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ABSTRACT

Detecting and analyzing a moving body position are helpful in many fields, such as medicine, sports performance,
virtual reality and many more. Therefore, researchers try to develop a tool or a system that helps to detect the
motion and tracking its position. This paper shows how a Si solar cell can be modified to function as a Position
Sensitive Detector (PSD), which could be used as a large area detector in a position detection system. To develop
the new detector, we modeled and simulated the modified solar cell by TCAD simulation tools to calculate the
detected photocurrent as a function of the position of an incident laser beam sourced by the moving object.
Further, an optical position detection system is implemented containing the modified solar cell, a signal amplifier
and a microcontroller. The output is then displayed on a Laptop. By measuring the same simulated output
photocurrents, it is found that the measured system output matches the simulation results. This proposed position
detection system is relatively cheap because it does not contain high precision optical image building components
such as lenses and mirrors. Besides, the proposed system could substitute the optical system by using a large area
PSD made from a broad array of solar cells. The electronics are also much more straightforward than those in
systems based on image processing. So, it has a high-speed response. The error assessment of the proposed system
showed a low position detection error of less than 10%.

1. Introduction

The motion detection of a moving body is a research point that gained
significant interest because of its various applications in different fields
ranging from automatic video surveillance [1], rehabilitation [2], ath-
letics [3], computer graphics [4] to other applications. A lot of motion
detection systems have been proposed using different devices [5, 6] and
technologies such as systems based on image processing using video
cameras [7], accelerometers and gyroscopes [8], microwave sensor
module utilizing Doppler shift frequency principle [9] or multi-beam
passive infrared sensor [10].

The Position Sensitive Detector (PSD) is a sensor that can track a
laser beam moving on its surface. It could detect the laser position in 1D
or 2D where the output current gives the incident light spot position.
The PSDs are used in many applications such as: determining the loca-
tion, energy loss, the occurrence time of single ionizing events [11],
rotational speed measurement [12], atom probe microanalysis [13], the
micro-robotic applications [14], measurement of atmospheric turbu-
lence [15] and noncontact vibration measurement [16]. Besides, a PSD
can work as a position detector on a large scale, but in this case, it needs
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an optical imaging subsystem, which is usually very expensive and
needs a very careful calibration. Attempts to build such a large area
motion detection system using large convex mirrors and concave lenses
are studied in [17].

A better solution to this problem is to construct a large area PSD using
modified solar cells. Solar cells are optimized for light detection, and they
are large area devices with very affordable cost. So, one can directly let
the laser beam attached to the moving object strike the PSD-like solar
cell.

In this paper, we introduce a novel technique to detect the moving
body position by taking advantage of the common characteristics shared
by the PSD and the solar cell to develop a solar cell that can function as a
position detector. Then, processing the output signal of this modified
solar cell using a microcontroller circuit is performed. Furthermore, the
output is displayed using a PC application. The combination of the useful
features of both the solar cell and the PSD achieves some advantages.
Regarding the solar cell, the benefits include its large active area
compared to the PSD active area, low price and availability. For the PSD,
the advantages include its high-speed response, excellent position reso-
lution and wide-spread response range.
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The rest of the paper is arranged as follows. Section II includes an
illustration of the basic principles of the PSDs and the solar cells as well as
the standard features between them. Section III consists of a simulation
analysis carried out by using SILVACO TCAD device simulator [18, 19,
20] followed by the process to achieve the proposed motion detection
system. Then, the system's final results and the calculations of the posi-
tion detection error are presented, which are performed utilizing an
application that has been developed using C# Graphical User Interface
(GUI) class library [21] and the ZedGraph class library [22].

