Lecture 13: Transistors: overview
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1 Introduction

pn junctions are examples of 2 terminal 1 junction devices. There is one
interface (junction) between the two components (can be same or different
materials). A transistor is an example of a 3 terminal 2 junction device. The
name transistor is derived from the term transfer resistance. The current
(voltage) through two terminals is controlled by the current (voltage) through
another pair of terminals. Thus, a transistor essentially acts as a switch.
Another feature of the transistor is the ability to amplify a signal between
one pair of terminals by using an input signal at another pair of terminals.
Thus, a transistor can also act as an amplifier. A pn junction, on the other
hand acts as a rectifier i.e. conducts in only one direction.

The forerunner to the solid state transistor is the three terminal vacuum
tube or triode. This is derived from the diode and the schematic of the
device is shown in figure Similar to the vacuum tube diode, there is a
centrally heated cathode and an anode. But in addition, there is also a
grid surrounding the cathode, whose potential with respect to the cathode
can be controlled independently. The grid acts like a gate, so that if it
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Figure 1: Schematic of the vacuum tube transistor. There is a heated cen-
tral cathode that supplied electrons and an anode sheath that receives the
electrons. In addition there is an electrical grid that controls the transfer of
electrons from cathode to anode, making it a switch or an amplifier. Source
http://en.wikipedia.org/wiki/ Triode
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is negatively biased it will lower the electron current reaching the anode.
On the other hand, a positively biased grid will increase the current to the
anode. Thus the overall device acts as a switch. Similarly, a low powered AC
signal applied to the grid is amplified at the anode by thermionic emission
from the cathode. Thus, the triode also acts as a amplifier. The vacuum
tubes were eventually replaced by the modern solid-state transistors made of
semiconductors. There are different versions of the transistors depending on
how the device is fabricated and its operation.

2 Bipolar junction transistor

A bipolar junction transistor (BJT) consists of three differently doped re-
gions. These can have the configuration of npn or pnp and the various layers
can either be parallel or perpendicular to the surface. Consider a pnp BJT,
with three differently doped regions.

1. Emitter region - this is usually a heavily doped region (p™). The
emitter ‘emits’ the carriers into the base.

2. Base region - this is a lightly doped n region. The base region is
also physically thin so that carriers can pass through with minimal
recombination.

3. Collector region - this is a p type region. The collector region has
a larger width that the other two regions since charge is accumulated
here from the base. .

The symbols and nomenclature of the BJT transistor is shown in figure
Thus, a transistor consists of two pn junctions, each with its own depletion
region.

1. Emitter-base junction - since the emitter is usually heavily doped, the
depletion region lies almost entirely in the base.

2. Base-collector junction - the depletion region at this junction is usually
divided between base and collector, since they are comparably doped.

There are three different configurations in which the BJT can function - com-
mon base, common emitter, and common collector. The circuit connections
are summarized in figure
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Figure 2: Symbols and nomenclature of a (a) npn and (b) pnp transistor.
The BJT consists of three regions, emitter, base, and collector. The emitter
and collector are usually of one type of doping, while the base is another
doping type. Adapted from Physics of semiconductor devices - S.M. Sze.
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Figure 3: BJT transistor configurations - common (a) base, (b) emitter, and
(c) collector configurations. Different configurations have different function-
ality in the circuit. Adapted from Physics of semiconductor devices - S.M.
Sze.
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Figure 4: Summary of the common base BJT. (a) Schematic of the CB
pTnp BJT (b) Circuit diagram showing the connections. (c) Schematic of
the currents and concentration gradients. (d) The various diffusion and drift
currents in the transistor. Adapted from Principles of Electronic Materials
- 8.0. Kasap.

