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ABSTRACT 

 

This thesis describes a new approach for designing position sensitive devices 

(PSD).  Rather than trying to obtain a linear response to a light source this design 

takes advantage of the nonlinearities present in existing devices.  Specifically it 

uses a p-n junction to obtain a Gaussian-shaped response curve to light.  Using such 

response curves, two-dimensional position detection of an object can be 

accomplished with three detectors.  The sensitivity of this PSD may be independent 

of the size of the light source and the device may not need calibration.    
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Chapter 1  

 

INTRODUCTION 

 

1.1 Position Sensitive Devices 

 

A position sensitive device (PSD) is an optical sensor which is capable of 

estimating the centroid, or “center of mass”, of a light spot hitting its surface.  PSDs 

produce a current flow proportional to the intensity and position of light incident on 

the surface of the device.  This information may then used to determine the actual 

position of the light spot.   

There are currently two general types of PSDs which are capable of 

measuring lateral displacement in two dimensions.  The first group, and most 

commonly used PSD, is referred to as lateral effect photodiodes [MAKY2003].  

These devices consist of a single large-area photodiode with four contacts positioned 

at opposite edges of the device.  The photon-generated current is divided between 

the contacts in proportion to the resistance of the current paths between the 

illuminated region and the contacts.  Therefore the current flow through the 

contacts is directly related to the distance between the contact and light spot.   

The second group of PSDs is referred to as quad detectors.  These devices 

consist of four photodiodes symmetrically positioned around the center of the device.  

Position information is determined by the strength of the signal received by each of 

the quadrants.  The electrical contribution of each signal is then used to determine 
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the relative position of light with respect to the center of the device.  The structure 

as well as the detailed operation of these devices is described in Chapter 2. 

1.2 Applications 

 

Position sensitive devices are used for a variety of commercial applications, 

for instance, in consumer products PSDs are used for tasks such as precision 

position sensing and auto-focusing in photographic and video cameras [FRAD2004].  

PSDs are typically favored over other imaging devices such as charge-coupled 

devices (CCDs) in high volume applications where signal processing, high speed, 

robustness, and low cost are of importance.   

These devices also have industrial applications, including the for 

measurement of small displacements.  As such, they are sometimes used for 

machine tool alignment [KOMA1996] and optical lateral, rotational or angular 

position sensing [CHOW1998].  Further, PSDs may take precise measurements of 

device height in applications like printed-circuit board inspection, liquid and solids-

level control, laser torch height control, etc.  They may also be used for thickness 

and precision displacement measurements.  These latter types of measurements can 

be useful in detecting the presence or absence of an object such as a medicine bottle 

cap.    
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1.3 Purpose 

 

Existing PSDs have a linear response characteristic near the center of the 

device but exhibit non-linear properties toward the outer edges.  Typically research 

efforts are focused on improving the linearity of the response of PSDs 

[CONN1971][MORI1991], so the current produced when light is incident on the 

surface is directly proportional to the distance between the light spot and the 

electrode throughout the entire surface of the device.  However there is a potential 

benefit for the use of the nonlinear properties inherent in PSDs.  Moya presents an 

algorithm that makes it possible to do position detection with a sensor that has a 

Gaussian response rather than a linear response [MOYA2005].  This thesis 

describes the benefits of taking advantage of these nonlinearities as well as a 

proposed structure for a PSD. 

1.4 Overview of Thesis 

 

Chapter 2 provides background information and an overview of previous 

work on PSDs, including detailed information about their operation and the 

structure of commonly used PSDs.  It also compares their performance and 

describes their advantages as well as their disadvantages.   
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Chapter3 offers a new approach to designing PSDs.  The structure of the 

device is proposed and necessary equations derived.  It also contains the simulation 

that shows the device performance using Microsoft Excel.  

 

 Chapter 4 provides the simulation results and describes some additional 

work that can be performed to obtain more accurate results concerning the actual 

performance of the proposed device.  Concluding remarks are also presented. 
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Chapter 2  

 

BACKGROUND 

 
There are two general types of PSDs, lateral effect photodiodes and quad 

detectors.  Lateral effect photodiodes can determine the absolute distance of 

movement while quad detectors can only reveal the direction once the spot is 

displaced more than its radius from a center point [YANG2002]. 

