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Lecture No. 1

• 1.1   Introduction:
• Photodetectors are classified according to their optical range which can

be covered. The electromagnetic spectrum in the optical start regarding
wavelength from UV, visible, and IR ranges (Buckner, 2008). But it is
evident to notice that the visible range is small. So, it will be impeded
some time into UV or/ and IR detectors. The main two types then are UV
and IR photodetectors. The main problem is appearing at long
wavelength optical range as the required energy gap should be small. As
a result of the previous note, the required band gap materials which
cover this region have very high cost. And, it is faces a complexity into
the fabrication processes. The trend of the world was directed to
nanotechnology (quantum) photodetectors to overcome the previous
drawbacks. As a result, the review is directed to the quantum IR
photodetectors like quantum well, dot, and wire infrared photodetectors
respectively. They open the way to overcome main problems in
commercial utilized IR photodetectors such as HgCdTephotodetectors.



Fig. 1.1: The electromagnetic spectrum and the IR region.



• To understand the physical meaning of the detection
process, we must mention how light emitting and how we
choose the layer structure of any device (Detector or
source of light). Fig. (1.2) shows the layer structure and
circuit diagram for a typical electroluminescent device. The
device consists of several epitaxial layers grown on top of a
thick crystal substrate. The epitaxial layers consist of a p-n
diode with a thin active region at the junction. The diode is
operated in forward bias with a current flowing from the p-
layer through to the n-layer underneath. The luminescence
is generated in the active region by the recombination of
electrons that flow in from the n-type layer with holes that
flow in from the p-type side



Fig. 1.2: (a) Layer structure and (b) circuit diagram for a typical
electroluminescent device. The thin active region at the junction of the p-type
and n-type is not shown, and the dimensions are not drawn to scale. The
thickness of epitaxial layers will be only , whereas the substrate might be
thick. The lateral dimensions of the device might be several millimetres.



• Any direct gap semiconductor can, in principle, be 
used for the active region, but in practice only a 
few materials are commonly employed. The main 
factors that determine the choice of the material 
are:

•
• The size of the band gap;
• Constraints related to lattice matching;
• The ease of p-type doping.

•
The first point is obvious: the band gap 
determines the emission wavelength. The second 
and third points are practical ones relating by 
which the way the devices are made.



1.1.1 Magnitude of the Energy Gap and concept 
of Conductors, Insulators, Semiconductors:

• Silicon and germanium have band gaps of 1 eV
and 0.7 eV, respectively. At room temperature,
a small fraction of the electrons are in the
conduction band. Si and Ge are intrinsic
semiconductors. Up to 4.0 eV the material
becomes insulator. See Fig. (3)



Fig.3: The difference between conductors, 
insulator and semiconductors.



• The role of an optical receiver is to convert the
optical signal back into electrical form and
recover the data transmitted through the
lightwave system. Its main component is a
photodetector that converts light into electricity
through the photoelectric effect. The
requirements for a photodetector are similar to
those of an optical source. It should have high
sensitivity, fast response, low noise, low cost, and
high reliability. Its size should be compatible with
the fiber-core size. These requirements are best
met by photodetectors made of semiconductor
materials.
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• 1.2 Device types
• To detect optical radiation (photons) in the near-infrared region of

the spectrum, both external and internal photoemission of
electrons may be utilized. External photoemission devices typified
by photomultiplier tubes and vacuum photodiodes meet some of
the performance criteria but are too bulky, and require high
voltages for operation. However, internal photoemission devices,
especially semiconductor photodiodes with or without internal
(avalanche) gain, provide good performance and compatibility with
relatively low cost. These photodiodes are made from
semiconductors such as silicon, germanium and an increasing
number of III–V alloys, all of which satisfy in various ways most of
the detector requirements. They are therefore used in all major
current optical fiber communication systems.



• The internal photoemission process may take
place in both intrinsic and extrinsic
semiconductors. With intrinsic absorption, the
received photons excite electrons from the
valence to the conduction bands in the
semiconductor, whereas extrinsic absorption
involves impurity centers created within the
material. However, for fast response coupled
with efficient absorption of photons, the
intrinsic absorption process is preferred and at
presents all detectors for optical fiber
communications use intrinsic photodetection.



