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 Two principle drawbacks of photoconductive detectors :

1. Poor time response, due to long electron lifetime

2. Significant shot noise from high level of dark current

 remedy problems             photodiode detector



 14.1. BIASING THE PHOTODIODE

Two fundamental categories:

1. photovoltaic mode

2. photoconductive mode

 In either case photocurrent generates 𝑉𝑅across R, constitutesdetector output signal



 To evaluate current:

Another relation:

 I–V relation for semiconductor diode for no light absorption

 When light is absorbed an additional negative current

: fraction of incident photons that absorbed to create electron–hole pairs.



 total circuit current

Diode current i and voltage 𝑉𝑑must satisfy both Eq.(14-1) and (14-3) simultaneously

 load-line analysis



 Depending on application each modes have advantages and disadvantages.

One important application utilizing photovoltaic mode is solar cell.

 Electrical power supplied to load resistor:

Where

practical conditions of solar illumination



 EXAMPLE 14-1:

 A silicon solar cell has an area of4 cm2, reverse saturation current density1.5 ×10−8

A/cm2, and diode ideality factor β = 1.

Assume that light of intensity I = 1000 W/m2and average wavelength500nm is  

incident on the cell, and that 80% of the light is absorbed. 

Determine optimum load resistance and power conversion efficiency.

Repeat calculation for β = 2.

 Solution:

Power striking cell

Photocurrent 

For room temperature (20°C = 293 K)



For a particular value of R, solved numerically, and efficiency

By varying R, graph in Fig. 14-4 obtained.

optimum efficiency: 8.94% for R = 2.5.

optimum efficiency: 17.9% for R = 5.



 14-2. OUTPUT SATURATION

In this section, examine linearity of photodiode detector circuits using two 

types of biasing modes.

 14.2.1. Photovoltaic Mode

When R is very large



If 

Where

For

Defining



 Photodiode can be modeled

 Higher values of 𝑅𝑠ℎare generally desirable, because detector is then more sensitive 

to weak light signals

 For a typical room-temperature siliconphotodiode with 1 cm2area, 𝑅𝑠ℎ≈10 MΩ.



 Summarize response of open-circuit photodiode to varying optical powers:

1. At low incident power levels responseis linearwith power

2. At high power levels response becomes logarithmic.

 Deviationfrom linearity at high optical powers       saturationof output signal.

 To increaserange linearity                     𝑅𝐿can be made small.

Analytically conclusion:

If

for photovoltaic mode



 Equations in terms of equivalent circuit 



When

Defining

 Easier to measure a larger voltage, so a larger 𝑅𝐿is desirable

 However, as 𝑅𝐿is increased, one of two conditions eventually break down



 One possibility

breaks down

Sameresult obtained for open-circuit condition

Although 𝑉𝑜𝑢𝑡is no longer linear with 𝑅𝐿, it is still linear with 𝑃𝑖𝑛.

 Other possibility

breaks down

𝑉𝑜𝑢𝑡is no longer linear with either 𝑅𝐿 or 𝑃𝑖𝑛.

Saturation will occur at a certain value of product 𝑃𝑖𝑛.𝑅𝐿.



 Therefore, a trade-off between sensitivity and dynamic range

 Saturation with incident power for different values of load resistance



 14.2.2. Photoconductive Mode

Saturation behavior by referring to the load-line analysis of Fig.14-3.



 Simple analytical expression for detector signal in linear regime

From Fig. 14-3 𝑉𝑑< 0 in linear regime.

 Good approximation



 Detector output have two components

One proportionalto incident optical power

Other independent of power.

 Component varies with 𝑃𝑖𝑛is identical to expression obtained for 

photovoltaic mode

 Responsivity of detector

Then output in photoconductive mode



 According to Eq. (14-17),

Change in output voltage is linear with both 𝑅𝐿and 𝑃𝑖𝑛.

