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Abstract 

This work presents the high-performance 𝐒𝐢/𝐒𝐢𝐎𝟐 distributed Bragg reflector (DBR)-integrated lateral germanium (Ge) p-

i-n photodetectors (PDs) for atmospheric gas sensing and fiber-optic telecommunication networks in the short-wave 

infrared (SWIR) regime. In addition, this study also proposes an opto-electronic compact small-signal noise equivalent 

circuit model (SSNECM) of the designed device to compute the signal-to-noise ratio (SNR) at the output of the detector. 

Various figure-of merits including current under dark and illumination, responsivity, detectivity, 3dB bandwidth, and the 

SNR of the proposed device are estimated at the room-temperature (RT) for an incident optical power of 𝟎. 𝟓 𝝁𝑾 . 

Furthermore, the impact of scaling of rib waveguide (WG) width and height on dark current, responsivity, and 3dB 

bandwidth are  investigated to optimize the proposed device. The validation of the proposed model is done by comparing 

various parameters including dark current, responsivity, and detectivity of the designed device with other Ge PDs. The 

estimated results show the reduced trade-off between responsivity and 3dB bandwidth of the designed device. At 𝝀 =𝟏𝟓𝟓𝟎 𝒏𝒎, the proposed device achieves the high detectivity and SNR of > 𝟐 × 𝟏𝟎𝟏𝟏Jones and 120 dB (up to 3 THz), 

respectively, with the bias voltage of -2V. These encouraging results pave the path for the future development of low noise 

and high-speed detectors for SWIR applications.  

Introduction  

he detection of short-wave infrared (SWIR, 1 − 1.7 𝜇𝑚) wavelengths has significant applications including fiber-
optic telecommunication1, optical gas sensing2, civilian and military applications3, biosensors4, night vision5, and 

health monitoring systems6,7. SWIR detection requires high-responsivity photodetectors (PDs) with high speed and 
low noise. Traditionally, mercury cadmium tellurium (HgCdTe) and InGaAs-based PDs are used for SWIR 
wavelength detection8–11. These PDs are very sensitive and robust. However, they require a complex fabrication 
process and high cost as well. In addition, HgCdTe and InGaAs contain heavy metals such as Hg and highly toxic 
materials such as Cd and As, which are dangerous for human beings12. Moreover, they are incompatible with silicon 
technology. On the other hand, Si-based PDs have been extensively used in the near-infrared (NIR) spectral range due 
to their matured technology and low cost13,14. However, its relatively large bandgap energy of 1.12 eV limits the 
absorption cutoff (𝜆𝑐)  of 1.1 𝜇𝑚 . As a result, Si-based PDs are not suitable for SWIR wavelength detection. 
Fortunately, germanium (Ge) is one of the most promising group-IV material for SWIR wavelength detection owing 
to its small direct bandgap of 0.8 eV at room temperature and fully compatible with Si complementary metal-oxide-
semiconductor (CMOS) technology15,16. Therefore, it is highly desirable to develop high-responsivity Ge-based PDs 
with high-speed at the SWIR bands.  

Over the last few decades, several metal-semiconductor-metal (MSM) and p-i-n type Ge PDs have been extensive 
studied17–23. Usually, the dark current of p-i-n PDs is relatively smaller than the MSM PDs because of the on/off 
characteristics of the p-n junction24. Recently, Ge PDs on Ge-on-insulator (GOI) platform have been studied for further 
reduction in dark current, owing to the reduced defect density23,25–28. In addition, in recent years, several techniques 
such as waveguide and resonant-cavity-enhanced (RCE) structures have been invented to improve the spectral 
responsivity (SR) of p-i-n Ge PDs29–33.  Among those techniques, RCE PDs can be a promising device to reduce the 
trade-off between 3dB bandwidth (𝑓3𝑑𝐵) and spectral responsivity. Thus, RCE PDs can achieve high 𝑓3𝑑𝐵 and SR 
simultaneously at a particular wavelength. Furthermore, the greatest advantage of using the RCE technique in optical 
communication networks is its excellent wavelength selectivity for dense wavelength division multiplexing (DWDM) 
to get the enhanced data transport capacity.  

In recent decades, a few works on vertical p-i-n PDs on silicon-on-insulator (SOI) substrate have been reported34–
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36. The SR of their devices at 1550 nm were 0.18 A/W34, 0.842 A/W35, and 0.249 A/W36, on the other hand, their 3dB 
bandwidth was 9.7 GHz34, 19 GHz35, and 20.6 GHz36 on SOI substrate.  These encouraging results show that RCE Ge 
p-i-n PDs can be a promising detector for the SWIR regime. The responsivity and 3dB bandwidth of the device can 
be further improved by the integration of high-quality (𝒬) factor distributed Bragg reflector (DBR) and lateral Ge p-

i-n PDs.  To the best of the authors’ knowledge, there is no DBR-integrated lateral Ge PDs have been reported yet, 
thus hindering the development of high-performance SWIR Ge PDs. Therefore, it is interesting to study and predict 
the performance of DBR-integrated lateral Ge p-i-n PDs.  