• Silicon photodiodes have high sensitivity over the 0.8–0.9
μm wavelength band with adequate speed (tens of
gigahertz), negligible shunt conductance, low dark current
and long-term stability. They are therefore widely used in
first-generation systems and are currently commercially
available. Their usefulness is limited to the first-generation
wavelength region as silicon has an indirect bandgap
energy of 1.14 eV giving a loss in response above 1.09 μm.
Thus for second-generation systems in the longer
wavelength range 1.1 to 1.6 μm research is devoted to the
investigation of semiconductor materials which have
narrower bandgaps. Interest has focused on germanium
and III–V alloys which give a good response at the longer
wavelengths. Again, the performance characteristics of
such devices have improved considerably over recent years
and a wide selection of III–V alloy photodiodes as well as
germanium photodiodes are now commercially available.



• In addition to the development of advanced photodiode
structures fabricated from III–V semiconductor alloys for
operation at wavelengths of 1.3 and 1.55 μm, similar
material systems are under investigation for use at the even
longer wavelengths required for mid-infrared and far-
infrared transmission (2 to 12 ). Interest has also been
maintained in other semiconductor detector types, namely
the heterojunction phototransistor and the
photoconductive detector, both of which can be usefully
fabricated from III–V alloy material systems. In particular,
the latter device type has more recently found favor as a
potential detector over the 1.1 to 1.6 wavelength range.
Nevertheless, at present the primary operating wavelength
regions remain 0.8 to 0.9 , 1.3 μm and 1.55 , with the major
device types being the p–i–n and avalanche photodiodes.
We shall therefore consider these devices in greater detail
before discussing mid-infrared photodiodes,
phototransistors and photoconductive detectors.



1.3 Optical detection principles

• The basic detection process in an intrinsic absorber is
illustrated in Figure 1.1 which shows a p–n photodiode. This
device is reverse biased and the electric field developed
across the p–n junction sweeps mobile carriers (holes and
electrons) to their respective majority sides (p- and n-type
material). A depletion region or layer is therefore created
on either side of the junction. This barrier has the effect of
stopping the majority carriers crossing the junction in the
opposite direction to the field. However, the field
accelerates minority carriers from both sides to the
opposite side of the junction, forming the reverse leakage
current of the diode. Thus intrinsic conditions are created
in the depletion region.



Figure 1.4:Operation of the p–n photodiode: (a) photogeneration of an
electron–hole pair in an intrinsic semiconductor; (b) the structure of the
reverse-biased p–n junction illustrating carrier drift in the depletion region;
(c) the energy band diagram of the reverse-biased p–n junction showing
photogeneration and the subsequent separation of an electron–hole pair.



• A photon incident in or near the depletion region of
this device which has an energy greater than or equal
to the bandgap energy of the fabricating material (i.e. )
will excite an electron from the valence band into the
conduction band. This process leaves an empty hole in
the valence band and is known as the photogeneration
of an electron–hole (carrier) pair, as shown in Figure
1.4(a). Carrier pairs so generated near the junction are
separated and swept (drift) under the influence of the
electric field to produce a displacement by current in
the external circuit in excess of any reverse leakage
current (Figure 1.4(b)). Photogeneration and the
separation of a carrier pair in the depletion region of
this reverse-biased p–n junction is illustrated in Figure
1.4 (c).



• The depletion region must be sufficiently thick
to allow a large fraction of the incident light to
be absorbed in order to achieve maximum
carrier pair generation. However, since long
carrier drift times in the depletion region
restrict the speed of operation of the
photodiode it is necessary to limit its width.
Thus there is a trade-off between the number
of photons absorbed (sensitivity) and the
speed of response.

since long carrier drift times in the depletion region restrict the speed of operation of the photodiode it is necessary to limit its width. Thus there is a trade-off between the number of photons absorbed (sensitivity) and the speed of response.
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• 1.4 Absorption

• 1.4.1 Absorption coefficient

• The absorption of photons in a photodiode to produce
carrier pairs and thus a photocurrent is dependent on
the absorption coefficient of the light in the
semiconductor used to fabricate the device. At a specific
wavelength and assuming only bandgap transitions (i.e.
intrinsic absorber) the photocurrent produced by
incident light of optical power is given by:

• where e is the charge on an electron, is the Fresnel
reflection coefficient at the semiconductor–air interface
and is the width of the absorption region.



