
  

Abstract—This paper analyzes some advantages of Silicon-on-

Insulator (SOI) based photodetectors for low light imaging. It 

shows that SOI based sensors not only solve the bulk carriers 

problem, it can also act as a very selective spectral filter by acting 

as a resonant cavity, which is useful in application with a very 

narrow spectrum of interest, such as bioluminescence imaging. 

The SOI implementation of a switching photodetector based with 

an hybrid MOS-PN structure is presented and its advantages in 

terms of dark current minimization and SNR improvement 

highlighted.  

 
Index Terms—Photodetectors, Silicon-on-insulator 

I. INTRODUCTION 

LTRA-LOW noise photodetector systems are required 
for applications involving extremely small light 

intensities, such as astronomy or bioluminescence 
measurements. Recently, the use of CMOS photodetectors to 
replace bulky cooled-down charge-coupled device (CCD) 
sensors enabled the fabrication of small and low-cost 
bioluminescence labs-on-chip [1-3]. Nevertheless, those 
systems involve complex analog integration and filtering 
circuits in order to be able to process the minuscule and noisy 
signals generated by CMOS detectors. Those analog circuits 
account for a substantial share of total area and power 
consumption of the complete system. 

In this context, the use of Silicon-on-Insulator (SOI) 
technologies can be advantageous for two main reasons. First, 
the presence of the buried oxide (BOX) blocks the so-called 
“slow-carriers” which are photo-carriers that are generated 
deep in the silicon and reach the active area of the detector 
very slowly, introducing non-linearity. Second, differences in 
refraction indexes of the different constituting materials of an 
SOI stack create interference effects, which lead to resonance 
phenomena that significantly increase the quantum efficiency 
(QE) for certain wavelengths. The resonance can, therefore, be 
tuned by modifying the width ratios between the active area 
and the BOX. The latter effect is especially positive in narrow 
light spectrum application.  

In bioluminescence for instance, the wavelength of the 
emitted light (due to the activity of the enzyme luciferase) is 
fixed and peaks around 490nm. By placing a resonance at this 
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wavelength, not only the QE for the signal of interest would 
be boosted, but also the effect of parasitic or ambient light 
would be mitigated due to the poor QE outside of the 
resonance, thus effectively acting as a filter. 

Previous research [4] on CMOS hybrid MOS-PN detectors 
showed that they are a good alternative to traditional 
photodiode-based detectors. Such a photodetector is shot-noise 
dominated and the output signal is in time domain, with a 
sharp turn-on and a high magnitude current, which is 
independent on light intensity. Hence, any analog 
amplification or filtering is avoided and the total area and 
power consumption are greatly reduced. However, on bulk 
CMOS, such a detector needs a ground anchor to operate and 
its characteristics are highly dependent on the distance to the 
ground connection and substrate resistivity [5]. This limitation 
also precludes the fabrication of an array with good 
performances. 

A solution to those problems is to design the same kind of 
detector on a SOI process. The buried oxide permits to have 
high potential barriers and virtually no leakage without the 
need of a ground anchor. Moreover, since each photodetector 
can be electrically isolated from its neighbors by the use of 
Deep Trench Isolation (DTI), the design of a crosstalk-free 
array is relatively easy. 

II. INTERFERENCE AND WAVELENGTH TUNING WITH SOI 

Silicon-on-insulator (SOI) technology is an interesting 
alternative for the integration of photo-detectors due to the 
geometrical structure of the substrate. On the one hand, SOI is 
considered as a possibility to avoid the slow diffusion current, 
which is caused by carriers being generated by light with long 
wavelengths beneath the depletion region of a sensing 
component. In fact these carriers diffuse back to depletion 
region adding a low speed component to photocurrent and 
degrading the dynamic behavior of the sensing component in 
bulk CMOS. In contrast, the BOX in SOI isolates the sensors 
and avoids the slow diffusion current from reaching its 
sensitive depletion region. On the other hand, due to the 
contrast of refractive index between silicon and silicon 
dioxide, the stack of SOI material (Fig. 1) results in a 
confinement of light in the active region for a certain 
wavelength range and thus a significant improvement of the 
quantum efficiency. 
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Fig. 1. Structure of a SOI process. 