The performance of a PSD is based on certain criteria:   

 

(1) Position resolution, which is the minimum detectable displacement of a 

light spot on the detector’s surface.  High resolution indicates a small 

minimum detectable displacement.  

(2) Speed of its performance, the amount of time it takes to detect the 

position of a light spot  

(3) Difficulty of fabrication, the more complex the PSD structure the more 

costly it is to fabricate.   

 

2.1 Lateral Effect Photodiodes 

 

The measurement span of the lateral-effect photodiode is determined by the 

size of its active area.  Its signals are a direct measure of the position of the light 

spot center from the edges of the detector.   



6 

The side view of a typical one-dimensional lateral effect photodiode is shown 

in Figure 2.1.  This one-dimensional form has two electrodes (labeled A and B) on 

the upper p-type layer to provide electrical contacts.  It also contains an additional 

electrode (labeled C) on the N+  layer to provide a biasing voltage.   

 

Figure 2.1:  Side view of one-dimensional lateral-effect photodiode. 

 

The operation of this device is based on the lateral photoelectric effect; when 

a semiconductor junction is non-uniformly illuminated by radiant energy (light), a 

lateral photovoltage is established.  The magnitude and polarity of the lateral 

photovoltage varies as the light spot moves between the contacts.   

Position information is determined by the difference-to-sum ratio of the 

current at electrodes A and B.  This is given by equation (2.1) [CHOW1998]. 

  

P-type resistance 

N-type Si substrate 

N+ layer 

electrodes 
A B 

C 
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   A B

A B

Ix Ix
I

Ix Ix

−
=

+
     (2.1) 

 

Various geometries and materials have been used to construct lateral effect 

photodiodes.  The most common material used is silicon and the geometries most 

often studied for two dimensional versions include tetralateral, duolateral dual-axis, 

pincushion, and clover [WANG1989]. 

 

2.1.1  Tetralateral PSD Form 

 

The tetra-lateral version is one of the most commonly studied geometries for 

a two-dimensional detector [WANG1989], and several papers have been written 

describing its operation [CONN1971], [WOLT1975], [SHAE1998].  It is illustrated 

in Figure 2.2 and consists of four electrodes, one on each side of a square sensing 

area.  The difference-to-sum ratio of currents on opposite sides of the device are 

used to find the Cartesian two-dimensional coordinates of a light spot.  The X-

coordinate of the incident light is the difference between currents x1 and x2 and the 

Y-coordinate is the difference between currents y1 and y2.  This device may be 

operated in any spatial orientation; the X and Y direction assignments are 

arbitrary. 
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Figure 2.2:  Tetra-lateral PSD geometry.  Shaded areas indicate electrodes. 

 

This device is linear near its center but has a large distortion near the edges 

of its active area because neighboring contacts interfere with each other.  This can 

cause a position error of about 12% [CHOW1998].  

 

2.1.2 Dual-Axis Duolateral Form 

 

The dual-axis duolateral form consists of an n-type silicon substrate with two 

resistive layers.  The first resistive layer is p-type with ohmic contacts on two 

opposite sides of the device while the other is n-type with contacts orthogonal to 

those of the first layer.  This device is illustrated in Figure 2.3. 

 

X1 X2 

Y1 

Y2 
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Figure 2.3:  Dual-lateral PSD structure. 

 

The resolution of this device is twice that of the tetralateral PSD because the 

generated photocurrent is only divided into two parts rather than four.  Thus, better 

linearity can be achieved.  However, this device produces a large dark current 

[MORI1991], so it is often reverse-biased in operation.  This device also has some 

other disadvantages when compared to the tetralateral PSD:  it has both a slower 

response and is more expensive to fabricate because it requires contacts to be placed 

on both sides of the device.   