Figure 1.5:Optical absorption curves for some common semiconductor
photodiode materials (silicon, germanium, gallium arsenide, indium gallium
arsenide and indium gallium arsenide phosphide).



• The absorption coefficients of semiconductor
materials are strongly dependent on
wavelength. This is illustrated for some
common semiconductors in Figure 1.5. It may
be observed that there is a variation between
the absorption curves for the materials shown
and that they are each suitable for different
wavelength applications. This results from
their differing bandgaps energies, as shown in
Table 1.1. However, it must be noted that the
curves depicted in Figure 1.5 also vary with
temperature.



1.4.2 Direct and indirect absorption: silicon and 
germanium

• Table 1.1 indicates that silicon and germanium
absorb light by both direct and indirect optical
transitions. Indirect absorption requires the
assistance of a photon so that momentum as
well as energy is conserved. This makes the
transition probability less



Table 1.1 Bandgaps for some semiconductor 
photodiode materials at 300 K



• likely for indirect absorption than for direct absorption
where no photon is involved. In this context direct and
indirect absorption may be contrasted with direct and
indirect emission discussed in Sections. Therefore, as
may be seen from Figure 1.5, silicon is only weakly
absorbing over the wavelength band of interest in
optical fiber communications (i.e. first-generation 0.8
to 0.9 ). This is because transitions over this
wavelength band in silicon are due only to the indirect
absorption mechanism. As mentioned previously
(Section 1.2) the threshold for indirect absorption
occurs at 1.09 . The bandgap for direct absorption in
silicon is 4.10 eV, corresponding to a threshold of 0.30
in the ultraviolet, and thus is well outside the
wavelength range of interest.



• Germanium is another semiconductor material for which the
lowest energy absorption takes place by indirect optical transitions.
However, the threshold for direct absorption occurs at 1.53 , below
which germanium becomes strongly absorbing, corresponding to
the kink in the characteristic shown in Figure 1.5. Thus germanium
may be used in the fabrication of detectors over the whole of the
wavelength range of interest (i.e. first- and second-generation 0.8
to 1.6 ), especially considering that indirect absorption will occur up
to a threshold of 1.85 . Ideally, a photodiode material should be
chosen with a bandgap energy slightly less than the photon energy
corresponding to the longest operating wavelength of the system.
This gives a sufficiently high absorption coefficient to ensure a good
response, and yet limits the number of thermally generated carriers
in order to achieve a low dark current (i.e. displacement current
generated with no incident light (see Figure 1.9)). Germanium
photodiodes have relatively large dark currents due to their narrow
bandgaps in comparison with other semiconductor materials. This is
a major disadvantage with the use of germanium photodiodes,
especially at shorter wavelengths (below 1.1 ).



1.4.3 III–V alloys

• The drawback with germanium as a fabricating
material for semiconductor photodiodes has led
to increased investigation of direct bandgap III–V
alloys for the longer wavelength region. These
materials are potentially superior to germanium
because their bandgaps can be tailored to the
desired wavelength by changing the relative
concentrations of their constituents, resulting in
lower dark currents. They may also be fabricated
in heterojunction structures which enhances their
high-speed operations.



• Ternary alloys such as InGaAs and GaAlSb deposited on
InP and GaSb substrates, respectively, have been used
to fabricate photodiodes for the longer wavelength
band. Although difficulties were experienced in the
growth of these alloys, with lattice matching causing
increased dark currents, these problems have now
been reduced. In particular the alloy In0.53Ga0.47As
lattice matched to InP, which responds to wavelengths
up to around 1.7 (see Figure 8.2), has been extensively
utilized in the fabrication of photodiodes for operation
at both 1.3 and 1.55 μm. Quaternary alloys can also be
used for detection at these wavelengths. Both InGaAsP
grown on InP and GaAlAsSb grown on GaSb have been
studied, with the former material system finding
significant application within advanced photodiode
structures.
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• 1.5 Quantum efficiency

• The quantum efficiency  is defined as the 
fraction of incident photons which are 
absorbed by the photodetector and generate 
electrons which are collected at the detector 
terminals: 



where is the incident photon rate (photons per
second) and is the corresponding electron rate
(electrons per second).The dependence of on enters
through the absorption coefficient . If the facets of the
semiconductor slab in Fig. (1.6) are assumed to have an
antireflection coating, the power transmitted through
the slab of width W is .