Here, we propose a novel DBR (Si/SiO2: 𝑛𝐻/𝑛𝐿)-integrated lateral Ge p-i-n PDs on Si substrate to get high-speed 
and high responsivity, simultaneously. The Si/SiO2(𝑛𝐻/𝑛𝐿) DBR was used to reflect the transmission light for the 
enhancement of light-matter interaction and thus, finally photo-generated carrier collection efficiency. Furthermore, 
in this work, lateral Ge PDs on the Si platform were considered to meet the requirements of electronic-photonic 
integrated circuits (EPICs). In addition, our designed lateral Ge PDs structure provides the better decoupling of photon 
absorption and photon generated carrier path which reduces the trade-off between the responsivity and 3dB bandwidth 
of the device. Our lateral Ge p-i-n homojunction also enhances the optical confinement factor (OCF) in the intrinsic 
Ge layer, thereby, increasing the optical responsivity. The performance of the designed device was studied via 
electrical and optical simulation in the SWIR regime (1200 to 1600 nm) using COMSOL Multiphysics and MATLAB 
software. The impact of scaling of rib waveguide width and height was also studied to get the optimal performance of 
the proposed device. Furthermore, to the best of our knowledge, we present for the first time the small-signal noise 
equivalent circuit model (SSNECM) of lateral Ge p-i-n PDs. The analytical expressions for the transfer function and 
signal-to-noise ratio (SNR) were also derived based on the presented SSNECM. The proposed SSNECM examined 
several light interactions happening inside the device such as the junction and parasitic capacitances, and resistances. 
The presented SSNECM consists of various noise components including shot noise current source and thermal noise 
current source to characterize the noise performance. The results revealed that the proposed circuit model accurately 
examined the noise present and the SNR of the device in the high-frequency operation. Therefore, it can be useful for 
noise characterization and high-performance circuit designing.  

Device Structure and Optical Characterization 
The proposed device structure is shown in Fig. 1(a) in which layers are grown pseudomorphically on the Si substrate. 
From fabrication point of view, the Si/SiO2 DBR structure can be formed by transfer printing technique37. The top Si 
layer and active Ge regions are intrinsic. Doping concentration of the p-type Si buffer layer (400 nm) is 1016

 𝑐𝑚−3. 
The structure is coated with SiO2 for minimizing the light reflection. Light (0.5 µW) is made to the incident on the top 
of the structure. The top SiO2 antireflection (AR) coating form a high Q-factor resonant cavity with the bottom DBR 
structure. Each DBR pair is having a thickness of 330 nm (Si: 100 nm; SiO2: 230 nm). The presented DBR pair 
thickness is chosen using the relation λ/4n, where λ and n are the incident light wavelength and refractive index, 
respectively. High reflectivity is experienced in the DBR structure as indicated in Fig 1(b). This reflectivity enhances 
the light-matter interaction in the active region. The interaction results in peak responsivity at a particular wavelength. 
Thus, wavelength selectivity is an additional advantage of using DBR structure apart from high responsivity behavior. 

 
(a) 

 
(b) 

Fig. 1 (a) Two-dimensional (2-D) Si/SiO2 DBR-integrated lateral Ge p-i-n homojunction PD on Si substrate and (b) Pattern of 
refelectivity in the active layer caused by the DBR pairs.   
The optimal range of aspect ratio of rib waveguide can be determined using the expression as follows38; 𝑊𝐻 ≤ 𝛼 + 𝑟√1−𝑟2; for 0.5 ≤ 𝑟 ≤ 1.0                                                                                                              (1) 



where, 𝑊 𝐻⁄  is the aspect ratio of rib waveguide width to the height, 𝑟 is the slab height to the total height of rib 
waveguide. The value of 𝛼 = 0.3 is considered in this work.  

Initially, the guiding mode of the designed waveguide structure is analyzed in order to evaluate the optical 
confinement. The finite element method (FEM) simulated quasi-TE fundamental mode along with the normalized 
optical confinement factor (OCF) for the waveguide structure is shown in Fig. 2(a). The structure width of 5 µm (5-
pairs of DBR) is considered with the incident light wavelength of 1310 nm. Here the top Si and the bottom DBR pairs 
(Si/SiO2) provide good optical confinement for the Ge active layer which facilitates proper light confinement in 
the rib structure for a small aspect ratio of 1.3. As a result, a good optical confinement factor larger than 95% can be 
achieved, which is significantly sensitive to the DBR pairs. These figures (Fig. 2(a)) show different quasi-TE modes 
for the waveguide structure based on different eigenfrequency values. Along the vertical direction, only one mode is 
seen because the thickness is less than a half of the wavelength. Further, along the horizontal direction, although the 
structure can support many modes, the overlap of the guiding mode with the intrinsic Ge active layer can maintain 
high, so the OCF can also be greater than 95%. Additionally, Fig. 2(b) shows the variation of OCF increment (in 
percentage) with the number of DBR pairs in the case of two incident wavelengths. The variation is similar for both 
cases. This high OCF directs towards the high responsivity applicability of the proposed PD in the SWIR region 
especially at 1330 and 1550 nm. 