 

2.1.3 Pincushion Form 

 

The pincushion version attempts to combine the best aspects of both the dual-

axis duolateral and the tetralateral forms.  It has contacts on only one side of the p-
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n junction and minimizes interference between the x and y outputs through careful 

selection of the boundary shape of the junction surface, the sheet resistance, and 

electrode shapes.  As illustrated in Figure 2.4, the boundaries of this device are 

curved rather than straight.  The active sensing area is comprised of a rectangle 

whose sides are tangent to the innermost points on the curved boundaries.  The 

electrical contacts are located at the four corners of the device.   

 

 

Figure 2.4:  Pincusion PSD geometry. 

 

The pincushion detector is linear over a much broader range of its active 

surface than the tetralateral PSDs [WANG1989]. However, the ratio of sensitive 

area to the total area is small because of its curved boundaries [DOKE1987]. 
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2.1.4 Clover Form 

 

As illustrated in Figure 2.5, the clover version contains eight protruding 

point contacts and four short contacts at its corners.  The sensitivity of this detector 

is about five times that of the pincushion form while its maximum distortion is 

lower [WANG1989].  Further its resolution is roughly twice that of the tetralateral 

and about equal to that of the duolateral form [CONN1971].  However, this 

structure produces large leakage currents.   

 

Figure 2.5:  Structure of clover PSD. 

 

2.1.5 Other Methods 

 

Other techniques have been used to increase the resolution of a position 

sensitive device and to improve the linearity of its response.  These include using 
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MOSFETS to change a conventional dual-axis simultaneous sensing method into a 

single but alternate-axis sensing one.  The latter results in linearity equivalent to 

that of a one-dimensional PSD [MORI1991].   

Reverse biasing the PSD may also result in higher resolution, because of the 

increase in thickness of the depletion layer between the p and n layers.  This 

effectively reduces the current through the device to almost zero, preventing surface 

recombination [CONN1971]. 

Other approaches include using different materials as a substitute for Silicon.  

These materials include Gallium Arsenide and Gold/Beta Silicon Carbide. 

 

2.1.6 Summary 

 

Different geometries such as the dual-axis duolateral, pincushion, and clover 

have improved detection linearity over the tetralateral PSD.  The dual-axis 

duolateral and pincushion have low sensitivity and are nonlinear near the extreme 

edges of the device.  The clover has an approximate linear response, however it has 

a complex shape and a large non-sensitive surface area [COWI1997]. Due to low 

active area resistance this latter device is also sensitive to biasing voltage 

[MURO1990], which can cause a DC offset current to flow.  However, reverse-

biasing the device can make it insensitive to background illumination and produce a 

higher resolution [CONN1971].  A comparison of the performance of three 

geometries, the tetralateral, pincushion, and clover, is given in Table 2-1.   
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Table 2-1:  Comparison of measured linearity of various PSDs within 4 X4 mm2    

       [YOUN1992]. 

      Percentage of area with distortion less than: Device 

3% 5% 7% 9% 11% 20% 

Tetralateral 10 15 21 25 30 52 

Pincushion 20 36 52 80 100 100 

clover 30 46 64 88 100 100 

 

2.1.7  Disadvantages 

 

In general lateral effect photodiodes can only be used to measure the absolute 

displacement of a light spot.  Figure 2.6 illustrates that because these devices have 

an approximately linear response, a light spot initially in position A moving the 

same distance and in the same direction as a light spot initially in position B will 

produce equivalent difference-to-sum currents.  Therefore, it is necessary to 

calibrate the device in order to know the initial position of the light source.   

 

    

Figure 2.6:  Light spots A and B at different initial positions moving the same distance 

and direction will produce equal outputs. 

  

A 

B 
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In addition, none of the devices described above provide a linear response for 

the entire sensing area. Therefore, they give inaccurate position information when 

the light centroid approaches the edges of the device.  Finally, the sensitivity of 

these devices is dependent on spot size, as spot size is increased the sensitivity 

decreases [CHOW1998]. 

 

2.2 Quad detector 

 

2.2.1 Structure 

 

Another PSD structure is the quad detector depicted in Figure 2.7.  It 

consists of four double junction photodiodes separated by vias.  This device 

measures the displacement of a light spot with respect to the center of the quad cell.  

In order to operate, this device needs to be calibrated and the light spot must 

initially be at the center of the quad cell.   
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Figure 2.7:  Quad cell structure with light spot of radius k at the center. 

