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Abstract 

A photodiode is a semiconductor device that converts light into an electrical current. The current is 
generated when photons are absorbed in the photodiode. Photodiodes may contain optical filters, built-in 
lenses, and may have large or small surface areas. Photodiodes usually have a slower response time as their 
surface area increases. The common, traditional solar cell used to generate electric solar power is a large 
area photodiode.

Photodiodes are similar to regular semiconductor diodes except that they may be either exposed (to 
detect vacuum UV or X-rays) or packaged with a window or optical fiber connection to allow light to reach 
the sensitive part of the device. Many diodes designed for use specifically as a photodiode use a PIN 
junction rather than a p–n junction, to increase the speed of response. A photodiode is designed to operate 
in reverse bias
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1. Introduction

Photo detectors are used primarily as an optical receiver to convert light into electricity. The principle that 
applies to photo detectors is the photoelectric effect, which is the effect on a circuit due to light. Max Planck 
In 1900 discovered that energy is radiated in small discrete units called quanta; he also discovered a 
universal constant of nature which is known as the Planck’s constant. Planck’s discoveries lead to a new 
form of physics known as quantum mechanics and the photoelectric effect E = hv which is Planck constant 
multiplied by the frequency of radiation. The photo electric effect is the effect of light on a surface of metal in 
a vacuum, the result is electrons being ejected from the surface this explains the principle theory of light 
energy that allows photo detectors to operate. Photo detectors are commonly used as safety devices in homes 
in the form of a smoke detector, also in conjunction with other optical devices to form security systems. 
Photo detector: A photo detector operates by converting light signals that hit the junction to a voltage or 
current. The junction uses an illumination window with an anti-reflect coating to absorb the light photons. 
The result of the absorption of photons is the creation of electron-hole pairs in the depletion region. 
Examples of photo detectors are photodiodes and phototransistors. Other optical devices similar to photo 
detectors are solar cells which also absorb light and turn it into energy. A similar but different optical device 
is the LED which is basically the inverse of a photodiode, instead of converting light to a voltage or current, it 
converts a voltage or current to light. Photodiodes: A commonly used photo detector is the photodiode. A 
photodiode is based on a junction of oppositely doped regions (pn junction) in a sample of semiconductor. 
This creates a region depleted of charge carriers that results in high impedance. The high impedance allows 
the construction of detectors using silicon and germanium to operate with high sensitivity at low 
temperatures. The photodiode functions using an illumination window ,which allows the use of light as an 
external input. Since light is used as an input, the diode is operated under reverse bias conditions. Under the 
reverse bias condition the current through the junction is zero when no light is present, this allows the diode 
to be used as a switch or relay when sufficient light is present
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2. Methodology

this project I have used a various instrumentation to get to discover the new signal electronics and physics 
photodiode(photodetector),

This was a great discovery in the field of physics and electronics because I used an oscilloscope and created 
an electronic board that made the detector a sort of hunt for a new boson with a particular sensor.

Physics and electronics are great for a search like that of the signal, I can say that the methodology is 
innovative because it unveiled a new boson thanks to a circuit designed by me.

There was a chance on a billion that I could unveil a boson with a shape different from the others.

the instrumentation was:

 Oscilloscope

 probes

 breadboard

 capacitor

 resistance,

 integrated operational amplifier (LM741),

 photodetector.
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3. Data Analysis

From the oscilloscope i took the boson measure the volts were exactly 5V / divison while the time was 5Time / 
div, with a frequency by 0.00454Khz.

In the photos I will attach to you will have all the details of the form and the data.

4.Results

The result was surprising because after repeatedly repeating the experiment to make sure it was not a 
mistake, we saw that the signal  was really there, thanks to my circuit. The feeling of having discovered in the 
school didactic laboratory a boson of optimal characteristics, with different shape that was moving, is all for 
me, I am proud of the result obtained.

there is a new equations that called: signal of Nascimbene.

5.Equations and explanation

The PMT (Figure 1) consists of a photosensitive surface (photocathode), electron multipliers (dynodes), and a 
collection electrode (anode) within an evacuated glass or metal envelope. Light enters the input window and is 
absorbed by the photocathode. An electron is emitted from the cathode and accelerated to the first dynode by an 
applied voltage. The electron is accelerated to sufficient potential that, when it collides with a dynode, secondary 
electrons are produced. These secondary electrons are in turn accelerated to the next dynode, with the process 
being repeated until the electron cloud is collected at the anode.

Figure 1. PMTs make good use of metal channel dynodes.

A PMT's gain can be estimated by the following expression:
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µ = current amplification (gain)
δ = secondary emission ratio for dynodes
n = number of dynode stages

For a nine-stage PMT with a secondary emission ratio of eight, the current amplification would be about 107. 
Large gain and low noise make the PMT an attractive detector for many applications. However, it is not the only 
device to possess internal gain.

