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The course aims:

(1) To review the operation of diodes and bipolar junction transistors.

(2) To extend knowledge on bipolar devices to include the influence of recombination.

(3) To investigate the physical mechanisms underlying the delays and speed limitations of the devices.
(4) To extract equivalent circuit models for the devices.

Objectives:

Students should be able to

(1) Explain qualitatively the mechanisms of electronic conduction in bipolar devices, and calculate relevant quantities from given data.

(2) Calculate and explain DC current-voltage behaviour of diodes and BJTs, given their geometry and material properties.

(3) Explain the influence of excess minority carrier recombination of the performance of the devices.

(4) Explain the large signal behaviour of the devices from the internal storage of charge.

Recommended textbooks

EE1 background knowledge on semiconductors and semiconductor devices is required. The EE1 course notes can be found on blackboard.
It is strongly recommended that you read these notes in order to understand the basic principles of semiconductor devices.

“Solid State Electronic Devices”, B.G. Streetman & S. K. Banerjee, Prentice Hall International Editions, 6th ed. This is a more expensive book but the course is based on this book. It contains a lot more than what is taught in the 1st and 2nd year.
“Microelectronic Devices”, K.D. Leaver, IC Press, 2nd ed. This is a compact and relatively inexpensive book which covers all the essentials.
Note that in popular books such as “Microelectronics circuits” by Sedra & Smith some very brief descriptions of semiconductor device operation can be found. Whilst previous two books are very physics oriented, this book is more oriented towards the circuit engineer and thus might give additional insight. 
There are plenty of copies available of all these books in the Central Library.
An interesting on-line text books can be found on:

http://ecee.colorado.edu/~bart/book/book/contents.htm 
http://www.ecse.rpi.edu/~schubert/Course-ECSE-2210-Microelectronics-Technology-2010/ 
Course synopsis

1. Revision on semiconductor devices
Last year you studied the DC behaviour of metal-semiconductor, metal-oxide-semiconductor and semiconductor-semiconductor junctions. We looked at the simplified version of three devices: the pn junction, the MOSFET and the BJT. We will start the course with reviewing the basic device DC operation concepts of the pn diode and the BJT because this year we will focus on bipolar devices. For more extensive information on MOSFETs please see the 3rd year Advanced Electronics Devices course
. 
2. Long pn diode

In contrast to the “short” devices we’ve studied in the first year, this year we will introduce recombination processes and check how they influence device behaviour.  These devices will be referred to as “long” devices.

Although an important characteristic of semiconductor devices is their fast response time, some delays do occur. We will investigate the physics behind the delays and investigate the resulting switching characteristics. The concept of a fast switching majority carrier device and a “slowly” switching minority carrier device will be made clear.

3. The BJT

An npn or pnp junction is the basis for the bipolar junction transistor (BJT). Based on our knowledge of pn junctions, the DC functioning of a BJT will be described. As in pn junctions, minority carriers will play an important role in the conduction mechanism of the BJT. We will look explicitly at the short BJT and discover that calculating the currents in this particular configuration is very straightforward. The BJT in which recombination is taken into account offers some challenging maths but gives an insight into delays and current gain. Switching of the BJT will also be studied and methods to reduce the delay discussed.
Why study semiconductor devices?

There can be lots of reasons to study devices. It can be as simple as being interested in the physics behind the devices’ operation or it can give you the background to understand the aggressive downscaling effort of the CMOS industry and maybe in the future you can join in the effort. Having knowledge of the operation of devices will enable you to understand both device and circuit modelling programs better and thus make modelling and the resulting circuits more efficient. 
Although the speed of the aggressively downscaled MOSFET
 has removed the need for bipolar transistors from logic circuits, microprocessors and memory chip, there are still some fields in which bipolar transistors remain important. These applications mainly need ultra-high speed in which minimizing power consumption is not so important. Examples are emitter coupled logic, power switching, microwave power amplifiers, cell phone amplifiers etc.
This course fills the semiconductor knowledge gap between the 1st year Semiconductor Devices course and the 3rd year Advanced Electronics Devices course as it focuses more on bipolar devices than these other two courses. Knowledge of bipolar transistors is also important for courses such as Microwave Technology, Radio Frequency Electronics, Power Electronics, High Performance Analogue Electronics and Analogue Integrated Circuits and Systems.

1 Semiconductors and junctions – a review
1.1 A semiconductor

· A semiconductor is a material that, at room temperature, has a conduction character that is lower than metals but higher than insulators. This is because a semiconductor always has at least an intrinsic carrier concentration: ni.
· There exist two types of charged carriers in a semiconductor that can both carry current: the electrons with a negative charge and the holes with a positive charge:
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. Only “free” charges can carry currents. “Free” means not bonded to the atoms.
· The conduction in a semiconductor can be changed via doping. Doping is the introduction of foreign atoms such as B or As in Si. Doping with donors: ND (donor concentration) gives an n-type semiconductor. Thus the density of free electrons nn is larger than the density of free holes pn in an n-type material. Doping with acceptors: NA (acceptor concentration) gives a p-type material. The density of free holes pp is larger than the density of free electrons np
.
Important formulae that govern the conductivity of a semiconductor are:
The intrinsic carrier concentration: 
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(same density of free electrons and holes in an intrinsic semiconductor).
The extrinsic n-type semiconductor: 
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The extrinsic p-type semiconductor 
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With n, p respectively the electron and hole density ; ND,A respectively the donor and acceptor doping density (concentration).

The total conductivity of a semiconductor is: 
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With n, p the mobility of electrons, resp. holes. The value of the mobility is a function of the scattering processes and the effective mass of the carriers: 
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, with q the charge,  the average time between collisions (scattering), m the mass. Thus the hole and electron mobility are not necessarily the same. The mobility gives an indication into how fast a device will work (when parasitic influences are negligible). The mobility is the proportionality constant in the drift velocity-electric field relationship for small values of electric field: 
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, with v the drift velocity and E the electric field. Electrons and holes have opposite velocities.
* Drift currents

In a homogeneously doped semiconductor or a semiconductor with a constant carrier density, applying an electric field will cause drift currents to flow. Drift current can be carried by both electrons and holes.

Drift current in a semiconductor is given by: 
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With A the cross sectional area perpendicular to the current flow, E is the applied electric field. Remember that the electric field can also be internal to the device structure.
* Diffusion currents
When carrier gradients exist in a semiconductor, diffusion currents will occur. Hole density gradients cause hole diffusion currents, electron density gradients cause electron diffusion currents and gradients in both carrier types will cause diffusion of both, creating a total diffusion current of
:
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With Dn,p the diffusion constant of electrons respectively holes, x is the direction of carrier propagation. The Einstein equation gives the relationship between the diffusion constant and the mobility of the carrier:
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with, k the Boltzman constant, T the temperature in Kelvin.
* In the general case where both concentration gradients and electric fields are present the total current is the sum of both drift and diffusion currents:
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This equation is normally referred to as the drift-diffusion equation of carriers and is the basic equation that describes carrier movement in semiconductor devices.
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Figure 1: the direction of the current densities as a function of the electric field and the carrier gradient.
Note that the direction of the electron particle flux is opposite to the current flow. Particle flux is strictly governed by electrostatics, the current is dependent on the sign of the charge q=±e.
The third important basic equation in semiconductor devices is the Poisson equation
:
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With V the electrostatic potential,  the charge density as a function of x ; p & n the free hole, resp. electron density which are both a function of x as well as of V and 
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 the concentration of ionised doping atoms which are a function of x.
1.2 Energy band diagrams
The carriers in a semiconductor are quasi free because they are no longer covalently bonded to the atoms and thus can move but at the same time they undergo interactions with the atoms in the regular lattice. As a consequence of the mathematical description of the wave character of carriers in semiconductors, a region of forbidden energies exists called the bandgap Eg. In a perfect semiconductor there are no energy levels available within the bandgap. This means that no electrons nor holes can reside in the energy region defined by the bandgap.
Free electrons have energies in an allowed energy band higher in energy than the bandgap, the conduction band Ec, whilst free holes have energies in an allowed energy band lower in energy than the bandgap, the valence band Ev. 

The amount of electrons available at each energy value is determined by the density of states g(E) and the Fermi-Dirac distribution function f(E) as illustrated in Figure 2. g(E) gives the distribution of energy levels (states) as a function of energy. Note that g(E)=0 in the bandgap (no energy levels). f(E) gives the probability of finding an electron at energy E. Thus 1-f(E) gives the probability of finding a hole.

[image: image14]
Figure 2: The energy band diagram with the position of the Fermi level EF as a function of the doping type (left). The integration of the product of the density of states g(E) and the Fermi-Dirac distribution function f(E) gives the carrier distribution over the energy range above or below the bandgap (right).
Remember the relationship between the position of the Fermi level EF and the density of carriers in the semiconductor (given by the Fermi-Dirac or Maxwell-Boltzman distribution functions):
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with Ei the intrinsic level
, Nc the effective density of states in the conduction band and Nv the effective density of states in the valence band. The intrinsic level Ei is an energy position within the forbidden gap that is determined by the intrinsic carrier concentration. 
* Fermi level constant
At equilibrium, when no external bias is applied, no discontinuity or gradient can arise in the position of the Fermi level throughout the complete structure, otherwise a current (diffusion of high energy carriers to lower energetic places) would flow. Thus:
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This gives the starting point for drawing the energy band diagram since Ec-EF and/or EF-Ev is known from the doping concentration and Eg is known and remains constant in a homojunction. 
* Influence of the electric field on the band diagram

Applying an electric field will result in a discontinuity in the Fermi level (this discontinuity is directly proportional to the applied electric field) and will result in band bending (see the tilt in potential energy Ec in Fig. 3).

[image: image17]
Figure 3: Relationship between the electric field, the electrostatic potential and the potential energy.
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E(x): Electric field, V(x): electrostatic potential, Ec(x): potential energy.
Electric field E(x) points “uphill”, electrons drift “downhill”. The reasoning is that electrons will flow from v- to v+ (electrostatic attraction). This means that electrons are losing potential energy since it is converted in kinetic energy, thus Ec at v- needs to be higher than Ec at v+. The electric field points from + to – and thus up the potential hill.
Holes are flowing up the potential hill. You can check that this picture is completely consistent with the carrier fluxes and current directions that have been discussed before. It is also comforting to see that these directions are completely consistent with current directions used in the other courses such as Analysis of Circuits and Analogue Electronics!

1.3. Junctions

* A junction is formed when 2 or more different materials are brought into close (atomic scale) contact. Materials can include semiconductors of different doping type (homojunctions), different materials (e.g. Si and SiGe) heterojunctions and metal-semiconductor junctions (e.g. Ohmic contact and Schottky contact). 

* The work function 
In order to draw an energy band diagram of a junction we need to draw the energy bands of each material separately with respect of a local reference level that is defined for each material, the vacuum level Evac. The position of the Fermi level with respect to the vacuum level, before contact of the material, is given by the workfunction . Diffusion of electrons will appear from the material with the higher lying Fermi level to the material with the lower lying Fermi level. This process will align the Fermi levels and create band bending in the potential energy bands. The reason why band bending is created is due to the fact that no net current can be flowing when no external bias is applied, thus the diffusion of carriers needs to be compensated. This is done by drift of carriers which is caused by the build-up of an internal electric field that creates a drift current opposite to the diffusion current and allows the system to reach equilibrium. Note that the workfunction of the materials does not change when the junction is formed. As a result the internal electric field occurs in the vacuum level across the junction – this is called the contact potential or built-in voltage.
* Band diagram of junctions

When two different conducting materials, initially uncharged, are brought into contact, the electrons close to the junction redistribute themselves so that the Fermi energy is constant across the junction (in the absence of an applied voltage).

