separate absorption charge 

multiplication (SACM) structures. MSM devices can be driven at low voltages, with 

CMOS-compliant fabrication. On the other hand, they exhibit high dark currents and 

limited sensitivity [32] . In contrast, SACM photodetectors capitalize on a low 

multiplication noise of Si within the multiplication region [33,34,38,39,42-46]. 



 

 
 

 

However, SACM devices require excessively high voltages and still operate with 

moderate speeds. Even though recent SACM photodetectors can provide higher 

operation for conventional on-off keying (OOK) modulation or multi-level pulse 

amplitude modulation (PAM) formats,  they are still realized with additional 

amplification components such as trans-impedance amplifiers (TIAs) and limiting 

amplifiers (LAs), which however, affect their energy consumption [43,44]. 

In this work, we present recent advances in the development of p-i-n photodetectors 

with lateral silicon-germanium-silicon (Si-Ge-Si) heterojunctions. Si-Ge hetero-

structured photodetectors were fabricated on top of 200-mm SOIs using Si-foundry 

processes. P-i-n photodetectors that are operated at low reverse voltages yielded low 

dark-currents (~100 nA), photodiode bandwidth exceeding 50 GHz, and high photo-

responsivities, approaching a level of 1.2 A/W as well as allowing high-speed 40 Gbps 

operation. P-i-n waveguide-integrated photodetectors with lateral heterojunctions 

operated in an avalanche regime offer additional performance improvements. High-

speed and low-noise characteristics were obtained with a gain-bandwidth product of 

about 210 GHz and a low excess noise with a carrier impact ionization ratio of ~0.25. 

Measured sensitivity was -11 dBm for a conventional OOK modulation at 40 Gbps 

transmission bit rate, considering an error rate level of 10-9.  

The manuscript is organized in the following way. After the introduction in Section 1, 

Section 2 reports on a low-bias operation of waveguide-integrated Si-Ge-Si p-i-n 



 

 
 

 

photodetectors, while Section 3 sums up recent achievements for avalanche-mode-

operated Si-Ge-Si p-i-n photodetectors. Finally, conclusions are drawn in Section 4. 

 

Figure 1. (a) Cross-sectional schematics (x-y plane) of the waveguide-integrated 

photodetector with a lateral silicon-germanium-silicon heterojunction. (b) 

Optical micrograph image of a few fabricated hetero-structured p-i-n 

photodetectors. 

Optical photodetectors with lateral Si-Ge-Si hetero-junctions are shown schematically 

in Fig. 1a (a cross-sectional schematics), while in Fig. 1b., we can found an optical 

microscopy image of fabricated hetero-structured photodetectors. Here, optical 

photodetectors are implemented with SOI waveguides. A low-loss butt-waveguide-

coupling is combined with laterally arranged electrical p-i-n junctions. Top Si layer of 

220 nm is positioned on top of 2 μm thick buried oxides (BOXs). This integration 

approach helps to fabricate compact Ge photodetectors at the end of Si waveguides with 

good quality. The Ge film (i.e. the intrinsic photodetector region) is ~260 nm thick. This 

light-absorbing layer is selectively grown in narrow Si trenches, deeply etched at the 



 

 
 

 

end of waveguides. The remaining Si thickness at the bottom of those trenches is about 

60 nm. Ge is sandwiched between heavily doped Si slabs, having metal contacts formed 

on top. Variations in widths and lengths of the intrinsic device region are included on 

the mask. Off-chip coupling is realized via surface grating couplers. They inject the 

input light from an optical fiber into the Si waveguides, followed by hetero-structured 

p-i-n photodetectors. Surface grating couplers and Si interconnecting waveguides are 

optimized for transverse electric (TE) polarization at 1.55 μm. The injection Si 

waveguides are single-mode, with a cross-section of 220 nm by 500 nm (thickness by 

width) [27,28]. 

 Optical photodetectors were fabricated using CMOS-friendly tools in cleanroom 

facilitates of CEA LETI. They were realized on 200 mm SOI substrates. The fabricated 

devices were fully characterized using static current-voltage measurements, small-

signal radio-frequency testing, and large-signal data link measurements for eye diagram 

acquisitions and bit-error-rate assessments. More details about the fabrication and 

characterization can be found in Refs [27-29,40,41]. 

2.   P-I-N DIODE OPERATION 

Dark-current curves of different devices are shown in Fig. 2a. Dark-currents under 1 V 

bias remain consistently low (< 1 μA), typically of the order of a few tens of nA. The 

largest dark-current levels of around 150 nA are measured for the largest devices (1 μm 

wide and 40 μm long). The dark-current rises up with the operating voltage (for a fixed 

device geometry). Compact photodiodes are required as they facilitate low noise 

operation. Typically, p-i-n devices driven at low voltages need to have additional 

amplification stages with TIAs and LAs due to lower electrical outputs. 

 

Figure 2. (a) Dark-current and (b) photo-responsivity as a function of reverse 

voltage for different geometries of hetero-structured silicon-germanium-silicon 

photodetectors. 

