
 

 
Abstract –– Here, a characterization methodology for 
integrated silicon-based photo-devices is presented. Devices are 
phototransistors (“P+/N-Well/P-substrate”) and photodiodes 
(“N-Well/P-substrate”) with similar sizes, (9µmx9µm). They 
were integrated in a 1.5µm CMOS technology through MOSIS. 
Through these characterizations it is possible also to find out in 
general, the performance advantages and disadvantages, 
comparing measurements made on these kinds of structures. It 
was found that phototransistors have a better performance 
compared with photodiodes. The contribution from substrate 
leakage current in N-Well/P-substrate structures is high, as 
well as from carriers generated in the neighborhood of the 
pixel circuit. It is shown that crosstalk is the phenomenon that 
deviates the measured photo-response from the ideal model of 
photo-devices. 
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I.  INTRODUCTION 
 

 CMOS technology for integrated circuits is a very well 
known process dedicated for electronic circuit fabrication 
and development. Nevertheless, photo-devices such as 
phototransistors and photodiodes can be fabricated too with 
this technology, making possible to implement systems for 
different applications on image sensing and processing. 
Despite the remarkable technology advances, as shrinkage 
of devices goes on there is still a lot of work to do to 
improve the performance regarding integrated photo-
sensors, since the operation is still limited by issues like 
signal to noise ratio, dynamic range, fixed pattern noise and 
crosstalk. Furthermore, clinical and scientific applications 
are taking advantage on the development of prototype 
systems, like retinal prosthesis, for instance [1-3]. Although 
a great number of systems have been mainly developed 
based on CCD and BiCMOS technologies, there is the 
challenge to improve CMOS devices beyond actual limits. 
Thus, devices should be first evaluated toward image 
sensing applications, from where design parameters can be 
pointed out in order to maximize the performance of these 
photo-devices. Thereby, two feasible structures were 
studied: P+/N-Well/P-substrate (phototransistors) and N-
Well/P-substrate (photodiodes).  

 
Structures were fabricated through MOSIS with the 

1.5μm AMI’s CMOS technology. Also, a simple 
architecture was used to implement a pixel that helps in the 
measurements of the chip through an integrated output 
buffer. So, a methodology is proposed that can be easily 
used and extrapolated to smaller CMOS technologies. 
Important features such as spectral response, 
photosensitivity and quantum efficiency can be measured 
for each integrated photo-device. Having in mind artificial 
retina prosthesis, the architecture should have few 
transistors, low power consumption and little integrated 
area. Besides, image processing using pulsed parallel image 
processing is highly recommended, so a block can be added 
at the output of this architecture, such as a pulsed frequency 
modulated ( PFM) stage, to evaluate a prototype system. 

 
II.  METHODOLOGY 

 
 The chip contains five pairs of phototransistors and five 

pairs of photodiodes, with one instance of each pair covered 
with metal for dark current characterization purposes. Cells 
with the following areas were integrated: 100μmx100μm, 
64μmx64μm, 32μmx32μm, 16μmx16μm and 9μmx9μm, 
but results here reported are only from those devices having 
an area of 9µmx9µm. Fig. 1 shows the cross section for both 
devices where the respective junctions are shaded and each 
terminal for the phototransistor and the photodiode is clearly 
indicated. Fig. 2 shows the layout proposed in this study for 
the measured devices. 
 

The ring above the base area of the phototransistor has 
the same dimensions of the photodiode’s anode ring 
(9µmx9µm). The photocurrent generated is collected by the 
phototransistor’s emitter and the same happens with the 
cathode of the photodiode. Fig. 3 shows the schematic of the 
circuit used to convert the photocurrent to voltage so it can 
be later processed with PFM. The photo-device can be either 
a phototransistor or a photodiode. P-channel MOS 
transistors labeled as MREST and MSHUT operate as 
switches with driving signals configured for voltage 
integration at the gate of M1, while M2 selects the row in a 
pixel matrix array. 
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(a) 

 
(b) 

 
Fig. 1. Cross section of the analyzed structures. (a) P+/N-Well/P-substrate 

structure. (b) N-Well/P-substrate structure. 
 
 

 
 

(a) 
 

 
 

(b) 
 
Fig. 2. Layout.of (a) P+/N-Well/P-substrate structure (Phototransistor), (b). 

N-Well/P-substrate structure (Photodiode). 
 

The DC voltage source, Vreset, is the reference voltage 
from which integration of the photocurrent takes place, with 
a voltage range of 2.15V – 3.5V. The current source Isc is 
the load of the amplifier configured with M1 and M2 and 
voltage read out is taken at node 4. This amplifier has a very 
important feature that helps in the characterization of photo-
devices, since it has a variable voltage gain. This allows 
establishing a DC operating point on the circuit, depending 
on the kind or size of the device under test. Fig. 4 shows the 
driving signals applied to the gate of MREST and MSHUT. 
M1, MREST and MSHUT has minimum aspect ratios based 
on the 1.5μm AMI’s CMOS technology and M2 was 
designed with W=64.8 μm and L=2.4 μm so the voltage 
gain can be adjusted within a range of 10dB – 35dB, as 
shown in Fig. 5(a). Here, a simulation of the transfer 
function of the amplifier shows the different gains that can 
be achieved adjusting the current source, Isc, giving an extra 
degree of freedom to the measurement of photo-devices of 
different size and operating with different biasing. Also, Fig. 
5(b) shows the simulation of voltage integration at node 2, 
taken from node 4, where Vout is measured. 
 

