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Photodetectors

- Photodetectors are semiconductor devices that can detect optical signals through

electronic processes. 

- The extension of wavelength of coherent and incoherent light sources into the far-infrared

region on one hand and the ultraviolet region on the other has increased the need for high-

speed, sensitive photodetectors. 

- The operation of a general photodetector includes basically three processes: 

(1) carrier generation by incident light, 

(2) carrier transport and/or multiplication by current-gain mechanism if present, and 

(3) extraction of carriers as terminal current to provide the output signal.

- Photodetectors are important in optical-fiber communication systems operated in the near-

infrared region (0.8 to 1.6 μm). They demodulate optical signals, that is, convert the optical 

variations into electrical variations, that are subsequently amplified and further processed. 

- For such applications the photodetectors must satisfy stringent requirements such as high 

sensitivity at operating wavelengths, high response speed, and minimum noise. 

- In addition, the photodetector should be compact in size, use low biasing voltage and current, 

and be reliable under operating conditions.
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- There exist many types of photodetectors. 

- They are divided into two classes; thermal detectors and photon detectors.

- Thermal detectors detect light by sensing the temperature rise when the light energy is 

absorbed at their dark surface. These are more suitable for far-infrared wavelengths. 

Technically they are more like thermal sensors. 

-The photon detectors are based on the quantum photoelectric effect: a photon excites an 

electron-hole pair which contribute to the photocurrent. This chapter only discusses 

semiconductor photon detectors which are majority of the photo detectors in the commercial 

market.

- To understand the advantages of each photodetector, we discuss the performance metric of a 

photo detector.

- Since the photoelectric effect is based on the photon energy hv, the wavelength of interest is 

related to energy transition ΔE in the device operation, with the obvious but important 

relationship

where λ is the wavelength, c is the speed of light, and ΔE is the transition of energy levels.

Photodetectors
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- The absorption of light in a semiconductor is indicated by the absorption coefficient.

- Not only does it determine whether light can be absorbed for photoexcitation,

but it also indicates where light is absorbed. 

- A high value of absorption coefficient indicates light is absorbed near the surface where 

light enters.

- A low value means the absorption is low that light can penetrate deeper into the 

semiconductor. 

- In the extreme, light can be transparent for long wavelengths without photoexcitation. 

- It thus determines the quantum efficiency of a photo detector. 

- Figure 1 shows the measured intrinsic absorption coefficients for various photodetector

materials. 

- The solid curves are for 300 K and the dashed curves for 77 K. 

- For Ge, Si, and III-V compound semiconductors, the curves shift toward longer wavelengths 

as the temperature increases. 

- For some IV-VI compounds (e.g., PbSe), the opposite happens as the bandgap increases with 

increasing temperature. (The emission wavelengths of some important lasers are also shown 

for reference.)

Photodetectors
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Fig: 1  Optical absorption coefficients for various photodetector materials, from 

(a) Near Optical to (b) infrared. Some laser emission wavelengths are indicated.

(a) (b)

Photodetectors
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- The speed of photo detectors is important, especially for optical-fiber communication 

systems. The response of the photodetector has to be fast enough compared to the digital 

transmission data rate, where light is turned on and off at a very high speed (> 40 Gb/s). 

- For this purpose, shorter carrier lifetime yields faster response, at the expense of higher dark 

current. Also, the depletion width should be minimized so the transit time can be shortened. 

- On the other hand, the capacitance has to be kept low which means a larger depletion width. 

-As seen, a trade-off has to be made for the overall optimization.

- The signal of the photocurrent should be maximized for sensitivity. 

- The basic metric is the quantum efficiency, defined as the number of carriers produced per

photon, or

(2)

where Iph is the photocurrent, Φ is the photon flux (= Popt/ hv), and Popt the optical power. 

- The ideal quantum efficiency is unity. The reduction is due to current loss by recombination, 

incomplete absorption, reflection, etc. Another similar metric is the responsivity R , using the 

optical power as the reference,

(3)

Photodetectors
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- To further improve the signal, some photo detectors have an internal gain mechanism.

- Comparison of the gains of common photo detectors are shown in Table 1. 

- Gain as high as 106 can be achieved. Unfortunately, high gain also leads to higher noise 

which is the following topic.

-Apart from a large signal, low noise is also important as it will ultimately determine the 

minimum detectable signal strength. That is why we often speak of the signal-to-noise ratio. 

- There are many factors that contribute to noise.

Photodetectors
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- The dark current is the leakage current when the photodetector is under bias but not exposed 

to the light source. 

- One limitation on the device operation is temperature so the thermal energy should be 

smaller than the photon energy (kT < hv). 

- Another source of noise is from background radiation, such as black-body radiation from 

the detector housing at room temperature if not cooled. Internal device noise includes thermal 

noise (Johnson noise), which is related to the random thermal agitation of carriers in any

resistive device. 

- The shot noise is due to the discrete single events of the photoelectric effect, and the 

statistical fluctuations associated with them. This is especially important for low light intensity.