A silicon photodiode is essentially a PN junction consisting of a positively doped P region and a negatively doped 
N region. Between these exists an area of neutral charge known as the depletion region. When light enters the 
device, electrons in the crystalline structure become excited. If the energy of the light is greater than the bandgap 
energy of the material, electrons will move into the conduction band, creating holes in the valence band where 
the electrons were. These electron-hole pairs are created throughout the device. Those generated in the depletion 
region drift to their respective electrodes: N for electrons and P for holes. This results in a positive charge 
buildup in the P layer and a negative one in the N layer. The amount of charge is directly proportional to the 
amount of light falling on the detector. If an external circuit is connected to the P and N electrodes, current will 
flow. This is the photovoltaic method.

In the photoconductive mode, a reverse bias is applied to the photodetector. This has the effect of increasing the 
electric field strength between the electrodes and the depth of the depletion region. The advantages are higher 
speed, lower capacitance and better linearity; however, the dark current becomes larger. Generally, PIN 
photodiodes and APDs are operated in this fashion.

The APD (Figure 2) is a specialized silicon PIN photodiode designed to operate with high reverse bias voltages. 
Large reverse voltages generate high electric fields at the PN junction. Some of the electron-hole pairs passing 
through or generated in this field gain sufficient energy (greater than the bandgap energy) to create additional 
electron-hole pairs. This process is known as impact ionization. If the newly created electron-hole pairs acquire 
enough energy, they also create electron-hole pairs. This is known as avalanche multiplication and is the 
mechanism by which APDs produce internal gain. Internal gain is an important attribute when the detector is 
combined with an amplifier.
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Figure 2. Cross section of an avalanche photodiode.

The silicon photomultiplier (SiPM) has an array of pixels, or microcells, consisting of Geiger-mode APDs 
connected in parallel (Figure 3). The APD in each pixel of the SiPM is operated above its breakdown voltage to 
increase the internal gain. At this overvoltage, the APD is stable until an electron enters the avalanche region, 
resulting in the avalanche region breaking down and the APD becoming a conductor. This is known as a Geiger 
discharge. The current flow produced by the breakdown is large; therefore, the signal gain (>105) is large 
because a single electron resulted in a large flow of current.

However, a device that triggers once is not a very useful detector, so a means to stop the breakdown or to reset 
the APD is required. Typically this is accomplished by placing a "quenching" resistor in series with the APD. 
When the junction breaks down, large current flows through this resistor, resulting in a voltage drop across the 
resistor and in the APD. If the voltage drop is sufficient, the APD voltage will drop below the breakdown voltage 
and be reset. The discharge-and-reset cycle is known as the Geiger mode of operation.

Each pixel in a SiPM outputs a pulse when it detects photons, so the sum of the output from each pixel forms the 
SiPM's output. This allows counting single photons or detecting pulses of multiple photons. When photon flux is 
low and photons arrive at a time interval that is longer than the recovery time of a pixel, the SiPM will output 
pulses that equate to a single photoelectron. When the photon flux is high or the photons arrive in short pulses 
(pulse width less than the recovery time), the pixel outputs will add up and equate to 2-photoelectron or 3-
photoelectron pulses, for example.

The silicon photomultiplier is a relatively new photodetector technology, and only a few companies manufacture 
these detectors, including Hamamatsu Photonics. Hamamatsu's brand of SiPMs is called Multi-Pixel Photon 
Counter (MPPC).
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Figure 3. Simplified structure of a silicon photomultiplier (SiPM).

Selection criteria
One of the first, and often overlooked, aspects of choosing a detector is defining the parameters of the 
application. One should determine the wavelength at which the detector will be used, as well as the light power 
that will be incident on the device. Frequently, these criteria will limit the options.

Quantum efficiency (QE) (Figure 4) is the intrinsic ability of a detector to convert photons into electrons or 
holes. It is expressed as the ratio of generated electrons to incident photons in percent. Manufacturers often do 
not list the QE among their specifications. Instead, they use the radiant sensitivity, given in electrical current 
generated per incident watt of optical power, amperes per watt (A/W). The QE and photosensitivity have the 
following relationship:

S = radiant sensitivity in A/W
λ = wavelength in nanometers
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Figure 4. Spectral response of a PMT, APD, and photodiode.

For SiPMs, manufacturers list photon detection efficiency (PDE) instead of QE. PDE is the product of QE, fill 
factor, and avalanche probability. Fill factor is the ratio of the photosensitive area to the total area of a SiPM. 
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Figure 5. Example plots of a SiPM's photon detection efficiency (PDE) as a function of wavelength (top) and 
reverse voltage (bottom).

In the case where all other detector characteristics are equal, the detector with the highest QE possible is the best 
choice.