Below we present different junctions with their energy band diagrams before and after contact, all without external bias. Ensure that you understand how they are generated.
Metal-semiconductor junctions

Ohmic contact
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Figure 4: The Energy band diagram of a metal and a p-type semiconductor. Left: before contact, right: after contact. For Ohmic contacts there should be an accumulation of majority carriers at the junction. Right: The current-voltage characteristic of the Ohmic contact is linear.
The current-voltage characteristic of this junction is linear. The slope of the curve is proportional to the conductivity of the semiconductor and the resistance of the Ohmic contact:
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Schottky contact

In fig. 5 a Schottky contact on an n-type semiconductor is given. Left (bottom) is the energy band diagram when no voltage is applied. Notice the bands bend up (depletion of electrons closer to the junction). At the right (top) a positive voltage is applied to the metal with respect to the semiconductor. This causes a discontinuity of the Fermi level at the junction (EF goes down in energy due to positive voltage, and the internal electric field across the semiconductor of the junction is reduced by the externally applied field and thus the barrier lowers). The electrons in the n-type material try to cross the junction towards the metal but are not allowed to go through the wide forbidden bandgap. Thus the only electrons that can contribute to the current are the ones above the potential barrier and this is only a small amount thus the current flowing at this voltage will be small.


[image: image21]
Figure 5: The energy band diagram of a metal and a n-type semiconductor. Left: before contact, right: after contact. For Schottky contacts there should be depletion of majority carriers at the junction. The current-voltage characteristics of the Schottky contact is exponential. A Schottky contact can be used as a rectifier. It is a majority carrier device.

Semiconductor-semiconductor junction

pn junction and many more
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Figure 7: the energy band diagram of a pn junction. Left: before contact, right: after contact.

The work function difference between n-Si and p-Si causes a potential barrier between n and p Si when forming the junction. Applying an external electric field will increase or decrease this potential barrier respectively inhibiting and allowing current to flow.

* How to interpret an energy band diagram?

Energy band diagrams are great tools to predict the behaviour of the junctions under the influence of an externally applied voltage. This is illustrated in fig. 8. The figure gives a Schottky contact on an n-type semiconductor. The Schottky contact for the n-type semiconductor is characterised with a potential barrier for electrons (depletion of minority carriers at the junction). When a positive voltage is applied to the metal (V+) the Fermi level of the metal drops with a value equal to eV with respect to the Fermi level of the semiconductor (which node we have grounded and thus it doesn’t change). This decreases the potential barrier seen by the electrons in the semiconductor that are electrostatically attracted to the metal. However not all electrons available in the semiconductor can flow through the junction to the metal due to remaining potential barrier.

[image: image23]
Figure 8: Left bottom: energy band diagram of a metal-semiconductor contact under zero bias. Left top: circuit connection. Right bottom: energy band diagram under bias. The density of electrons as a function of energy is also given. Right top: circuit connection, electrons are flowing through the closed circuit.
The potential barrier (increase in Ec towards the junction) blocks all carrier transport of carriers with energies lower than the barrier. This is because these carriers would flow into the forbidden gap where there are no energy levels to receive them. The carriers with energy higher than the barrier will be able to “flow” across the junction and occupy free energy levels (states) at the other side of the junction. This will cause a small current to flow. If the potential barrier is reduced more by applying a large V on the metal, then the current will increase exponentially.
Thus the electrostatics imposed by the +V voltage attracts the electrons, however the quantum mechanics presented by the energy band diagram shows that there is a potential barrier that blocks a certain amount of available charges.
1.4 Conclusions

Semiconductors have two types of free carriers - electrons and holes - this gives the possibility for two types of currents to flow in different junctions – drift and diffusion currents.

Energy band diagrams are a handy way to predict the expected magnitude of the current in junctions under the influence of an external bias without the need for full scale device modelling.

2. The p-n diode
2.1 Review – the short pn diode
In EE1 the operation of the special case of a short diode was discussed. The definition of short diode is that the width of the materials that make the pn junction, are smaller or equal to the diffusion length of the minority carriers. As a consequence the number of minority carriers in the neutral region varies linearly, with a slope determined by 
1) the injection of minority carriers across the junction

2) the neutrality condition at the contacts (here we made the assumption that the contacts only impose the bulk conditions on the carrier concentrations). 
We found that the currents in a p-n diode are governed by diffusion of minority carriers in the neutral regions (the neutral regions are those where the sum of all charges is zero, thus outside the depletion region). 
The assumptions that were made to derive the current are:
· the contacts are ideal and do not show any band bending

· the contacts can absorb and generate the necessary carriers to keep bulk condition carrier concentrations fixed

· no voltage is dropped across the neutral regions

· the applied voltage drops across the depletion region only

· the amount of injected carriers across the junction due to the applied voltage is negligible compared to the majority carrier concentration determined by the doping.
Under forward bias, electrons are injected from the n-region into the p-region and holes are injected from the p-region into the n-region due to the fact that the externally applied potential lowers the energy barrier between the n and p type region. This injection of carriers causes a minority carrier gradient of electrons in the p-type region and a hole gradient in the n-type region. Gradients of carriers cause diffusion current. Similar gradients occur in reverse bias but they are a lot smaller because they are minority carriers rather than majority carriers that are injected across the barrier. The reverse bias leakage current is limited by the amount of holes available and/or generated
 in the n-type region and the amount of electrons available and/or generated in the p-type region. Since under normal circumstances there is a limited number of minority carriers available, the reverse leakage current is small.

* Band diagram of unbiased junction
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Figure 1: The energy band diagram of a pn junction. Left: before contact, right: after contact.

V0 (also called Vbi) is the built-in voltage, it represents the potential barrier that controls the amount of carriers that diffuse. V0 is generated by the internal electric field that is a consequence of carrier diffusion upon contact.
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* Space charge region or depletion region 
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Figure 2: Left: p and n material before contact. Right: pn junction with 2 neutral regions (n & p) and the space charge region. W0 is the depletion width when no external bias is applied.

In the “depletion approximation” we assume that the depletion region is empty of moving carriers. It contains 2 sides with fixed ionised charges of opposite charge at each side. The fixed ionised charges are the ionised doping atoms (they have lost a hole or electron → NA- resp. ND+). The doping atoms are fixed in the lattice and thus cannot move and as a consequence cannot carry current. This region is thus more resistive than the neutral regions.
The charge separation (the ionised charges in the depletion region) is caused by the internal electric field. The internal electric field is due to that built-in voltage Vbi, the built-in voltage is a result of the contact potential difference = work function difference between n and p-type Si.
* The p-n junction under forward bias
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Figure 3: Top: forward bias condition. Bottom: energy band diagram of the pn diode under forward bias

Forward bias lowers the potential barrier across the junction with a value proportional to the applied voltage, therefore more carriers will have an energy higher than the barrier and cross the junction. Current is flowing and is increasing exponentially.
* The p-n junction under reverse bias

The reverse bias adds the absolute value of the applied voltage to the built-in voltage increasing the potential barrier, therefore there are no carriers with sufficient energy to travel across the barrier. There is drift of minority carriers across the junction. Since the number of minority carriers is low, the current is small and determined by the minority carrier concentration rather than the electric field. Thus the off-current in a diode is small and constant as a function of reverse bias voltage when no break down mechanisms occur.
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Figure 4: Top: reverse bias condition. Bottom: energy band diagram of the pn diode under reverse bias

* Minority carrier distribution under bias and current.
It is important to remember that under certain bias conditions a certain amount of excess carriers is stored in the n and p regions between the edge of the depletion region and the contact (neutral regions). These excess carriers will cause the delays when switching pn diodes. More on this topic later.
Under forward bias the excess minority carrier concentration at the edges of the depletion width are given as a function of the bulk minority carrier concentration and the applied voltage. The excess of carriers is defined as the surplus (positive or negative) of minority carriers with respect to the initial minority carrier concentration that is determined by the bulk material. The excess carrier concentration at the edge of the depletion width (thus at x=wn or –wp) is given by:
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With the injected concentrations given by:
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(1)
with n’p and p’n respectively the minority electron concentration in the p-region at the depletion region edge and the minority hole concentration in the n-region at the depletion region edge (injected minority carrier concentration). np0 and pn0 are the intrinsic minority carrier concentrations.
To derive the expression for the current, it is best to refer to the graphical picture of the device under bias as given in fig. 5. Note that looking at forward bias only, is sufficient to derive the expression of the current in both bias regions.

[image: image31]
Figure 5: Top: Short pn diode under forward bias with exaggerated depletion width. Bottom: excess minority carrier distribution of short diode. Shaded regions represent the amount of stored excess minority carrier charge
. Note that at the contacts the excess carrier concentration is zero. This condition is imposed by the contacts.
In a short diode (the lengths of each neutral region is smaller or equal to the minority carrier diffusion length) the minority carrier concentration is decreasing linearly in each region. The excess carrier concentration is given by the shaded triangles in the neutral regions (Fig.5). The density of minority carriers is imposed by the boundary conditions: eq. (1) and bulk conditions kept at Ohmic contacts. Since gradients in carrier concentration occur due to the injection process across the junction, diffusion of minority carriers will happen.
Calculation of the diode currents in a short diode is easy. Remember the expression for the diffusion current:
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An interesting problem to think about is: what happens when one or both of the materials forming the pn diode are shorter than the diffusion length (Ln and Lp) of the minority carriers (but longer than the depletion width in each region)? Thus do the derivation of the short diode current for a length xn<Lp for the n-region and xp<Ln for the p-region and compare the result taking into account the given in-equalities.
Remember that there is also a majority carrier flow as the majority carriers injected across the junction have to be re-supplied
. Luckily the rule that the total current is constant through the device makes calculation of the minority carrier diffusion current in each region of the pn junction sufficient for deriving the total current in the pn junction. The magnitude of the diffusion current of the electrons in the p-type region is equal to the magnitude of the electron drift current in the n-type region, the latter current is the re-supply of the injected carriers across the junction. This is similar for holes. This is illustrated in the picture below (fig. 6).
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Figure 6: The contribution of the minority and majority carrier current to the total current through the pn junction. Majority carriers injected across the junction are re-supplied via drift through the contact and diffuse to the other contact through the minority carrier gradient region. The minority carrier gradients determine the total current completely. The current remains constant in the space charge region because we assume at the moment that there is no recombination no generation of carriers.

2.2 Generation and recombination – long pn diodes
In real diodes, the length of the materials forming the junction is not necessarily smaller or equal to the diffusion length of the minority carriers. In the case of long diodes recombination of minority carriers will happen whilst they are diffusion to the contact. As a result, the number of minority carriers varies non-linearly in the neutral regions of the device. In what follows we will study its impact on the device characteristics.

* Generation – recombination

We have seen that due to thermal energy electron-hole pairs are created, thus electrons and holes are freed from the atoms and become free carriers that can be involved in the conduction processes. This process is called generation of carriers and is happening continuously as long at the temperature is sufficiently high to break the valence electron-atom bonds. Of course other forms of energy can do the same. An example is light: shining light on a semiconductor, with the correct energy, larger than the energy gap, can also release electron-hole pairs.

