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This paper presents an investigation of the optical crosstalk in lateral interdigitated PIN photodiodes (ILPP) with top 
illumination. Three different substrates were used; silicon, germanium and indium gallium arsenide. Device parameters that 
were evaluated were the doping concentration in the p+ and n+ wells, the absorption layer thickness and the distance 
between the electrodes on each one of these substrates. From the evaluation of 27 types of ILPP, it was discovered that 
the absorption layer thickness of 1 μm on an InGaAs substrate has the lowest crosstalk value of -143.65 dB. Usage of 
numerical evaluation prior to actual device fabrication reduces device fabrication cost and time as well as provides an 
insight into the physics of the device which may not be executable in the actual fabricated device. 
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1. Introduction 
 

A  PIN photodiode (PD) is the most commonly 

employed light detector in today’s fiber optic 

communications systems because of its ease of fabrication, 

high reliability, low noise, low voltage and relatively high 

bandwidth    [1-2]. In particular, the interdigitated lateral 

PIN photodiode (ILPP) can be fabricated using 

complementary-metal-oxide semiconductor (CMOS) 

techniques such as diffusion and/or ion implantation [3].  

In the past, the ILPP structure has been developed on 

many different substrates utilizing different materials as 

the absorbing layer depending on the respective 

wavelengths. These include silicon [4], silicon-on-SOI 

(silicon-on-insulator) [5], Ge-on-SOI [6], GaAs [7] and 

InGaAs [8-11]. The structures developed on InGaAs/InP 

substrates have exhibited a -3dB frequency of 2 GHz 

(λ=1.54 μm), 7.5 GHz (λ=1.3 μm), 560 MHz (λ=1.3 μm) 

and 100 MHz (λ=1.55 μm), respectively. The devices 

achieved quantum efficiencies/responsivities of 45%, 95% 

(0.53 A/W), 0.56 A/W and 0.2 A/W, respectively. Silicon-

based photodiodes are normally used in the visible 

spectrum (0.4 μm -1.1 μm) whereas Ge-based and 

InGaAs-based photodiodes are utilized in the infra-red 

spectrum which is up to 1.55 μm.  

Optical crosstalk arises when the incident light on one 

channel is coupled to another channel (usually the adjacent 

one) by reflection or poor fiber coupling to photodetector 

or by lateral diffusion of optically generated carriers. By 

virtue of the illumination technique and array geometry, it 

can be assumed that optical crosstalk is due to lateral 

diffusion of photogenerated carriers [12]. Crosstalk is 

important as it increases the device noise and affects the 

detection sensitivity. Previous work showed a 10% (-20 

dBm) optical crosstalk on a 2D back-illuminated, silicon 

vertical pin photodiode array with 16x16 elements device 

with pixel pitch of 1 mm, gap size of 200 μm and 

absorption layer thickness of 50 μm [13]. The 4 channel 

InGaAs-based vertical pin photodiode array device 

developed by Shirai et. al [14] with 250 μm pitch produced 

an optical crosstalk of -35dB (1.77%) and was improved to 

-40 dB (1%) with the inclusion of trenches between 

adjacent channels.  

This paper presents an investigation of optical 

crosstalk evaluation on the design of ILPP using an 

industrial-based numerical software [15]. The ILPP design 

was adopted from previous research work [16-17]. To the 

best of our knowledge, a comparison in optical crosstalk 

between different substrate materials and device 

parameters has only been performed in this work [18].  

 

 
2. Theory and modeling 
 

The modeling of the ILPP was performed using a 

commercial numerical simulator which utilizes a drift-

diffusion approach [14]. The Poisson, carrier continuity 

and current density equations are solved numerically in 

three dimensions subject to the device’s geometry and 

boundary conditions imposed by the device’s contacts and 

biasing conditions. Three-dimensional simulation package 

SILVACO ATLAS was used to model the ILPP which 

takes into account the following physical models; 

concentration-dependent minority carrier lifetime model, 

concentration and temperature-dependent mobility model, 

parallel field mobility, Shockley-Read-Hall (SRH) 

recombination model, Auger recombination model, optical 
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generation/radiative recombination model and Fermi-Dirac 

statistics.  

Crosstalk in an ILPP occurs due to the free carriers 

that are generated in the intrinsic region of the basic p-i-n 

anode-cathode unit. Instead of being collected by the p-i-n 

unit where it was generated, the free carrier is absorbed 

and collected by the adjacent or neighbouring anode-

cathode pair. The design parameters of an ILPP such as 

the distance between the electrodes, the thickness of the 

absorption layer and the junction doping concentration are 

factors that could affect the crosstalk value. Besides that, 

different substrate materials also affect the crosstalk value. 

Fig. 1 illustrates the phenomenon of crosstalk in the ILPP. 

Firstly, an optical source is provided to only one pair 

of the anode-cathode electrodes in the interdigitated 

photodiode where the common cathode is biased with a 

certain voltage. In the ILPP device presented in Fig. 1 with 

5 pairs of electrodes, optical illumination is present 

between Anode3 and Cathode. Subsequently, the generated 

photocurrent at every other anode-cathode electrode pair is 

extracted.  

 

 

Fig. 1. Crosstalk phenomenon in ILPP. 

 

 

Therefore, the crosstalk at Anode1 for ILPP in Fig. 1 

is given by: 
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where IAnode,n is the photocurrent that flows at Anoden 

where n is 1, 2, 3 and so on.  

The total crosstalk for any ILPP is the total sum of 

photocurrent at Anoden (excluding the Anode that was 

illuminated with optical light) over the photocurrent 

generated at the illuminated Anode. Hence, the total 

crosstalk of ILPP in Fig. 1 is given by: 
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where IAnode,n is the photocurrent that flows at Anoden 

where n is 1, 2, 3 and so on. 

