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– Photodiodes are designed to detect photons and 
can be used in circuits to sense light.

– Phototransistors are photodiodes with some 
internal amplification.

Note:
Reverse current flows through the 
photodiode when it is sensing light.

If photons excite carriers in a reverse-
biased pn junction, a very small 
current proportional to the light 

intensity flows.
The sensitivity depends on the 

wavelength of light.

Photodiodes and Phototransistors



Phototransistor Light Sensitivity

The current 
through a 
phototransistor 
is directly 
proportional to 
the intensity of 
the incident 
light.
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Semicoductor types (interval photoemission)

P-N junction (no bias, short circuit)

1. Absorbed h excited e from valence to conduction,
resulting in the creation of e-h pair

2. Under the influence of a bias voltage these carriers move 
through the material and induce a current in the external circuit. 

3. For each electron-hole pair created, the result is an electron 
flowing in the circuit. 
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A photodiode behaves as a photocontrolled 
current source in parallel with a 
semiconductor diode and is governed by the 
standard diode equation 

where I is the total device current, I p is the 
photocurrent, Idk is the dark current (leakage 
current), V0 is the voltage across the diode 
junction, q is the charge of an electron, k is 
Boltzmann's constant, and T is the 
temperature in degrees Kelvin.

Two significant features to note from both 
the curve and the equation are that the 
photogenerated current (Ip) is additive to 
the diode current, and the dark current is 
merely the diode's reverse leakage 
current. Finally, the detector shunt 
resistance is the slope of the I-V curve 
(dV/dI ) evaluated at V= 0. 

Photodiode Operation
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- Reverse bias current is mainly due to minority carriers
- Photo current increases significantly in reverse bias –
- diffusion current outside the depletion region diffusion 
is slow process (high potential barrier)
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Quantum efficiency

A photodiode's capability to convert light energy to electrical 
energy, expressed as a percentage, is its Quantum Efficiency, 
(Q.E.). 

Depends on , through absorption coefficient, thickness of layers, 
Doping, geometry, etc. Operating under ideal conditions of 
reflectance, crystal structure and internal resistance, a high quality 
silicon photodiode of optimum design would be capable of 
approaching a Q.E. of 80%. 

# of electrons (holes) collected as Ip/sec
re/rp = ---------------------------------------------------

# of incident photons/sec



w.wang

Photodiode Responsivity

P
I

R p

Responsivity R is defined  as the ratio of radiant energy (in watts), P,  
incident on the photodiode to the photocurrent output in amperes Ip. It is 
expressed as the absolute responsivity in amps per watt. Please note that 
radiant energy is usually expressed as watts/cm^2 and that photodiode 
current as amps/cm^2. The cm^2 term cancels and we are left with 
amps/watt (A/W).

Since h = energy of photon, P = rp h

where rp = photon flux = P/ h # photons/ sec

(A/W)
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Photodetectors
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Electron rate then

re = rp = P/(h)

Therefore, the output photo current is

Ip = eP/(h)

The responsivity may then be written

R = e/(h) = e/(hc) = (A/W)

h= plank constant = 6.63x10-34 joule-sec
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A typical responsivity curve that shows A/W as a function of wavelength

R

Silicone based
detector
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Photodet
ector

Wavelength 
(nm)

Responsivity 
(A/W)

Dark 
Current (nA)

Rise Time 
(ns)

Silicon PN 550–850 0.41–0.7 1–5 5–10

Silicon 
PIN

850–950 0.6–0.8 10 0.070

InGaAs 
PIN

1310–1550 0.85 0.5–1.0 0.005–5 

InGaAs 
APD

1310–1550 0.80 30 0.100

Germaniu
m

1000–1500 0.70 1000 1–2

Typical Photodetector Characteristics
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Equivalent Operating Circuits
A photodiode behaves as a photocontrolled current source in parallel 
with a semiconductor diode
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Fundamentally a photodiode is a current generator. The junction capacitance of 
the photodiode depends on the depletion layer depth and hence bias voltage. 
The value of the shunt resistance Rd is usually high (megohms). The series 
resistance Rs is low. The effect of the load resistor Rl value on the 
current/voltage characteristics is shown in the following figure: 

(a) Photovoltaic Operation - Rl>>Rd, load line
(b)   Zero Bias Operation - Rl<<Rd, load line 
(c)    Photoconductive Operation - load line
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Types of Optical Detectors
Photon detectors may be further subdivided according to the physical effect that produces the 
detector response. Some important classes of photon detectors are listed below.