However, this relation will only hold as long as 𝑉𝑑< 0, which requires 𝑉𝑜𝑢𝑡 < 𝑉𝐵

If 𝑃𝑖𝑛increased above point 𝑉𝑜𝑢𝑡 ≈ 𝑉𝐵output saturates, and becomes approximately 

independentof 𝑃𝑖𝑛.



 Differences between photoconductive and photovoltaic modes

1. Saturationoccurs at 𝑉𝑜𝑢𝑡 ≈ 𝑉𝐵 in photoconductive mode, but at only 𝑉𝑜𝑢𝑡
≈ 𝑉𝑇 in photovoltaic mode.

 This, improveddynamic range in photoconductive mode.

2. Photoconductive mode has a dark current, whereas photovoltaic mode does 

not

Two consequencespresence of dark current : 

1. First, it contributes a constant background level that must be subtracted from 

detector output to obtain “true” signal. 

2. Second, it contributes shot noise to detector output



 If               

Then both of these effects become unimportant.

 In this large-signal regime, photoconductive mode is best choice for detector circuit.

 If               

Then shot noise from dark current can become a dominant source of detector 

noise.

 In this small-signal regime, photovoltaic mode is a better choice.



 14-3. RESPONSE TIME

Time takes for detector output to change in response to changes in input light 

intensity.

 In photoconductive-type detectors

Response time is quite poor because of electron replenishment process

 In photodiode detectors

Replenishment process is suppressed by p–n junction, which presents a barrier to 

movement of majority carriers.

 Therefore response time is significantly improved

 In this section, consider implications and relative importance of transit time

and capacitance in determining photodiode response time.



 14.3.1. Junction Capacitance

Evaluated by determining how charge on either side of junction changes in 

response to a changing diode voltage.

 assume

junction width d

 When an external voltage V applied to diode



 For reverse-bias voltage



 If incident power suddenly switched from zero to constant value at t = 0

RC: time constant of circuit

Units: seconds with R in ohms and C in farads.

 rise time: time taken to rise from 10% to 90% of final value.

For RC circuit:



 3 dB electrical bandwidth as B

 Results show smallercapacitancelead to faster time response and larger bandwidth

 Several parametersto reduce capacitance

1. Increase reverse-bias voltage 𝑉𝐵
makes photoconductive mode (𝑉𝐵 > 0) inherently fasterthan photovoltaic mode (𝑉𝐵=0)

2. decreasejunction area A.

give a faster time response.

3.𝑁𝐷 is made smaller,

because junction width d then increases.



 Reducing capacitance is one way to reduce RC time constant.

 Reducing𝑅𝐿 has same effect, although decreases detector sensitivity

summarize various trade-offs



 14.3.2. Carrier Transit Time

Single p–n Junction

Current pulse from a single photoexcited electron lasts as long as electron 

moving through a region with high electric field. 

Since E field is high only in depletion region current pulse last a time known 

as transit time:

d: width of depletion region 

v: velocity of charge carrier



 Appear higher E field gives shorter transit time. 

However, dincreases with increasing E, and tends to increase transit time.

 To see how these two effects offset each other:

 Higher 𝑁𝐷 appear best for fast time response.

However, junction capacitanceincreasewith higher 𝑁𝐷, result slower response

 Therefore time response will be optimized when contributions.



 EXAMPLE 14-2

 A 𝑝+–n silicon photodiode has an junction areaof 1𝑚𝑚2, and a reverse bias of 10 V 

is applied through a 10 k load resistor. 

Determine doping levelin lightly doped n region that minimizesthe response time, 

and determine junction width for this doping level. 

Take holemobilityin Si to be 5 × 10−2𝑚2/Vs.

 Solution:

Optimumtime response occur when capacitance rise time 2.2𝑅𝐿𝐶is approximately 

equal to transit time 𝑡𝑡𝑟.





 14-4. TYPES OF PHOTODIODES

14.4.1. PIN Photodiode

 Assumed that photoexcited

electron–hole pairs created in 

depletion region, where there is

a strong E field.

This is not always the case:



Solution:

Eliminate diffusion region.