 

 

3. Results 
 

Fig. 2 shows the three dimensional view of the ILPP 

with 10 pairs of anode-cathode electrodes where optical 

illumination is present in only one pair of the electrodes 

(Anode5). Optical illumination is 10 mW/cm
2
 and bias 

voltage of the common cathode is 5 V. The total width of 

the device is 52 μm and the length is 50 μm. Fig. 3(a) and 

Fig. 3(b) portrays the cross sectional view of the device for 

the p+ and n+ doping, respectively. Three different 

substrate materials, namely silicon, germanium and 

InGaAs were used as the absorption layer. For each one of 

these substrates, the distance between the electrodes, the 

junction doping concentration and the absorption layer 

thickness were varied and the effect of these variations on 

the crosstalk value were analyzed. Table 1 lists the 

differences in material parameters for the three substrates. 

 

Table 1. Material parameters for the different substrates. 
 

Parameter Silicon Germanium In0.53Ga0.47As 

Energy Gap, Eg (eV) 1.08 0.66 0.734 

Electron mobility, µn (cm
2
V

-1
s

-1
) 1000 3900 3372 

Hole Mobility, µp (cm
2
V

-1
s

-1
) 500 1900 75 

Electron Lifetime τn (ns) 100 10 0.7 

Hole Lifetime, τp (ns) 100 10 31 

Optical wavelength (μm) 1.0 1.4 1.55 
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Fig. 2. Three dimensional view of ILPP with optical 

 illumination on one pair of electrodes. 

 

Microns
0 10 20 30 40 50

M
ic

ro
n

s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Acceptor concentration (cm3)

(a)

 

Microns
0 10 20 30 40 50

M
ic

ro
n

s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Donor concentration (cm3)

(b)

 

 

Fig. 3. Two dimensional cross sectional view of (a)  

p+ doping and (b) n+ doping within the ILPP. 

 

 

Fig. 4 displays the effect of the distance between 

electrodes to the total crosstalk. Three different distances 

were selected i.e. 0.5 μm, 1.0 μm and 1.5 μm. From Fig. 4, 

it is seen that, as the distance between electrodes were 

increased, the total crosstalk decreases for all substrates. 

This is because the longer the distance, the probability that 

the generated electron and hole pairs (e-h) within the 

illuminated electrode, to diffuse to adjacent electrodes 

reduces. The highest crosstalk of -12 dB (25.1%) was 

produced in Ge-based ILPPs whereas the lowest crosstalk 

of -42 dB (0.79%) was recorded for a Si substrate with 

distance between electrodes of 1.5 μm. However, larger 

electrode distances decreases the speed of the device. 

Therefore, there is a tradeoff between the switching speed 

and the crosstalk.  
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Fig. 4. Total crosstalk for distance between electrodes. 

 

Fig. 5 shows the effect of junction doping 

concentration on the total crosstalk where the doping 

concentration was varied for three different values i.e. 10
17

 

cm
-3

, 10
18

 cm
-3

, 10
19

 cm
-3

.
 
For all substrates, a similar trend 

is observed where as the doping concentration is 

increased, the total crosstalk decreases. A higher doping 

concentration produces higher electric field between the 

illuminated electrode pair. The probability of generated e-

h to be collected by adjacent electrodes reduces 

drastically. The highest crosstalk of -21 dB (8.9%) was 

produced in a germanium-based ILPP device whereas the 

lowest crosstalk of -45 dB (0.56%) was produced by an 

ILPP device using InGaAs as the absorption layer with a 

junction doping concentration of 1e19 cm
-3

. 
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Fig. 5. Total crosstalk for various junction doping  

concentration. 

 

The effect of total crosstalk due to the absorption 

layer thickness is given in Fig. 6. The absorption layer 

thickness was varied between 1 μm, 2 μm and 3 μm. A 

similar trend is observed in all substrates where as the 

absorption layer thickness is increased, the total crosstalk 
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increases as well. This is because for a given junction 

depth in the ILPP, a shorter substrate absorption thickness 

decreases the probability of e-h diffusion to adjacent 

electrode pair. For a thicker absorption layer, e-h can be 

generated deeper within the substrate and they are prone to 

diffuse to the adjacent electrodes hence increasing the total 

crosstalk. It is also observed that the absorption layer 

thickness has the most profound effect on the total 

crosstalk as compared to the other factors analyzed in this 

work. The highest crosstalk of -21 dB (8.9%) was 

recorded for a Ge-based ILPP with absorption layer 

thickness of 3 μm whereas the lowest crosstalk of -143 dB 

(~0%) was extracted for an InGaAs-based ILPP with 1 μm 

absorption layer. In terms of speed, a thinner absorption 

layer is preferred but at the expense of a reduced device 

efficiency. 
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Fig. 6. Total crosstalk versus absorption layer depth. 

 

 

4. Conclusion 
 

We have demonstrated and analyzed the effect of 

ILPP design parameters on the total crosstalk within the 

device. Substrate material, distance between electrodes, 

junction doping concentration and absorption layer 

thickness were varied and the total crosstalk was extracted 

and compared. Total crosstalk increases when the distance 

between electrodes and absorption layer thickness is small 

but crosstalk decreases for high doping concentrations. 

Substrate materials with low electron lifetime such as 

InGaAs show lower crosstalk values compared to other 

substarte materials. As a conclusion, the lowest crosstalk 

of -143.63 dB within an ILPP device can be achieved 

using an InGaAs-based ILPP with distance between 

electrodes of 1.5 μm, p+ and n+ doping concentration of 

10
19

 cm
-3

 and absorption layer thickness of 1 μm where the 

optical crosstalk is almost negligible.  
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