•Photoconductive. The incoming light produces free electrons which can carry electrical 
current so that the electrical conductivity of the detector material changes as a function of the 
intensity of the incident light. Photoconductive detectors are fabricated from semiconductor 
materials such as silicon.

•Photovoltaic. Such a detector contains a junction in a semiconductor material between a 
region where the conductivity is due to electrons and a region where the conductivity is due 
to holes (a so-called pn junction). A voltage is generated when optical energy strikes the 
device.

•Photoemissive. These detectors are based on the photoelectric effect, in which incident 
photons release electrons from the surface of the detector material. The free electrons are then 
collected in an external circuit.
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Photovoltaic
(a) Photovoltaic Operation - Rl>>Rd, load line 

The generated photocurrent flows through Rd causing a voltage across the diode.
This voltage opposes the band gap potential of the photodiode junction, forward 
biasing it. The value of Rd drops exponentially as the illumination increases. 
Thus the photo-generated voltage is a logarithmic function of incident light 
intensity. The major disadvantage of this circuit is that the signal depends on Td, 
which typically has a wide spread of values over different production batches. 
The basic circuit is shown below: 
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(b) Zero Bias Operation Vo=0 - Rl<<Rd, load line 
The generated photocurrent flows through Rl which is fixed. The resultant voltage is 
therefore linearly dependent on the incident radiation level. One way to achieve 
sufficiently low load resistance, and an amplified output voltage, is by feeding the 
photocurrent to an operational amplifier virtual ground as shown below. The circuit 
has a linear response and has low noise due to the almost complete elimination of 
leakage current. 

Zero Bias Operation
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(c) Photoconductive Operation - load line 
In the photoconductive mode, the generated 
photocurrent produces a voltage across a load 
resistor in parallel with the shunt resistance. 
Since, in the reverse biased mode Rd is 
substantially constant, large values of Rl may 
be used still giving a linear response between 
output voltage and applied radiation intensity. 
This form of circuit is required for high speed 
of response. The main disadvantage of this 
mode of operation is the increased leakage 
current due to the bias voltage, giving higher 
noise than the other circuit modes already 
described. (Note that the photodiode is reverse-
biased.) 

Photoconductive
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- Reverse bias current is mainly due to minority carriers
- Photo current increases significantly in reverse bias –
- diffusion current outside the depletion region diffusion 
is slow process (high potential barrier)
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The application of a reverse 
voltage to the p-n junction 
will cause a transient 
current to flow as both 
electrons and holes are 
pulled away from the 
junction. When the potential 
formed by the widened 
depletion layer equals the 
applied voltage, the current 
will cease except for the 
small thermal current. 

Depletion region width:

W = [2rVbi-VA)(NA+ND)/(q NAND)]1/2

VA

I ~ Isat
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Reverse Bias

To reverse-bias the p-n junction, the p side is made more negative, making it "uphill" for 
electrons moving across the junction. The conduction direction for electrons in the diagram is 
right to left, and the upward direction represents increasing electron energy. 
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Junction Capacitance

When designing a sensing circuit to maximize the 
speed or linearity of response, one must know 
two important electrical characteristics of a 
photodiode: the junction capacitance and the 
shunt resistance. Without these, the RC time 
constant of the complete operating circuit cannot 
be calculated. 

The parallel plate capacitance across the 
depletion region gives rise to a junction 
capacitance (Cj) which increases with the area of 
the junction. Since increasing capacitance in a 
circuit slows its speed of response, photodiodes 
with smaller active areas are inherently capable 
of faster response than those with larger active 
areas. The junction capacitance is a function of 
the thickness of the depletion layer, which varies 
with applied bias, as shown in the graph below. 
Therefore, it is common to specify the junction 
capacitance at zero external bias. 

Cj = rW

W = [2rVbi-VA)(NA+ND)/(q NAND)]1/2



w.wang

Linearity
The output of photodiode when reverse-biased is extremely linear with respect to 
the illuminance applied to the photodiode junction, as shown in the graph. 

Effect of Reverse Bias on Photodiode Linearity

I~ Ip - Isat
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Applying excessive reverse voltage to photodiodes may cause 
breakdown and severe degradation of device performance. Any 
reverse voltage applied must be kept lower than the maximum 
rated vale, (Vr max). 