2.1 Common base (CB) configuration

In this configuration the base is held common between the emitter and col-
lector. This arrangement is summarized in figure [ Looking at the circuit
configuration, the emitter base junction is forward biased while the collected
base junction is reverse biased. In a pnp transistor holes, which are the ma-
jority carriers in the emitter, are injected into the base. This constitutes the
emitter current, Ir. These holes become minority carriers in the base, since
it is doped n type. Some of these holes recombine with the electrons in the
base. Hence, electrons are injected into the base to compensate for that and
this forms the base current, Ig. The base collector junction is reverse biased
so that the holes that do not recombine in the base are swept into the collec-
tor and form the collector current, I.. This current is due to hole drift since
the flow is due to the applied electric field. The ratio of the collector current
to the emitter current is called the current gain or the current transfer ratio
(a). Typical values of a are 0.99 - 0.999, i.e. only a small fraction is lost to
recombination in the base. This is a consequence of the fact that the base
region is physically thin and also lightly doped, so that the hole diffusion
length is high. The total current in the circuit should be balanced, so that
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Figure 5: A common emitter configuration for the npn BJT. This config-
uration is used when a transistors is to be used as an amplifier. A small
variation in base current is amplified at the collector, which acts as the out-
put. Adapted from Principles of Electronic Materials - S.0O. Kasap.

I = Ic + Ip.

The transistor action arises in the CB configuration when the collector-base
voltage (Vo) is higher than the emitter-base voltage (Vgg). This leads to a
net power gain in the device. A BJT is an example of a current controlled
device since the current in the output circuit is controlled by the current and
voltage in the input circuit.

2.2 Common emitter (CE) configuration

The circuit diagram for the CE configuration is summarized in figure 5| In
this configuration, the emitter-base junction is forward biased. The base
current is the input current and the collector current is the output. Hence,
the transistor acts as a amplifier since a small base current is amplified into
a larger collector current. This amplification is given by the current transfer
ratio (). If a time varying signal is applied to the base the amplified signal
at the collector has the same time variation.
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Figure 6: A junction field effect transistor (JFET). (a) Three dimensional
representation of the JFET. (b) Cross section of the ideal JFET, showing
the n-channel and the transistor symbol. (c¢) A practical implementation of
the JFET. The electrical leads are on top and they are separated by using
SiOs as the insulator. Adapted from Principles of Electronic Materials - S.O.
Kasap.

3 Junction field effect transistor

In the BJT there are distinct emitter, base, and collector regions, forming
2 pn junctions. These regions exist even in the absence of an external bias,
since they are created during the fabrication process. The device is current
controlled, since carrier injection into the base and loss due to recombination
decides the gain. In a field effect transistor (FET) current flow takes place
through a channel in the device. The channel is either already fabricated in
the device (junction FET) or is created by application of an external poten-
tial (metal oxide FET) and disappears when the bias is removed. The reason
for calling these ‘field effect’ transistors is that the current flow depends on
the width of the channel which is controlled by the external potential (elec-
tric field). Thus FETs are voltage controlled devices.

The basic structure of the JFET is shown in figure [6] The schematic picture
of the device provides a greater understanding of the role of the channel. A
JFET consists of 3 regions where electrical connections are made i.e. the
source, drain, and gate. The channel provides the pathway for carrier trans-
port from the source to the drain, while the gate bias (sign and magnitude)
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Figure 7: Carrier flow in a n channel with the gate shorted. (a) With low Vpg
a current flows through the channel. (b) With increase in Vpg the channel
pinches off near the drain, since the drain gate junction is reverse biased. (c)
After pinch-off, there is no further increase in current, reaching a saturation.
Adapted from Principles of Electronic Materials - S.O. Kasap.

affects the channel width and hence its resistance. By considering the be-
havior of the channel for different gate biases, it is possible to obtain the I-V
characteristics of the JFET.

Consider a simple system where the gate is shorted with respect to the source.
So Vs is zero and the drain is biased positively with respect to the source, so
that Vps > 0. For a n channel, this leads to electrons flowing from the source
to the drain (biasing would be reversed for a p channel). The current flow in
this scenario, with increasing Vpg, is summarized in figure [/} The p regions
(source and drain) in the transistors are heavily doped so that the depletion
region falls in the n side and the channel width is the region between the 2
depletion regions. In the bias condition shown in figure[7] the region between
the source and the p is forward biased while the region between the drain
and p is reverse biased. With increase in Vpg the current flow in the channel
increases but at the same time the channel starts to narrow near the drain
side. Ultimately, beyond a certain value of Vpg, the channel is pinched off
near the drain end. Hence, there is no increase in current, for a small increase
in voltage, since there is injection of electrons in the pinched off region and
these get swept into the drain. This is shown in the [-V characteristics of the
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Figure 8: IV characteristics of the JFET for different Vzg. The current is
highest when the gate is shorted. Applying a negative bias at the gate reduces
the width of the channel and reduces the channel conductivity. Adapted from
Principles of Electronic Materials - S.0. Kasap.