An important parameter to be measured regarding 
phototransistors or photodiodes is the photocurrent. So, from 
Fig. 3, and if the area of the illuminated reversed biased 
junction is known (see Figs. 1 and 2), the current density can 
be computed with the following expression: 
 

ph

ph
ph At

CV
J

⋅Δ

⋅Δ
=      (1) 

 

 
 

Fig. 3. Schematic circuit of the pixel used for photo-devices 
characterization. 

 

2010 7th International Conference on Electrical Engineering, Computing Science and Automatic Control (CCE 2010) 
                                                        Tuxtla Gutiérrez, Chiapas, México.   September  8-10,  2010. 

IEEE Catalog Number: CFP10827-ART 
ISBN: 978-1-4244-7314-4 
978-1-4244-7314-4/10/$26.00 ©2010 IEEE 

551



 

where ΔV/Δt is the slope of the integrated voltage during Δt 
at node 2 (Δt is specified in Fig. 4). Cph is the capacitance at 
the same node and Aph is the area of the junction generating 
the photocurrent and both can be determined from the layout 
in Figure 2. 

On the other hand, Vout is the voltage measured at node 
4 in Fig. 3 and provided the voltage gain, Av, is known, then 
ΔV can be calculated with the following expression: 

 

Av
VoutV =Δ        (2) 

 
About the device under test, either the anode of the 

photodiode or the collector of the phototransistor are 
connected to ground while the base is connected to 
VDD=5V, respectively. From the layout, the extracted 
capacitance, Cph, is approximately 13.96 pF with a surface 
Aph of 2.0x10-10 m2. Hence, photocurrent density can be 
estimated measuring the voltage at node 4 at the end of the 
integration time (see Fig 5(b).). This can be done at different 
light wavelengths from where the spectral response of 
photo-devices can be plotted. 

 

 
Fig. 4. Input signals at the gate of MREST and MSHUT. 

 

(a)  

(b)  
Fig. 5. (a) Transfer function of the pixel amplifier; (b) photocurrent 

integrated voltage. 
 

A monochromator HILGER & WATTS and an ISA lamp 
were used in a set-up to measure Vout vs wavelength only in 
integrated phototransistors and photodiodes with area 
9µmx9µm. Equation (1) is used to calculate the 
corresponding current density. 

 
 
 

III.  RESULTS 
 

Measurements 
 
Five chips with phototransistors and photodiodes were 

measured and their corresponding photo-current-vs-
wavelength plots are shows in Figs. 6 and Fig. 7. 

 
Here it can be noticed the strong difference between the 

response of both devices. The spectral photo-response of 
photodiodes is almost one order of magnitude greater than 
the photo-response of phototransistors. This difference has 
been attributed to the phenomenon known as “crosstalk” [4]. 
Two physical mechanisms can cause crosstalk. First, the 
optical crosstalk is due to the phenomenon of reflection, 
refraction and scattering of light traveling through the SiO2 
and other layers like metals and silicon nitride. And second, 
the electrical crosstalk, the main contributor, is due to 
diffusion of minority carriers with long lifetime from 
neighboring devices [5-6]. So, it is demonstrated that with 
this technology used, the P+/N-Well/P-substrate structure is 
not so affected by crosstalk as the N-Well/P-substrate 
structure. Therefore, it can be assumed that phototransistors 
have a minor effect due to electrical crosstalk and the 
response is restricted just to what happens within the N-well 
region. The small oscillations on curves are believed to be 
caused due to Fabry-Perot interference among the different 
layers present on the devices [7, 8]. 

 
 
 

 
 

Fig. 6. Spectral photo-response of phototransistors. 
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Fig. 7. Spectral photo-response of photodiodes. 
 
 Fig. 8 shows the power spectrum, Popt, of the ISA lamp 
which was used to obtain the photosensitivity illustrated in 
Fig. 9 for phototransistors. The experimental photocurrent 
density was evaluated with Eq. (1). Photosensitivity and 
quantum efficiency (Figs. 9 and 10), were obtained with the 
following equations: 
 

opt

ph
P
J

S =λ        (3) 

 
where  optP : optical power density from Fig. 8. 

 

λλ
λ

λ
S

q
chSQE 1240=

⋅
⋅=    (4) 

 
where  λ/hc : energy of photons, with λ  in µm. 

q :  charge of electrons (Coul.). 
 