Maximum Reverse Voltage (Vr)
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Response Time
In many applications the most important 
parameter is dynamic performance. 
Photodiode response time is the root mean 
square sum of the charge collection time and 
the RC time constant arising from series 
plus load resistances and the junction and 
stray capacitances. Charge collection time is 
voltage dependent and is made up of a fast 
and a slow component. The fast component 
is the transit time of the charge carriers 
(electrons and holes) through the depletion 
region, producing carriers that are collected 
by diffusion. The transit time of these 
carriers will be relatively slow. The figure 
below illustrates the transient response of a 
photodiode to a square pulse of radiation. 
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This is the measure of the photodiode response speed to a 
stepped light input signal. It is the time required for the 
photodiode to increase its output from 10% to 90% of 
final output level. 

Rise time (tr)
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The time required for the detector to respond to an optical input. 
The response time is related to the bandwidth of the detector by

BW = 0.35/tr

where tr is the rise time of the device. The rise time is the time it 
takes for the detector to rise to a value equal to 63.2% of its final 
steady-state reading.

Response time

Junction capcacitance

1/RC
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Detector Angular Respons

The photocurrent generated from a photodiode is essentially independent of angle of 
incidence of the incoming radiation when the angle of incidence is less than 30 
degrees. Typically, a variation in photocurrent of 1% to 2% can be expected, 
provided the detector's active area is underfilled, (i.e., the incoming radiation does 
not completely cover the device's entire active area). This condition assumes the 
photodiode's absorption layer thickness approximately equals the depletion layer 
thickness in the photodiode junction. 

In circumstances where the photodiode is immersed in a collimated beam of incident 
light, the device's responsivity will fall off with the cosine of the angle of incidence as 
follows: 

where   is the photodiode responsivity at normal incidence. 
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Temperature Effects

Typically, the dark current of a PNN+ silicon photodiode approximately 
doubles for each 10°C increase or decrease in the device temperature. 
The shunt resistance approximately doubles for each 6°C change: 

.

These formulas can be used to calculate the shunt resistance and dark 
current for any temperature from the specified values, which are usually 
specified at 25°C. 
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Increasing the temperature of a semiconductor shifts its absorption spectrum 
to longer wavelengths by reducing the effective band gap. Fortunately, the 
absorption spectrum of silicon is quite broad. Consequently, the small 
temperature-induced shifts in the absorption spectrum only affect the 
responsivity significantly at the edges of the spectral responsivity curve, as 
shown in the figure below. 
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Temperature Effects

Increasing the operating temperature of a photodiode device results in two 
distinct changes in operating characteristics. The first change is a shift in the 
Quantum Efficiency (Q.E.) due to changes in the radiation absorbtion of the 
device. Q.E. values shift lower in the UV region and higher in the IR region.
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The second change is caused by exponential increases in the 
thermally excited electron-hole pairs resulting in increasing 
dark current. This leakage doubles for each 8 to 10 deg C 
temperature increase

Temperature Effects



w.wang

Minimum detectable power 
(Noise floor)

The noise floor is related to the dark current since the dark 
current will set the lower limit.

Noise floor = Noise (A)/Responsivity (A/W)
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Noise in photodetectors

h detector eletronics

Radiation noise
(quantum noise)

N Ip

Internal detector
noise

System noise Output
Signal Ip
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Four noise sources often encountered in connection with optical 
detectors.

•Johnson noise

•Shot noise

1/f noise

•Photon noise
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Sources of internal detector noise

Johnson (thermal) noise

1. All resistive materials
2.   Depends only on temp. and bandwidth of measuring system
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The Johnson noise contribution is provided by the shunt 
resistance of the device, series resistance and the load 
resistance. The Johnson noise  (thermal noise) is given by: 
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Johnson noise is generated by thermal fluctuations in conducting materials. It 
is sometimes called thermal noise. It results from the random motion of 
electrons in a conductor. The electrons are in constant motion, colliding with 
each other and with the atoms of the material. Each motion of an electron 
between collisions represents a tiny current. The sum of all these currents 
taken over a long period of time is zero, but their random fluctuations over 
short intervals constitute Johnson noise.
To reduce the magnitude of Johnson noise, one may cool the system, 
especially the load resistor. One should reduce the value of the load 
resistance, although this is done at the price of reducing the available signal. 
One should keep the bandwidth of the amplification small; one Hz is a 
commonly employed value.
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Shot noise
• Seen in photodiodes under reverse bias (dark 

current noise) with no photon input,

I = Isat (eqV/kt –1) = -Id (dark current)

id
2 = 2eBId         “white noise”