 

2.2.2 Operation 

 

The centroid position of the light spot can be determined by performing 

relatively simple mathematical calculations on its output signals.  The x-coordinate 

position is given by equation (2.2) and the y-coordinate position is given by equation 

(2.3)  [DELI2001].  The current at each quadrant is represented in the equation by 

the variable, I, and the subscripts refer to a particular quadrant illustrated in 

Figure 2.7. 

 

Active area for spot 
with radius k 

k 

Light spot with radius k 

A 
B 

C D 
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( ) ( )

B C A D

A B C D

I I I I
x

I I I I

+ − +
=

+ + +
    (2.2)    

 

  
( ) ( )

A B C D

A B C D

I I I I
y

I I I I

+ − +
=

+ + +
    (2.3) 

 

2.2.3 Disadvantages 

 

The response of the quad cell PSD depends on the spot intensity and spot 

diameter.  The maximum distance the spot can move from the center of the cell, and 

still provide position information, is called the spatial dynamic range and is 

approximately equal to the spot diameter.  Once the light spot moves beyond this 

distance its position can no longer be precisely detected.   

This device is also only linear for displacements near the center [DELI2004].  

The transfer characteristics for a uniform circular spot are non-linear because the 

movement of the spot is not proportional to the percentage of the area which shifts 

between adjacent quadrants [MAKY1996].  Due to their highly nonlinear 

characteristics, quad detectors are thus most commonly used for tracking and 

centering devices rather than position sensors.  



17 

Chapter 3  

 

METHOD OF IMPROVEMENT AND THEIR MODELING 

 
A potential solution to the problems encountered with the various existing 

PSDs would be to take advantage of the nonlinearities present in the operation of 

these devices, instead of attempting to eliminate.  Based on the algorithm presented 

by [MOYA2005] one can perform position detection using a sensor with a Gaussian-

shaped response curve to light.  In one dimension two such sensors are needed to 

identify the position of an object and for two-dimensional detection three curves are 

needed.  This is illustrated in Figure 3.1.  Applying their algorithm would allow the 

structure of the PSD device to be simplified.  Futhermore, performance may be less 

affected by the size of the light spot and the device would not need calibration to 

determine the initial position of the object.   
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                                    (a)           

 

 

 

         (b) 

 

Figure 3.1:  Overlapping Gaussian response curves used for  (a) one-dimensional position 

detection and (b) two-dimensional position detection. 
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3.1 Structure 

 

A structure with a Gaussian response can potentially be created with a p-n 

junction.  This device would consist of an n-type substrate with a shallow p-type 

implant and metal contact as illustrated in Figure 3.2 and Figure 3.3.  

 

Figure 3.2:   Side view of device with pn junction. 

 

Figure 3.3: Top view of device.   

 

3.2 Verification 

 

In order to verify that the proposed structure in Figure 3.2 produces a 

Gaussian-shaped response curve to a light spot the device was simulated using 

n-type 

p
+

metal contact 

r 
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Microsoft Excel.  The appropriate equations were derived and applied.  A 

spreadsheet was then set-up to perform the calculations. 

 

3.2.1 Computation 

 

To simulate the device in Microsoft Excel a two-dimensional equation which 

described the behavior of excess holes in a semiconductor device was derived.  The 

final equation varied with radial distance from the center of the device as well as 

depth within the device.   

The net increase in the number of holes per unit time in a differential volume 

is given by Equation (3.1), which represents a three-dimensional continuity 

equation for using cylindrical coordinates. It is used to determine the concentration 

of excess carriers at each point in the device.  The first term on the right-hand side 

of the equation is the increase in number of holes per unit time due to particle flux, 

the second term is the increase in number of holes due to the generation rate (gp), 

and the final term is the decrease in number of holes due to recombination 

[NEAM1997]. 