• Hence:



Figure 1.6: A semiconductor slab used 
as a photodetector.



• The absorbed power is thus is given by



Here, is called absorption factor. As expected,
becomes zero when . On the other hand, approaches 1

if.

• Since each absorbed photon creates an
electron–hole pair, the quantum efficiency is
given by



To prove the relation , we assume that have incident light
itswavelength and incident power as shown in Fig. (1.7)

Fig. 1.7: shows the power incident, absorbed, and transmitted light of sample photodetector.
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• 1.6 Responsivity

• The expression for quantum efficiency does 
not involve photon energy and therefore the 
responsivity R is often of more use when 
characterizing the performance of a 
photodetector. It is defined as:



• where is the output photocurrent in amperes
and is the incident optical power in watts (i.e.
output optical power from the fiber). The
responsivity is a useful parameter as it gives the
transfer characteristic of the detector (i.e.
photocurrent per unit incident optical power).
The relationship for responsivity (Eq. (1.6)) may
be developed to include quantum efficiency as
follows. Considering the energy of a photon ,
where h = 6.626 × J s is Planck’s constant. Thus
the incident photon rate may be written in terms
of incident optical power and the photon energy
as:



In Eq. (1.3) the electron rate is given by:





The ideal responsivity against wavelength
characteristic for a silicon photodiode with unit
quantum efficiency is illustrated in Figure 1.7(a). Also
shown is the typical responsivity of a practical silicon
device.

Figure 1.7:Responsivity against wavelength characteristics: (a) an ideal
silicon photodiode with a typical device also shown; (b) silicon, germanium
and InGaAs photodiodes with quantum efficiencies also shown.



• Figure 1.7(b), however, compares the
responsivities and quantum efficiencies of the
photodiodes based on silicon, germanium and
the InGaAs ternary alloy.It shows the lower
values of responsivity of 0.45 and at signal
wavelengths of 0.90 and 1.30 , respectively,
for silicon and germanium photodiodes. High
responsivity values of 0.9 and 1.0 at signal
wavelengths of 1.30 and 1.55 μm,
respectively, for the photodiode from InGaAs
alloy can also be observed.



• Moreover nearly 90% quantum efficiencies can be
obtained for both the InGaAsand silicon photodiodes.
It should also be noted that the responsivity drops
rapidly at the cutoff wavelength for each of the
photodiode materials. This factor is in accordance with
Eq. (1.13) which provides the quantum efficiency as a
function of signal wavelength which is critically
dependent on the photodiode material bandgap
energy. For a particular material, as the wavelength of
the incident photon becomes longer the photon
energy eventually is less than the energy required to
excite an electron from the valance band to the
conduction band and at this point the responsivity falls
to zero.



• Example 1.1
• When photons each with a wavelength of 0.85 are incident

on a photodiode, on average electrons are collected at the
terminals of the device. Determine the quantum efficiency
and the responsivity of the photodiode at 0.85 .

• Solution: From Eq. (1.2):

The quantum efficiency of the photodiode at 0.85 is 40%. From Eq. (1.13):

The responsivity of the photodiode at 0.85 is

.



• Example 1.2

• A photodiode has a quantum efficiency of 65% when photons of
energy are incident upon it.

• (a) At what wavelength is the photodiode operating?

• (b) Calculate the incident optical power required to obtain a
photocurrent of 2.5 when the photodiode is operating as described
above.

• Solution: (a) From the photon energy Therefore:

The incident optical power required is 3.60

.
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• 1.7 Long-wavelength cutoff

• It is essential when considering the intrinsic
absorption process that the energy of incident
photons be greater than or equal to the
bandgap energy of the material used to
fabricate the photodetector. Therefore, the
photon energy:



It is important to note that the above criterion is only applicable to intrinsic
photodetectors. Extrinsic photodetectors violate the expression given in Eq. (1.14), but
are not currently used in optical fiber communications.