2. The system basic theory

Solar cell and PSD are considered as a simple p-n junction with the
photovoltaic effect as the common detection principle between them,
where a solar cell represents an unbiased photodiode [23, 24]. By
contrast, a PSD represents a reverse-biased photodiode. A PSD consists of
a resistive layer formed on a high-resistivity substrate on one or both
sides of its surface. A pair of electrodes for extracting the position signals
is formed on both ends of the resistive layer. The photosensitive area has
a p-n junction that generates photocurrent employing the photovoltaic
effect [19]. When a laser beam is incident on the active area of the PSD,
an electric charge is generated producing a current that is proportional to
the light intensity. This current is pushed through the top resistive layer
and then, collected by the output electrodes, where the two output cur-
rent signals are inversely proportional to the distance between each
electrode and the light spot position [25].

Figure 1 represents a schematic view of a PSD cross-section showing
the operating principle. A resistive layer of p-type is formed on an n-type
high-resistivity silicon substrate with two electrodes on its both ends.
This resistive layer serves as a photosensitive area for photoelectric
conversion. An electrode is formed below the whole backside of the sil-
icon substrate. It is the same structure as that of PIN photodiodes with its
p-type top layer acting as the resistive layer on the surface through which
the photocurrent is collected [25].

The relation between the position of the incident light spot and the
output currents from the electrodes depends on the point that will be
considered as the origin. It could be a case of the following two. When the
origin is set at the center point of PSD then,
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the distance from the light spot to the electrode X1; Ly is the resistance
length.

Further, Figure 2 shows the main features of the crystalline silicon (c-
Si) solar cell. The absorber material is a moderately doped p-type wafer.
A highly doped n*-type layer is formed on the top side of the wafer. This
n-p junction is sandwiched between a full metal back and partially front
metal electrodes where metal fingers are placed on the solar cell surface.
Silicon solar cells have typical thicknesses in between 100 and 300 pm.
When the solar cell is illuminated with sunlight, the photons are con-
verted to charge carriers (electrons and holes). These charge carriers will
be separated to conductive contacts to transmit the generated voltage
[19, 26, 27].

As illustrated, the characteristics of the PSD and the solar cell are
considered p-n junction photodiodes. According to that and by applying
some modifications to the solar cell surface, it could work as a PSD.

3. Results and discussions
3.1. TCAD simulation

To demonstrate the concept of converting a solar cell to a PSD, a 2D
simulation analysis is performed like REF [28]. In our work, the simu-
lation analysis of the modified solar cell is utilized using a process
simulator Athena and device simulator Atlas provided by SILVACO
TCAD. The simulation consists of two parts. The first part is defining the
structure of the modified solar cell, which is done by using the process
simulator Athena as follows. Firstly, a p-type substrate is initialized, and
then an implementation of the n™ layer is done. Next, the aluminum
deposition is performed, followed by electrodes formation using etching.
Table 1 shows the parameters used in this part. The second part is
executed by using the device simulator Atlas by providing the light
source file and its position on the modified solar cell. After that, the
biasing conditions are determined and finally, the output current, asso-
ciated with these biasing conditions, is extracted.

Table 1. The used parameters in the Athena process simulation.

Ixo —Ix1 2Xy
I)ﬂTIxz = K (€] Structure parameter Value
Base (P layer) doping 10 cm 3
And when the origin is set at the end of PSD, n+ layer doping 105 cm 3
I I 90X I Solar cell thickness 50 pm
IXZ;IXI = % 2) Solar cell width 100 pm
x1 L X Oxide thickness 0.05 pm
where Ix; is electrode X1 output current; Iy, is electrode X2 output cur- Cathodes thickness 0:10pm
rent; X, is the distance from the light spot to the center of the PSD; Xp is ~ Cathodes width 5 pm
X8
i
h—val Lx
Output Ix1 : lhcident 9 Output Ix2 |
1 H |
Electrode X1 | photocurrent Light LElectrode X2
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“— | Layer 0X1 “H -)-(i» H— )%
X
<+—N Layer AN
J) Common
Electrode Active Area

Resistance Length Lx

(a)

(b)

Figure 1. (a) PSD cross-sectional view and (b) Active Area (plan view).
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Figure 2. The solar cell schematic diagram.