According to the transfer matrix formalism [6-8] every 
layer can be modeled by a two dimensions transfer matrix in 
which each element modulates its reflectance, transmittance 
and absorbance. A stack of layers can be modeled by the 
product of each constituting layer matrix. We can easily find 
that the product ni×di is the main element that defines the type 
of a layer in the way of reflectivity and transmissibility. ni is 
the refractive index for a fixed wavelength �0 and di the layer 
thickness. For example, in the case of quarter-wave layer 
where ni×di is proportional to �0/4, there is a non-reflecting 
layer and a maximum interferential effect. In a multilayered 
system like a SOI stack, a high confinement of light in the 
active region can be achieved by adjusting layer dimensions, 
resulting in an improvement of the external quantum 
efficiency (which is defined by the ratio of generated charges 
in the active area to incident photons. Recombination rate is 
assumed to be zero). If a front side illumination is considered, 
this could be achieved when the stack of SiO2-Si-SiO2 
structure exhibit simultaneously a minimum reflectance and 
transmittance and a maximum absorbance. In this case  
two main elements affect the absorbance and the reflectance  
of the stack: 

• The penetration depth of photons in silicon (Fig. 2) 
which is modulated by the imaginary part of the 
refractive index of silicon varying with wavelength. 

• Constructive optical interference in the active region 
induced by multiple reflections of optical beam due 
to interfacing with SiO2 layers. 

The wavelengths range of interest and their absorption 
depth in silicon are thus the principal criteria in the choice of 
SOI technology and mainly its active layer thickness. The 
thickness of the silicon under the BOX is less important since 
the absorbed optical power there doesn't contribute to sensor 
signal due to the oxide isolation. 

 
Fig. 2. Optical penetration depth of photons in silicon for wavelengths 
ranged between 400 and 600 nm. 

As a case study, a detection domain for wavelengths 
ranged between 450 and 500 nm, which is around 
bioluminescence detection wavelengths, is considered. Fig. 2 
shows that the penetration depth of silicon is ranged between 
400 and 800nm, so the silicon active region should have at 
least 400nm thickness. In addition, due to the presence of SiO2 
layer, optical interference phenomena can contribute to the 
optimization of the optical response or its deterioration. In 
order to study these issues and find optimal SOI substrate, the 
external quantum efficiency of the structure is computed by 
using the transfer matrix formalism with a normal incidence 
front illumination. Fig. 3 shows the periodic influence of BOX 
thickness dBOX on the value of external QE. This influence 
shows modulation peaks. We can obtain very good peaks for 
detection at 490 nm where external QE reaches more than 
70% which is very interesting for bioluminescence imaging. 
To find the optimal associated dimensions of SOI and BOX 
layers for bioluminescence detection, external QE vs dBOX and 
dSOI is depicted in Fig. 4. It shows that due to the presence of 
BOX layer, high peaks of detection efficiency are obtainable, 
even when silicon active layer thickness is less than its optical 
absorption length.  

 
Fig. 3. External quantum efficiency for a silicon active region thickness of 
395nm Vs Box thickness dBOX and wavelength. 

 
Fig. 4. External QE vs thickness of SOI layer dSOI and BOX layer dBOX for 
wavelength of 490nm. 



An example of application of this parametrical study is 
shown in Fig. 5, where optimal detection peaks are tuned by 
dBOX and dSOI. The curves show clearly the optimization of the 
QE for different wavelength and its correlation with the BOX 
thickness.  

 
Fig. 5. Wavelength tuning by variation of different layer thicknesses. 

III. APPLICATION: SOI MOS-PN PHOTO-DETECTOR 

The analysis presented in section II is independent of the 
type or the structure of the photodetector. These results can 
thus be used in the optimization of the new hybrid MOS-PN 
detector, recently presented in [4]. It will even be 
demonstrated that this type of detector is particularly well 
suited for an SOI implementation. 