1.8 Semiconductor photodiodes without 
internal gain

• Semiconductor photodiodes without internal
gain generate a single electron–hole pair per
absorbed photon. This mechanism was
outlined in Section 1.3, and in order to
understand the development of this type of
photodiode it is now necessary to elaborate
upon it.
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• 1.8.1 The p–n photodiode
• Figure 1.8 shows a reverse-biased p–n photodiode with

both the depletion and diffusion regions. The depletion
region is formed by immobile positively charged donor
atoms in the n-type semiconductor material and
immobile negatively charged acceptor atoms in the p-
type material, when the mobile carriers are swept to
their majority sides under the influence of the electric
field. The width of the depletion region is therefore
dependent upon the doping concentrations for a given
applied reverse bias (i.e. the lower the doping, the
wider the depletion region).



Figure 1.8The p–n photodiode showing depletion 
and diffusion regions.



• Photons may be absorbed in both the depletion and
diffusion regions, as indicated by the absorption region
in Figure 1.8. The absorption region’s position and
width depend upon the energy of the incident photons
and on the material from which the photodiode is
fabricated. Thus in the case of the weak absorption of
photons, the absorption region may extend completely
throughout the device. Electron–hole pairs are
therefore generated in both the depletion and
diffusion regions. In the depletion region the carrier
pairs separate and drift under the influence of the
electric field, whereas outside this region the hole
diffuses towards the depletion region in order to be
collected. The diffusion process is very slow compared
with drift and thus limits the response of the
photodiode.



• It is therefore important that the photons are
absorbed in the depletion region. Thus it is made
as long as possible by decreasing the doping in
the n-type material. The depletion region width
in a p–n photodiode is normally 1 to 3 and is
optimized for the efficient detection of light at a
given wavelength. For silicon devices this is in the
visible spectrum (0.4 to 0.7 ) and for germanium
in the near infrared (0.7 to 0.9 ). Typical output
characteristics for the reverse-biased p–n
photodiode are illustrated in Figure 1.9. The
different operating conditions may be noted
moving from no light input to a high light level.



Figure 1.9Typical p–n photodiode output 
characteristics



1.8.2 The p–i–n photodiode

• In order to allow operation at longer wavelengths
where the light penetrates more deeply into the
semiconductor material, a wider depletion region
is necessary. To achieve this the n-type material is
doped so lightly that it can be considered
intrinsic, and to make a lowresistance contact a
highly doped n-type () layer is added. This creates
a p–i–n (or PIN) structure, as may be seen in
Figure 1.10 where all the absorption takes place
in the depletion region.



Figure 1.10The p–i–n photodiode showing the 
combined absorption and depletion region.



• Figure 1.11 shows the structures of two types of silicon p–i–n 
photodiode for operation in the shorter wavelength band 
below 1.09 . 

• Figure 1.11(a) Structure of a front-illuminated silicon p–i–n 
photodiode. (b) Structureof a side-illuminated (parallel to 
junction) p–i–n photodiode. 



• The front-illuminated photodiode, when
operating in the 0.8 to 0.9 band (Figure 1.11(a)),
requires a depletion region of between 20 and 50
in order to attain high quantum efficiency
(typically 85%) together with fast response (less
than 1 ns) and low dark current (1 nA). Dark
current arises from surface leakage currents as
well as generation–recombination currents in the
depletion region in the absence of illumination.
The side-illuminated structure (Figure 1.11(b)),
where light is injected parallel to the junction
plane, exhibits a large absorption width (500 )
and hence is particularly sensitive at wavelengths
close to the bandgap limit (1.09) where the
absorption coefficient is relatively small.



Figure 1.12Planar InGaAsp–i–n photodiode: (a) structure; (b)
energy band diagram showing homojunction associated with the
conventional p–i–n structure.



• Germanium p–i–n photodiodes which span the entire
wavelength range of interest are also commercially
available, but as mentioned previously the relatively high
dark currents are a problem (typically 100 nA at 20 °C
increasing to 1 A at 40 °C).However, III–V semiconductor
alloys have been employed in the fabrication of longer
wavelength region detectors. The favored material is the
lattice-matched In 0.53Ga0.47As/InP system which can
detect at wavelengths up to 1.67 . A typical planar device
structure is shown in Figure 1.12(a) which requires epitaxial
growth of several layers on an n-type InP substrate. .The
incident light is absorbed in the low-doped n-type InGaAs
layer generating carriers, as illustrated in the energy band
diagram Figure 1.12(b). The discontinuity due to the
homojunction between the n+-InP substrate and the n-
InGaAs absorption region may be noted. This can be
reduced by the incorporation of an n-type InP buffer layer.