 
(a) 

 
(b) 

Fig. 2 (a) FEM simulated quasi-TE fundamental mode along with the normalized optical confinement factor (OCF) for the 
waveguide structure and (b) Variation of OCF increment (in percentage) with the number of DBR pairs in the case of two incident 
wavelengths. 

 

Results and Discussion 

Dark and illumination I-V characteristics. Si/SiO2 DBR integrated lateral Ge homojunction p-i-n PDs were 
characterized by simulating I-V curves under dark and illuminated conditions.  

Fig. 3a shows typical I-V characteristics of the designed device simulated at room temperature (RT) and shows 
the excellent rectification characteristics of lateral p-i-n homojunction. Under a reverse bias voltage of -2V, the device 
exhibits a dark current of ~0.54 𝑝𝐴 at RT for 𝑊 = 4000 𝑛𝑚, as shown in Fig. 3a. To the best of the authors’ 
knowledge, it is the lowest value than those of other Ge PDs on Si and SOI substrates31,32,34–36,39. Theoretically, the 
rectification behavior of p-i-n diode can be analyzed using the equation40; 𝐼𝑑𝑎𝑟𝑘 = 𝐼0 × 𝑒𝑥𝑝 [𝑞(𝑉𝑏𝑖𝑎𝑠−𝑅𝑠𝐼𝑛𝑒𝑡)𝜂𝑘𝑇 ] + 𝑉𝑏𝑖𝑎𝑠𝑅𝑠ℎ𝑢𝑛𝑡                                                                                                                             (2) 

where, 𝐼0 and 𝜂 are the reverse saturation current and ideality factor, respectively. 𝑞, 𝑘, and 𝑇 are the charge of an 
electron, Boltzmann constant, and temperature in Kelvin.  𝐼𝑛𝑒𝑡  is the net current flowing through the diode in forward 
bias condition under dark condition, which can be calculated using, 𝐼𝑛𝑒𝑡 = 𝐼𝑑𝑎𝑟𝑘 − (𝑉𝑏𝑖𝑎𝑠 𝑅𝑠ℎ𝑢𝑛𝑡⁄ ). 𝑅𝑠 and 𝑅𝑠ℎ𝑢𝑛𝑡 are 
the series and shunt resistances, respectively, calculated under forward bias and reverse bias. 𝑅𝑠ℎ𝑢𝑛𝑡 can be calculated 

by taking the first derivative of I-V near zero voltage, 𝑅𝑠ℎ𝑢𝑛𝑡 = (𝑑𝐼𝑑𝑉)−1
. Ideally, infinite shunt resistance is desired to 

eliminate the thermal noise. The series resistance can be calculated from both the simulated and measured I-V curve 
in forward bias using the expressions; 𝑅𝑠 = 𝑑𝑉𝑏𝑖𝑎𝑠𝑑𝐼𝑛𝑒𝑡 − 𝜂𝑘𝑇𝑞𝐼𝑛𝑒𝑡                                                                                                                                                                 (3) 

The calculated values of 𝑅𝑠ℎ𝑢𝑛𝑡 and 𝑅𝑠 from the simulated I-V characteristics are 236.7 GΩ and 0.5Ω, respectively 
for 𝑊 = 4000 𝑛𝑚. The low series resistance and high shunt resistance obtained here suggest a good Ohmic contact 



of the device and indicate a low leakage current. In addition, to further understand the behavior of dark current, I-V 
curves were also calculated for different rib waveguide widths, as shown in the inset of Fig. 3a. The obtained results 
show an increase of 𝐼𝑑𝑎𝑟𝑘 under reverse bias and a decrease of 𝐼𝑑𝑎𝑟𝑘  under forward bias with increasing rib waveguide 
width. Principally, 𝐼𝑑𝑎𝑟𝑘  consists of two major components: surface leakage current (𝐼𝑠𝑢𝑟𝑓) and the bulk leakage 
current (𝐼𝑏𝑢𝑙𝑘). Generally, 𝐼𝑠𝑢𝑟𝑓  contributes significantly to 𝐼𝑑𝑎𝑟𝑘  than 𝐼𝑏𝑢𝑙𝑘 . The reason is attributed to the generation 
of minority carriers at the surface states on Ge layer sidewalls mainly governed by the Shockley-Read-Hall (SRH) 
recombination process.  

Fig. 3b shows the I-V curve under the illumination of 0.5 𝜇𝑊 at 1310 𝑛𝑚. The photogenerated current (𝐼𝑝ℎ) 
simulated under the reverse bias voltage is higher with at least five orders of magnitude compared with 𝐼𝑑𝑎𝑟𝑘 , proving 
that the Ge-based films are highly photosensitive. The similar-gains were also reported in the literature for different 
Ge-based films35, which confirms the validity of the obtained results in this work.  