 

p p

p

p p
d drdz F d drdz g d drdz d drdz

t
φ φ φ φ

τ
+∂∆ ∆

= −∇ + −
∂

i   (3.1) 
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The net increase in hole concentration can be found by dividing (3.1) by the 

differential volume, d drdzφ .  The resulting equation is the continuity equation for 

holes and is given by 

 

  p p

p

p p
F g

t τ
+∂∆ ∆

= −∇ + −
∂

i      (3.2) 

 

The total current density in a semiconductor is given by  

 

 

 
n p n p

J en E ep E eD n eD pµ µ= + + ∇ − ∇     (3.3) 

 

The four components of this latter equation are electron drift and diffusion currents 

and hole drift and diffusion currents.  The sum of these four current mechanisms 

provides the total current density.  The terms in the equation are defined below: 

 

           J= current density (A/cm2) 

 e = electronic charge (magnitude)= 1.6 X 10-19 Coulombs 

 n,p= electron and hole concentration (cm-3) 

 �n,�p=electron and hole mobility (cm2/V-sec) 

 E = Electric field (V/cm) 

Dn,Dp=minority carrier electron and minority carrier hole diffusion coefficient  

(cm2/sec) 
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,n p∇ ∇ =electron density gradient and hole density gradient 

  

For the purposes of simulation, only the current generated by the movement 

of holes was taken into consideration.  Thus, (3.3) was reduced to 

  

  
p p p

J ep E eD pµ= − ∇       (3.4) 

 

By dividing Equation (3.4) by an electron charge (e), the equation for particle flux 

can be obtained.  This equation is given by  

 

                  
p p pF pE D pµ+ = − ∇                             (3.5) 

       

 

Thus, the particle flux depends on the hole mobility (µp), the density of holes (p), the 

electric field (E), the diffusion coefficient Dp, and the hole gradient.   

 Substituting Equation (3.5) into the continuity Equation (3.2) yields 

  

 p p p

p

p p
pE D p g

t
µ

τ

∂∆ ∆
 = −∇ − ∇ + − ∂
i     (3.6) 

 

The term outside the brackets may be distributed to obtain  

 

 [ ]p p p

p

p p
pE D p g

t
µ

τ

∂∆ ∆
= − ∇ + ∇ ∇ + −

∂
i i     (3.7) 
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Noting that 

 

 ( )pE p E E p∇ = ∇ + ∇i i i       (3.8) 

 

the first term in equation (3.7) may be expanded as shown in (3.9) and the second 

term as shown in (3.10).   

 

( ) ( )
1 1 1 1z z

p p r r

E pE p
pE p rE E rp

r r r z r r r z

φ φµ µ
φ φ

 ∂ ∂    ∂ ∂∂ ∂
− ∇ = − + + + + +    

∂ ∂ ∂ ∂ ∂ ∂    
i  (3.9) 

 

 [ ]
2 2

2 2 2

1 1
p p

p p p
D p D r

r r r r zφ

 ∂ ∂∆ ∂ ∆ ∂ ∆ 
∇ ∇ = + +  

∂ ∂ ∂ ∂  
i    (3.10) 

 

In order to simplify the minority carrier diffusion equation the following 

assumptions are made [PIER1996]:   

1.  The system under analysis is two-dimensional, dependent only on radius, 

r, and depth, z.    

2.  The analysis is resticted to minority carriers  

3.  The electric field in the semiconductor is approximately zero, which allows 

its effects to be negligible.  

4.  The equilibrium minority carrier concentrations are not a function of 

position.   
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5.  Low-level injection conditions exist (∆p << n0) 

6   Indirect thermal recombination-generation is the dominant thermal R-G 

mechanism  

7.  The only process taking place within the system is photogeneration. 

 

The above assumptions allow equation (3.7) to be reduced to two-dimensions.  

It also allows all terms that include the electric field, E, to be eliminated.  The 

resulting differential equation is given by 

 

2 2

2 2

1
( )p

r

p p p p p
D g z

r r r z tτ

 ∂∆ ∂ ∆ ∂ ∆ ∆ ∂∆  
+ + + − =   

∂ ∂ ∂ ∂∆   
      (3.11) 

 

In (3.11) g(z) is the generation rate of carriers.  It is assumed that g(z) = 0 if 

the semiconductor is not subject to illumination. To obtain a steady-state solution it 

is assumed that the change in concentration of holes does not vary with time.  