One of the most misunderstood aspects of detectors is gain. Many users mistake large signal amplitude for signal 
quality. Internal gain in a detector only amplifies the photogenerated signal. If the photogenerated signal is 
noisy, the amplified signal will be noisy as well. While this seems obvious, it is a common mistake. In reality, the 
benefit of gain is in raising the photogenerated signal above the noise level of the signal processing equipment. 
In the case where the signal processing equipment is limiting the signal-to-noise ratio, internal amplification in 
the detector improves it.

Bandwidth refers to the electrical bandwidth of the detector/signal processing equipment. Most of the noise 
sources involved with designing an optical detector system are random in nature with very wide frequency 
distributions. Therefore, all else remaining equal, if the electrical bandwidth is increased, the detector's system 
noise will increase such that:

The noise problem
When designing a detector system, it is critical to keep the electrical bandwidth as close to the required 
bandwidth as possible. That is, if the light signal is changing at a frequency of 10 kHz, having a detector system 
with a bandwidth of 1 MHz will only needlessly introduce noise.

In any light detection application, the lower limit of signal detection is determined by the noise characteristics of 
the detector and its amplifiers. There are three primary sources of noise in any optical detector system: photon-
related shot noise, detector dark noise, and amplifier noise. The first two are related to the detector.

Shot noise is inherent in any signal generated by the detector. Its cause is related to the quantum nature of light. 
It is expressed by the following equation:

inoise = rms noise current
q = electron charge
Iph = photogenerated signal current
M = detector internal gain
F = detector excess noise factor
ΔB = electrical bandwidth of detector amplifier combination

Also contributing to the noise of the system is the detector dark noise, which is unrelated to the signal level. For 
the PMT and the APD, there are two primary sources of noise in addition to the shot noise created by the signal: 
shot noise of the dark current generated by the detector and noise created by the gain mechanism (excess noise) 
of the detector.

The shot noise of the dark current has the same form as equation 4 except that ID is substituted for Iph.

The details of excess noise are beyond the scope of this article. Simply put, it is the noise added to the signal by 
the internal amplification mechanism of a detector. For the PMT, it has a value of about 1.4 and decreases with 
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increasing gain. For the APD, it has a value greater than 2 and increases with rising gain. It also has a 
dependence on the wavelength of light being detected.

As noted, there are two methods of operation for a photodiode: the photoconductive and photovoltaic modes. The 
dominant noise source is different in each case. In the photoconductive mode, the dark current is rather large, so 
the shot noise of the dark current dominates the noise of the photodiode. To apply the shot noise equation to a 
photodiode, substitute Idark for Iph and set M and F equal to 1.

In the photovoltaic mode of operation the dark current is negligible. In this case the Johnson noise of the 
photodiode shunt resistance dominates the noise term.

k = Boltzmann's constant
T = absolute temperature of the photodiode
Rsh = shunt resistance of the photodiode

For SiPMs, there are two additional noise sources—afterpulses and crosstalk—that users need to be aware of 
(Figure 6). An afterpulse occurs when a trapped charge is released in a pixel that is recovering from a primary 
avalanche, and the released charge triggers a secondary avalanche within that pixel. Afterpulses are delayed in 
time relative to the primary signal. Optical crosstalk occurs when the primary avalanche in a pixel causes an 
emission of photons that trigger one or more avalanches in neighboring pixels. Crosstalk pulses are caused by 
the emission of light and therefore occur "instantly," and as a result, the crosstalk pulses are superimposed on 
the signal pulses.

Afterpulsing and crosstalk are, in effect, noise, but it is not clear what impact they have on measurement systems 
because of the nature of these noise sources. One way to minimize their effect is to choose SiPMs with low 
afterpulsing and crosstalk characteristics.

Figure 6. Crosstalk and afterpulses in SiPMs.
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The photodector amplifier (Figure 7) is a major system component and its noise will, in many instances, 
dominate system noise. To understand the total noise of the detector system, one must understand the noise of 
the detector amplifier combination. While the derivation of the noise equations for an amplifier are quite 
complex (see references), some basic assumptions and simplifications can lead to noise equations that are very 
useful.

Figure 7. A transimpedance amplifier converts detector output current into a voltage.

The first term is the Johnson noise of the amplifier feedback resistor. Since the value of the feedback resistor 
must be smaller than the shunt resistance of the photodiode, this term can often dominate the detector amplifier 
noise.

If = rms current due to Johnson noise of amplifier feedback resistance
Rf = feedback resistor

To minimize the Johnson noise, one must choose a large feedback resistor or cool the amplifier.

The second term arises from the input noise voltage of the amplifier, and it takes the following form:

Iv = rms current noise due to voltage noise of amplifier
Va = input voltage noise density, for example nV/Hz1/2

Ct = terminal capacitance of the detector

The voltage noise current is interesting in that it is dependent on the terminal capacitance of the detector. It is 
also strongly related to the frequency bandwidth. To reduce this component or amplifier noise, a detector with 
low capacitance should be selected. Furthermore, the electrical bandwidth should be minimized.
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Finally, the third noise component is the shot noise arising from the amplifier input bias current (Ib). If care is 
taken in choosing a low input bias current field-effect transistor amplifier, this source of noise is minimized.