In this simulation part, the light absorption and photogeneration rates
in the device are obtained using geometric ray tracing. This step is fol-
lowed by an electrical simulation to calculate the required terminal
currents. The main physical models are enabled. Regarding mobility, a
concentration-dependent and field-dependent mobility models are
incorporated. Further, concentration-dependent Shockley—Read-Hall
(SRH) and Auger recombination mechanisms are invoked. The electron
and hole lifetimes are taken to be equal and set to 1 ps.

Figure 3 shows a cross-section view of the modified solar cell with a
total length of 100 pm and two cathodes with a width of 5 pm; each of
which provides an active area of length 90 pm. It should be pointed out
here that the real device with much larger dimensions is scaled down to
save calculation time while proving the concept of the operation pre-
sented in the previous section.

Now, the device structure is subjected to a laser beam source to study
its impact on the device behavior. In this regard, Figure 4 illustrates the
photogeneration rate at the points where the laser beam of a wavelength
of 650 nm falls and the total current density corresponds to it. The figures
were taken at different points at -20, 0 and 40 pm to show how the output
current changes with the laser position. The output current of the elec-
trode closer to the position where the laser beam fall has a higher value
than the current of the other electrode.

The simulation is performed by sweeping the laser beam across the
sensor active area total length and recording the values of the output
currents at 25 positions. Accordingly, a graph that represents the relation
between the output currents and the laser beam position is drawn.
Figure 5(a) shows the plot of the simulated output currents I; and I,
while using two laser beams with different wavelengths one with a
wavelength of 650 nm and the other with a wavelength of 532 nm versus
the horizontal position X of the light spot. It is clear that I; decreases with
X while I; increases. This is because the scanning with a light beam starts

1 S Maodified solar cell active area (90 um) usﬂﬁ‘
[T P

T~

/

Top n* layer

Electrode (Cathode)
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x
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(a)
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from left near cathode 1. The simulation output matches well with the
results expected from a PSD. The difference between the cathode currents
I, — I is plotted in Figure 5(b). We can see that the difference between
the cathode currents follows a straight line whose equation can be
formulated as follows:

Ly L -1
2L +DL

3

where L, is the active area length. This relation agrees with that given in
Eq. (1).

3.2. The proposed motion detection system realization

A schematic diagram of the proposed motion detection system is
depicted in Figure 6. The moving system contains a laser source fixed on
the moving part. The laser beam is received and detected by the new
solar cell detector. Also, the detected signal is amplified by a signal
amplifier, converted into digital form with an A/D converter and finally,
the signal is plotted by an output display. Figure 6 shows the equivalent
circuit of the modified solar cell detector and the amplifiers drawn by
using a Proteus design software [29]. The solar cell detector is repre-
sented by a distributed network [30]. The system components are
described as follows (see Figure 7).

3.2.1. Laser
The Laser unique features [31] make it suitable to be used as the
indicator of the moving body position in our system.

3.2.2. The modified solar cell position detector

The solar cell modification is the focus of this research since it could
work as the detector of the moving body position. As explained there-
before, a mapping between the PSD and the solar cell is needed to ach-
ieve our target. Figure 8 shows the front and back of the solar cell
(Crystalline silicon type with thickness of 250 pm consisting of N-type
front layer and P-type back layer); the surface layer of the solar cell
consists of two types of contacts, namely the busbars that conduct the
electric power generated by the cell and the cell fingers that collect the
generated DC and deliver it to the busbars. The utilized solar cells were
purchased from siliconsolar.com [32].

Comparing the solar cell surface with the PSD surface, as shown in
Figure 1, one finds that the busbars of the front layer could be used as a
cathode electrode, and the busbar at the back layer could be used as the
common anode electrode. As a test, we measured the busbars output
current signals while changing the laser beam position on the solar cell
surface by using a digital multimeter. The result was not the same as that
of the PSD. This result could be explained as follows.