• The top entry (also referred to as front illumination)
device shown in Figure 1.12(a) is the simplest
structure, with the light being introduced through the
upper -layer. However, a drawback with this structure is
a quantum efficiency penalty which results from
optical absorption in the undepleted- region. In
addition, there is a limit to how small such a device can
be fabricated as both light access and metallic contact
are required on the top. To enable smaller devices with
lower capacitances to be made, a substrate entry
technique is employed. In this case light enters through
a transparent InP substrate and the device area can be
fabricated as small as may be practical for bonding.



• Conventional growth techniques for III–V
semiconductors can be employed to fabricate
these devices, although liquid-phase epitaxy (LPE)
tends to be preferred because of the relative ease
in obtaining the low doping levels needed
(around ) to obtain low capacitance (less than 0.2
pF). However, LPE does not easily allow low-
impurity-level concentrations and it is necessary
to use long baking procedures over several days
to purify the source material. High-quality devices
have been produced using metal oxide vapor-
phase epitaxy (MOVPE), a technique which
appears much more appropriate for large-scale
production of such devices.



• A substrate entry (also referred to as back
illumination) p–i–n photodiode is shown in Figure
1.13(a). This device incorporates a -InGaAsP layer to
provide a heterojunction structure (Schottky barrier)
which improves quantum efficiency. Moreover, it is
fabricated as a mesa structure which reduces parasitic
capacitances. Unfortunately, charge trapping can occur
at the n−-InGaAs/ InGaAsP interface which may be
observed in the energy band diagram of Figure 1.13(b).
This may cause limitations in the response time of the
device. However, small-area substrate entry devices
can be produced with extremely low capacitance (less
than 0.1 pF), quantum efficiency between 75% and
100% and dark currents less than 1 nA.



Figure 1.13Substrate entry InGaAsp–i–n photodiode: (a)
structure; (b) energy band diagram illustrating the
heterojunction and charge trapping.



Figure 1.14Structure of a mushroom 
waveguide photodiode



• In both device types a depleted InGaAs layer
of around 3 is used which provides high
quantum efficiency and bandwidth.
Furthermore, low doping permits full
depletion of the InGaAs layer at low voltage (5
V). The short transit times in the relatively
narrow depletion layers give a theoretical
bandwidth of approximately 15 GHz. However,
the bandwidth of commercially available
packaged detectors is usually between 1 and 2
GHz due to limitations of the packaging.



• A photodiode containing a waveguide structure,
known as a mushroom waveguide, can, however,
be used to overcome the bandwidth–quantum
efficiency trade-off between the device
capacitance and contact resistance. This
structure, which is illustrated in Figure 1.14,
comprises a thin layer of InGaAs (thickness of
0.20 ) used as the absorption material which is
lattice matched to an InP substrate thus providing
operation at a wavelength of 1.55 . It may be
observed that two graded layers of InGaAsP
material, each having a thickness of 0.80 , are
also employed above and below the absorption
layer to avoid charge trapping.



• Since the device is side illuminated its quantum
efficiency is therefore a function of the length of the
absorption layer and also the thickness of this layer
determines the amount of electron drift time. Thus a
long and thinabsorption layer provides both high
quantum efficiency and fast response times. High-
speed operation up to 110 GHz with 50% quantum
efficiency using such structures been demonstrated. It
should also be noted that in the mushroom waveguide
structure the light and the carriers travel in different
directions and therefore the device bandwidth and the
quantum efficiency are not too dependent on each
other. Hence quantum efficiencies of greater than 80%
at a bandwidth of 10 GHz have been obtained using
this waveguide structure.
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• 1.8.3 Speed of response and traveling-wave photodiodes
• Three main factors limit the speed of response of a

photodiode. These are:
• Drift time of carriers through the depletion region. The

speed of response of a photodiode is fundamentally limited
by the time it takes photogenerated carriers to drift across
the depletion region. When the field in the depletion
region exceeds a saturation value, the carriers may be
assumed to travel at a constant (maximum) drift velocity .
The longest transit time, , is for carriers which must
traverse the full depletion layer width and is given by:



• A field strength above 2 × V in silicon gives
maximum (saturated) carriermvelocities of
approximately cm . Thus the transit time through a
depletion layer width of 10 μm is around 0.1 ns.