The opposite process is called recombination. In this case an electron and hole will recombine and thus get fixed to the atom and become unavailable for conduction. This is a reduction of the number of free carriers. As with generation, recombination is also continuously happening. Recombination can happen in two ways. The first is direct recombination of electron and holes which means that excess electrons in the conduction band recombine with holes in the valence band. Energy is lost by the electron and is given off as photons (light). The second type is indirect recombination. In this case there are impurity centres or lattice defects in the semiconductors, called traps – these will always be available as a 100% perfect semiconductor does not exist. The traps will cause some discrete energy levels to exist within the bandgap of the semiconductor which can have empty states to which the electrons from the conduction band can fall in order to cross the bandgap in steps. In this case, the energy released by the electrons causes heating of the lattice (Heating causes lattice vibrations. These vibrations can be seen as particles called phonons with which the carriers in the lattice can interact – scatter. They can also be regarded as waves with certain energy and wavelength).
The characteristic timescale involved in the recombination processes is called the carrier lifetime n,p. The characteristic length scales are the diffusion lengths Ln,p. These parameters give the statistically average time, respectively distance that a carrier travels before it recombines. This is a statistical average, thus means that not all carriers will recombine within that time scale, but the majority will such that at x=Ln,p the number of carrier have been reduced by a factor Exp(1). The values are dependent on the material, the quality of the material, the doping density and the type of charged carrier. The relationship between the carrier lifetime and diffusion length is given by the diffusion constant following:
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The intrinsic number of free electrons and holes is the same as carrier generation and recombination is in equilibrium. In a pn diode under forward bias an excess minority carrier density exists in the neutral regions of the device. When the voltage across the junction is not too high we can assume that this excess is a lot smaller than the number of majority carriers in that region. It is the gradient of the excess minority carriers that is significant. Recombination will happen between the majority carriers and the excess minority carriers. Since the density of the excess carriers is small compared to the density of the majority carriers, recombination processes can have a significant impact on the number of excess carriers, whilst being insignificant for the majority carriers in comparison with the amount available. Recombination becomes important for devices where the neutral regions are larger than the diffusion length
. If we put the pn diode under reverse bias then there will be a reduction of minority carriers in the neighbourhood of the depletion region edges (junction). In this case generation of minority carriers is larger in order to maintain equilibrium conditions.
Thus the rate of recombination and generation will adapt itself to the availability of excess minority carriers in the “neutral regions”
. When there is an excess of minority carriers, then the recombination rate will increase proportional to this excess in order to drive the semiconductor back to equilibrium. Thus the generation rate of minority carriers will then be smaller than the recombination rate. However when there is a shortage of minority carriers then the generation rate increases to try to bring the minority carrier concentration back to equilibrium conditions. In this case the generation rate of minority carriers is larger than the recombination rate. Of course when minority carriers recombine they do so with majority carriers. As a consequence the majority carrier recombination or generation rate is equal to that of the minority carriers. We will assume that the injected minority carrier concentration is sufficiently small compared to the majority carrier concentration such that the variation of majority carriers can be neglected.

The minority carrier recombination rate in the “neutral region” can be described to acceptable approximation by the simple equations:
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(2)
Recombination in a depletion region or in those cases where the minority carrier concentration is of the same order of magnitude as the majority carrier concentration have to be described by different equations than those given above.
In order to calculate currents in the long diode, we need to know the variation of the minority carrier excess in the neutral region. The first step is thus to derive the expression of this variation in the case recombination happens
. In order to do that we take a volume of semiconductor material through which a hole diffusion current is flowing as given in fig. 7. We look at the variation of the density of holes, as a function of time and place, over an infinitesimal distance x. This equation will give us the continuity equation for holes. It gives the rate of change of the hole density while a current is flowing. It is also this equation that will be important to analyse the transient processes in bipolar devices under large signal switching conditions.

[image: image36]
Figure 7: Hole current entering and leaving a volume x A.
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(3)
In words this equation means:

The rate of variation of the hole concentration = increase of the hole concentration in volume x ×A per unit time - loss of holes due to recombination.

The term pn is the excess minority carrier concentration. Excess means the density of carriers larger than the minority carrier concentration defined by the doping of the bulk material only. The second term is the carrier recombination term given in eq. (2). For x→0 the equation (3) becomes a differential equation:
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(4a)
Similar for electrons:
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(4b)

These equations are referred to as the continuity equations for the holes resp. the electrons.

If we can assume that drift is negligible
 then the current is solely diffusion and the current densities can be written as:
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(5)

Substituting (5) in (4)
 gives the continuity equations of minority carriers taking recombination into account:
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(6)
This equation is of utmost importance for analysing the switching characteristics of bipolar devices. 

* minority carrier variations and currents

In case we have steady state carrier injection as e.g. across a forward biased pn diode in DC, the time derivative is zero and in steady state the continuity equations become:
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(7)
Solving this equation with boundary conditions:
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(8)
These boundary conditions mean that x=0 is the point of steady state carrier injection (depletion region edge) due to the applied DC voltage across the junction. The second boundary condition gives that at the contacts the excess carrier concentration needs to be zero.

The solution of (7) for holes, which is a second order differential equation, can be written as the sum of two exponentials:
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 or using a hyperbolic sine function:
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 with C1 and C2 integration constants that must be determined by the boundary conditions (8). Using the sinh function as possible solution, we find the expression
 of the excess hole concentration variation as a function of position:
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(9)

This is a rather complex equation, useful for numerical simulations only but not for pen and paper work. Therefore we want to simplify this equation for two special cases: the short diode approximation and the long diode approximation. For the short diode approximation we take the limit of Xn << Lp for eq. (9) and for the long diode approximation we take the limit of Xn → ∞.
In the following we will evaluate what the errors are that we make by taking these approximations. For this we need to calculate the current based on (9) and that based on the limits of short and long diode approximations.
In order to calculate the current we have to take the first derivative of (9). This gives for the hole current:
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(10)

The following figures in Fig. 8 give the difference in excess minority carrier concentrations between the short, long and correct diode descriptions.


[image: image48]
Figure 8: The excess minority carrier hole concentration in the n-layer under normalised injection conditions for the different solutions of the continuity equation and for different relative differences between contact position relative to the minority carrier diffusion length. The minority carrier diffusion length is Lp=200 nm, the distance to the contact varies: Xn= (a) 20, (b) 200, (c) 400 and (d) 1000 nm.

For short Xn (a), the short diode approximation describes the excess carrier concentration to excellent accuracy. For long Xn (d) the long diode approximation is excellent. In the other two situations some error is made. When Xn=Lp, the excess carrier concentration is best described by the short diode approximation (smallest difference in area underneath the curves and correct contact boundary condition). When Xn>Lp but of the same order of magnitude, the linear approximation becomes less accurate and the exponential equation more accurate. The error in the long diode approximation is in the non-zero excess at the contacts.

When looking at the currents, we can conclude why the use of the approximations is acceptable in different regions. In figure 9, the ratio of the correct current to the approximated current is given as a function of the ratio of the lengths.
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Figure 9: The ratio of correct current to approximated current. Blue: long diode approximation, pink: short diode approximation.

Interesting observations are: 

1. the error of using the short diode approximation becomes negligible small when Xn<<Lp. Obviously for Xn<Lp the short diode approximation is best.

2. for Xn=Lp the error using the short or long diode approximation is exactly the same
. Thus we use the short as it is easier.

3. for Xn>Lp the error made by using the long diode approximation decreases quickly and it is better to use the long rather than the short diode approximation. We see that if the length of the diode layer is more than twice that of the minority carrier diffusion length, the error becomes negligible.

* Simplified solution of eq. (7)
1. Short diode approximation

In this case, the Ohmic contacts are at a distance shorter than the minority carrier diffusion length. Thus Xp < Ln and Xn < Lp, where Xp is the position of the contact of the p-layer and Xn is the position of the contact in the n-layer. In this case we neglect any recombination by setting n,p = ∞ in eq. (7). Then under the boundary condition (8), the excess minority carrier concentration varies linearly. This is what is referred to as the SHORT diode approximation.
2. Long diode approximation

In this case, the Ohmic contacts are at a distance larger than the minority carrier diffusion length. Thus Xp >> Ln and Xn >> Lp. In this case we assume that the contacts appear at a distance equal to infinity: Xp = Xn = ∞.
 In that case the solution to (7) is an exponential. This is called the LONG diode approximation.

Solving (7) in the long diode approximation we impose that the excess minority carriers have completely disappeared by recombination. The solution for the excess carrier concentration is then:
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 excess minority carrier concentration

(11)
With 
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the diffusion length, which is the average distance a carrier diffuses (travels) before recombining.  is the average time between scattering
 events. Thus in the case of diffusion with recombination the excess carrier concentration is varying exponentially in a long diode in contrast to the short diode where the excess carrier concentration is varying linearly. This is illustrated in fig. 10.

[image: image51]
Figure 10: the variation of the excess carrier hole concentration as a function of distance due to recombination (full line).

n0 (p0) is the carrier concentration determined by the doping of the bulk material. n (p) is the excess carrier concentration at x=0 resulting from the carrier injection process. x=0 is the edge of the depletion region. δn (δp) is the x-dependent excess carrier concentration. Note that we are talking about minority carriers!
As in the short diode, the current is still determined by the diffusion of the excess minority carriers in the neutral region. The difference is that now this minority carrier excess is changing exponentially.  As a consequence the minority carrier diffusion current calculated for holes is:
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(12)
Thus this current is decreasing for positive x (see fig. 10) because holes are disappearing by recombination! But the total current needs to be constant. This can be obtained by remembering that total current consists of hole and electron movement. Since we have neglected the variation of majority carriers, there must be a drift current of majority carriers that is re-supplying the recombined carriers and resupplying the carriers that are injected across the junction. The sum of this majority carrier drift current and minority carrier diffusion current is constant. Thus we see that if minority carrier diffusion current is decreasing when going away from the point of carrier injection, the majority carrier drift current in decreasing when going towards to point of injection. The sum of the two is constant: Itot. As a consequence it is the diffusion of minority carriers that limits the total current, therefore the total current must be determined by the maximum electron and hole diffusion currents that can happen under the given injection conditions (determined by the applied voltage) The maximum diffusion current that can flow can be calculated at the point of injection at both sides of the junction (edge of the depletion width in the pn diode) as there the gradient of the exponentials is maximum. This gives the first approach of finding the expression of the current in a long pn diode.

[image: image53]
Figure 11: Top: pn diode under forward bias with exaggerated depletion width. Bottom: excess minority carrier distribution of long diode. Shaded regions represent the amount of stored excess charge.

Calculation of the diode currents in a long diode is based on calculating the maximum diffusion current at the edge of the depletion region width, see fig. 11. This means that we determine the excess carrier gradient at x=0 in each region:
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Note that the result we have obtained for the long pn diode current is the same as the short diode. This is only the case when for the short diode we take the lengths of the neutral regions to be exactly the same as the diffusion lengths of the minority carriers. For shorter diodes, the values of Ln and Lp will have to be changed by the actual widths of the neutral regions and the current will thus increase in shorter diodes.

Figure 12 gives the electron and hole components of the currents in a long pn diode. Each component is not constant throughout the device but the sum of electron and hole current is constant. The majority carrier component occurs as a result of recombination between minority and majority carriers, majority carriers need to be re-supplied, which causes the current. Compare this to the short diode where all current are constant throughout the device. Thus our initial assumptions that there is no electric field
 in the neutral regions is not quite correct otherwise there would be no drift current for the re-supply of carriers. The re-supply can be allocated to drift as the gradients of the majority carriers are so small that it would not be sufficient for re-supply. The electric field can be very very small as long as the number of carriers is large (which is the case for majority carriers) to make a sufficiently large drift current. Thus although there is a small electric field across the neutral regions it still is negligible compared to the electric field dropped across the depletion region.