With light: id
2 = 2eBIp

where e = electronic charge and B=detection bandwidth.
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The term shot noise is derived from fluctuations in the stream of electrons in a 
vacuum tube. These variations create noise because of the random fluctuations 
in the arrival of electrons at the anode. The shot noise name arises from the 
similarity to the noise of a hail of shots striking a target.
In semiconductors, the major source of shot noise is random variations in the 
rate at which charge carriers are generated and recombine. This noise, called 
generation-recombination or gr noise, is the semiconductor manifestation of 
shot noise.
Shot noise may be minimized by keeping any DC component to the current 
small, especially the dark current, and by keeping the bandwidth of the 
amplification system small.



w.wang

1/f noise

Larger noise powers at lower frequencies.
No theory: not well understood.
Seems to be related to contacts, surfaces, other potential barrieres

If
2 ~ I2B/f

B = bandwidth f = frequency

Usually very smaller than shot noise except at very low frequency
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The term 1/f noise (pronounced one over f) is used to describe a number 
of types of noise that are present when the modulation frequency f is low. 
This type of noise is also called excess noise because it exceeds shot 
noise at frequencies below a few hundred Hertz.
The mechanisms that produce 1/f noise are poorly understood. The noise 
power is inversely proportional to f, the modulation frequency. This 
dependence of the noise power on modulation frequency leads to the 
name for this type of noise.
To reduce 1/f noise, an optical detector should be operated at a reasonably 
high frequency, often as high as 1000 Hz. This is a high enough value to 
reduce the contribution of 1/f noise to a small amount.
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Noise spectrum

1/f

shot

Johnson

frequency

Measured
Squared noise
Current
Per BW
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As an example: If a photodiode has a dark leakage current of 2 nA and a shunt 
resistance of 5E8 Ohms, and a responsivity of 0.5 A/W, and letting the 
bandwidth of the system be 1 Hz, 

As an example: If a photodiode has a dark leakage current of 2 nA and a shunt 
resistance of 5E8 Ohms, and a responsivity of 0.5 A/W, and letting the bandwidth 
of the system be 1 Hz, 
Shot noise is the dominant component of the noise current of a reverse-biased 
photodiode. This is particularly true at higher voltages. If devices are operated in a 
photovoltaic mode with zero bias, the Johnson noise dominates, as dark current 
approaches zero. When operating in the zero bias mode the noise current is 
reduced such that the NEP, and hence the minimum detectable signal, is reduced in 
spite of some loss of absolute sensitivity. 
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p-i-n Photodiodes

-As mentioned- increasing deletion layer width improve quantum coefficient
=> Lower doping increase deletion width

Mim Lal Nakarmi, KSU

W = [2rVbi-VA)(NA+ND)/(q NAND)]1/2
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Avalanche Photodiodes (APD)

- APD are designed to provide an internal current gain by impact ionization 
- single primary electron/hole generated through absorption of a photon creates  

many secondary electrons and holes, all of which contribute to the photodiode current 

Mim Lal Nakarmi, KSU

High field gain region

V

I
Avalanche breakdown
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Photodiode array (PDA)

A photodiode array (PDA) is a linear array of discrete photodiodes on an 
integrated circuit (IC) chip. For spectroscopy it is placed at the image plane of a 
spectrometer to allow a range of wavelengths to be detected simultaneously. In 
this regard it can be thought of as an electronic version of photographic film. 
Array detectors are especially useful for recording the full uv-vis absorption 
spectra of samples that are rapidly passing through a sample flow cell, such as in 
an HPLC detector. 
PDAs work on the same principle as simple photovoltaic detectors. 
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Position Sensing Detector
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- limited by 
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beam size
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Photomultiplier Tubes (PMTS) 

Photomultiplier Tubes (PMTS) are light detectors that are useful in low 
intensity applications such as fluorescence spectroscopy. Due to high 
internal gain, PMTs are very sensitive detectors.
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Secondary emission of electrons due to high velocity electrons 
- Amplification is very high 
- Used in single photon counter 