• 2. Diffusion time of carriers generated outside
the depletion region. Carrier diffusion is a
comparatively slow process where the time taken, ,
for carriers to diffuse a distance may be written as:

Where is the minority carrier diffusion coefficient. For
example, the hole diffusion time through 10 m of silicon is 40
ns whereas the electron diffusion time over a similar distance is
around 8 ns.



• 3. Time constant incurred by the capacitance
of the photodiode with its load. A
reversebiased photodiode exhibits a voltage-
dependent capacitance caused by the
variation in the stored charge at the junction.
The junction capacitance is given by:

Where is the permittivity of the semiconductor
material and is the diode junction area. Hence, a small
depletion layer width w increases the junction
capacitance.



• The capacitance of the photodiode  is that of 
the junction together with the capacitance of 
the leads and packaging. This capacitance 
must be minimized in
order to reduce the RC time constant which 
also limits the detector response time.



• Example 1.4

• A silicon p–i–n photodiode has an intrinsic region with a width of 20 m and a
diameter of 500 μm in which the drift velocity of electrons is 105 m . When the
permittivity of the device material is 10.5 × F , calculate: (a) the drift time of the
carriers across the depletion region; (b) the junction capacitance of the
photodiode.

• Solution: (a) The drift time for the carriers across the depletion region for
the photodiode can be obtained using Eq. (1.17) as:

So, the photodiode has a junction capacitance of 4 pF.



• Although all the above factors affect the
response time of the photodiode, the ultimate
bandwidth of the device is limited by the drift
time of carriers through the depletion region .
In this case, when assuming no carriers are
generated outside the depletion region and
that there is negligible junction capacitance,
the maximum photodiode 3 dB bandwidth is
given by:



• Moreover, when there is no gain mechanism
present within the device structure, the
maximum possible quantum efficiency is
100%. Hence the value for the bandwidth
given by Eq. (1.20) is also equivalent to the
ultimate gain–bandwidth product for the
photodiode.





• The response of a photodiode to a rectangular optical input
pulse for various device parameters is illustrated in Figure
1.15. Ideally, to obtain a high quantum efficiency for the
photodiode the width of the depletion layer must be far
greater than the reciprocal of the absorption coefficient
(i.e. 1/) for the material used to fabricate the detector so
that most of the incident light will be absorbed. Hence the
response to a rectangular input pulse of a low-capacitance
photodiode meeting this condition, and exhibiting
negligible diffusion outside the depletion region, is shown
in Figure 1.15(a). It may be observed in this case that the
rising and falling edges of the photodiode output follow the
input pulse quite well. When the detector capacitance is
larger, however, the speed of response becomes limited by
the RC time constant of this capacitance and the load
resistor associated with the receiver circuit, and thus the
output pulse appears as illustrated in Figure 1.15(b).



• Furthermore, when there is significant diffusion
of carriers outside the depletion region, as is the
case when the depletion layer is too narrow ()
and carriers are therefore created by absorption
outside this region, then the output pulse
displays a long tail caused by the diffusion
component to the input optical pulse, as shown
in Figure 1.15(c). Thus devices with very thin
depletion layers have a tendency to exhibit
distinctive fast response and slow response
components to their output pulses, as may be
observed in Figure 1.15(c), the former response
resulting from absorption in the thin depletion
layer.



Figure 1.15:Photodiode responses to
rectangular optical input pulses for various
detector parameters



• A recent approach to reduce the RC time constant
limitation is to use a traveling-wave (TW) photodiode
structure in which the absorption and carrier drift
regions are positioned orthogonally to each other. Such
a p–i–n photodiode is illustrated in Figure 1.16(a)
where the photogenerated carriers are controlled by
the electrical transmission lines and the absorption
occurs in an optical waveguide that collects the
photogenerated carriers. This approach distributes the
capacitance along the electrical transmission lines
which can be terminated with a matching impedance
thus rendering the bandwidth independent of
capacitance. However, a shortcoming of the structure
is that both electrical and optical signals do not arrive
at the same time due to their mismatched velocities.



• Figure 1.16(b) represents a scheme to match the
electrical and optical wave velocities. It consists of TW
photodiodes and electrical transmission lines coupled
to an optical waveguide. The waveguide geometry and
its material composition determine the distribution of
the incident power along the device. The group
velocity of the optical traveling wave is fixed and
therefore the only way to ensure that the velocity
matching between optical and electrical waves can be
achieved is by tuning the radio-frequency phase
velocity (i.e. by varying the electrode dimensions). The
same principle is implemented in the photodetector
illustrated in Figure 1.16(c) where several photodiodes
at regular intervals are produced above the waveguide,
underneath the electrical transmission line.