JFET (with Vgg zero) in figure 8| The current initially increases with Vg
and then gets saturated after a certain voltage when pinch off occurs.
In a JFET device with the gate shorted, the channel width is determined by
the dopant concentrations which also determines the voltage where pinch-off
occurs. But by applying a potential to the gate it is possible to change the
width of the channel. This is responsible for the transistor action, since the
current across the two terminals (source and drain) is controlled by the volt-
age across two other terminals (source and gate). In a n channel JFET if
Vas > 0 then the channel width will slightly increase but device modulation
is not achieved (current control does not happen). On the other hand, if the
gate is biased negatively with respect to the source, Vgs < 0, the channel
width is reduced so that pinch off occurs earlier and the voltage where pinch-
off occurs is determined the magnitude of Vizg. The channel behavior for a
negatively biased gate is summarized in figure [9

Thus, with increasing value of Vs (negatively biased), the Vpg at which
pinch-off occurs comes earlier and also the current through the channel de-
creases. This is reflected in the I-V characteristics plot, shown in figure
With increasingly negative Vg, the channel current decreases. There is also
a critical value of Vzg where the pinch off occurs before the device is in oper-
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Figure 9: Carrier flow in a n channel with the gate negatively biased with
respect to the source. (a) No Vpg, channel is narrower than a shorted gate
(b) With positive Vpg, current flows occurs with channel narrowing near
the drain. (c) Pinch-off happens at high Vpg. Adapted from Principles of
Electronic Materials - S.0. Kasap.
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Figure 10: At large negative bias the channel is completely destroyed. There
is only a small leakage current, similar to the reverse saturation current in the
pn junction. Adapted from Principles of Electronic Materials - S.0. Kasap.

ation. This happens when the depletion width becomes wide enough that the
channel is completely destroyed. In this scenario, no current flows through
the channel, except for small leakage current due to thermal generation of
carriers. This is shown in figure [I0} The drain current (Ip) in the channel
depends on the value of Vg (field effect) by the expression

e )

Ips = Ipss [l — (VGS( o

where Ipgg is the drain current with the gate shorted and Vg (ofy) is the
gate voltage when the channel is destroyed. This behavior is plotted in figure

1T

4 Metal oxide semiconductor FET

The metal oxide semiconductor FET (MOSFET) is a particular type of FET
where the channel for carrier conduction is created by the applied electric
field. In this way MOSFET is different from the JFET, where the channel is
already present in the material, and the applied electric field is used to nar-
row the channel to achieve transistor action. To understand the formation
of the channel, under the effect of the applied field, consider a parallel plate
capacitor arrangement, involving two metals, as shown in figure 12} Metals
have a high electron density (typically 10?! to 10*2 ¢m~3). Hence the charges
reside on the surface with minimal field penetration into the bulk.

Consider a situation when one of the metals is replaced by a p-type semicon-
ductor. This scenario is shown in figure [I3] The metal is connected to the

11
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Figure 11: Drain current vs. gate source voltage in a JEET. With increasingly
negative Vg, the drain current reduces until it becomes zero. Maximum
current is when the gate is shorted. Adapted from Principles of Electronic
Materials - S.0. Kasap.
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Figure 12: Parallel plate capacitors with two metals, separated by an insu-
lator. (a) One metal plate has a net positive charge on the surface and the
other has a net negative charge. (b) The excess charges reside on the surface
and do not penetrate in the bulk. Adapted from Principles of Electronic
Materials - S.0. Kasap.

positive terminal and the p type semiconductor is connected to the negative
terminal. So a net positive charge resides on the metal surface. To maintain
charge neutrality, a net negative charge must reside on the semiconductor.
But the charge density in a semiconductor is much smaller than a metal (typ-
ically 10'¢ to 10'® ¢m™3), so that in the semiconductor the charge not only
resides on the semiconductor but also penetrates to a certain depth within
the bulk, as shown in figure (a). Given that it is a p type semiconductor
and the excess charges are electrons there is thus a lowering of the hole con-
centration at a region near the surface. This is called a depletion region.