Figure 2b shows the diode photo-responsivity as a function of reverse voltages, 

measured at a reference laser emission wavelength of 1.55 μm. Photo-responsivity is 



 

 
 

 

determined from the current-voltage measurements with a light coupled into the 

photodetector. As we can see, wider and longer devices yield higher levels of photo-

responsivity. Under 0 V, the responsivity of hetero-structured Si-Ge-Si photodetectors 

is always low. In this case, the built-in electric field is the weak. The smallest devices 

(0.3 μm wide and 20 μm long) have responsivity of 0.14 A/W The largest 

photodetectors (1 μm wide and 40 μm long) have responsivity of 0.63 A/W. It is evident 

that the responsivity increases with the voltage. This is a consequence of a higher 

electric field inside the intrinsic Ge region. The measured device responsivities at -0.5 

V are: 0.17 A/W, 0.44 A/W, 0.73 A/W and 1.16 A/W, respectively. Corresponding 

quantum efficiencies, at 0.5 V bias and an illumination wavelength of 1.55 μm, are 

estimated to be 13.8%, 35.1%, 58.7% and 92.8% for the same group of devices. 

The bandwidth of hetero-structured photodetectors was studied via small-signal radio-

frequency (RF) measurements. Normalized S21 traces for different p-i-n geometriess 

and different operating voltages (0 V and 1 V) are shown in Fig. 3. Zero-bias operation, 

depicted in Fig. 3a, yields low cut-off frequencies of 4.8 GHz, 3.8 GHz, 1.3 GHz, and 

1.1 GHz for particular device layouts. This small values are attributed to the long transit 

time of carriers and the weak built-in electric field within the intrinsic device region. 

These observations are in good coincidence with a low photo-responsivities measured 

under such operating conditions. In opposition, hetero-structured p-i-n biased at 1 V 

yielded much better bandwidths. We measured 35 GHz, 24.2 GHz, 15.7 GHz, and 6.7 

GHz for the same geometers (see Fig. 3b). The improved bandwidth is also in line with 

the improvement observed in diode photo-responsivities. 

A summary of 3 dB down bandwidth as a function of operating reverse voltages for all 

tested hetero-structured p-i-n photodetectors is shown in Fig. 3c. As we can see, 

photodetectors with narrower hetero-junction regions yielded much faster frequency 

responses. In particular, frequency response well beyond 50 GHz for a 2 V bias point 

was measured for the 0.3 μm wide photodetectors. It is otherwise obvious that the 3 dB 

bandwidth increases as the width of the intrinsic Ge region decreases. Moreover, we 

also observed that for a fixed width of the intrinsic photodetector region, the extracted 

cut-off frequencies do not really depend on the length of the intrinsic Ge region. This 

may indicate that the frequency response of the hetero-structured Si-Ge-Si p-i-n 

photodetectors is not mainly limited by the product between the diode resistance and 

the diode capacitance, i.e. resistance-capacitance (RC) delay. The main bandwidth (and 

speed) limitation for the hetero-structured p-i-n photodetectors comes from the carrier 

transit time. 

 



 

 
 

 

 

Figure 3. Normalized S21 parameters as a function of the radio-frequency for 

different silicon-germanium-silicon photodetector geometries and different 

operating reverse bias conditions: (a) 0 V and (b) 1 V. (c) Opto-electrical 

bandwidths versus reverse bias voltage for different widths of the hetero-

structured silicon-germanium-silicon photodetectors. 

 

Figure 4. Evolution of electrical eye diagrams under low-reverse-voltage 

operation, considering a transmission bit rate of 40 Gbps. In-plane dimensions of 

hetero-structured silicon-germanium-silicon photodetectors are: (a) wge = 0.5 µm 

and lge = 40 µm and (b) wge = 1.0 µm and lge = 40 µm. 



 

 
 

 

The high-speed operation of hetero-structured Si-Ge-Si pin photodetectors was further 

confirmed using large-signal data detection measurements. This was performed via eye-

diagram acquisitions. The measured eye diagram apertures under different low-reverse-

voltage operating conditions and a fixed transmission bit rate of 40 Gbps is shown in 

Fig. 4. Large-signal data assessments were carried out on hetero-structured p-i-n 

photodetectors with a 40-μm-long and 0.5- and 1.0-μm-wide Ge regions. 

As can be seen in Fig. 4, opened eye diagram apertures suggest that high-speed signal 

detection up to 40 Gbps is readily achieved in all studied arrangements of hetero-

structured p-i-n photodetectors. The limited opto-electrical bandwidth of the hetero-

structured Si-Ge-Si photodetectors at 1V reverse voltages explains why retrieved 

electrical eye diagrams are starting to close. This effect is more obvious for devices 

with a wider intrinsic Ge region (1 μm wide and 40 μm long), shown in Fig. 4b. These 

trends are in a good agreement with the small-signal radio-frequency tests. 

Nevertheless, it is worth mentioning that the voltage control possibility preserves a 

superior high-data-rate detection capability, thus still enabling a device operation under 

low-voltages. 

3.   AVALANCHE DIODE OPERATION 

The performance of hetero-structured p-i-n photodetectors can be further enhanced by 

operating the diode in the avalanche mode. We exploit an avalanche operation on a 

diode with 0.5 µm wide and 40 µm long intrinsic Ge region. 