1t Modified solar cell active area

cathodel / cathode2
0.1um 10— Top n' layer
20
) £
SOpm =
30 | | AbsNgf poping
=179

Materials
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Sio2

Aluminum
Electrodes

20 .10 0 10 20 30 40 50

Figure 3. (a) The modified solar cell structure and (b) Schematic diagram of the modified solar cell simulation.
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Figure 5. (a) The two output current signals while using two laser beams with different wavelength (b) The difference between the two output current signals.
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Figure 7. Equivalent circuit of the modified solar cell and the signal amplifier.

The fingers in the solar cells are thought to reduce the lateral resis-
tance met by the photocurrent far away from the busbar. It is known that
the series resistance reduces the fill factor of the solar cell and thereby
reducing the power conversion efficiency of the solar cell. In the case of
position sensitive detector, the solar cell structure is operated in short-
circuit mode which renders the influence of the series resistance. So,
the photocurrent generated in the solar cell will be a current source
crossing the pn junction and it will be divided between the left and right
electrodes according to the resistance seen in the top layer. If the fingers
are not removed, they will collect the current early before it arrives to
busbars of the end electrode. Here, it is required that the current must be
forced to flow through the lateral resistance of the top layer.

Based on the previous discussion, a second experiment is performed
to remove the fingers that connect the busbars to prevent the distribution
of the output current between the busbars through them. Usually, solar
cell fingers are made of silver, so using a chemical solution dedicated to
silver etching would be the best option to disconnect the fingers due to
the solar cell fragileness. A mixed solution of HNO3:HCl:H,O = 1:1:1
[33] was used. The solution components concentrations are: HNO3 =
70% HNOj3 in H»0 and HCl = 37% HCl in H»0.

Solar Cell
Busbars

Solar Cell
Fingers

Figure 8. Image of a solar cell surface.

The solar cell needs preparation before the etching process. First, tab
wires are soldered to the bus bars (to read the output current signals from
them later), then the cell is strengthened by fixing it on a board of plastic
or glass, next the bus bars (the desired sensor electrodes) are masked
using adhesive tape to protect them from the solution. After preparing
the solar cell, it was entirely submerged in the solution from 3 to 4 h until
the solution etches the fingers (depending on the solution concentration).
After taking the cell out from the solution, it was rinsed with water and
dried. Figure 9 shows a photograph of the cell after the etching process.
The solar cell test was repeated after the chemical etching by using a
digital multimeter and the result was as desired.

The elimination of silver fingers will affect the solar cell because it
will increase the series resistance of the solar cell. While eliminating the
silver fingers will impede the structure to function as an efficient solar
cell device, it will empower its use as a large area position detector, as
discussed herein. While etching the metal fingers, the other layers of the

The two output electrodes
(Cathode)

Figure 9. The modified solar cell.
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()

Figure 10. (a) Inverting amplifier circuit by Proteus (b) Printed circuit board for the inverting amplifier circuit.

solar cells remain untouched. So, the layers required for the PSD are
preserved after etching.

It should be pointed out here that if one wants to fabricate a PSD
based on the solar cell structures as we proposed here, then it is preferred
to pattern layers as that required for the PSD not for solar cell. In case of
prototyping, we can modify the solar cell by etching the rest of the
metallization layer except the edge busbars as we did here.

3.2.3. Signal amplifier

In this stage, the output signal needs to be amplified to make it
readable in the next stage. As shown in Figure 10, the OP-AMP used is
LM324N and the resistors are R1 = 1 kQ and R2 = 10 kQ. By a simple
circuit analysis, we can find the gain is -10.

3.2.4. A/D converter

After amplifying the signal in the previous stage to a reasonable value,
it has to be converted from analog to digital to transfer it to the computer
in the next stage. Arduino Uno has been used in this stage as the mi-
crocontroller to read the analog signal and convert it into a digital signal.
Then, the laser beam position on the sensor is calculated by the equation,

Va-Vi,L

X=_2" "L~
Vo+Vp 2

(€]

where L is the sensor active area length (resistance length), and the
sensor origin is set at the sensor center.

3.2.5. Output display application

The final target of the whole system is to draw a path that represents
the movement of the moving body. In order to illustrate that path using a
PC, an application was developed by using C# Graphical User Interface
(GUI) and ZedGraph class libraries. The application receives the data
from the Arduino using serial communication, then it plots it.