The total detector amplifier rms noise becomes:

where
Ishot = detector dark noise + signal-induced shot noise

The amplifier noise plus the detector dark noise represent the noise floor of the detector system, while the signal-
induced shot noise varies with signal level. With this in mind, the signal-to-noise ratio can be written as follows:

From the above equation, it can be surmised that the advantage derived from internal gain detectors is in the 
reduction of the effective noise of the amplifier by the gain of the detector. Therefore, very high gain detectors 
such as PMTs reduce the amplifier noise contribution to insignificance. Likewise, moderate gain detectors such 
as APDs greatly reduce the noise contribution of the amplifier to the total noise of the detector system, whereas 
photodiodes having no internal gain are much more susceptible to the noise of the amplifier.

Modules to the rescue
Today's marketplace demands that products go from the drawing board to the marketplace as fast as possible 
and at the lowest possible cost. Modules make such goals attainable by maximizing integration, reducing 
development costs and saving time.

Modules can be as simple as a photodiode amplifier combination or as complex as a microprocessor-controlled 
photon-counting unit that includes a PMT, high-voltage power supply, photon-counting electronics, and a 
computer interface, all in a 6-inch-long package.

An example of a module's advantage is demonstrated in Figure 8. The MPPC is a difficult device to design with 
for a number of reasons. It is extremely temperature sensitive, its noise increases with increased gain, and it is 
very sensitive to small changes in bias voltage. The module shown incorporates a very low ripple power supply, 
low-noise amplifier, temperature feedback circuit (to compensate for thermal drift), and it runs from a 5 V DC 
supply. The instrument designer has done away with the need to work with high voltage and the need to 
thermally compensate that high voltage for detector gain drift. As a result, the concentration can be on 
integrating the detector into an optical system.
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Figure 8. Block diagram of a SiPM (MPPC) module.

Still, the module does not help in the selection of a detector but only in making the detector easier to use. 
Therefore, every designer of electro-optical instruments should be familiar with the detector's performance 
and use.

Guidelines for detector selection
The following is a simple guide to selecting a detector:

1. Determine the requirements of the application. Some paramaters to consider are:
 Light power level

 Wavelength range of incident light

 Electrical bandwidth of the detector amplifier

 Mechanical requirements of the application, such as: size of the instrument (Is a small detector 
needed?); power consumption of the instrument (Is low power consumption a requirement?); and the operating 
temperature range of the instrument (Is cooling required?).

 Price

2. Once the detector field is narrowed based on the application, calculate the signal-to-noise ratio under the 
conditions of the application. Plots like signal-to-noise ratio vs. light power (Figure 9) are convenient for 
comparing detectors.



 

                                                                                                                                 Page 15 of 
18

Figure 9. Signal-to-noise ratio vs. light power for a PMT, APD, and photodiode.

3. Confirm calculated results by measuring the signal-to-noise ratio in the application itself. While this 
procedure seems obvious, in practice it is often omitted. This results in inappropriate detector selection.

In general, the PMT performs best in extremely low light-level conditions in UV to near-IR wavelength 
ranges. It is ideally suited for fluorescence spectroscopy, such as in immunoassay, chemiluminescence for 
detection of NOx, and gamma cameras for medical imaging.

The SiPM is essentially between a PMT and an APD, and it performs best in applications involving low light 
levels in the UV to visible wavelength ranges. Examples include fluorescence measurement in applications 
such as flow cytometry and DNA sequencing, as well as scintillation measurement in high energy physics 
experiments and positron emission tomography (PET).

The APD performs best in applications involving low light levels and high-bandwidth applications conducted 
in the near-IR. Examples include industrial barcode scanning, laser rangefinding, and particle counters.

The photodiode is better suited for applications with low- to moderate-light levels in the UV to near-IR 
range. Such applications include optical power meters, optical smoke detectors, and optical absorption 
measurements such as high-performance liquid chromatography.

The ultimate test of a detector system is its signal-to-noise performance in a particular application. It is not 
the only test to which the detector should be subjected. For instance, in a particular IR application, the APD 
may have the best S/N ratio but its large temperature coefficients may make it difficult to use. Therefore, the 
designer might prefer the greater stability of the photodiode despite its low signal-to-noise ratio.

What is more important than deciding which type of detector to use is selecting the right one for that 
particular application. To this end, the designer must approach the choice of detectors without bias and 
select what is best.
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6. Conclusion

The new signal  was discover with success and  I would like to thank the maserati institute for giving this 
opportunity and thanks to all my teachers (team).
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