The validation of the proposed model was also done by comparing the I-V characteristics of the designed device 
with lateral p-i-n silicon-germanium-silicon (Si-Ge-Si) heterojunction PD22, the result is shown in Fig. 3c. The cross-
sectional area of the waveguide in both devices is the same (~6 𝜇𝑚2) so that a relevant comparison is possible. Fig. 
3c depicts the dark current of both the devices under applied reverse bias. As noticed, the proposed device exhibits 
lower 𝐼𝑑𝑎𝑟𝑘  at least five orders of magnitude compared with Si-Ge-Si PD because of the reduced tunneling current at 
the homojunction and lower leakage current. In addition, for the proposed device, the dark current is almost constant 
throughout the applied reverse bias, resulting in a high shunt resistance. However, a significant increment of 𝐼𝑑𝑎𝑟𝑘  for 
applied reverse bias can be observed for Si-Ge-Si PD, which results in lower shunt resistance. As a result, the thermal 
noise of Si-Ge-Si p-i-n PD will be higher than the designed device. Therefore, this significant comparison confirms 
that the designed device can perform better than earlier reported Ge PDs.  

 

  
Fig.3 (a) Dark current with different rib waveguide width as a function of bias voltage at room-temperature. The inset shows the 
variation of dark current under reverse bias and forward bias with varying width. (b)Variation of current under dark and illumination 
at 𝜆 =1310 nm with incident optical power of 0.5 𝜇𝑊, and (c) Comparative  I-V characteristics of the designed device with lateral 
p-i-n silicon-germanium-silicon (Si-Ge-Si) heterojunction PD22.  

Optical properties and the effect of aspect ratio on the photoresponse. The variation of the absorption 
coefficient (𝛼)  with wavelength (𝜆) for Ge film at RT, considering the absorption bands of various gases such as O2 
at 1270 𝑛𝑚 , H20  at 1380 𝑛𝑚 , and CO2  at 1400 𝑛𝑚 , and fiber-optic telecommunication bands at 1310 𝑛𝑚  and 1550 𝑛𝑚, respectively is shown in Fig.4. The absorption coefficient of Ge film was calculated using the expression41. 
An estimation of bandgap energy (𝐸𝑔) of Ge film can also be made from the absorption coefficient spectrum (Fig. 4). 
The corresponding direct bandgap energy of Ge film is 0.7985 eV at RT.    



  
Fig. 4 Calculated absorption spectra for pseudomorphic Ge at 𝑇 = 300 𝐾.  

Next, the photoresponse specifically in terms of spectral responsivity of Si/SiO2  DBR integrated lateral Ge 
homojunction p-i-n PDs were simulated in the spectral range of 1200 𝑛𝑚  to 1600 𝑛𝑚 . The prime objective of 
selecting this broad spectral range was to cover the absorption edges of various atmospheric gases such as O2, H20, 
and CO2 and fiber-optic telecommunication bands. In addition, the reflectivity of Si/SiO2 DBR is ~100% and constant 
throughout this selected wavelength spectrum. As a result, light-matter interaction will be maximum in the active 
region. Theoretically, the responsivity of a PD can be calculated as; 𝑅(𝜆) = 𝐼𝑝ℎ(𝜆)𝑃𝑖𝑛                                                                                                                                                                          (4) 

where,  𝐼𝑝ℎ(𝜆) is the wavelength-dependent photogenerated current under illumination and 𝑃𝑖𝑛  is the incident optical 
power.  Fig. 5 shows the spectral responsivity (SR) of the designed device with varying rib waveguide width, height 
and their corresponding aspect ratio at a bias voltage of -2V. Fig. 5a shows the evolution of SR of the designed device 
as a function of increasing width for sensing various atmospheric gases at 1270 𝑛𝑚 , 1380 𝑛𝑚 , and 1400 𝑛𝑚 , 
respectively for a fixed height of rib waveguide ~1500 𝑛𝑚. The responsivity decreases with increasing waveguide 
width. The reason may be attributed to the increased adverse losses at the selected wavelengths. The calculated result 
reveals that a narrower rib waveguide width is suggested to get the highest SR at the above-selected wavelengths for 
sensing atmospheric gases. Next, to get the optimal width and height for sensing applications, the SR of the device 
was also calculated with the varying height of rib waveguide for a fixed waveguide width of 1000 𝑛𝑚 at -2V. The 
simulated result suggested that the preferable height of the rib waveguide should be 1300 𝑛𝑚 to get the highest 
responsivity. Therefore, based on the simulated results, the reasonable width and height of 1000 𝑛𝑚 and  1300 𝑛𝑚 
were chosen in this work to optimize the aspect ratio (𝑊 𝐻⁄ ) in order to get the highest responsivity for sensing 
atmospheric gases at 1270 𝑛𝑚, 1380 𝑛𝑚, and 1400 𝑛𝑚, respectively. For the optimal width and height, the spectral 
responsivities of the device are 542.3 𝑚𝐴/𝑊 ,  642.7 𝑚𝐴/𝑊 , and 832.04 𝑚𝐴/𝑊  at wavelengths of 1270 𝑛𝑚 , 1380 𝑛𝑚, and 1400 𝑛𝑚, respectively.  