Table 2. The Position detection error.

Actual Position (cm) Measured Position (cm) Error Percent (%)

1155 1.19 8.46
2.5 2.3 8

3.2 3 6.25
4.65 4h4) 4.3
-1.15 -1.06 -7.83
-2.8 -2.88 -2.86
-3.8 -3.76 -1.05
A7 =425 -4.:25

3.3. Experimental results

After testing the system as shown in Figure 11, the experimental
output results were taken from three signal paths that represent the two
output voltage signals V1, V; and the difference delta V between them at
different laser positions on the modified solar cell surface. The results are
depicted in Figure 12.

To evaluate the modified solar cell sensor behavior, the position error
needs to be determined. The error, in this case, is a position detection
error, which is the difference between the actual laser beam position on
the solar cell surface and the measured position from the application. The
position detection error percentage is calculated by using the following
equation,

_ X1 — Xmeasured

=TT ®)

where Ap is the position detection error, x;, is the actual laser beam po-
sition on the solar cell and Xpegsured is the measured position.

Table 2 illustrates te actual, measured and position error percentage
for a set of measurements of some points. As shown in the table, the
maximum percentage error is 8.5%, which does not exceed 10% and the
mean percentage error is +5.38%. The results are considered a proof of
concept of using the modified solar cell as an efficient PSD.

It might be mentioned here that by comparing the modified solar cell
and the commercial PSD [25], we can find the following differences. The
resistance length of the modified solar cell is 100 mm while the largest
available resistance length of the PSD in market is 37 mm. The position
detection error for the PSD increases near the electrodes and decreases
near the center, as for the modified solar cell it has the same trend. It has
higher error near the electrodes and lower errors as the laser moves away

Figure 11. Photo of the practical system.
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Figure 12. The experimental output results of the sensed voltages versus the laser beam position X. The upper waveform represents the two output voltage signals V,

V, and the lower waveform represents the difference between them.

from them. The output signals from both the PSD and modified solar cell
have a linear relation because of the uniform resistivity of the surface
layer of both.

3.4. Limitations and suggestions for the proposed system

The main drawback of the proposed technique, in this current work, is
that the developed sensor is only applicable for a one-dimensional mo-
tion. The reason is that the solar cell available for us was constructed to
have only two major edge busbars and then we could only collect the
current from the left and the right edges where the busbars. So, the
dimensionality of our PSD was restricted by the original metallization
pattern of the available solar cells. For the two-dimensional PSD, one
must have two sets of edge electrodes one set is horizontal and the other
set is vertical. Besides, the method could be extended for three-
dimensional detection by evaluating the received signal relative to the
sent signal.

Other possible limitations of our work are listed as follows. The laser
beam must not be obstructed in its way to the sensor. So, it must not be
scattered by the surrounding. Further, only one laser beam can be
detected at any time. So, in the case of multiple beams, one must
distinguish them from each other by modulating the laser beam with
specific tones. Moreover, the background light could affect the reading;
however, this issue may be solved by calibrating the system before
reading or by using an optical filter. We believe that more investigations
are needed to extend the capabilities of this promising low-cost position
sensitive detector.

4. Conclusion

This paper presented how the solar cell could be modified to work as a
PSD. We also illustrated how to make a motion detection system con-
sisting of the modified solar cell, a simple processing circuit and a com-
puter application to display the path that represents the moving body
position. This system has many qualifications such as its low cost
compared to other systems, where the cost of the solar cell plus the other

components were approximately 6.5% + 10$, so the total system cost is
less than 20$. Moreover, the system has a moderate accuracy since the
maximum position detection error is +8.5%. Besides, the system has a
high-speed response that can be controlled by changing the delay time in
the application code, and for the detection and tracking of a moving body
in a large area, which could be achieved by using multiple of modified
solar cells. Our future work will focus to develop a very large area 2D PSD
using two-dimensional solar cell arrays.
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