[image: image56]
Figure 12: The variation of the magnitude of the hole and electron current in a long diode. Note Ip is a minority carrier diffusion current in the n-region and a majority carrier drift current in the p-region (similar for In).
There is another way to calculate the currents in the pn diode that will come in handy when discussing the switching behaviour of the pn diodes. To that aim we quickly look at this second method for calculating the diffusion currents in a diode.
With reference to fig. 11 note that there is excess minority carrier charge in the neutral region (this is indicated by the shaded regions). We call Qn,p the excess minority carrier electron, hole concentration in resp the p, n type region. The density of the excess charge is given by the shaded area underneath the curves for n and p. To calculate the excess charge we integrate the excess minority carrier functions:
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(13)
Note that the boundary conditions chosen for this calculation are taken to be infinite. These boundary conditions represent the position of the contacts under the long channel approximation
. Under the assumption that the exponential variation of the excess carrier concentration is the solution of the steady state continuity equation we have to make sure that the excess carrier concentration at the contacts is zero. 

We know that current is a variation of charge as a function of time. In the case where recombination of the excess carriers occurs we know that this recombined charge needs to be re-supplied. Every n,p the charge Qn,p disappears via recombination and this charge needs to be re-supplied in the same time scale in order to maintain steady state. The current that re-supplies these re-combined minority carriers is given by: 
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(14)
Thus the current can be expressed as the stored minority charge in the neutral regions divided by the lifetime of the minority carriers in this region. Filling in the expressions for the excess carriers and the diffusion constants will give the same current equations as extracted before for the long diode.
2.4 Non-idealities in pn diodes

When measuring a Si pn diode and plotting the current on a log scale we get a graph as in fig. 13.
Region a

The assumption in the ideal pn diode is that no recombination happens in the depletion width, thus carriers travel through unhindered. This is not completely correct, especially in pin
 diodes or diodes with long depletion widths. If the depletion width is larger than the carrier diffusion lengths, recombination of carriers in transit will occur. This will affect the current at low current densities (small number of carriers in transfer). More carriers need to cross in order to obey the relationship for injected carrier concentration as a function of applied voltage.
Region b

This region behaves as ideal diffusion and happens for intermediate voltages.

Region c

This is the region of high level injection. A huge amount of carriers is injected across the junction and makes the number of minority carriers at the edge of the depletion region of the same order of magnitude as the majority carriers. This brings changes to the majority carrier density which we have assumed to be constant in the ideal case. In the high carrier injection regime the relationship for the injected carrier concentration that we have derived in EE1 breaks down. Its effect is a lowering of the total current flowing.

Region d

At still higher voltages or for large ohmic contact resistances a large amount of the applied voltage is dropped across the ohmic contact rather than across the depletion region and thus the intrinsic diode feels less voltage applied, keeping the current lower than expected.


[image: image59]
Figure 13: The difference between an ideal and a real IV curve of a Si pn diode.
Although all these effects can be calculated, there is no easy solution. Therefore an ideality factor n is introduced in the formula for the current in a pn junction that takes into account these non-ideal effects. Note that the ideality factor n is called the emission coefficient in SPICE.

The expression for the current then becomes:


[image: image60.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

÷

ø

ö

ç

è

æ

1

nkT

eV

s

tot

e

I

I


With 1 ≤ n ≤ 2. n=1 in the ideal region and goes towards 2 in the recombination and high level injection region.
2.5 Switching delays in pn-diodes

The switching characteristics of pn diodes are all governed by EXCESS MINORITY CARRIERS.

Under bias there exists an excess minority carrier concentration inside the neutral regions close to the depletion region. The amount of which is a function of the applied bias – the larger the current that is flowing the larger the excess charge. In order to change the current, the excess charge stored should change before the voltage across the diode junction can change. This is inherently a capacitive effect.

We can look at two ways of switching. First (fig.15), one can switch the diode from on (Vapplied>0V, forward bias) to off (Vapplied=0V, by opening the switch such that I=0A). We will see that removal of excess carriers, when the diode switches from forward bias to open circuit, occurs via recombination only. This is thus governed by the carrier lifetimes. The carrier lifetime is the average time an electron (resp. hole) spends in the material before it recombines with a hole (resp. electron). n and p are the minority carrier life time of electrons and holes respectively, thus it will take a time equal to n and p to reduce the excess carrier concentration by a factor e.
Fig. 15 illustrates a switching experiment of a p+n diode (current mainly governed by holes) from forward to zero bias via a switch that opens at t=0. Although the current drops immediately to zero, the voltage, v(t) across the diode remains until all excess charge is removed. That means that there will be a voltage across the load RL until excess charge removal is complete.
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Figure 15: Top: switching circuit. Bottom: Left: upon switch-off the current through the diode drops to zero but the excess charge remains and decays exponentially via recombination only (middle). The state of the diode cannot change before the charge is removed. Right: dashed lines give gradient of excess charge at the edge of the depletion region. When the current is 0 the gradient is 0.
Repeating equation (4a):
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Re-organising the terms, multiplying by cross sectional area A and integrating over the neutral region:
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Remember that the diffusion current is zero at the contact and maximum at the edge of the depletion region (x=0) and that the integral of the excess minority carrier concentration in the neutral region multiplied by unit charge e and cross sectional area A gives the total stored charge Qp in that region (see eq. 13).
This gives the expression for the time variation of the current as a function of the stored charge in the neutral region:
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(15)
Eq. (15) states that the instantaneous current in a switching device ip(t) is equal to the re-supply of the excess carrier concentration that is disappearing as a result of recombination (this is the DC component of the current – 1st term RHS) plus the AC component that allows a build-up or depletion of charge as a function of time (2nd term RHS).
In the special case of switching the p+n diode from ON to zero, a solution to equation (15) can be easily found. For t≤0 the DC forward bias imposes a current I0 through the device. Thus at t=0-
 the excess minority carrier charge is given by: Qp=I0 p. At t=0+
 the current drops to zero (open circuit) and remains zero, the charge cannot follow immediately. These form the boundary conditions to solve (15)
.

Thus (15) becomes:
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Integration over time gives:
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With c and C integration constants.

Since Qp(t=0+)= I0 p the integration constant C= I0 p.
Thus the variation of the excess minority carrier charge as a function of time is given by:
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(16)

The proof that the voltage remains across the diode goes as follows. We need to find the relationship between the voltage across the diode and the minority carrier excess charge. This relationship, we all know from the injection of carriers relationship (1):
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(17)
With v(t) the voltage across the diode. Thus as long as pn is non-zero, there exists a voltage v(t) across the diode.

If we ignore the distortion of the exponential variation of the excess charge at the depletion region edge
, we can still use the pure exponential relationship of the excess carrier concentration as given by eq. (11). The stored charge at any time is then given by (13):
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Substituting eqs. (16) in (18) gives 
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as an exponential function of time. Substituting this in (17) and extracting v(t) gives:
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(19)
In order to improve switching speed in this situation, recombination centres are added to decreases the carrier life time, p. On the other hand one can also make a p+n diode with a short p+ region, smaller than the recombination length in order to limit the excess carrier build-up.

Thus:

· the excess charge dies out exponentially via recombination as a function of time
· the voltage across the diode junction cannot change instantaneously but has to wait till the excess charge has disappeared in order to establish the correct depletion layer for a reduced voltage.
Another way to improve the switching time is to switch the diode from ON to OFF by applying a negative (reverse bias) voltage during off switching. This will give rise to the reverse recovery transient. In this case a current will be flowing during the switching and thus the excess charges will be removed via a combination of diffusion and recombination. The physics associated to this process is represented in the drawings below. The magnitude of the switch-off voltage in the given case is equal to the magnitude of the on voltage. The time period T has to be large enough to allow the diode to switch off completely in each cycle.
The second method to switch the diode is to drive the excess carriers from the neutral region via a current, then charge will be removed via recombination and diffusion currents.
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Figure 16: Circuit and input square wave. R is the load resistance.

[image: image72]
Figure 17: Excess hole concentration distribution in the n-region as a function of time during the transient. Note the change in the gradient of the excess minority carrier density at the moment of switch-off (below the x-axis). At ON: the current is positive, at the moment of switch OFF the current becomes negative.


[image: image73]
Figure 18: Top: the full line is the diode current-voltage characteristic. The dashed line with the arrows is the current-time diode characteristic whilst switching. Bottom is the variation of the voltage across the diode as a function of time. The graphs at the right are the currents and voltages measured across the diode as a function of time. tsd is the storage delay time.
At t<0 the diode is ON and a current If=E/R is flowing. The forward bias current will be mainly determined by the bias circuit because the resistance of the forward biased diode is very small. As a consequence, the voltage drop across the diode is negligible compared to that across R. Thus the load resistance will limit the current. This current determines the slope of the excess carrier concentration at the depletion region edge. We know that this slope is consistent with the diffusion of minority carrier holes in the n-type region from the depletion region edge to the contacts (similar for electrons in the p-type region). At t=0 the voltage polarity is reversed whilst the magnitude of the voltage is the same (this equality is not necessary and is here used for convenience). Then a negative current -Ir=-E/R will be flowing that is consistent with this voltage. This negative current is many times larger (in absolute value) than the reverse bias current that is normally flowing through the pn diode in DC reverse bias. The reason why this happens is the following. When the diode was initially forward biased it had a narrow depletion region (that only allows a small voltage drop across it) and a relatively large density of stored minority carriers. When the external bias is reversed, we know from the previous switching experiment that the excess minority carrier charge that is stored in the neutral regions will not disappear immediately. As a consequence, the depletion region cannot increase and the voltage across the diode can also not increase immediately. Remember that the depletion region is a region without free charged carriers. Thus in order to deplete the neutral regions, we first have to deplete the regions around the junction of the excess minority carrier charge. Once that is done, the region around the junction can be depleted of the majority carriers. Doing this, forms the depletion region. Thus we can see now that when the external bias goes negative, the voltage drop across the diode is still small and negligible compared to the voltage drop across R. The current is thus determined by load resistance R and applied voltage –E. 
Since a negative current, -Ir is flowing, the slope of the excess carrier concentration at the depletion region edge is exactly opposite to the one in forward bias. This indicates that minority carriers have to flow the other way than under positive bias
. Thus minority carrier excess holes are diffusing from the n-type region to the p-type region and electrons from p to n. This current removes the excess charge. The current is large as long as it is determined by the external circuit and excess minority carriers are available. When the excess is removed (mainly by diffusion but also by recombination) then the depletion region will be able to build up. The current is decreasing as only the intrinsic minority carrier density remains to carry current. 
Thus as long as excess carriers remain, the slope of p at the depletion region edge remains constant. When the excess is removed, the depletion width adapts and an increasing voltage will be dropped across the increasing depletion width. The current through the circuit will then be more and more limited by the current that is allowed to flow through the diode. The final current will be determined by the small amount of minority carriers in the neutral region near the depletion region edge. This is maintained at steady state via carrier generation processes. The OFF current is thus the leakage current through the reverse biased diode. At t=0 the excess carrier concentration at the edge of the depletion region is p’n and at the end of the switch cycle the excess carrier concentration at the edge of the depletion region should have become p”n.
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This is clearly illustrated in fig. 18. Important to note when you look at fig. 18 is the point where the diode can finally go into reverse bias. This point is where v(t) – the voltage across the diode junction - becomes equal to zero, which is consistent with the complete removal of excess charge, thus Qp=0. The time it takes to remove all the excess charge is called the storage delay time tsd.
In order to find the variation of the charge as a function of time, eq. (15) has to be solved with the boundary conditions that for t<0 the charge is Qp=If p and at t=0 the current becomes I=-Ir. This approach will allow us to derive an expression for the storage delay time. The assumption that we are making is that the condition I=-Ir is steady state until we reach t=tsd. This approach will not give the time it takes the diode to build-up the depletion region from the “no-excess charge” condition. Solving (15) for a p+n diode
 can be done by using Laplace transforms or as follows, re-writing (15) :
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For 0 < t < tsd we know that ip remains constant at –Ir, thus:
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Separation of variables:
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Integrate:
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(20)
Eq. (20) is valid for 0 < t < tsd only.
The storage delay time tsd can then be extracted by stating that at t=tsd, Qp(tsd)=0. Thus:
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The storage delay time is then (under the assumption of quasi steady state) :
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Switch from forward to reverse bias state:
· reverse current larger than diodes’ reverse saturation current