 

IV.  DISCUSSION 
 

A). Lateral Crosstalk Mechanism 
 
 We have focused in the characterization and analysis of 
likely mechanisms that could contributes to the crosstalk on 
structures “P+/N-Well/P-substrate” (phototransistors) and 
“N-Well/P-substrate” (photodiodes). On these kinds of 
photo-devices, crosstalk has been defined and classified in 
two main mechanisms: (a) optical crosstalk and (b) 
electrical crosstalk [4-6]. Here, we introduce an additional 
classification of crosstalk, as is shown in the Fig. 11. The 
first classification is the lateral crosstalk mechanism which 
includes optical crosstalk (OC), and Lateral Electrical 
Crosstalk (LEC). 
 

 

 
 

Fig. 8. Power spectrum of the ISA lamp. 
 
 
 

 
 

Fig. 9 Photosensitivity of phototransistor 
 
 
 

 
 

Fig. 10. Quantum efficiency in phototransistors 
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 Optical crosstalk is due to light traveling laterally 
among the layers up to the junction (near the surface of the 
device) acting as a waveguide, as is shown in the Fig. 11. 
Lateral electrical crosstalk (LEC) is the phenomenon 
whereby photons generate carriers in the “near to the 
surface region”. That phenomenon has its origin in short 
wavelength light, mainly under of 650nm. Both, optical and 
LEC crosstalk, are present either in, phototransistors or 
photodiodes. However, in phototransistors this contribution 
is as photocurrent collected by the base contact, which is 
tied to VDD, masking the effect. This is a first reason 
whereby the photo-current is larger in photodiodes than in 
phototransistors. Fig. 11 shows the way in which both, OP 
and LEC mechanisms, affect the response of 
phototransistors. 
 
 In Fig. 12, we can see how both, OP and LEC, affect the 
response in the photodiode. The effect is very strong since 
the current comes from all directions. 
 
 

 
 

Fig. 11.- Lateral crosstalk mechanism in the phototransistor 
 
 
 

 
 

Fig. 12. Lateral crosstalk mechanism in the photodiode. 
 
 
 

B). Vertical Crosstalk Mechanism 
 
 Vertical crosstalk mechanism is shown in Fig. 13. It 
originates only due to electrical crosstalk, so it is called 
vertical electrical crosstalk (VEC). In the case of 
phototransistors, carriers generated along the substrate, as 
well as behind and outside the “N-Well”, and are collected 
by the base contact since it is connected to a higher voltage 
than the emitter. So, only majority carriers are collected by 
the base. 
 
 In this case, diffusion of minority carriers is present as 
leakage current. Hence, little or no contribution to the 
spectral response of phototransistors is due to vertical 
electrical crosstalk. Vertical electrical crosstalk effect for the 
photodiode case is shown in the Fig. 14. 
 
 Carriers generated by photons behind and outside the N-
Well contribute to the spectral response of the photodiode 
with the leakage current coming from the substrate. 
 
 Carriers generated deep in the substrate are due to 
longer wavelengths. This component of leakage current has 
a very strong effect over the photodiodes but this is not the 
case for phototransistors, so the difference appreciated in 
Figs. 6 and 7 can be attributed to this.  
 
 

 
 

Fig. 13. Vertical Electrical Crosstalk mechanism in phototransistors 
 
 

 
 

Fig. 14. Vertical Electrical Crosstalk mechanism in photodiodes 
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V.  CONCLUSIONS 

 
 The proposed characterization methodology appears to 
be a convenient way for obtaining performance features of 
integrated photo-devices. Important parameters can be 
measured, as photocurrent generated, photosensitivity and 
quantum efficiency. Also, it can be identified operating 
limits regarding the geometric design of the photo-devices 
array that should be taken into consideration regarding the 
application given. More work should be done directed to 
identify problems related with optical cross-talk, as this 
seems to be an issue that depends on the layers used in the 
CMOS technology of fabrication. Our measurements show 
not only previous definitions about of phenomena of optical 
and electrical crosstalk, but also evidence of a very strong 
contribution from substrate’s leakage currents in the case of 
photodiodes. In the case of phototransistors, we can say that 
the bias conditions are a key factor to minimize this 
contribution. For instance, if the base is tied to VDD, this 
helps to cancel out as much as possible the crosstalk 
contribution to photocurrent. Hence, the designer has to take 
into account whether this contribution should be minimized 
depending on the desired application, since an array with 
neighboring photo-devices may mask this phenomenon. 
This is because in many cases, it would be desirable that the 
response of optical devices has its origin only in well 
defined region. So we believe that this is the case for 
phototransistors here presented. 
 
 Even quantum efficiency and photosensitivity for 
phototransistors are not so high, this can be evidence that 
crosstalk is a minor contribution to the corresponding 
spectral response and it can be attributed only to 
photocurrent generated nearby the N-Well. 
 
 Photosensitivity and quantum efficiency plots for 
photodiodes were hard to estimate due to the strong effects 
of crosstalk since the converted voltage saturates the 
amplifier provided that integrated voltage could rise beyond 
VDD values. It should be remembered that low supply 
voltages is a trend in VLSI integrated circuits. 
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