The structure of the detector, shown in Fig. 6, is CMOS 
compatible. It consists of a p+ diffusion (anode) and  
n+ diffusion (cathode) forming the diode and a gate directly 
adjacent to the p+ diffusion that create a charge integrator. 
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Fig. 6. a) Structure and operation of the photodetector (Vp and Vg switched 
to a positive voltage, with depletion region). b) Illustration of the electrostatic 
potential (�E) across the device, with depletion-induced potential barriers. 

A. Operation 

When a positive voltage step Vg is applied on the gate, a 
space-charge region as well as a potential barrier is created 
around the anode as shown in Fig. 6. The structure can then be 

understood as a thyristor (p-n-p-n), which has the property to 
latch-up. At the same time, a positive voltage step is also 
applied on the anode, while the cathode is kept grounded. Due 
to the potential barrier, there is no current flowing between the 
anode and the cathode. The device is now in a non-equilibrium 
state. Over time, electrons generated in the device (either 
photo-generated, thermally generated, or leaking over the 
cathode barrier), will accumulate under the gate and decrease 
the potential barrier as well as the strength of the electric field. 
When a sufficient amount of carriers have accumulated 
(dependent on gate voltage), the potential barrier decreases 
enough and the anode starts to inject holes, which will initiate 
the latch-up process of the p-n-p-n structure, with a very steep 
increase in current magnitude. The device can thus be 
understood as a charge integrator and comparator: the device 
turns on when an amount of charge Qtot is accumulated. The 
transition to the conductive state is characterized by a steep 
increase in current with a high magnitude as demonstrated by 
TCAD simulation in Fig. 7 [4]. In order to reset the device, the 
gate and anode are grounded, while a positive voltage step is 
applied on the cathode. 

The photodetector and its readout circuits, shown in Fig. 8 
was already implemented in Bulk CMOS (UMC 0.18 um) and 
its operation experimentally demonstrated (see [4, 5] for more 
details). 

 
Fig. 7. TCAD simulation of current versus time for different light intensities.  
Bulk CMOS implementation of the detector. 
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Fig. 8. Simplified schematic of the Sensor Front-End and its different phases 
(photodetector in orange). 



B. Modelling 

In the ideal case, the time to latch-up, also called triggering 
time (Ttrig), can be expressed in terms of the required charge 
Qtot, the accumulation rate of photo-generated electrons - or 
photo-current (iphot), and accumulation rate of dark-generated 
electrons (idark).  

 ����� � ��	�
�
�	���
��� (1) 

This relation can be rewritten in terms of light intensity 
(Ilight), taking in account the photoactive area of the device (A), 
the quantum efficiency (QE�) and the energy of each photon 
(Eph=hc/�), or the responsivity of the detector (R�). 

 ����� � ��	���������
� ��������
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Those equations show that there is an inverse relationship 
between Ttrig and Ilight. The readout of the sensor can thus use  
pulse modulation or frequency modulation signal processing 
to detect light [10]. 

Equation (2) also shows that, in order to have a good 
sensitivity of the detector, idark should be minimized. 
Moreover, decreasing the dark current improves the intrinsic 
SNR of the device, especially for low light intensities. Indeed, 
any decrease in dark current automatically translates into a 
decrease of its associated shot noise (�(N)=N

½). The 
expression of the intrinsic SNR can be easily derived from the 
ratio between the number of integrated photo-charges (Nphot) 
and the total noise in the device [11]. 
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From (3), it is clear that any decrease in idark translates in 
an increase of the SNR. The effect is especially important for 
low light intensities (e.g. in bioluminescence imaging). 

C. Advantages of SOI  

In a standard bulk CMOS implementation, the p-substrate 
has to be grounded. The reason for this is twofold. First, if the 
device is co-integrated with circuit, the substrate is 
mandatorily grounded. Second, substrate grounding is 
necessary to guarantee high enough potential barriers for the 
photodetector to operate with good performances even with a 
non-perfect shielding of the p+ diffusion [5]. Unfortunately, 
one side effect is an increased leakage current from the anode 
towards ground, which has a negative impact on power 
consumption. This drawback can be attenuated by designing a 
system the photodetector is driven by a pulsed voltage [9]. 