 
Fig. 5 Simulated spectral responsivity as a function of aspect ratio, rib waveguide width, and height for the proposed device at 𝑇 =300 𝐾. 



Similarly, to get the optimal aspect ratio at fiber-optic telecommunication bands, the spectral responsivity was 
calculated with varying width and height, results are shown in Fig. 5c and 5d. For 500 𝑛𝑚 ≤ 𝑊 ≤ 4000 𝑛𝑚, spectral 
responsivity increases but it tends to be saturated for 𝑊 ≥ 4000 𝑛𝑚. The reason for the enhanced responsivity with 
increasing width is attributed to the increased absorption of the device. However, the variation of height has no 
significant impact on the spectral responsivity at 1310 𝑛𝑚 but it has a noticeable impact on the responsivity at 1550 𝑛𝑚. The reason for this behavior may be attributed to the resonance effect caused by the vertical resonant cavity. 
The simulated results suggest the optimal width and height of 4000 𝑛𝑚 and 1500 𝑛𝑚 to get the highest responsivities 
of 652.08 𝑚𝐴/𝑊 and 816.55 𝑚𝐴/𝑊 at wavelengths of 1310 𝑛𝑚 and 1550 𝑛𝑚, respectively.  

Next, the bias-dependent responsivity of the proposed device at 1550 𝑛𝑚 was also calculated and compared with 
values obtained for lateral Si-Ge-Si heterojunction PD22, the result is presented in Fig. 6. The cross-sectional area of 
the waveguide in both the device was kept the same (~6 𝜇𝑚2) to make a meaningful comparison. The spectral 
responsivity of the designed device is less dependent on the applied bias voltage because of the high electric field (> 106  𝑉 𝑚⁄ ) and nearly constant within the intrinsic Ge region for the applied bias voltage. However, the significant 
increase in spectral responsivity of Si-Ge-Si PD with applied bias voltage can be observed. This is due to an increase 
of electric field within the intrinsic Ge region with applied bias voltage. This comparison reveals that Si/SiO2 DBR 
integrated lateral Ge homojunction p-i-n PD achieved ~308.2% higher responsivity than the value of responsivity 
obtained for Si-Ge-Si heterojunction PD22.  

In addition, the encouraging responsivity curve of Si/SiO2  DBR integrated lateral Ge homojunction p-i-n PD 
indicates that the device can yield very high external quantum efficiency (EQE), approaching the theoretical limit of 
~100%. Particularly, DBR integrated lateral Ge p-i-n homojunction PD transform very efficiently the incident photon 
into electrons and thus photogenerated current. The EQE of PD can be calculated as follows: 𝐸𝑄𝐸 = 1240×𝑅(𝜆)𝜆 (𝑛𝑚)                                                                                                                                                                                (5) 

where, 𝑅(𝜆) is the wavelength-dependent responsivity and 𝜆 (𝑛𝑚) is the wavelength in 𝑛𝑚. Similar to the spectral 
responsivity of the device, EQE shows the same trends with the varying width and height of the rib waveguide. At -
2V and 1550 𝑛𝑚 operating wavelength, EQE of the proposed device is equal to ~65.3% for the cross-sectional area 
of waveguide ~6 𝜇𝑚2, which is almost 4.7 times higher than the value obtained for Si-Ge-Si PD22 for having the same 
cross-sectional area.  

 

Fig. 6 Comparison of bias-dependent spectral responsivity of the proposed device with lateral Si-Ge-Si heterojunction PD22 at 𝜆 =1550 𝑛𝑚. 

Analysis of specific detectivity of designed device. Apart from the calculation of spectral responsivity, the 
performance of PDs can also be characterized by specific detectivity (𝐷∗). Generally, it represents the potentiality of 
a PD to detect weak incident light signals. Detectivity and responsivity of any PD are directly related to each other 
according to the following mathematical expression42: 𝐷∗ = 𝑅(𝜆)×√𝐴∆𝑓𝑖𝑛 = 𝑅(𝜆)×√𝐴∆𝑓√𝐼𝑠ℎ𝑜𝑡2 +𝐼𝑡ℎ2                                                                                                                                           (6) 

where, 𝐴 is the photosensitive area. ∆𝑓 is the bandwidth, which is usually considered as 1 𝐻𝑧43. 𝐼𝑠ℎ𝑜𝑡  is the shot noise 
current mainly due to current under dark and illumination and 𝐼𝑡ℎ is the Johnson noise due to the thermal vibrations 
of carriers. 𝐼𝑠ℎ𝑜𝑡  and 𝐼𝑡ℎ can be calculated using the equations as follows: 𝐼𝑠ℎ𝑜𝑡 = √2𝑞(𝐼𝑑𝑎𝑟𝑘 + 𝐼𝑝ℎ)∆𝑓                                                                                                                                         (7) 