Therefore, 0
p

t

∂∆
→

∂
. 

For use in Microsoft Excel, Equation (3.11) must be converted into a discrete 

equation rather than a continuous differential equation. This allows the differential 

equation to be solved at discrete points in the device.  The conversion is completed 

by first approximating the derivative via the following definition: 

 

   
0

lim
x

y dy

x dx∆ →

∆
=

∆
     (3.12) 
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To estimate the derivative in a region, Equation (3.13) can be used.  The lower case 

� is used as a substitute for the “�” in equation (3.12) because � is used in the 

following equations to mean “change” while � will be used to represent “difference”.  

 

   
p p

t t

δ

δ

∂∆ ∆
≈

∂
     (3.13) 

 

 To estimate the first derivative, (3.14) was substituted into (3.11) similarly, 

in terms that contained the second derivative, (3.15) was substituted into those 

terms.  

 

 1i i
p pd p

dt tδ
+∆ − ∆∆

≈     (3.14) 

 

2
, 1 , , 1

2 2

2
i j i j i j

p p pd p

dx xδ
+ −∆ − ∆ + ∆∆

≈   (3.15) 

 

With the above substitutions, the following minority carrier diffusion 

equation is obtained:  

 

1, , 1, , 1, , 1 , , 1 ,

2 2

2 21
0 ( )

i j i j i j i j i j i j i j i j i j

p

p p p p p p p p p
D g z

r r r zδ δ δ τ
+ + − + − ∆ − ∆ ∆ − ∆ + ∆ ∆ − ∆ + ∆  ∆ 

= + + + −  
  

 

            (3.16) 
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The terms were rearranged to solve for �pi,j.  The resulting equation that was 

used in Excel is  

 

   

1, , 1 , 1

1, 2 2 2 2

,

2 2

( ) 1 1

1 2 2 1

i j i j i j

i j

p

i j

p r

p p pg z
p

D r r r r z z
p

r r r z D

δ δ δ δ δ

δ δ δ τ

− + −

+

∆ ∆ ∆ 
+ ∆ + + + +  

∆ =

+ + +

    (3.17) 

 

3.2.2  Simulation 

 

For purposes of simulation, a cylindrical device with a radius of 0.1 cm and a 

depth of 5mm is assumed.  The p-type junction was placed at the center of the 

device.   

A spreadsheet was then setup in Excel in which each cell represented the 

carrier concentration at a discrete point in the device.  The spreadsheet consisted of 

a 100 X 100 array of cells in which the columns represented the radial distance from 

the contact and the rows represented depth in the device.   

As can be seen in (3.17), the result in each cell depends on its surrounding 

cells.  The i subscript in the equation refers to a particular column while j specifies 

a particular row.  The cell layout with reference to the subscripts is illustrated in 

Figure 3.4. 
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Figure 3.4:  Cell layout in Excel spreadsheet. 

 

Thus, when the value in a cell changes, this causes a change in the 

surrounding cells.  In order to find a stabilization point, a maximum iterative 

change must be defined.  Therefore, within the Excel simulations, calculations in 

the spreadsheet continue within an iteration until the maximum change in the 

values, for all cells, from one iteration to another iteration, are less than 1*10-9.   

At the left boundary of the spreadsheet the slope was set to zero.  This was 

done by referencing the cell to the right (∆p(i+1),j) rather than the one to the left for 

the entire left column.  This allows the device to be symmetrical about the far left 

column.  For the remaining boundaries, top, right, and bottom, the values in the 

cells beneath, to the left, and above, respectively, were copied into the boundary 

cells. For instance, the values in row two were copied into the cells that comprise 

the uppermost row of the array.  

The generation rate for carriers, g(z), varied with depth and was calculated 

using  

 

∆pi,j ∆p (i-1), ,j 

∆p i, (j+1) 

∆p i, (j-1) 

∆p (i+1), j 
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                             ( ) exp( )g z i zα α= −                               (3.18) 

 

where i,  is the light intensity (10cm-2) and α is the absorption coefficient (1000 cm-

1). 