By decreasing donor concentration in n region.

Middle region is very lightly doped

PIN photodiode most commonly used photon detector:

- Eliminates carrier diffusion,

- d is fixed by geometry of device



 EXAMPLE 14-3

A silicon PIN photodiode has an intrinsicregion of thickness 0.1 mm. 

Determine the minimum rise time for the detector, its corresponding 

bandwidth, and the required reverse-bias voltage.

Repeat for an intrinsic region of thickness of 10 𝜇m.

 Solution:

 Repeating for d = 10 𝜇m:



 EXAMPLE 14-4

 For the silicon PIN photodiodes of Example14-3, determine the 

absorptionefficiency for 860 nm light. At this wavelength, the absorption 

coefficient in silicon is 335𝑐𝑚−1 and the reflectivity (from air) is 32%.

 Solution:

 Thinner intrinsic region be less efficient at absorbing incident light.

 Therefore, a trade-off between detector speed and sensitivity.



 14.4.2. Avalanche Photodiode

To increase signal generated by detector, before amplification.

One way is through avalanche multiplication process:



Creation of electron–hole pairs by impact ionization in terms of energy band:



 A photodiode utilizing avalanche multiplication to achieve gain is termed an 

avalanche photodiode or APD:

Structure of APD, differs from PIN:

1. light enters through a highly doped

n-type layer rather than a p-type layer.

2. additional p-type layer added between

highly doped n layer and intrinsic layer.

 Operation of APD :



 Multiplication factor M:

Ratio of photocurrent with amplification to photocurrent without amplification

 Relation between E(x) and bias voltage (magnitudes only):

As bias voltage increases, area under E(x) curve increases proportionately.



 At some critical voltage, depletion region “reaches through” to highly doped p+ 

region, with electric field extending uniformly through out intrinsic region.

 Device biased in this way is termed a reach-through APD.

 Typical variation of responsivity with applied bias voltage for a reach-through APD.



 14.2.3. Schottky Photodiode

utilizes metal–semiconductor junction to separate and collect photogenerated

charge carriers. 

 operation of a Schottky photodiode

for metal–n–n+ configuration, 



 some advantages of Schottky photodiodes over PIN photodiodes:

1. Only one metal–semiconductor connection needs to be made (metal–n+), and 

ohmic contacts are readily formed for such a junction.

2. Improved time response.

3. Metal junctions can be made with a wide variety of semiconductors, including 

those with wide band gap Eg, such as SiC, GaN, and AlGaN.

 some disadvantages of Schottky photodiodes:

Less efficient than PIN photodiodes at longer wavelengths, due to reflection and 

absorption of light in metal layer.



 14-5. SIGNAL-TO-NOISE RATIO

signal-to-noise ratio (SNR):

Ratio of electrical signal power to electrical noise power.

 Electrical signal power

 Note:

Applies only when detector circuit is well below saturation.

In photoconductive mode “signal” current defined as measured current minus dark 

current.



 For shot noise

 For thermal noise

 we can write:



limiting cases one source of noise dominates:

 Large signal

When,            and                  (recall                  )

Noise is dominated by shot noise from signal current

SNR is independent of load resistance.

SNR is roughly number of charge carriers produced during measurement time.

SNR increases linearly with incident optical power.



 2. Small signal, large RL.

When and

SNR is limited by shot noise from dark current i0,

SNR is independent of load resistance

SNR increases with square of incident optical power.

 3. Small signal, small RL.

When and

SNR is limited by thermal noise from load resistor RL.



 noise equivalent power (NEP):

Optical power that gives SNR = 1

In limiting case #2 :

MKS unit for NEP is watts

An alternative unit for optical power is dBm:

Power in dB relative to 1 mW.



 wavelength dependence of D* 



 14-6. DETECTOR CIRCUITS

14.6.1. High-Impedance Amplifier

3 dB electrical bandwidth:



 14.6.2. TransimpedanceAmplifier

When response time is important,

convert photocurrent iλ directly

into an output voltage,

bandwidth