· transient current and voltage are delayed by change in stored charge

· this causes a storage delay time tsd during which the current is larger than the reverse bias current associated to the DC characteristics
· delays in pn diodes are a consequence of excess minority carrier charge

As before, to improve the switching time in pn diodes one can introduce recombination centers such that the lifetime of the carriers reduces which makes the excess charge disappear faster. Unfortunately this also increases the reverse leakage current.
The delay time can also be reduced by using a short device layer.
Other solutions to obtain fast rectifying devices include the use of Schottky diodes. Here only majority carriers need to be removed which is a fast process. In a Schottky diode the junction is formed by a metal-semiconductor contact, e.g a metal with a larger work function than the work function of n-type silicon. This depletes the majority carriers (electrons) in the semiconductor at the junction. No depletion of carriers occurs in the metal.  In order to switch the Schottky diode from on to off, it is the majority carriers that move back towards the junction. There are plenty of them and we do not have to wait for generation of these majority carriers to establish re-supply. Remember that the fast switching in the Schottky contact can be exploited to improve the switching behaviour in bipolar junction transistors too.
The use of GaAs (high mobility carriers and shorter lifetime than Si) results in ultra high speed diodes. Specially designed pn diodes which strongly conduct for a short period of time in reverse bias – the step recovery diode – can switch in the pico-second range and are used for harmonic generators. 
2.6 Small signal equivalent circuit of a p-n junction diode

If diodes are to be used as components in circuits, their non-linear characteristics can become cumbersome for fast circuit simulation purposes. Very often in circuit operation a device is functioning around a DC point (see analogue electronics course). The variations around this point are relatively small such that the device acts as if it is linear around this point. Therefore for circuit design purposes an equivalent circuit can be used with component values dependent on the chosen DC point but further giving a linear response. For the diode we have seen that there is a resistive component and a capacitive component that are both a function of voltage. The equivalent circuit is given in fig. 21.
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Figure 21: Small signal equivalent circuit of a pn-diode. Rs is the contact resistance, rd is the diode’s differential resistance and C is the voltage dependent capacitance.

The series resistance RS represents the non-ideal characteristic of the Ohmic contacts. The capacitance C is due to charging and discharging effects occurring during AC operation. There are two different situations. One is in reverse bias where a depletion region with fixed ionised charges is built-up with an amount dependent on the applied voltage
. The other is in forward bias and takes into account the variation of the built-up excess charge as a function of voltage.
· Depletion capacitance in reverse bias (cfr. parallel plate capacitance)

· Diffusion capacitance in forward bias (current injection across junction)

Reverse bias: Depletion capacitance
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Wdepl is the depletion width, V0 the built-in voltage and =0r.
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Figure 22: The variation of the depletion capacitance as a function of bias across the pn-junction.

Forward bias: Diffusion capacitance
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The differential resistance rd relates to the slope of the IV characteristic. Easily calculated as a differential conductance: 
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2.7 Large signal equivalent circuit of a p-n junction diode

While a small signal equivalent circuit does not consist of non-linear elements because due to the small variation in applied voltage the IV region used can be assumed linear. This is no longer the case for a large signal equivalent circuit. Linearization is no longer possible because the whole non-linear current-voltage region is used.

The large signal equivalent circuit for pn diodes is given in fig. 23.


[image: image87]
Figure 23: large signal equivalent circuit of pn diode.

2.8 Conclusion
The characteristics of a pn diode, at low injection levels (meaning that the injected density of carriers across the junction is much smaller than the majority carrier concentration available), are completely described by the variation of the minority carriers at each side of the junction. The bias voltage across the junction defines the excess carrier concentration at the edges of the depletion region while the Ohmic contacts impose bulk conditions on the material. When recombination of carriers is taken into account, the excess carrier concentration varies exponentially if we take the long diode approximation. If we ignore carrier recombination completely – an assumption that can be made when the diode is sufficiently short – then the excess carrier concentration varies exponentially. The maximum gradient of the excess carrier concentrations determines the current in the pn diode. This maximum gradient occurs at the depletion region edges. Due to the existence of excess carriers in the neutral regions of the diode, delays occur when switching. The density of excess carriers and the bias voltage across the junction are intimately related, this means that the voltage across the junction can only change when the density of excess carriers has changed. When switching from on to off, the depletion region in the pn diode across which the largest part of the voltage drops, can only extend when the excess carriers are removed. Switching times in devices where minority carrier concentration play an important role are normally relatively large compared to switching times in majority devices such as a Schottky diode.
3. Bipolar Junction Transistor (BJT)
3.1 Review – the short BJT
The BJT is a device which has three ohmic contacts to the three different semiconductor layers that are connected together. Basically, the BJT structure consists of a series connection of a pn and np or np and pn diode where the n-regions, respectively p-regions, of both diodes overlap. This makes a pnp and npn BJT. Having a series connection of two pn diodes, there are now two junctions to consider of which the boundaries are not connected to an Ohmic contact. We will see that it is the voltage across each junction separately that determines the currents through the BJT. 

The BJT is another device in which the minority carriers will play an important role, similar to the pn diode. As in the pn diode the voltage across each junction will determine the density of excess carriers at the edges of the depletion regions of each junction. The calculation of the excess minority carrier concentration across each junction is thus identical to that of the pn diode. As a consequence the currents that are flowing in the different layers of the BJT will be determined by the maximum minority carrier concentration gradients, which will occur near the depletion region edges.
Recombination of carriers in the base is very important as it will determine whether the material combination will have amplification or not. Notwithstanding this, very often recombination is ignored and a “short BJT” approximation is used. This will allow easy mathematical formulae to describe the currents and gives relatively good approximations for the collector current.

3.2 Charge transport in BJTs (principle of operation)

In order to get an idea of how a BJT functions it is good to review the pn diode. Remember that in a reverse biased p-n junction, the current 
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and is independent of the magnitude of the reverse bias voltage V. Is is given by: 
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. The magnitude of Is is determined by the density of minority carriers, pn0 and np0, in each layer. In reverse bias it are minority carriers that are crossing the junction, namely holes flow from the n-type material to the p-type and electrons from the p-type to the n-type. As the number of minority carriers is restricted
, this magnitude determines the current.
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Figure 1: Left: reverse biased pn-junction. Right: Current-voltage characteristics.

Thus if we decrease the doping density in each layer, the magnitude of the minority carriers will increase and the reverse bias current in the pn diode will increase. Of course doping is not a good option for active control of the off-current. Another possible way to control the current density is by shining light of the correct frequency on the junction. This light will be absorbed and creates electron-hole pairs (carrier generation). The minority carriers near the depletion region edge – thus those that feel the electric field across the depletion region – will be swept across the depletion region and thus increase the off-current. This can be done in a controlled way by varying the intensity of the light. More intense light will generate more carriers, and thus more minority carriers near the depletion region edges and thus the off-current will increase with increasing light intensity. This is illustrated in fig. 2 where only an increased injection of holes is considered. 
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Figure 2: Left: Holes are injected in the n-type region near the depletion region edge of a reversed biased pn-junction. Right: the off-leakage current increases as the available minority carrier density increases due to the hole injection process.

For an all electrical solution to the active control of the off-current in a reversed biased pn diode, we can use a forward biased p+-n junction (+: heavily doped p-side). A heavily doped p layer in a pn junction will cause the total current to be mainly dependent on holes. The reason can be easily seen from the gradients of the minority carriers in each region: in the n-region the gradient is given by 
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 and in the p-type layer the gradient is given by 
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. Here VEB>0V (forward bias) and 
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and thus the hole minority carrier gradient, that defines the hole diffusion current in the n-region is larger than the electron minority carrier gradient in the p+ region. Since Ip >> In we call a p+n junction a hole injector. 
Thus if we put this hole injector sufficiently close to a reverse biased pn junction then the hole injector will increase the amount of minority carriers (in this case only holes) that will flow across the junction and thus the off-current increases in exactly the same way as given in fig. 2.
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Figure 3: Left: a combination of a forward biased p+n junction, acting as a hole injector and a reverse biased np junction acting as a hole collector – the BJT. Right: the collector current (holes collected) as a function of the emitter current (≈holes injected).
Fig. 3 gives the whole combination of pn and np junction forming a pnp bipolar junction transistor (BJT). The heavily doped p+ layer of the injector diode is called the emitter (E), the layer that is in common for the two diodes is the base (B) and the layer that will collect all the holes that are injected by the p+n diode (thus injected by the EB junction) will be collected by the reverse biased np junction. The p-layer of the hole collecting diode is called the collector (C). If the base width is sufficiently small the collector current that will flow as a function of reverse bias voltage across the BC junction is given in fig. 3 (right). Thus if the emitter current – which is the current across the EB junction – increases, then the collector current is increasing accordingly. The magnitude of the current is determined by the minority carriers that are injected across the EB junction rather than the reverse bias voltage across the BC junction. Note that if we take the approximation that the emitter current consists of a hole current Ip only, and all the injected holes get through the base, then the collector current is equal to the emitter current and there is no current amplification between IE and IC.

The BJT thus operates by injection and collection of minority carriers. A good BJT is an a-symmetric device: the doping density in the emitter is higher than the doping density in the collector. From the physics we can see that since we want to collect more holes, it needs to be holes that are injected, thus we need a hole injector. Later we will see from the expression of the current amplification factor and the emitter junction injection efficiency that high emitter doping gives good amplification and injection efficiencies.
This approach has given us an insight into the relationship between the emitter and collector current in a common base configuration (as given in fig. 3). However what happens in between the common base point (common between the emitter and collector)? Is there a current flowing from this point in or out of the base region? The answer of course is yes. In order to understand this, we have to take a closer look at what all the carriers are doing in the structure under the given biasing conditions.

The main carrier flow in a pnp BJT is holes, as seen above. In normal active mode operation of the BJT: VEB>0V and VBC<0V in a pnp BJT, a large amount of holes are injected by the emitter into the base and these are then collected by the collector. However we have seen in pn diodes that both hole and electron currents exist at the same time but not necessarily in the same magnitudes. The magnitudes is determined by the doping densities. We have also seen that recombination of carriers can occur. If recombination of holes occurs in the base region then it can be expected that the collector current will decrease, as there will be less holes available for collection at the collector side.

As a consequence there will also be electron currents in the BJT. These electron currents have a direct relationship to the base current in a pnp BJT. In fig. 4 all the different current components that can exist in a BJT are given.
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Figure 4: The BJT in common base configuration in forward active mode with the flow of both holes and electrons (flux) indicated with arrows. The numbers indicate different physical events explained in the text below.
At the emitter-base junction holes are injected into the base and electrons are injected from the base into the emitter. This means that electrons are disappearing out of the base region. If there would be no re-supply of these disappearing electrons then the density of majority carriers in the base (electrons) would decrease. To accommodate this decrease in majority carriers while maintaining charge neutrality, the depletion region at the EB junction has to adapt. This means that the forward biased voltage across the EB junction decreases and thus reduces the amount of injected carriers. Thus no re-supply of electrons would lower the hole current to zero. Therefore in order to maintain a collector current, the lost electrons from the base through the forward biased EB junction has to be re-supplied by an electron base current. This is indicated in the fig. 4 by arrow no 5. 

