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Lesson 1

How does a logic gate in a microchip work?

E/ by Manni Wood , Edmonton, Alberta, Canada

A gate seems like a device that must swing open and closed, yet microchips are
etched onto silicon wafers that have no moving parts. So how can the gate open and
close?

Larry Wissel, ASIC Applications Engineer at IBM Microelectronics, replies:

“ Those of us who design logic gates for computers seldom reminisce on how the terms we
use to describe technology came into use. The vision of a gate swinging back and forth clearly
does not literally represent the structures on a silicon chip. But the reason for the usage of the term
‘ gate for computer logic can be appreciated by examining the basic function of a gate: to
control aflow.”

“ Onafarm, gates may be used to control the* flow’ of sheep or goats between pens. In this
case, the gate consists of a physical barrier whose position is controlled by a farmer. The farmer
makes a decision about the flow of animals and then moves the physical barrier to permit the
desired flow.”

“ In a computer, a gate controls the flow of electric current through a circuit. The gate
consists of transistors; the transistors are selected by the chip designer from two basic types
(PMOS and NMOS transistors) that are found in the ubiquitous CMOS (complementary
metal-oxide semiconductor) technology.(l) The current that flows through a gate establishes a
voltage at a particular point in the circuit. This voltage represents a single ‘ bit"  of information.

The voltage may either be high (representing the value 1" ) or low (representing the value
Coy
“ To establish a 1 on a circuit, the current flow is steered to the circuit (controlled) by
turning on’ a PMOS transistor connected between the circuit and the positive supply voltage.
The supply voltage is usually an industry-standard value such as 3.3 or 5.0 volts. For the very
brief interval that is required for a logic gate to switch (on the order of a nanosecond, or a
billionth of a second), current will flow through a PMOS transistor from the positive power

supply to the circuit.”



“ The current flow that charges the circuit node to a O is steered away from the circuit
through a different kind of transistor (NMOS) connected between the circuit and the negative
supply voltage, or eectrical ground. Again, current will flow through the NMOS transistor for a
very brief interval, but for the NMOS the current is between the circuit and the negative supply. In
either case, the current flow results in a change in the circuit voltage, and the circuit voltage
represents a bit of information. So, when a gate is controlling current flow, it is actually
controlling the flow of information.”

“ Returning to the analogy between the farm and the computer chip, it is obvious that the
flow is different (farm animals compared to information) and that the gate itself is different (a
physical barrier compared to a transistor in the CMOS technology). But the most important
difference is the means of controlling the flow. On the farm, the farmer resets the gate location by
making a decision and then moving a physical barrier. A flow of animals through a complex maze
of gates would require afarm hand at each gate.”

“ But in a computer chip, the control mechanism is the voltage on the control terminal of a
transistor. This voltage turns on a transistor by changing its characteristics from that of an open
circuit (the * off’  position) to one that can conduct a small current. This control voltage, in turn,
is already available within the chip as a voltage at a point on another circuit. And, being a voltage
on acircuit, this control mechanism represents a different bit of information.”

“ The overwhelming computing power of logic gates stems from the fact that the output of
any particular gate is a voltage, which can in turn be used to control another gate® A computer
chip therefore can be designed to make complex decisions about the information flow within itself.
This ability enables sophisticated systems to be created by interconnecting as many as a million
gates within a single chip. All of this with no farm hands and no moving parts.”

Tak Ning of the IBM T.J. Watson Research Center adds some complementary details:

“A logic gate in a microchip is made up of a specific arrangement of transistors. For modern
microchips, the transistors are of the kind called metal-oxide-semiconductor field-effect transistor
(MOSFET), and the semiconductor used is silicon. A MOSFET has three components, or regions:
a source region, a drain region and a channel region having a gate over it. The three regions are
arranged horizontally adjacent to one another, with the channel region in the middle.”

“In a logic gate arrangement, each of the MOSFETs works like a switch. The switch is
closed, or the MOSFET is turned on, if electric current can flow readily from the source to the
drain. The switch is open, or the MOSFET is turned off, if electric current cannot flow from the
source to the drain.” ©

“The source and drain regions of a MOSFET are fabricated to be full of electrons which are
ready to carry current. The channel region, on the other hand, is designed to be empty of electrons
under normal condition, blocking the movement of current. Hence, under normal condition, the
MOSFET is ‘off’(or ‘open’) and no current can flow from the source to the drain.”

“If a positive voltage is applied to the gate (which sits on top of the channel region), then
electrons, which are negative charges, will be attracted toward the gate. These electrons are
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collected in the channel region of the MOSFET. The larger the gate voltage, the larger is the
concentration of electrons in the channel region. The substantial concentration of eectrons in the
channel provides a path by which the electrons can move easily from the source to the drain.
When that happens, the MOSFET is ‘on’ (or ‘closed’) and current can flow from the source to the
drain freely”.

“In summary, a MOSFET in a microchip is turned on by applying a voltage to the gate to
attract electrons to the channel region, and turned off by applying a voltage to the gate to repel
electrons away from the channel region. There is movement of charges in the silicon, but there are

no mechanical moving parts involved.” @

What's a MOSFET?

MOSFET stands for metal-oxide-semiconductor field-effect transistor. It’s a kind of
transistor that clips gradually when overdriven, as most tubes do.