 

 
 

 

 

Figure 5. (a) Current-voltage (undr dark and light-illuminated states) and (b) 

responsivity-voltage curves of hetero-structured p-i-n photodetector. The 

wavelength of laser emission was 1.55 um, while the power coupled into the 

device was -12 dBm. (c) Normalized S21 response versus the radio-frequency of 

hetero-structured p-i-n photodetector, considering different operating reverse 

bias conditions. (d) 3-dB bandwidth as a function of reverse voltages. 

Figure 5 shows opto-electrical performance obtained with avalanche-mode-operated 

hetero-structured p-i-n photodetectors. Figures 5a and 5b depict current- and 

responsivity-voltage curves of Si-Ge-Si p-i-n photodetector. In particular, Fig. 5a shows 

dark- and photo-currents as a function of an applied reverse voltage. As expected, the 

dark current rises up with the reverse bias, being a sign of operation in avalanche 

regime. At -1V, the dark-current is low (of about 50 nA). The avalanche breakdown is 

reached at a voltage of 11 V. The dark-current at an avalanche breakdown is 600 µA. 

The photo-current was generated from a laser source at a wavelength of 1.550 μm, with 

a launched power of about -12 dBm. The diode responsivity as a function of a reverse 

voltage is shown in Fig. 5b. The responsivity at 0 V and -1V are 0.3 A/W and 0.5 A/W. 

The device photo-responsivity increases further, reaching a peak near the avalanche 

breakdown. This peak value is 2.9 A/W, which corresponds to the avalanche 

multiplication gain of 5.8. 



 

 
 

 

Figures 5c and 5d depict the 3 dB bandwidth characteristics properties of a 0.5 µm wide 

and 40 µm long hetero-structured Si-Ge-Si photodetector, operating in an avalanche 

regime. The measurements were performed at a reference wavelength of 1.550 μm, with 

an optical input power of about -18 dBm. Figure 5c shows four normalized S21 

responses as a function of the radio frequency for different reverse voltages. Those 

reverse voltages are 0 V, 3 V, 7 V, and 10 V. Figure 5d summarizes the 3 dB down 

bandwidth. The  3 dB bandwidth increases from 1.2 up to 33 GHz as the voltage 

increases from 0 V up to 3 V. Then, the  3 dB bandwidth stays almost same in a range 

from 3 V up to 7 V. In this region, the photo-carriers reached their saturation velocity. 

Beyond a 7 V reverse voltage, the 3 dB down bandwidth reduces substantially due to 

the avalanche built-up time. At -10V (just below the avalanche breakdown), the diode 

bandwidth is still larger than 17 GHz. A maximum gain-bandwidth product up to 210 

GHz was then obtained. 

 

Figure 6. Electrical eye diagram apertures of 0.5 µm wide and 40 µm long hetero-

structured p-i-n photodetector operating at 40 Gbps and different avalanche 

conditions: (a) -15 dBm and -7 V and (d) -15 dBm, and -10 V, respectively. (e) 

Bit-error-rate versus received optical power. Hetero-structured photodetector 

operates at 40 Gbps with a reverse voltage of 10 V. 

The p-i-n avalanche photodetectors were also characterized via large-signal 

measurements using both eye diagram inspection and bit-error-rate (BER) assessments. 



 

 
 

 

Figures 6a and 6b show the evolution of eye diagram apertures for an optical power 

level of -15 dBm and two different reverse voltages of 7 V and 10 V. The transmission 

bit rate was fixed in both cases to 40 Gbps. Figure 6c shows BER as a function of the 

received optical power. BER measurements were also performed for a 40 Gbps optical 

signals. The diode was biased at -10V. The measured optical power sensitivity, at a 10-

9 BER level, is equal to -11 dBm.  

4.   CONCLUSION 

We demonstrated our recent results on optical photodetectors based on lateral Si-Ge-Si 

p-i-n hetero-junctions. Such photodetectors take advantages from easy-to-implement 

integration approach that advantageously combine the butt-waveguide coupling and 

lateral hetero-structured junctions. In turn, this enables a device fabrication using well-

developed Si-foundry processes. This integration techniques then results in lower 

fabrication complexity and better device performances. More specifically, p-i-n 

photodetectors operated at low voltages exhibited low dark-currents (~150 nA), cut-off 

frequencies beyond 50 GHz, and photo-responsivities of 1.2 A/W. Hetero-structured p-

i-n photodetectors also enabled a high-speed operation up to 40 Gbps at low biases. 

Moreover, p-i-n photodetectors with lateral heterojunctions operated in an avalanche 

regime offer additional performance improvements, especially providing enhanced 

signal quality and high-speed detection at the telecom waveband. High gain-bandwidth 

product of 210 GHz was obtained, enabling an error-free signal detection at a 

transmission bit rate of 40 Gbps, with a power sensitivity of -11 dBm for a 10-9 bit-

error-rate. These demonstrations are promising for the deployment of high-speed, 

energy-aware, and low-cost photodetectors in future optical interconnects. 
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