Another issue with standard CMOS implementation is the 
lack of strong device isolation that could lead to crosstalk in 
the case of a sensor array. 

 

Those issues do not exist on SOI. In fact, the use of deep 
trench isolation (DTI) in SOI process make the photodetector 
is totally isolated. Second, the anode shielding by the 
depletion region is greatly improved since the silicon region 
between the gate and the BOX is almost totally depleted. That 
way, there is no room for anode leakage currents. This in turn 
almost cancels cathode leakage dark current, which leads to a 
better SNR, as explained in the following sub-section. 

D. Poly-gate effect on quantum efficiency 

On the other hand, the absorption of polysilicon gate could 
be very detrimental or QE if the sensitive part of the MOS-PN 
photodetector is limited to its MOS part. In order to estimate 
the sensitivity of the different zones of the MOS-PN 
photodetector, performances have been simulated for three 
illumination zones: gate, central and cathode sides, as 
illustrated in Fig. 9. 

 
Fig. 9. SOI-MOS-PN photodetector structure used in TCAD and its different 
illumination regions: (a) for gate and anode side illumination; (b) for central 
illumination and (c) for cathode side illumination. TCAD simulations are 
shown in Fig. 10. 

 
Fig. 10. TCAD simulation of the anode current versus time in dark and after 
the illumination of the different parts of the SOI-MOS-PN structure shown in 
Fig. 9. 

 



The effective number of photo-generated electron-hole 
pairs (nphot) can be expressed in terms of the triggering time 
(Ttrig) and total number of integrated charges required for 
triggering (Ntot =Qref /q) as [4]: 
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where 
dark

dark

n

N
T =0

 is the self-triggering time. 

The number of efficient photo-generated electron-hole 
pairs participating to the triggering could, therefore, be 
estimated by simulating the triggering time for each 
configuration. In fact, the electron-hole pairs generated in or 
close to the depletion region (e.g. (a) in Fig. 9) are separated 
by the electric field. The electrons drift quickly under the gate, 
creating an inversion layer that shields the electric field 
coming from the gate, thereby decreasing the MOS depletion 
region and gradually de-isolating the anode, which in turn 
increases the hole current and lowers even more the cathode 
barrier.  

The positive feedback is thus created, turning the device 
into its conductive state. However a part of the electron-hole 
pairs generated in the zones where no electric field exists will 
recombine immediately and thus will not participate to the 
triggering.  

TCAD simulations, shown in Fig. 10, reveal that, for the 
same surface, the illumination of the regions (a) and (b) of the 
SOI-MOS-PN photodetector of Fig. 9 result in practically the 
same triggering time. The illumination of the region (c), on the 
other hand, results in a triggering time close to the dark 
triggering T0.  From this analysis we can estimate that the 
poly-gate effect will deteriorate the effective photo-generated 
electron-hole pairs (nphot) by about 40 to 50 %. The signal to 
noise ratio of a MOS-PN photodetector can be expressed  
as [11]: 

        

1+

=

phot

dark

tot

n

n

N
SNR
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where ndark the dark carrier generation by temperature and 
cathode leakage [charges/s] 

This equation reveals that the poly-gate absorption will 
decreases the SNR by about two. This detrimental effect is, 
however, compensated by the elimination of leakage current 
and thus the attenuation of ndark in SOI implementations. 
It is worth noting that the triggering time increases by about 
three orders of magnitude for SOI-MOS-PN photodetector 
(Fig. 10) in comparison to Bulk-MOS-PN photodetector  
(Fig. 7). This huge difference is only due to the elimination of 
the leakage in SOI implementation. 

IV. CONCLUSION 

This paper analyzed the advantages of SOI based 
photodetectors in the case of low-light and narrow spectrum 
imaging. Notably, it is demonstrated that the active area of the 
photodetector acts as a resonating cavity that increases the 
absorption level for specific wavelength while decreasing it 
for others. It acts therefore as a spectral filter. The application 
of SOI technology to the hybrid MOS-PN sensor was then 
discussed. Principally, the advantages in terms of crosstalk 
and leakage current were explained. The diminution in dark 
current translates into an increase in SNR. 
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