With increase in applied voltage, the positive charge on the metal increases
and the width of the depletion region in the semiconductor increases. Cor-
respondingly, the electron concentration on the surface of the semiconductor
increases. There is a certain voltage, called threshold voltage, Vi, above
which there forms a region near the semiconductor surface where the elec-
tron concentration is higher than the hole concentration. This is called the
inversion region. A n channel is then created near the surface of a p type
semiconductor by the application of external potential. The formation of the
inversion region, is shown in figure (b) In the inversion region, n > p,
while in the depletion region, p > n but p < Nyu.

The basic structure of the MOSFET is shown in figure [I4, The figure shows
a npn MOSFET with three electrical connections, source, drain and gate,

13
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Figure 13: Metal insulator semiconductor setup. Because of the difference in
charge density between the metal and semiconductor, charges penetrate into
the bulk of the semiconductor creating (a) Depletion region (b) Inversion and
depletion at higher voltages. Adapted from Principles of Electronic Materials

- 8.0. Kasap.
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Figure 14: MOSFET basic structure with device symbol. There is a source,
gate, and drain. The source and drain are connected to heavily doped n*
regions. The gate is separated from the p semiconductor by an insulator
and is used to form the n-channel. Adapted from Principles of Electronic
Materials - S.0. Kasap.

similar to a JFET. This structure is called an enhancement MOSFET. The
bulk of the semiconductor is p type with two heavily doped n™ regions near
the source and drain. Thus, two pn™ junctions are formed, with the depletion
region lying mostly in the p side. The gate is usually made of metal or more
recently, heavily doped poly-Si (with high electrical conductivity) and it is
separated from the semiconductor by an insulator. The most common insu-
lator is SiOs, which is the reason for the name metal-ozide-semiconductor,
though high £ dielectrics based on Hafnium, have replaced the simple sili-
con oxide. Electrical connections are made to the source, drain, and gate at
different biases similar to the JFET.

4.1 MOSFET I-V characteristics

The I-V characteristics of the MOSFET is summarized in figure[15] In a npn
MOSFET, the gate is biased positive with respect to the source (Vgs > 0).
This reverse bias causes electrons to accumulate at the the p-type semicon-
ductor oxide interface. Below the threshold voltage for inversion (V;),there
is no n-channel created and any current is due to thermally generated carriers
and is negligible. When the gate voltage exceeds V;,, an n-channel is created.
With the drain is biased positive with respect to the source (Vps > 0), elec-

15
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Figure 15: MOSFET I-V characteristics.

(b) When inversion is

achieved an n channel is created and current increases with applied gate

there is only an inversion region and no current.

(d) After pinch-off the current reaches a

(c) After a certain point, because the gate and drain junction is
saturation. Adapted from Principles of Electronic Materials - S.O. Kasap.
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reverse biased, pinch-off occurs.

voltage.
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Figure 16: (a) MOSFET I-V characteristics, Ip vs. Vpg for varying gate
voltages, Vs and (b) Ips vs. Vgg for a given Vpg. In JFET, the applied
voltage narrows the channel for conduction while in MOSFET, the applied
gate voltage makes the channel wider. Adapted from Principles of Electronic
Materials - S.0. Kasap.

trons flow from source to drain, through the n-channel. With increasing Vpg,
given that the drain is reverse biased with respect to the p-type semiconduc-
tor, similar to the JFET, pinch-off occurs near the drain and the current is
saturated. The typical I-V characteristics is shown in figure [16]

The graph is similar to that of the JFET, shown in figure [§] The difference
lines in the behavior by changing the gate source voltage. In the JFET, the
channel already exists, and the role of Vg is to narrow the channel and limit
conduction. In the MOSFET the channel is created by Vg and its role is to
increase conduction (below pinch off). Both JFET and MOSFET are voltage
controlled devices. The gate voltage acts as a switch to turn on and off the
device, providing the transistor action.
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