𝐼𝑡ℎ = √4𝑘𝑇∆𝑓𝑅𝑠ℎ𝑢𝑛𝑡                                                                                                                                                                  (8) 

where, 𝑅𝑠ℎ𝑢𝑛𝑡 is the shunt resistance. It can be concluded from equation (6) that low dark current, high responsivity, 
and high shunt resistance are desired for any PD to manifest high detectivity. Fig. 7 shows the estimated detectivity 
of the designed device as a function of reverse bias voltage at RT.  The peak detectivity of the simulated Si/SiO2 DBR 
integrated lateral Ge homojunction p-i-n PD is predicted to be ~2.4 × 1011 Jones for 𝑊 = 4000 𝑛𝑚  and 𝐻 =1500 𝑛𝑚 at 𝜆 = 1550 𝑛𝑚 and -2V. Here, the high detectivity reveals that the designed device is highly sensitive to 
the weak optical signal. The reason for this high detectivity is attributed to the reduced 𝐼𝑠ℎ𝑜𝑡  and 𝐼𝑡ℎ because of the 
lower 𝐼𝑑𝑎𝑟𝑘  and higher 𝑅𝑠ℎ𝑢𝑛𝑡  for the designed device. The order of specific detectivity estimated in this work is 
significantly higher as compared to other reported Ge-based PDs44. The estimated detectivity is also two orders of 
magnitude higher than the commercial Ge PD45 developed on defect-free bulk Ge and As-200 and control GOI 
devices43, a comparison is also shown in the inset of Fig. 7. Most importantly, the designed device exhibits high 
detectivity at small reverse bias voltage, which makes the device low power consumption.  

 

Fig. 7 Calculated detectivity of the device as a function of applied reverse bias at 𝑇 = 300 𝐾. The inset shows the comparison of 
detectivity of the proposed device with As-200 and Control GOI devices43.  

Analysis of opto-electrical frequency response. The opto-electrical frequency response of PDs has been 
investigated through the calculation of (i) 3dB bandwidth and (ii) the quantum-efficiency bandwidth product. The 3dB 
bandwidth of PD can be estimated using the equation as follows: 𝑓3𝑑𝐵 = √ 11𝑓𝑡𝑟𝑎𝑛𝑠2 + 1𝑓𝑅𝐶2                                                                                                                                                           (9) 

where, 𝑓𝑡𝑟𝑎𝑛𝑠 is the carrier transit-limited bandwidth, which can be calculated as; 𝑓𝑡𝑟𝑎𝑛𝑠 = 0.45𝑣𝑠𝑎𝑡 𝑊⁄  and 𝑓𝑅𝐶  is the 
RC delay-limited bandwidth, which can be calculated as 𝑓𝑅𝐶 = 1 (2𝜋𝑅𝐿𝐶𝑗)⁄ . 𝑣𝑠𝑎𝑡  represents the saturation drift 
velocity of the carrier (6 × 104 𝑚/𝑠) in Ge and 𝑅𝐿 is the load resistance (50Ω) frequently used in network analyzers. 𝐶𝑗 is the junction capacitance due to 𝑝 − and 𝑛 −doped Ge and can be calculated as; 𝐶𝑗 = 𝜀0𝜀𝑟𝐴𝑗 𝑊⁄ , where 𝜀𝑟 is the 
relative permittivity (16.2) of Ge, 𝐴𝑗 is the junction area of the device, and 𝑊 is the width of the intrinsic region (here 
the width of rib waveguide). Fig. 8 shows the calculated junction capacitance as the functions of waveguide width and 
the device length. Junction capacitance is significantly dependent on both the waveguide width and the device length. 
As the waveguide width increases, 𝐶𝑗 decreases rapidly, however, it increases with the increasing the device length 
because of the increased cross-sectional area. Next, the calculated bandwidth of the device with a fixed device length 
of 1 𝜇𝑚 as a function of increasing waveguide width is presented in Fig. 9(a). The calculated result shows that 𝑓𝑡𝑟𝑎𝑛𝑠 
decreases with the increasing width because the photogenerated carriers have to travel a longer path. On the contrary, 𝑓𝑅𝐶  increases because of the decreasing behavior of junction capacitance with the width. This study reveals that 𝑓3𝑑𝐵 
of the designed device is significantly dominated by 𝑓𝑡𝑟𝑎𝑛𝑠. Fig. 9(b) demonstrates the calculated 𝑓3𝑑𝐵 of the proposed 
PDs as a function of rib waveguide width with different device lengths. The result indicates that 𝑓3𝑑𝐵 is strongly 
dependent on the device length for narrower width (𝑊 < 1000 𝑛𝑚) and less dependent for 𝑊 ≥ 1000 𝑛𝑚. However, 
it decreases steeply with increasing width because of the carrier transit-limited bandwidth. With optimal width of 1000 𝑛𝑚 and 4000 𝑛𝑚 and device length of 1 𝜇𝑚 for atmospheric gas sensing and fiber-optic telecommunication 
applications, 𝑓3𝑑𝐵 of the designed device are 26.4 GHz and 6.6 GHz, respectively. This estimated high 𝑓3𝑑𝐵 indicates 
the high-speed operation of the proposed device. In addition, the quantum-efficiency bandwidth product with optimal 
width of 1000 𝑛𝑚 for sensing various atmospheric gases at 1270 𝑛𝑚(O2), 1380 𝑛𝑚(H2O), and 1400 𝑛𝑚(CO2)  are 