During simulation, generation of carriers took place in only one column at a 

time, emulating the effects of a light source at different radial distances from the 

central point of the device.  The active column in Excel was indicated by a value of 

one in a row at the top of the simulation array where all other entries were zeroes. 

The Microsoft Excel spreadsheet set-up is illustrated in Figure 3.5.   

 

Figure 3.5:  Solar cell spread sheet set-up in Excel. 

 

Row to simulate 
light source 

100 X 100 
   Array 

Row  

1 

100 

0 1 0 …….. 0 

Active column 

1 100 
Column 
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This additional control on generation can be incorporated into Equation 

(3.17) using a term A via 

 

1, , 1 , 1

1, 2 2 2 2

,

2 2

( ) 1 1

1 2 2 1

i j i j i j

i j

p

i j

p r

p p pg z
A p

D r r r r z z
p

r r r z D

δ δ δ δ δ

δ δ δ τ

− + −

+

  ∆ ∆ ∆ 
+ ∆ + + + +       ∆ =

+ + +

  (3.19) 

 

When the cell above a column is zero (i.e. A = 0) there is no generation of 

carriers taking place in that column.  

Simulations were done initially by activating each of the 100 columns one by 

one.  However, it was determined that sufficiently accurate results could by 

obtained by activating every fifth column.   

After the simulation was run with one column active the resulting current 

density was calculated using  

 

       
p

p p
J qD

r z

∆ ∆ 
= − + ∆ ∆ 

                      (3.20)         

  

The current was then calculated by applying  

 

 

s

I J d s= ∫
�� �

i�                                         (3.21) 
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A screenshot of the Excel spreadsheet is shown in Figure 3.6.  All the 

constants used in the simulation are on the left side of the spreadsheet.  The column 

labeled “Generation” shows how the generation rate of carriers varies with the 

depth of the device.  The top row simulates the light source.  In this screenshot, the 

second column is generating carries because there is a “1” above the corresponding 

column, all other columns contain zeros.   

 

Figure 3.6:  Screenshot of Microsoft Excel worksheet.   

 

This simulation procedure was performed for varying values of the diffusion 

length.  In the spreadsheet the diffusion length was calculated by applying equation  
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   _
p p

Diffustion Length D τ=      (3.22) 

 

All values, except the diffusion coefficient, Dp, were held constant from 

simulation to simulation.  The simulation was performed for the following three 

values of diffusion length in relation to the radius of the device.   

 

(1) Diffusion_length = (1/3)*r 

(2) Diffusion_length = r 

(3) Diffusion_length = 3*r 

 

The value for the hole lifetime, �p, remained at 10 microseconds for all three simulations.   
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Chapter 4  

 

RESULTS AND CONCLUSIONS 

 

4.1 Simulation Results 

 

Simulation results for the three simulations, D=1/3r, D=r, and D=3r, are 

given in Table 4-1 and plotted in Figure 4.1.   

      Table 4-1:  Current produced for various radial distances for three simulations. 

Radius D=0.3R D=R D=3R 

0.005 0.223901 0.22716 0.22529

0.01 0.201452 0.212312 0.221985

0.0153 0.175711 0.193206 0.211564

0.02 0.158731 0.178175 0.194498

0.025 0.141801 0.160933 0.178411

0.03 0.126017 0.145881 0.161601

0.035 0.11251 0.128635 0.147915

0.04 0.103054 0.117 0.135706

0.045 0.096543 0.107895 0.125064

0.05 0.092768 0.100167 0.115132

0.055 0.088342 0.095122 0.107501

0.06 0.085995 0.090991 0.100459

0.065 0.083071 0.087742 0.094509

0.07 0.082784 0.085076 0.090722

0.075 0.082038 0.08351 0.087778

0.08 0.081609 0.081609 0.084644

0.085 0.080927 0.080927 0.082376

0.09 0.080486 0.080486 0.080486

0.095 0.079891 0.079891 0.079891

0.1 0.079301 0.079301 0.079301
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Current vs. Radial Distance from Center
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Figure 4.1:  Plot of data points given in table 2. 