-The third is due to flicker noise, otherwise known as 1/f noise. This is due to random effects 

associated with surface traps and generally has 1/f characteristics that are more pronounced at 

low frequencies. 

-The generation-recombination noise comes from the fluctuations of these generation and 

recombination events. Generation noise can originate from both optical and thermal processes.

Photodetectors
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- Since all the noises are independent events, they can be added together as the total noise. 

- A related figure-of-merit is the noise-equivalent power (NEP) that corresponds to the 

incident rms optical power required to produce a signal-to-noise ratio of one in a 1-Hz 

bandwidth. To the first order, this is the minimum detectable light power. 

- Finally, the detectivity D* is defined as

where A is the area and B is the bandwidth. 

- This is also the signal-to-noise ratio when one watt of light power is incident on a detector of 

area 1 cm2, and the noise is measured over a 1-Hz bandwidth. 

- The parameter is normalized to the area since the device noise is generally proportional to 

the square root of area. 

- The detectivity depends on the detector 's sensitivity, spectral response, and noise. It is a 

function of wavelength, modulation frequency, and bandwidth, and is recommended to be

expressed as D*(λ,f,B).

Photodetectors
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Photodiodes 

13.3.1 General Consideration

- A photodiode has a depleted semiconductor region with a high electric field that serves to 

separate photogenerated electron-hole pairs. 

- For high-speed operation, the depletion region must be kept thin to reduce the transit time. 

- On the other hand, to increase the quantum efficiency (the number of electron-hole pairs 

generated per incident photon), the depletion layer must be sufficiently thick to allow a large 

fraction of the incident light to be absorbed.

- Thus, there is a trade-off between the speed of response and quantum efficiency.

-For the visible and near-infrared wavelength range, photodiodes are usually reverse-biased

with moderate biasing voltages, because this reduces the carrier transit time and lowers the 

diode capacitance. 

- The reverse voltage is, however, not large enough to cause avalanche multiplication or 

breakdown. This biasing condition is in contrast to avalanche photodiodes, where an internal 

current gain is obtained as a result of the impact ionization under avalanche' breakdown 

conditions. 

- All photodiodes, with the exception of the avalanche photodiode, which is not included in 

this section, thus have a maximum gain of one (Table 1). 

- The photodiode family includes the p-i-n photodiode, p-n photodiode, heterojunction

photodiode, and metal-semiconductor (Schottky barrier) photodiode.
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p-i-n and p-n Photodiodes

Quantum Efficiency.

- Under steady-state conditions the total photocurrent density through the reverse-biased

depletion layer is given by

where Jdr is the drift current due to carriers 

generated within the depletion region and Jdiff is 

the diffusion current due to carriers generated 

outside the depletion layer in the bulk of the 

semiconductor and diffusing into the reverse-

biased junction. 

Fig. 6 Operation of photodiode. 

(a) Cross-sectional view of p-i-n diode. 

(b) Energy-band diagram under reverse bias. 

(c) Carrier generation characteristics.
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- The constructions of some high-

speed photodiodes are shown in Fig. 

9, usually with an antireflection 

coating (not shown) to increase 

quantum efficiency.

Fig.9 

Device configurations of some high-

speed photodiodes. 

(a) p-i-n photodiode. 

(b) p-n photodiode. 

(c) Metal-i-n photodiode. 

(d) Metal-semiconductor photodiode. 

(e) Point-contact photodiode.

p-i-n and p-n Photodiodes
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Solar Cells 

13.9.1 Introduction

-Solar cells, at the present time, furnish the most-important long-duration power supply in 

small-scale terrestrial and space applications such as satellites and space vehicles. 

-The photovoltaic effect, the generation of voltage when a device is exposed to light, was 

discovered by Becquerel in 1839, in a junction formed between an electrode and an electrolyte. 

- Since then there had been reports of similar effects on different solid-state devices. 

- The first photovoltaic effect of substantial EMF voltage was observed by Ohl on a silicon 

p-n junction in 1940.

- The photovoltaic effect on Ge was reported by Benzer in 1946 and by Pantchechnikoff in 

1952.

- It was not until 1954 that the solar cell received much increased interest, initiated by the 

works of Chapin et al. on single-crystal silicon cells and of Reynolds et at. on cadmium

sulfide cells. 

- To date, solar cells have been made in many other semiconductors, using various device 

configurations, and employing single-crystal, polycrystal, and amorphous thin-film structures.
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Solar Cells – International Space Station
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Solar Cells 

- A solar cell is similar to a photodiode. The photodiode can be operated in a photovoltaic

mode, that is, it is unbiased and connected to a load impedance similar to a solar cell. 

However, the device designs are fundamentally different. 

- For a photodiode only a narrow wavelength range centered at the optical signal wavelength 

is important, whereas for a solar cell, wide spectral response over a broad solar wavelength

range is required. 

- Photodiodes are small to minimize junction capacitance, while solar cells are large-area 

devices. 