Whilst the injected holes (hole flow in fig. 4) are diffusing through the base, there is a probability for these holes to recombine with the electrons available in the base region. As a consequence of the recombination process the number of holes and electrons in the base is decreasing. If the number of electrons in the base is not re-supplied the charge density relationship in the base would break down and hole current would disappear. In order to maintain the hole current IC for the given biasing conditions, the base contact has to re-supply the electrons, this is given by arrow no 4. Arrow no 1 represent the injected holes lost for IC through recombination in the base. 

The thermally generated electrons and holes make up the reverse saturation current across the base-collector junction. The reverse biased BC junction thus supplies electrons to the base.  This reduces the amount of electrons that the base current needs to re-supply. This supply however is found to be dramatically smaller than the re-supply current and will therefore often be ignored. Arrow no 2 are the holes reaching the collector.
From this diagram and the need to maintain the given steady state bias conditions, the base current IB can be found to consist of three terms:
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where
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 = base current to re-supply the recombined charge
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Thus the base current re-supplies the majority carriers that are lost in the base (neglecting ICB0). If these would not be re-supplied, charge neutrality is not maintained unless the depletion regions and thus the voltage drop across the different junctions adapt themselves and thus change the total current IC that is flowing through the device.

Although this discussion of the different currents is done for the common base configuration, these currents are exactly the same in the other BJT biasing conditions, common emitter or common collector. The common base configuration is used because it gives a direct insight into the voltage across each junction EB and BC separately, making the analysis the same as for the pn diodes we have discussed in chapter 2. Note that the main difference in analysis is the boundary conditions in the base junctions. These boundary conditions are imposed by the voltage across each junction rather than an ohmic contact as was the case for a single pn junction. This means that the minority carrier excess in the base at the depletion region edges will not be the bulk minority carrier concentration
 but will be determined by the voltage across each junction and thus determined by the formulae (chapter 1 eq.(1)): 
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(2)
The variation of the minority carrier concentration will then be dependent on whether recombination has to be taken into account. Note that a BJT has a short base. However, when recombination is taken into account in order to more accurately predict the current gain, the variation of the minority carriers in the base has to be given as in eq. (9) of chapter 2.
To obtain a “good” BJT it is essential to limit the amount of carriers that are lost from the base via recombination and via the current injected from the base into the emitter. In order to deliver the 1st requirement the base needs to be made sufficiently narrow and for the 2nd requirement, the emitter needs to be heavily doped such that carrier injection from emitter to base is a lot larger than carrier injection from base to emitter. This is the reason why BJTs are a-symmetric – the emitter is more heavily doped than base and collector.

3.3 Calculating the currents in a BJT

As for the pn diode, we can make the choice of including recombination or not. The choice will depend on the accuracy that is required and the speed with which derivations and calculations have to be done. In a BJT under normal active mode (EB forward biased and BC reverse biased) the short diode approximation, in which recombination is neglected, is often sufficiently accurate to get an idea about device performance.
The derivation of the currents is easy for a BJT in the short diode approximation. It that case, both emitter and base layers are thin. For a longer base or in case we want to take recombination into account, the calculations become more complicated. In what follows we will explicitly derive the currents in the case where recombination is not taken into account and we will look into some of the issues, such as boundary conditions and shape of the minority carrier concentration in the base, that are a result of recombination.
The short BJT approach

Assumptions:

· No recombination in the emitter and base region

· The reverse bias collector current into the base is negligible

· The depletion regions are neglected

In this case and under normal forward active mode, the currents in the emitter base diode determine all the BJT currents completely. The holes that are diffusing through the base will be collected by the collector and thus make the collector current. The electrons that are escaping from the base into the emitter have to be re-supplied by the base current, thus the electron current of the E-B diode defines the base current. The emitter current is the total current in the E-B diode. This gives the well known result:
IE=IB+IC
A good way to remember this is to draw a BJT symbol with the currents and remember the nodal analysis techniques that you learned in the EE1 Circuit Analysis course.


[image: image104]
Figure 5: Left: A pnp BJT symbol with the directions of the different currents. Right: an npn BJT symbol with the direction of current.
Apply nodal analysis (sum of current into node = sum of currents out of node) in the base node of fig.5:

For pnp BJT: IE = IC + IB
For npn BJT: IC + IB = IE
 
[image: image105]
Figure 6: top: pnp BJT in forward active mode. Bottom: The minority carrier density variation in each layer for the short BJT. The shaded regions are the depletion regions. Notice that the variation of the density of the minority carrier concentrations is linear in each (short) layer.
In bipolar devices (thus both electrons and holes play a role in the transport processes) diffusion of minority carriers are the basis for the calculation of the current. Diffusion happens because there is a carrier gradient. Thus the first step in the derivation of the current in the BJT is to determine the minority carrier concentration at each side of the junction for both junctions in the device. This is done in exactly the same way as in the pn diodes. The result is shown in fig. 6.

In the emitter at the EB junction the injected minority carrier concentration (electrons coming from the base) is
:
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(3)
In the base at the EB junction the injected minority carrier concentration (holes coming from the emitter) is:
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(4)
In the base at the BC junction the minority carrier holes are injected to the collector and thus we have a reduction of the minority carrier concentration in the base at the reverse biased collector:
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(5)
Remember that diffusion currents are directly related to the gradients of the minority carriers. The minority carrier concentration at the ohmic contact of the emitter and collector imposes the bulk minority carrier concentration
.
Thus the electron current of the EB diode is given by:
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The hole current crossing the EB junction is given by:
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Note that 
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, therefore the formulae above can be simplified. The emitter current is then the pn diode current: 
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The base current is: 
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 and is thus the re-supply of the electrons that have left the base via the EB junction. The collector current is: 
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. Thus all the injected holes by the EB junction are collected by the BC junction. It is interesting to note that in the short diode approximation, the currents in the BJT are completely determined by the emitter-base diode only!
Important parameters defining the quality of the transistor are:
The emitter efficiency:
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, this parameter gives how much of the total input current (thus the emitter current) is “useful” for the output (the collector current). Ideally we want =1 because in that case In=0 and thus no electrons would be lost out of the base via the E-B junction. Thus the base current needed to maintain the collector current would be equal to zero in this case.
The current transfer ratio:
[image: image117.wmf]E

C

I

I

=

a

gives the ratio of the input current to the output current. Thus it is preferable as close to 1 as possible. This means no amplification between emitter and collector current. Note that = when no recombination is taken into account. This will not be true for the case of recombination because then IC is lower compared to Ip injected across the E-B junction.
The current amplification factor (gain): 
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shows that we want IB as small as possible for a given IC. Ideally we want  as large as possible.

Taking recombination into account

Assumptions:

· Recombination in the emitter, base and collector region

· The reverse bias collector current into the base is negligible (thus ICB0=0A)

· The depletion regions are neglected
The minority carrier variations are given in fig. 7. The first important observation is that the minority carrier concentrations at the junctions are still the same as those given by equations (1) as they are determined by the voltage across the junctions. The difference lies in the variation of the minority carrier concentration within each region. In the emitter and the collector regions we can expect the variation of the minority carrier density to be the same as in the long diode approximation since the boundary condition imposed by the contacts ensures that the excess minority carrier concentration in these layers go to zero at the contacts. An exponential approximation to the minority carrier concentration can be used for the emitter and collector. In the base however, the boundary conditions are imposed by the junction voltages. This means that the exact solutions to the continuity equations need to be used. In this case, the sum of two exponentials as the solution of the second order differential equations will be used.
The continuity equations are repeated:
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(6)


[image: image120]
Figure 7: top: pnp BJT in forward active mode. Bottom: The minority carrier density variation in each layer for a BJT in which recombination is taken into account. The shaded regions are the depletion regions. Notice that the variation of the density of the minority carrier concentrations is exponential in E and C layer. In the base the variation of the minority carriers is a sum of an increasing and decreasing exponential.
The boundary conditions for the base region (see fig. 7), which is surrounded by 2 junctions, in forward active mode is VEB > 0V and VBC < 0V for a pnp BJT:
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(7)
x=0 is the start point of the base region and Wb is the width of the base
. Thus the solution of the differential equation (6) with these boundary conditions is no longer simply a decaying exponential. The general solution of a second order differential equation for the holes is:
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(8)

Where C1 and C2 are constants that are determined by the boundary conditions (7):
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(9)
Substituting these boundary conditions in (8) gives the expression for the minority carrier variation in the base when recombination is taken into account.

In order to calculate the currents in the case where recombination is taken into account, the gradients of the minority carrier concentration have to be calculated at the edges of the depletion regions for each junction because at these points the minority carrier gradients are maximum.

Thus the emitter current is given by: 
[image: image124.wmf]0

0

=

=

+

-

=

x

p

n

x

n

p

E

dx

n

d

eAD

dx

p

d

eAD

I

d

d


and is the sum of the hole and the electron current determined by the gradient of the minority carriers at the EB junction.
The collector current is given by: 
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and is the gradient of the hole minority carrier concentration in the base at the B-C junction.

The base current will now consist of 2 components as given by eq. (1) 
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 where we have now assumed that 
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. Thus the base current consists of the electron current lost across the E-B junction: 
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and the current that needs to re-supply the recombined electron population in the base. The number of electrons that have recombined in the base is equal to the number of holes with which they have recombined. We know the number of holes that have recombined in the base from the difference in the hole minority carrier gradient between the emitter and the collector side. Thus this current-difference that follows from the gradient difference at the junction at both sides of the base must be the current that needs to be re-supplied via the base contact to compensate the electron charge loss in the base. Thus: 
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. This is illustrated in fig. 8 that focuses on the base region only. Note: A is the cross sectional area.

[image: image130]
Figure 8: The base region of a pnp BJT with the variation of the excess minority carrier concentration under forward active mode in the case recombination is taken into account. The dashed line (red) gives the gradient of the minority carrier concentration at the emitter side, the full bold line (blue) is the gradient of the minority carrier concentration at the collector side. The gradient at the emitter side is larger than that at the collector side indicating that the hole current at the emitter side is larger than the hole current at the collector side. This difference is cause by recombination of carriers in the base.
The full solution of the currents in the BJT in case recombination is taken into account is given by:

[image: image131]
(10)
For the derivation, the interested reader can check the book of B. Streetman (see recommended textbooks). 
An alternative way to calculate the base current associated with recombination is to look at the charge in the base under steady state injection and collection (thus DC voltage across each junction). Due to the injection process of holes at the E-B junction into the base and the collection process at the collector, there will be a hole charge Qp
 in the base that is consistent with this injection/collection process. The holes are diffusing through the base with a characteristic time constant t, called the transit time. With 
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 determined by the diffusion process and the base width. Thus the steady state hole current is given by 
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. This hole current is equal to the collector current IC.