Photomultiplier Tubes

Mim Lal Nakarmi, KSU
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Charge coupled detector array 
(CCD)

A CCD is an integrated-circuit chip that contains an array of 
capacitors that store charge when light creates e-hole pairs. The 
charge accumulates and is read in a fixed time interval. CCDs are 
used in similar applications to other array detectors such as 
photodiode arrays, although the CCD is much more sensitive for 
measurement of low light levels. 
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Charge Coupled Device was invented in the late 1960s by researchers at Bell Labs, 
The CCD's superb ability to detect light has turned it into the industry-standard 
image sensor technology. 
CCD Basics 

CCD imaging is performed in a three-step process: 
1. Exposure, which converts light into an electronic charge at 
discrete sites called pixels 
2. Charge transfer, which moves the packets of charge within the 
silicon substrate 
3. Charge-to-voltage conversion and output amplification. 

Mim Lal Nakarmi, KSU
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CCD architectures

In a full-frame CCD, the exposure is 
controlled by a mechanical shutter or 
strobe. The resultant charges are shifted 
one row at a time to serial register. After a 
row is read out by the serial register next 
row is shifted to the register for read out. 
The process is repeated until all rows are 
transferred, at which point the array is 
ready for the next exposure. 

Frame Transfer 
In a frame-transfer CCD, the entire 
array is shifted quickly to an 
identically sized storage array. The 
read out process from the storage array 
is the same as in a full-frame device, 
but the frame rates are increased 
because the image array can begin the 
next exposure while the readout 
process is taking place. 

Charge Transfer 
Technique 
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Charge is collected in potential well created by applying a 
voltage to the polysilicon, or gate electrode. The charge is 
confined in the well associated with each pixel by surrounding 
zones of higher potential barrier. 

MOS capacitor

Mim Lal Nakarmi, KSU
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Phototransistors

• Built in transistor amplifier 
• Operate at zero bias mode

visay



Infrared Sensor
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Infrared light contains the least amount of energy per photon of any other band. Because of this, an infrared photon often lacks
the energy required to pass the detection threshold of a quantum detector. Infrared is usually measured using a thermal detector
such as a thermopile, which measures temperature change due to absorbed energy.

While these thermal detectors have a very flat spectral responsivity, they suffer from temperature sensitivity, and usually must be 
artificially cooled. Another strategy employed by thermal detectors is to modulate incident light with a chopper. This allows the 
detector to measure differentially between the dark (zero) and light states.

Quantum type detectors are often used in the near infrared, especially below 1100 nm. Specialized detectors such as InGaAs offer
excellent responsivity from 850 to 1700 nm. Typical silicon photodiodes are not sensitive above 1100 nm. These types of 
detectors are typically employed to measure a known artificial near-IR source without including long wavelength background 
ambient.

Since heat is a form of infrared light, far infrared detectors are sensitive to environmental changes - such as a person moving in 
the field of view. Night vision equipment takes advantage of this effect, amplifying infrared to distinguish people and machinery 
that are concealed in the darkness.

Infrared is unique in that it exhibits primarily wave properties. This can make it much more difficult to manipulate than 
ultraviolet and visible light. Infrared is more difficult to focus with lenses, refracts less, diffracts more, and is difficult to diffuse. 
Most radiometric IR measurements are made without lenses, filters, or diffusers, relying on just the bare detector to measure
incident irradiance.



Thermopile
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The thermopile is a heat sensitive device that measures radiated heat.

The sensor is usually sealed in a vacuum to prevent heat transfer except by radiation. A thermopile consists of a number of 
thermocouple junctions in series which convert energy into a voltage using the Peltier effect. Thermopiles are convenient 
sensor for measuring the infrared, because they offer adequate sensitivity and a flat spectral response in a small package. 
More sophisticated bolometers and pyroelectric detectors need to be chopped and are generally used only in calibration 
labs.

Thermopiles suffer from temperature drift, since the reference portion of the detector is constantly absorbing heat. The 
best method of operating a thermal detector is by chopping incident radiation, so that drift is zeroed out by the modulated 
reading.

The quartz window in most thermopiles is adequate for transmitting from 200 to 4200 nm, but for long wavelength 
sensitivity out to 40 microns, Potassium Bromide windows are used.