 

The data points obtained for the first simulation, in which D =1/3r, were 

fitted to a Guassian function.  The general equation for a Gaussian function is given 

by 

 

   2 2

0exp( / )Y A X X= ∗ −    (4.1) 

 

Where the values A and X0 are constants that were changed to fit the data 

points.  The value ‘A’ was approximated by the y-intercept of the simulation data 

points.  The value for ‘X0’ was found by trial and error.  The resulting fitted 

equation is given by 
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  2 20.1544exp( / 0.027566 ) 0.0712Y X= − +     (4.2) 

 

As illustrated in Figure 4.2 the response of the device decreases as the 

distance from the p-n junction increases and the simulation data points fit to the 

Gaussian equation (4.2).  

 

Current vs. Radial Position of Light Source
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Figure 4.2:  The resulting data points fit to a Gaussian curve. 

 

These results verify that the proposed structure produces a Gaussian-shaped 

response to a light stimulus. In order to acheive overlapping Gaussian curves, as is 

needed for two-dimensional poisition detection, more p-type implants must be added 

to the device. 
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4.2   Other Simulations  

 

In addition to the discrete simulation described in the previous chapter the 

minority carrier diffusion equation given in the (3.12) was also solved using a 

different approach.  Granville Sewell simulated the continuous equation using a 

partial differential equation solver called PDE2D.   

 

4.2.1 PDE2D 

 

The software package solves general partial differential equations (PDEs) in 

two or three dimensions.  For a two-dimensional problem a Galerkin finite element 

method, with isoparametric triangular elements of up to 4th degree is used.  

Adaptive refinement and grading of the triangular mesh are available for 2D 

problems [SEWE2005].  In order to use the software to solve a two-dimensional 

equation the user must answer a series of questions about the region, partial 

differential equations and boundary conditions, and select solution method and 

graphical output options. The interactive driver automatically writes a FORTRAN 

program, based on the user's answers, which is then compiled and linked to the 

PDE2D library routines it calls. 
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4.2.2 Simulation results 

 

The simulation was run using the same parameters for device size, 

generation rate, and boundary conditions as those used in the simulation described 

in chapter 3.  The results obtained by Sewell are given in Table 4-2.   

 

Table 4-2:  Results from PDE2D simulation. 

Radius Current 

0.005 0.235182 

0.01 0.19235 

0.015 0.168807 

0.02 0.152235 

0.025 0.139513 

0.03 0.129293 

0.035 0.120856 

0.04 0.113768 

0.045 0.107742 

0.05 0.102581 

 

4.2.3 Comparison 

 

When the simulation values obtained by Sewell were plotted on the same axis 

as those found using Microsoft Excel the results were found to be similar but not 

identical as illustrated in Figure 4.3.  A possible explanation for the variation in 

results between those found using Microsoft Excel and those found by using the 

software package PDE2D is that the former solved the equation at discrete points 

while the latter method solved the continuous equation.   
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Current vs. Radial Position of Light Source
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Figure 4.3:  Plot of simulation results obtained from Microsoft Excel and PDE2D on same 

axis. 

 

4.3 Conclusions and Future Work 

 

The proposed device offers several advantages when compared to existing 

PSDs.  The structure is very simple.  It consists of an n-type substrate with a p-type 

implant and metal contact.  This will allow the device to be relatively inexpensive to 

fabricate.  Second, the device does not need to be initially calibrated because the 

response is Gaussian and the output would depend on the initial position as well as 

the final position.  Finally, the operation of the device may be independent of spot 

size and light intensity.   

The results obtained from the simulation verify that the proposed structure 

produces a Gaussian-shaped response to a light stimulus. In order to achieve 

overlapping Gaussian curves, as is needed for two-dimensional position detection, 

more p-type implants must be added to the device.  
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The device proposed has a simple structure which would make it relatively 

inexpensive to fabricate.  This gives it another advantage over existing PSDs that 

are generally complicated.   

In order to obtain more conclusive evidence concerning the performance of 

the device it must be fabricated and tested using a light source.  The results 

provided in this thesis were based only on theoretical calculations.   

Once this device is constructed more definitive operational results can be 

determined, such as its resolution, operational speed, etc. Then it can be compared 

to existing PSDs to determine if it in fact produces a more accurate result. 
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