• In this case the absorption occurs in a series of discrete
photodiodes (i.e. instead of a single absorption layer)
positioned periodically along the optical waveguide.
This structure distributes the optical signal power into
each high-speed photodiode which is then collected by
bringing together the photocurrent from each
photodiode on a low-loss electrical transmission line to
reduce the microwave loss and to improve the output
signal power. It is therefore possible to closely match
the velocities of the optical and electrical waves using
this generic structure. In addition, high-bandwidth
performance up to 190 GHz has been demonstrated
using a metal–semiconductor–metal traveling-wave
photodetector.



Figure 1.16Traveling-wave photodiodes: (a) basic structure; (b) 
transmission line velocity matching scheme; (c) periodic traveling-wave photodiode.



• A further TW p–i–n photodiode device, known as
unitraveling carrier (UTC) structure, is illustrated in Figure
1.17. Although the operation of a UTC photodiode is similar
to a conventional p–i–n photodiode, absorption occurs in a
thin p-type layer instead of the intrinsic i-region of the p–i–
n photodiode. In the structure shown, based on the
InGaAs/ InP material system, the photocarriers (i.e.
electrons and holes pairs) are generated in the p-type
absorption layer. However, when photons are absorbed to
form the electron–hole pairs, the holes join these existing
holes (instead of traveling) thus increasing the majority
hole population. Hole carriers are replaced by electrons,
which drift across the depletion region, and thus it is the
electrons that generate the photocurrent. The bandwidth
of the UTC photodiode is therefore determined by the
electron diffusion time in the p-type absorption layer.



• When the absorption layer is thin the electrons can
drift across it faster resulting in a higher bandwidth for
the photodiode. Furthermore, using a small-gradient
conduction band in the absorption layer can also speed
up the diffusion time. Hence a photodiode structure
with a 0.30 m thin absorption layer has provided a
bandwidth as large as 310 GHz. Similar photodiodes
have demonstrated high transmission rates of 100 Gbit
and 160 Gbit with an output peak voltage of 0.8 V.
Moreover, such wideband photodiodes have also been
produced for optical wireless communication and a
monolithic UTC photodiode operating at wavelength of
1.55 m was utilized for the purpose of generating a
photonic CW signal transmitting over a bandwidth up
to 1.5 THz.



Figure 1.17:Unitraveling carrier (UTC) 
photodiode.



• In order to improve the absorption efficiency of
high-speed photodiodes, an optical resonance
cavity similar to the Fabry–Pérot cavity can also
be employed. When resonance occurs in this
structure the incoming photons are reflected
back and forth between the two mirror face
reflectors. If a thin absorption layer is placed
within this mirror cavity the absorption efficiency
is enhanced due to multiple passes of photons
and the resultant device is known as a resonant
cavity enhanced (RCE) photodiode. A simple RCE
photodiode in which the absorption layer is
placed in between two reflector mirrors of
InGaAs n- and p-type material is shown in Figure
8.14.



• Various approaches can be used to produce the top and
bottom distributed Bragg reflector (DBR) mirrors
comprising several alternating layers of low-index and high-
index material. For example, InGaAs/InP, AlGaAs/GaAs,
InAlGaAs/InAlAs or InGaAsP/InAlAsmaterial systems can be
employed to construct DBR mirrors operating at the
wavelengths of 1.30 and 1.55 m. In addition, silicon-on-
insulator technology can also be used to fabricate DBR
mirrors using germanium on silicon substrates for an RCE
photodiode to operate at long wavelength. For example,
RCE p–i–n photodiodes using germanium material on a
double silicon-on-insulator substrate operating at the
wavelength of 1.55 m have exhibited high quantum
efficiencies of 59%. These devices, which also provide a 3
dB bandwidth of around 13 GHz, are considered
appropriate for reception at transmission rates of 10 Gbit.
Furthermore, the small area of these devices (i.e. 10 to 70
m) could prove useful for photonic integration.



Figure 1.14 Schematic cross-section of a 
resonant cavity enhanced photodiode
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