On the other hand, we also know that the holes that are diffusing in the base recombine with a characteristic time p, the hole lifetime in the base. Thus a charge Qp is disappearing per p and is thus re-supplied by the E-B current. However the hole charge Qp recombines with the same amount of electron charges in the base. Thus the amount of disappearing electrons in the base is Qn=Qp. Thus an amount Qn is disappearing per p and needs to be re-supplied by the base current. Thus the base current that is needed to keep Qn=Qp is given by 
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. In the case that =1, thus no loss of electrons from the base into the emitter, thus I’B=0A, the current In is equal to the base current IB= I’’B. Thus the currents and current amplification factor are given in function of charge and time constants:
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(11)
Since the base transit time is a lot smaller than the recombination time, the current amplification factor  is large. Note that eq. (11) only takes the recombination component into account in the current amplification factor. In order to add the loss of carrier from base into emitter I’B has to be added to of I’B in (11).
3.4 Switching of the BJT

To study the switching delay in a BJT, we need to apply a biasing circuit. In common emitter configuration the BJT biasing circuit is as given in fig. 9. A square wave voltage is applied to the base that drives the pnp BJT from off to on and vice verse. The variation of the collector current is measured as a function of time and the waveforms of the applied base voltage and the collector current are recorded on oscilloscope (see fig. 9). 
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[image: image137]
Figure 9: Left: simple switching circuit for the pnp BJT in common emitter forward active mode. Right top: switching voltage on the base. Right bottom: Output current iC as a function of time during switching.

Switching cycle
First the BJT is switched from off (both junctions reversed biased) to on, with a base current that drives the BJT into oversaturation (both junctions forward biased, see fig.10). Then in the second stage the BJT is driven off from oversaturation into reverse bias across both junctions. We use a pnp BJT in order to avoid confusion between carrier flux and current. The hole current and hole flux are in the same direction, while the electron current and electron flux are opposite due to the negative charge of the electrons.

Switch-on:

The circuit in fig. 9 can be solved by using the load line technique (see EE1 Analysis of Circuits). Therefore sketch the current-voltage characteristic of the ideal transistor in the given configuration for the left part of the circuit in fig 9 for different values of the control current. The base controls the collector current with a control base current: IB. The output characteristics of a common-emitter transistor are given in fig. 10. Each single line in the graph for the BJT is for one value of IB. The lowest characteristic is for the smallest base current. For increasing IB, IC increases. The constant current value of IC (active BJT mode) is related to IC=IB. The shaded region on the graph is the saturation region. In this region both emitter-base and base-collector junction are forward biased. Lots of minority carrier charge is built up in the base under saturation and over-saturation condition.

The expression for the load line (purple online) in fig. 11 is:
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We can now draw the BJT characteristic and the load line on the same graph (fig. 11) and indicate the OFF and ON point on the graph. When the transistor is OFF the voltage across it is –vCE=ECC. And the current is leakage current through the reverse biased diodes only. When the transistor is ON the voltage across the BJT goes to zero but doesn’t quite get there (see fig. 11). The current through the BJT is now limited by the load line and the condition of Ic= IB is no longer valid.
When switching from OFF to ON the collector current through the BJT needs to follow the load line. Each cross-section between the BJT characteristics and the load line is a solution. The base current is increasing, thus the output current, iC through the BJT increases too, until the BJT goes into saturation at a time ts indicated on the graph. The voltage across the base-collector junction is determined by the cross-point between load line and BJT characteristics, e.g. at t=t1 the voltage across the BJT is V1. The base-collector voltage goes from reverse bias into forward bias (saturation) at this time. The maximum collector current that can flow through the circuit is limited by the load circuit and can be approximated by: 
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When the base current is increased further via the control circuit, the collector current cannot further increase than this maximum. The relationship IC=IB breaks down at that point. We have to look at the minority carrier concentration to find out what is happening when the base current increases further.

When the base-emitter junction of the pnp BJT is switched from reverse to forward bias, holes are injected from E into B and an excess hole charge is built up in the base. The amount of excess charge in the base is determined by the magnitude of the base current. The collector current in a BJT, under the assumptions that IBC0=0, is determined by the minority carrier concentration variation in the base, thus by the gradient, at the BC junction.

The minority carrier variation in the base for the pnp BJT in OFF state is given in fig. 12.

Note that there is a gradient of minority carriers near the junctions, otherwise there would be no off-leakage current. This gradient is non-linear when recombination is taken into account.  Both junctions are reverse biased when the BJT is OFF: 
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When the base current drives the BJT into saturation, the minority carrier variation in the base for the pnp BJT at the starting point (onset) of saturation becomes as given in fig. 13.

At saturation, the voltage condition across each junction:
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 (thus EB forward biased and no bias across BC). After the BJT saturates, the collector current is constant because the load line limits the maximum collector current. At this moment the charge in the base is called the saturation charge Qs. 
If the emitter-base bias is such that the base current drives the transistor into over-saturation, then the associated charge build-up in the base is larger than the saturation charge:
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At saturation Qb=Qs (Qb=base minority carrier charge) but beyond saturation 
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 and the base-collector voltage becomes forward biased → oversaturation. The minority carrier variation in the base for the pnp BJT in forward active mode oversaturation is given in fig. 14: 

Thus the minority carrier charge in the base builds-up further but does not have any more influence on the collector current. Driving the transistor ON using over-saturation ensures fast switch-on times, however this will create a large density of store minority carrier charge in the base that will need to be removed before the BJT can switch OFF (similar to the pn diode!)

Switch-off

Now the pnp BJT will be switched OFF by applying a reverse bias voltage on the EB junction. This removes charge out of the base by a reverse pn diode current, the EB junction remains forward biased and the BC junction too until all excess charge larger than the saturation charge is removed. Thus the collector current remains constant until the excess charge
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is removed. The base-collector voltage can only return to reverse bias when this excess charge is removed. When the charge in the base has reached Q=
[image: image147.wmf]s
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 the BC junction first goes to zero bias, then with further reduction of the charge in the base, the BC junction goes into reverse bias and the collector current can decrease following the load line. The base-emitter junction is still forward biased until all remaining minority carrier charge is removed from the base, after which the EB junction can go into reverse bias. The exponential reduction of the collector current is caused by the base-emitter diode switch-off.
A summary of what is happening with the different parameters in the BJT is given in fig. 15. In this case the short diode approximation is used for the minority carrier gradient in the base.
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Derivation of the turn-on and turn-off time gives:

In order to calculate the switching dynamics in a p+np BJT, the following differential equation needs to be solved
 (see eq. (15) in the diode chapter):
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(12)
This differential equations can be solved using Laplace transforms, but in the bipolar devices’ switching experiments an easier way exists because in large signal switching, steady state conditions occur before and after switching on the current that controls the switching dynamics (in a BJT that is the base current determined by the EB junction bias circuit).

Turn ON: from 0 bias to ON (ON is normally in saturation)

Switching happens at t=0s.

Boundary conditions:

For t<0 ip(t=0)=0 (switching from zero bias in current and voltage), then Qp(t=0)=0.
For t≥0 ip(t)=IB (EB bias circuit determines the current that is flowing, the potential drop across the diode is small and the depletion region needs to be removed,  therefore IB=E/Rs). Qp(t) cannot change immediately, the variation of this charge is described by the differential equation (12).

Under the given conditions, we see that after switching a steady state current condition is reached, then eq. (12) can be re-written for the time variation of Qp(t) after t=0 taken this steady state condition into account: 
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(13)
Equation (13) gives the variation of the charge in the base as a function of time when the EB junction is switched from 0 to forward bias IB. If switching would have happened from reverse bias to forward bias then there would be a delay of time tr before the charge can be build up in the base. This delay tr is related to the removal of the depletion region
 that would exist if the diode would have been in reverse bias before t=0s. If the EB drive current IB is smaller than that necessary to drive the BJT into saturation, then the collector current would be given by:
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(14)
With t the base transit time (is the time it takes the holes to travel through the width of the base).

However when the EB drive current IB is larger and drives the BJT into saturation, then the load line (EC bias circuit) will limit the current that can flow in the output (see fig. 15). At that moment t=ts (fig. 15) the charge in the base is equal to the saturation charge QBsat and the collector current ic(t) cannot further follow the base charge given in (13).
The maximum collector current is then
:
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(15)

Equations (14) and (15) allow us to extract the time delay to saturation because at t=ts eq.(14)=eq.(15)
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ts is small for small p and for IC small compared to IB, 
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. Thus the switch-on time to saturation is fast if we drive the BJT into oversaturation (large IB, IC limited by external circuit).

Turn OFF: from ON (saturation) bias to OFF

Switching happens at t=0s.

The turn-off time is based on two factors:

1. the removal of the charge in excess of the saturation charge. This is when the collector current remains constant. This time is called the storage delay time in the BJT.

2. the removal of the excess charge that prevents the EB junction to turn into reverse bias. This is similar to the pn diode drive-off delay time.

Two different techniques can be applied to turn the BJT off. One is to switch to 0 bias and current conditions  (open circuit) and the other one is by driving the EB diode into reverse bias. The second one will give much faster switching times as we have seen for the pn diode switching. For the calculations the boundary conditions to solve eq. (12) will change.

ON (saturation) bias to OFF (zero)
Boundary conditions:

For t<0 ip(t=0)=IB (the BJT is ON), then Qp(t=0)= IB p.
For t≥0 ip(t)=0 (imposed by bias circuit). 

The calculation method is the same as for the ON switching but the t=0 boundary conditions have changed: the start value of the base charge is different. After switching the steady state control current is zero.
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Although the base charge is decreasing exponentially, the collector current first remains constant. This is because first the excess saturation charge needs to be removed before the collector current can change its value and follow the variation of the base charge. Thus initially ic(t) is determined by the load line: 
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for t < tsd
(16)
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for t ≥ tsd
(17)

The storage delay time associated to the removal of the excess base charge above saturation tsd can then be found by equating eq. (16) and (17) at t = tsd
The storage delay time is then:
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Thus tsd is small for small p and for IB small compared to IC. Thus the switch-off time is fast if we prevent the BJT to go into oversaturation. This requirement is opposite to the ON requirement. However we can decrease this OFF delay by driving the EB diode into reverse bias rather than waiting for recombination to remove the charges as what is done in the ON→0 bias switch.

ON (saturation) bias to OFF (reverse bias)

Boundary conditions:

For t<0 ip(t=0)=IB (the BJT is ON), then Qp(t=0)= IB p.
For t≥0 ip(t)=-IB (-IB=-E/Rs imposed by bias circuit)
. 
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for t ≥ tsd
(26)

The storage delay time is then:
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The addition of the term: 
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 in the denominator will decrease the storage delay time compared to the previous case.
3.5 BJT – Schottky diode clamp
It is clear from the explanations and calculations that in order to obtained fast switch-on, the BJT has to be driven into oversaturation with a large forward bias base current. However this condition is in conflict with a fast switch-off time for which the stored minority carrier charge in the base has to be as low as possible, thus no over-saturation. In order to be able to switch-on fast and also switch-off fast without being hindered by the excess oversaturation charge in the base, a clever technique has been invented to prevent the charge build-up of the base region after saturation, this is done by introducing a Schottky diode clamp. Remember that a Schottky diode is a majority carrier device that does not store minority carriers and thus switches faster than a pn junction. Remember also that the on-voltage of a Schottky diode is smaller than that of a pn diode. The on-voltage of the Schottky diode is determined by the metal-semiconductor work function difference
. The on-voltage of a pn diode is determined by the built-in voltage. Fig. 16 gives a BJT with Schottky diode clamp.