~14.1 GHz, ~15.4 GHz, and ~19.6 GHz, respectively. On the other hand, for fiber-optical telecommunication bands 
at 1310 𝑛𝑚 and 1550 𝑛𝑚, the quantum-efficiency bandwidth product are ~4.1 GHz and ~4.3 GHz, respectively 
with the optimal width of 4000 𝑛𝑚. This quantum-efficiency bandwidth product is very crucial for the PDs design in 
terms of opto-electrical performance and footprint.   

 

Fig. 8 Variation of calculated junction capacitance with rib waveguide width and length of the device. 

 

Fig. 9 (a) Variation of calculated bawidth of the device as a function of width with fixed device length of 1𝜇𝑚 and (b) 3dB 
bandwidth of the device as a function of width with different device lengths.  

Small-signal noise equivalent circuit modeling (SSNECM) and signal-to-noise ratio (SNR) analysis.  
 

 
Fig. 10 (a) Proposed small-signal noise equivalent circuit model of the designed device and (b) simplified noise equivalent circuit 
model of the proposed small-signal noise equivalent circuit model of the device.  

Fig. 10(a) presents the 𝜋 −model SSNECM of the DBR-integrated lateral Ge p-i-n homojunction PDs with significant 
changes in the conventional small-signal circuit model of p-i-n diode. Fig. 10(b) shows the simplified equivalent 
circuit model of SSNECM (as shown in Fig. 10(a)). The proposed SSNECM consists of two major noise sources 

present in the p-i-n PD: shot noise (𝑖𝑠ℎ𝑜𝑡2̅̅̅ ̅̅ ̅) and Johnson noise (𝑖𝑡ℎ2̅̅̅̅) and the mode of photodetection to detect optical 



signals. However, the conventional small-signal circuit model of p-i-n diode doesn’t comprise any noise source and 
the photodetection mode to detect optical signal. The magnitude of the shot noise source strongly depends on the dark 
current and photocurrent. On the other hand, thermal noise is significantly affected by the shunt resistance (𝐼𝑡ℎ𝛼 1 √𝑅𝑠ℎ𝑢𝑛𝑡⁄ ). Therefore, low dark current and high shunt resistance are strongly desired for the PDs to achieve 
high SNR.   
Based on the presented SSNECM, the signal-to-noise ratio of PD can be computed by using the expression as follows: 𝑆𝑁𝑅 = 𝑖𝑝ℎ2 (|𝐻(𝑠)|2)𝑖𝑛2(𝑠)                                                                                                                                                              (10) 

where,  𝑖𝑛(𝑠) and 𝑖𝑝ℎ are the mean squared noise current source and photogenerated, respectively. 𝐻(𝑠) is the transfer 
function of the proposed SSNECM. The mean squared noise current source can be calculated as; 𝑖𝑛2̅ (𝑠) = 𝑖𝑠ℎ𝑜𝑡2̅̅̅ ̅̅ ̅ + 𝑖𝑡ℎ2̅̅̅̅ = 2𝑞(𝐼𝑑𝑎𝑟𝑘 + 𝐼𝑝ℎ)∆𝑓 + 4𝑘𝑇∆𝑓𝑅𝑠ℎ𝑢𝑛𝑡                                                                                                        (11) 

The transfer function of the proposed SSNECM can be expressed as; 𝐻(𝑠) =  
𝑋𝑐𝑅+𝑋𝑐 = 1 𝐶𝑗𝑠⁄𝑅𝑡𝑜𝑡𝑎𝑙+1 𝐶𝑗𝑠⁄ = 11+𝑅𝑡𝑜𝑡𝑎𝑙𝐶𝑗𝑠                                                                                                                       (12) 

Where, 𝑠 is the Laplace operator, taking 𝑠 = 𝑗𝜔 = 𝑗2𝜋𝑓. 𝑅𝑡𝑜𝑡𝑎𝑙 is the total resistance connected in the SSNECM and 
can be calculated as; 𝑅𝑡𝑜𝑡𝑎𝑙 =  𝑅𝑠 + (𝑅𝑠ℎ𝑢𝑛𝑡||𝑅𝑙𝑜𝑎𝑑||𝑅𝑖)                                                                                                                                    (13) 
Where, 𝑅𝑖 is the input impedance of the amplifier circuit, which is considered as 10 𝑘Ω in this work.  
Combining Eqs. 10 to 13, finally the expression to compute SNR of a PD can be given as; 𝑆𝑁𝑅 = 𝑖𝑝ℎ2 × ( 12𝑞(𝐼𝑑𝑎𝑟𝑘+𝐼𝑝ℎ)∆𝑓+ 4𝑘𝑇∆𝑓𝑅𝑠ℎ𝑢𝑛𝑡) × (| 11+𝑅𝑡𝑜𝑡𝑎𝑙𝐶𝑗𝑠|2)                                                                                                  (14) 