- One of the most-important figures of merit for photodiodes is the quantum efficiency, 

whereas the main concern for solar cells is the power conversion efficiency (power delivered 

to the load per incident solar energy).

Solar Radiation. 

- The radiative energy output from the sun derives from a nuclear fusion reaction. This energy 

is emitted primarily as electromagnetic radiation in the ultraviolet to infrared and radio 

spectral ranges (0.2 to 3 μm) . 
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Solar Cells

- The intensity of solar radiation in free space at the average distance of the earth from the sun 

has a value of 1,353 W/m2. 

- The atmosphere attenuates the sunlight when it reaches the earth's surface, mainly due to 

water-vapor absorption in the infrared, ozone absorption in the ultraviolet, and scattering by 

airborne dust and aerosols. 

- The degree to which the atmosphere affects the sunlight received at the earth's surface is

quantified by the air mass. 

- The secant of the angle between the sun and the zenith (sec θ) is defined as the air mass (AM) 

number and it measures the atmospheric path length relative to the minimum path length when 

the sun is directly overhead. 

- The AM0 thus represents the solar spectrum outside the earth's atmosphere. 

- The AM1 spectrum represents the sunlight at the earth's surface when the sun is at zenith, 

and the incident power is about 925 W/m2. 

- The AM2 spectrum is for θ = 60° and has an incident power of about 691 W/m2, and so on.

- The AM1.5 conditions (with sun at 45° above the horizon) represent a satisfactory energy-

weighted average for terrestrial applications.
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Solar Cells 

- For solar-cell energy conversion, each photon produces an electron-hole pair, so the solar 

power has to be converted to photon flux. 

Solar spectrum in photon flux density per photon 

energy for AM0 and AM1.5 conditions.

- The total incident power for AMI.5 is 

844 W/m2 .

The photon flux density per unit energy 

for AM1.5 is shown in the figure together 

with that for AM0. To convert the 

wavelength to photon energy, we use the 

relationship

http://www.youtube.com/watch?v=1gta2ICarDw&feature=related
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Solar Cells 

- For solar-cell energy conversion, each photon produces an electron-hole pair, so the solar 

power has to be converted to photon flux. 

Solar spectrum in photon flux density per photon 

energy for AM0 and AM1.5 conditions.

- The total incident power for AMI.5 is 

844 W/m2 .
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for AM1.5 is shown in the figure together 

with that for AM0. To convert the 

wavelength to photon energy, we use the 
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Solar Cells

Ideal Conversion Efficiency. 

- The conventional solar cell, typically a p-n junction, has a single bandgap Eg . 

- When the cell is exposed to the solar spectrum, a photon with energy less than Eg makes no

contribution to the cell output (neglecting phononassisted absorption). 

- A photon with energy greater than Eg contributes an electric charge to the cell output, and 

the excess energy over Eg is wasted as heat. 

- Ideal conversion efficiency : The solar cell is assumed to have ideal diode 1-V characteristics. 

- The equivalent circuit is shown below where a constant-current source of photocurrent

is in parallel with the junction. The source IL results from the excitation of excess carriers

by solar radiation; Is is the diode saturation current, and RL is the load resistance.

Idealized equivalent circuit of solar cell under illumination.
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Solar Cells

- To obtain the photocurrent IL , we need to integrate the total area under the graph (solar 

spectrum), that is,

- The result is shown below as a function of the bandgap of the semiconductor. 

- For the photocurrent consideration, the smaller bandgap the better because more photons

are collected.

Total number of photons in the solar spectrum (of AM1.5) 

above an energy value, contributing to the maximum 

photocurrent for a solar cell made with a specific Eg .

- The total I-V characteristics of such a device under 

illumination is simply a summation of the dark 

current and the photocurrent, given as
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Solar Cells

- From Eq. 106 we obtain the open-circuit voltage by setting I = 0:

- For a regular p-n junction, the ideal saturation current is given by

- As seen, Is decreases exponentially with Eg. So to obtain a large Voc , a large Eg is required. 

- Qualitatively, we know the maximum Voc is the built-in potential of the junction, and the 

maximum built-in potential is close to the energy gap.

-A plot of Eq. 106 is given in the figure. The curve passes 

through the fourth quadrant and, therefore, power can be 

extracted from the device to a load. 

-By properly choosing a load, close to 80% of the product 

IscVoc can be extracted. Here Isc is the short-circuit current 

which is equal to the photocurrent derived.

I-V characteristics of solar cell under illumination. 

Determination of maximum power output is indicated.
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Solar Cells

- The shaded area is the maximum power output. 

- We also define in the figure the quantities Im and Vm that correspond to the current and 

voltage, for the maximum power output Pm (= Im Vm).

- To derive the maximum-power operating point, the output power is given by

- The condition for maximum power can be obtained when dP/dV = 0, or

where β ≡ q/kT . The maximum power output Pm is then

where the fill factor FF measures the sharpness of the curve 

and is defined as
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Power Conversion Efficiencies
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Power Conversion Efficiencies