[image: image164]
Figure 16: BJT with a Schottky diode clamp. Left: npn, righ: pnp.
Introducing a Schottky diode (metal-semiconductor junction) keeps the charge in the base region at the value given at time ts. This is a result of the fact that the Schottky diode switches on (goes into conduction mode) at lower voltages than a pn junction made of the same material. Therefore the Schottky diode will fix the base-collector voltage at the Schottky on-voltage << 0.7V. 
3.6 Small signal equivalent circuit of a BJT


[image: image165] 
Figure 17: Hybrid -equivalent circuit.
Figure 17 gives the complete intrinsic small signal equivalent circuit. The EB diode is represented by the differential resistance in parallel with the depletion and diffusion capacitance. The depletion capacitance can be neglected as for amplification the BJT is used with EB forward biased. Between base and collector we find the depletion capacitance of the reverse biased BC junction. This capacitance is also referred to as the Miller capacitance and introduces an unwanted feedback network from the output C to the input B. gm is the transconductance, it is the derivative of the output current iC to the control voltage vbe (similar to the transconductance in a MOSFET, see yr.1). Ro is the output resistance. This resistance is associated to base with modulation which imposes an increase of the collector current as a result of the reverse bias BC junction depletion width extending into the base. This growing depletion width with increasing reverse bias reduces the effective base width (= undepleted base region). This is associated to the early voltage VA.
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Figure 18: Simplified small signal equivalent circuit. Junction capacitances are ignored.

Small-signal current generator 
(alternative symbol hfe)



 = 
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For a short pnp BJT: 
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for high gainwe require



(i) small base width Wb


(ii) large emitter doping, compared to base doping.

Transconductance
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Input resistance, rbe=r
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Output resistance, rce r0
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The base-emitter capacitance is due to the diffusion and depletion capacitance of the base-emitter diode. The base-collector capacitance is due to the base-collector depletion capacitance.

The cut-off frequency of the BJT can be derived from the small signal current gain:
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The transit time of the carriers from emitter to collector:
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Note: the delay time through the base-collector depletion region is ignored.

3.6 Large signal equivalent circuit of a BJT

The coupled diode model – Ebers-Moll model.
This is a large signal model of the BJT that is frequently used in simulation tools such as SPICE.

Take a p+np transistor, the coupled diode models separates the operation of the BJT into two diodes, the EB and the BC diodes. Extraction of currents is based on the evaluation of the hole distribution in the base of the transistor for these two diodes. The operation is divided into “normal operation” and “inverted operation”, annotated with N and I respectively.

In fig. 19 a pnp BJT is given and normal and inverted active mode defined.


[image: image176]
Figure 19: definition of normal and inverted mode operation.

The charge distribution and currents in the base (plots are draw without taking recombination effects into account) can be drawn for each operation mode separately and then combined for the complete operational picture. This is given in fig. 20.

[image: image177]
Figure 20: Left: components due to injection and collection in normal operation mode. Middle: components due to injection and collection in reverse operation mode. Right: the gradient of the hole density in the narrow base (fat line) is the sum of the dashed lines due to combined injection in normal and inverted mode.
Ebers – Moll equations

IE = IEN + IEI = IES (exp[(eVEB/kT)] – 1) – I ICS (exp[(eVCB/kT)] – 1)
IE =                  EB diode current            +  fraction of CB diode current that reaches the EB junction

(27)
IC = ICN + ICI = N IES (exp[(eVEB/kT)] – 1) –  ICS (exp[(eVCB/kT)] – 1)

IC =                  fraction of EB diode            +  CB diode current

                        current that reaches the 

CB junction            
With:

· : ratio of collected current to injected current

· IES: emitter saturation current in normal mode (VCB=0, pC=0)

· ICS: collector saturation current in inverted mode (VEB=0, pE=0)

Or (27) can be re-written as:

IE = IE0 (exp[(eVEB/kT)] – 1) + I IC

(28)
IC = N IE –  IC0 (exp[(eVCB/kT)] – 1)

Where:

IE0 = (1 – N I) IES is the magnitude of the E saturation current with collector junction open (IC=0).
IC0 = (1 – N I) ICS is the magnitude of the C saturation current with emitter junction open (IE=0).
This gives a description of the BJT in terms of simple diode characteristics + an extra current generator. Based on (28) a large signal equivalent circuit can be proposed for the BJT that is valid in all operation regimes.
Equivalent circuit:
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    B

Figure 21: Equivalent circuit derived from the Ebers-Moll equations.

An interesting feature of the Ebers-Moll equations is that emitter and collector current are described in terms that resemble the diode equation + an extra term that provides the coupling between the emitter and collector properties.
3.7 BJT amplification
In bipolar transistors the input impedance is low, such that a small input voltage change can result in a high current change.

Small changes in base current result in large changes in collector current.
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[image: image179]
Figure 22: Bottom: The shaded arrows indicate the biasing connections in the common base (left) and the common emitter (right) configuration. Top: the current–voltage characteristics associated with the two configurations.
Note that in common base, the emitter current controls the collector current, whilst in a common emitter configuration the base current controls the collector current. Thus common base does not give current amplification while common emitter does.
3.8 Conclusion
The major time delay in a BJT is caused by the storage of excess minority carrier charges in the base of the transistor. For fast on-switching a large IB is used to drive the transistor in over-saturation. For fast off-switching the base-emitter junction is reverse biased. The conditions for fast on and off switching cannot be met simultaneously. In order to improve this, a Schottky diode clamp can be used between the base and the collector. A popular large signal equivalent circuit for the BJT is provided by the Ebers-Moll equations that allow the BJT to be modelled by two diodes and two current sources. This equivalent circuit is valid in all regions of the BJT operation.
Whilst the MOSFET is used for integrated logic applications (fast large signal switching and very low off-currents), the BJT is mainly used for amplification (very large current gain). Although, if power consumption is not an issue, BJT logic can be used to improve the speed performance. Due to the current aggressive downscaling of the gate length of the MOSFET, the switching speed of the MOSFET has become comparable to the switching speed of the BJT, but when carefully designed, at much lower power consumption.
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Fig.13: Minority carrier concentration in the base of BJT at onset of saturation. Recombination is taken into account.





Fig. 12: Minority carrier concentration in the base of BJT in OFF state. Recombination is taken into account.





Fig. 11: ON switching sends the BJT from OFF to saturation (IB sufficiently large). The load line limits the maximum current that can flow in saturation at ts.





Fig. 10: saturation region for small –vCE  (in red – online)
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1. Magnitude of the base current is large and drives the BJT into oversaturation.





2. Switching off the BJT by driving the base into reverse bias





3. Negative base current extracts the carriers from the base.





5. Ic remains constant until the excess charge built up above saturation is removed. After that the BC junction goes into reverse bias and IC follows the load line.





6. BC goes reverse bias





4. Indicates negative current through EB junction when driving off





7. When excess charge in the base is removed, the EB junction goes to reverse bias.





Fig. 14: Minority carrier concentration in the base of BJT in saturation. Recombination is taken into account.





Fig. 15: Top left pnp BJT with bias circuit in EB and EC. Bottom left: the different DC characteristics of the BJT in common emitter configuration. The output current ic is controlled by the base current which is controlled by the EB-diode bias circuit. The EC bias circuit forms the load line. Each point of the cross section of BJT characteristic and load line is a possible solution to the circuit.


Middle from top to bottom: ib: EB drive current, Qb: charge in the base, ic output current. All curves are draw for 0 → ON immediately followed at t=t2 to OFF. The BJT is driven into saturation in this example. 


Right: Minority carrier concentration in the base of BJT at different characteristic times. Recombination is ignored in the drawings.


t=ts is the onset of saturation when switching on. t2=point of switch-off of EB junction. t's is the time it takes to remove the excess stored charge QB excess. This time is referred to as storage delay time tsd. 
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� On blackboard


� See the yr3 Advanced Electronics Devices course 


� The subscript indicates the material type. n is the symbol for electron concentration, p for the hole concentration. Units are cm-3.


� In one dimension.


� In one dimension.


� The intrinsic level Ei is the Fermi level position for the case of an intrinsic semiconductor. The introduction of this level (not a state!) makes some calculations more straightforward.


� See more on generation of carriers later in this chapter.


� Note that the length of the n-type region is given as Lp. This seems contradictory but isn’t from a physics point of view. Remember than in the n-type region a hole diffusion current exists. The boundary for the definition of short diode is that the length of the region is exactly equal to the diffusion length of the minority carriers which is Lp. The choice of taking the maximum value of the lengths for deriving the short diode current is that this gives exactly the same expression for the current as in the case the short diode approximation cannot be applied (see next). It is a bit cheeky, but now you know why.


� See first year course notes.


� It is indeed an approximation, although acceptable, in the short diode to assume no carriers recombine within the neutral region as the diffusion length is a statistical average. Thus some do recombine but we neglect this.


� What we call neutral is actually quasi neutral under the given assumption, that’s why it is written between quotes.


� This assumption will actually break down the rule on charge neutrality in the “neutral region”. This is of course not completely correct as charge neutrality is a fundamental rule. But the assumption will allow us to derive analytic expressions that still describe the conduction through the device with reasonable accuracy.


� Remember, without recombination it is linear.


� This is a valid assumption as we are dealing with minority carriers and we have assumed that the injection rate is small. So the absolute number of minority carriers is small and as a consequence the drift minority carrier current will be negligible.


� Note that the subscript n and p are omitted. Remember that these equations are for the minority carriers!


� MathematicaTM was used for this extraction.


� This is obvious from the equations derived in this case for the short and long diode approximations.


� Note that we are ignoring the signs.


� Note that the variations of both minority carrier concentrations are calculated in the positive x-axis. Signs will change for pn junctions.


� Scattering is caused by interaction of the carriers with Si atoms, impurities (doping and others) and crystal imperfections.


� Nor a gradient in majority carriers


� This ensures a zero excess carrier concentration at the contact!


� p-type region + intrinsic region + n-type region


� An infinitesimal amount of time before switching.


� An infinitesimal amount of time after switching.


� Note that these switching equations can also be solved with the methods introduced in the Signals and Linear Systems course this year.


� Since the current is zero, the gradient at the depletion region edge of the minority carrier density needs to be zero too! So there the line for the excess carrier concentration is horizontal and not exponential.


� Note that the on and off state excess carrier concentration is not drawn to scale. The on state excess carrier concentration is a lot larger than the off-state excess carriers concentration.


� Remember that the direction of the diffusion current is given by the gradient of the minority carriers at each point x in the device.


� Current determined by the hole current.


� Review the calculation of the depletion width in your first year EE1.3 Semiconductor Devices course.


� Remember that the minority carriers need to be supplied by carrier generation.


� As would be the case for an ohmic contact


� Whether recombination exists in the collector or not is not important for the derivation of the expression of the current in this case.


� This can only be done for forward active mode, when the BJT is OFF, thus EB and BC junctions reverse biased then the reverse bias leakage current is important from a viewpoint of power consumption in the OFF state.


� Note that the ‘ indicates forward bias and “ reverse bias.


� Due to infinite generation-recombination rates in ohmic contacts, the contacts can supply and absorb all excess carriers and thus keep the carrier concentrations constant at bulk conditions.


� Notice that in fig. 7 the depletion regions, that reduce the effective base width, have been taken into account.


� Note that x=0 is the edge of the depletion region in each region E and B.


� Note that the total charge in the base is given by the integration of the excess carrier concentration in the base region over the width of the base.


� Note that we look at the charge related to the maximum current component only. This is a good approximation for the total current variation for a p+np BJT in forward active mode. 


� An easy way to describe this delay time is to approximate it by the RC time constant imposed by the capacitance of the depletion width and the resistance of the bias circuit.


� Slightly smaller because the voltage drop across the BJT in the ON state is not 0 (it is around 0.2V for Si BJTs).


� Note that the amplitude of the switch off voltage is equal to that of the switch on voltage. This is not necessary.


� To first approximation. See the Advanced Electronics Devices course for deviations from this approach.
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