Fig. 11 (a) and (b) show the computed thermal and shot noise components (using Eq. 11) as a function of device 
operating frequency with optimal width and height of rib waveguide for an input impedance of 10 𝑘Ω at RT. As shown 
in Fig. 11, all the noise sources are independent of frequency because they are white noise. The result reveals that 
device with 𝑊 = 4000 𝑛𝑚  and 𝐻 = 1500 𝑛𝑚  exhibits higher thermal noise compared to the device with 𝑊 =1000 𝑛𝑚 and 𝐻 = 1300 𝑛𝑚 because of the reduced shunt resistance. In addition, the magnitude of the shot noise 
source is also higher for 𝑊 = 4000 𝑛𝑚 and 𝐻 = 1500 𝑛𝑚 than those of 𝑊 = 1000 𝑛𝑚 and 𝐻 = 1300 𝑛𝑚 because 
of the increased dark current.  

 
Fig. 11 Variation of various noise components at (a) absorption bands of atmospheric gases (b) fiber-optic telecommunication 

bands with operating frequency. Computed signal-to-noise ratio at (a) absorption bands of atmospheric gases (b) fiber-optic 

telecommunication bands with operating frequency at 𝑇 = 300 𝐾. 

Fig. 11 also suggests that thermal noise is independent of incident light wavelength. Conversely, shot noise is 
significantly dependent on the incident light wavelength because of the wavelength-dependent photocurrent.  Most 
importantly, the order of thermal noise found in this work is three orders lower than compared to As-200 and Control 
GOI devices43, which again confirms the potentiality of the proposed device.  Next, the SNR at the output of PDs was 
also computed based on the calculated noise components. Fig. 11 (c) and (d) show the computed SNR as a function 
of operating frequency with different incident light wavelengths at RT. The results reveal that the SNR increases 



gradually with increasing wavelengths. The resonant effect in the cavity leads to an enhanced light-matter interaction 
in the active region of the device due to the high optical confinement factor and high reflectivity caused by the bottom 
DBR. As a result, the photogenerated current enhances and thus the output signal power. In addition, the SNR 
increases with wavelengths is due to more photo-generated carriers formd by per watt incident light. For longer 
wavelengths, each photon owns smaller energy. Hence, the light of 0.5 𝜇W would be composed of more photons for 
longer wavelengths. The more photons can contribute to the more photo-generated electron-hole pairs. A higher photo-
generated current source can then be achieved. Therefore, with increasing incident light wavelengths, the SNR 
increases at the output of PDs. Furthermore, the estimated results also suggest that the magnitude of SNR is less 
dependent on the frequency (𝑓) up to 104 GHz, however, it decreases precipitately beyond 𝑓 > 104 GHz. With the 
increase in operating frequency (10 GHz < 𝑓 < 106 GHz), the SNR decreases by ~7.2% at 1550 nm. This decrease 
in SNR is due to the 𝑅𝐶 effect.  

Most importantly, the computed SNR at the output of the proposed device can exceed 120 dB for the frequency 
range up to 104 GHz, which is significantly higher than the typical value of SNR (~60 dB)46 for practical SWIR 
applications. These results prove that the designed device can be a potential detector for low noise and high-speed 
applications.  
Conclusion 
To reduce the trade-off between the responsivity and 3dB bandwidth and to get the high-performance, we investigated Si/SiO2 DBR-integrated lateral Ge p-i-n PDs on Si substrate. In addition, 𝜋 −model small-signal noise equivalent 
circuit modeling of the designed device was also proposed to compute the noise components and the SNR. The device 
exhibits the lowest dark current of ~0.54 𝑝𝐴  at RT for 𝑊 = 4000 𝑛𝑚  compared to other Ge PDs  and a 
photogenerated current-to-dark current ratio of ~6.1 × 105, proving that the Ge-based films are highly photosensitive. 
The analysis showed that the spectral responsivity is strongly dependent on the aspect ratio (width to height). 
Moreover, the SNR of the device was significantly dependent on the operating frequency but less dependent on the 
incident light wavelength. For the optimal rib waveguide width and height, the device achieved excellent 
photosensitive characteristics such as high detectivity (~2.4 × 1011 Jones at 1550 𝑛𝑚 for V =  −2V) , high 3dB 
bandwidth (26.4 GHz for atmospheric gas sensing and 6.6 GHz for fiber-optic telecommunication networks), and 
extremely high SNR (120 dB up to 3 THz). Based on these encouraging results, we can conclude that the proposed 
device and its noise equivalent circuit model can achieve high-performance in the SWIR regime for atmospheric gas 
sensing applications and fiber-optic telecommunication networks.  
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