Both tubes and transistors amplify signals by passing current from one side of the device to
the other, sculpting it along the way to the same shape as a much weaker input signal. It’s like a
movie or slide projector — a source of energy (the bulb) is shaped by the film, and projected on
the screen, where we see a much bigger version of the image on the film (even though the actual
light we see comes from the bulb, not the film).

There are basically three kinds of transistor that are used to amplify audio: the most common
is a bipolar transistor. It is a sandwich of three layers of silicon, with the outer ones negatively
charged and the middle one positively charged (NPN). Or, the other way around (PNP). A small
signal on the middle layer controls a much bigger current passing between the two outer layers. ®

A later development was the field-effect transistor (FET). Here the current doesn’t have to
pass through the middle layer of the sandwich, it passes near it, and is controlled by the field
effect exerted on it. This was more efficient in a number of ways. It also happens to clip more
softly than a bi-polar transistor.

The third type is an FET where the element doing the controlling doesn’t even contact the
channel carrying the large current. It’s insulated from it by a thin layer of silicon dioxide—a kind
of glass. This is the MOSFET, and it clips very softly.

The clipping characteristics of individual vacuum tube or solid-state semiconductors are by
no means the whole story in the behavior of a circuit. You’ve probably noticed by now that a
circuit with a tube in it can produce a sound that’s buzzier and harsher than another that’s made
up of bi-polar transistors. And the sound that formed the original criterion for what’ s desirable in
overdrive, the sound of a cranked non-master-volume tube amp, has got to do with a lot things
besides the tubes. There’s transformers, speakers and the interaction of these with the tubes, to say
nothing of the acoustic and psycho-acoustic biproducts of playing loud. Anyone interested in
getting a repeatable sound that isn’t dependant on playing at a certain sound pressure level would
better off discarding the dogma surrounding tubes and transistors, and employing the only devices

that can be trusted—the ears.



1. Basic Structure and Principle of Operation

The n-type metal-oxide-semiconductor field-effect transistor (MOSFET) consists of a source
and a drain, two highly conducting n-type semiconductor regions which are isolated from the
p-type substrate by reversed-biased p-n diodes. A metal (or poly-crystalline) gate covers the
region between source and drain, but is separated from the semiconductor by the gate oxide. The
basic structure of an n-type MOSFET and the corresponding circuit symbol are showninfig. 1.

© ©

Drain
n-Drain Gate Substrat:
Depletion Layer
6/9 Gate Oxide e 2
Inversion Layer p-Substrate

Source
Back Contact

Fig.1 Crosssection and circuit symbol of an n-type metal-oxide-semiconductor field-effect transistor

As can be seen on the figure the source and drain regions are identical. It is the applied
voltages which determine which n-type region provides the electrons and becomes the source,
while the other n-type region collects the electrons and becomes the drain. The voltages applied to
the drain and gate electrode as well as to the substrate by means of a back contact are referred to
the source potential, as also indicated on the figure.

A top view of the same MOSFET is shownin Fig.2, where the gate length, L, and gate width,
W, are identified. Note that the gate length does not equal the physical dimension of the gate, but
rather the distance between the source and drain regions underneath the gate. The overlap between
the gate and the source and drain region is required to ensure that the inversion layer forms a
continuous conducting path between the source and drain region. Typically this overlap is made as
small as possible in order to minimize its parasitic capacitance.

(o) o |

w

Gate
n—SourcW n-Drain

Fig.2 Top view of an n-type metal-oxide-semiconductor field-effect transistor (MOSFET)



The flow of eectrons from the source to the drain is controlled by the voltage applied to the
gate. A positive voltage applied to the gate, attracts electrons to the interface between the gate
dielectric and the semiconductor. These electrons form a conducting channel between the source
and the drain, called the inversion layer. No gate current is required to maintain the inversion
layer at the interface since the gate oxide blocks any carrier flow. The net result is that the current
between drain and source is controlled by the voltage which is applied to the gate.

The typical current versus voltage (I-V) characteristics of a MOSFET are shown in the
figure below(Fig.3). Implemented is the quadratic model for the MOSFET.

Drain Current(mA

5 10
Drain-to-Source Voltage(V)

Fig.3 |-V characteristics of an n-type MOSFET with Vg = 5V (top curve), 4V, 3V and 2 V (bottom curve)

NOTE: We will primarily discuss the n-type or n-channel MOSFET. This type of MOSFET
is fabricated on a p-type semiconductor substrate. The complementary MOSFET is the p-type or
p-channel MOSFET. It contains p-type source and drain regions in an n-type substrate. The
inversion layer is formed when holes are attracted to the interface by a negative gate voltage.
While the holes still flow from source to drain, they result in a negative drain current. CMOS
circuits require both n-type and p-type devices.

2. A Short History

A conceptually similar structure was first proposed and patented by Lilienfeld and Helil in
1930, but was not successfully demonstrated until 1960. The main technological problem was the
control and reduction of the surface states at the interface between the oxide and the
semiconductor.

Initially it was only possible to deplete an existing n-type channel by applying a negative
voltage to the gate. Such devices have a conducting channel between source and drain even when
no gate voltage is applied and are called “ depletion-mode”  devices.

A reduction of the surface states enabled the fabrication of devices which do not have a
conducting channel unless a positive voltage is applied. Such devices are refered to as
“ enhancement-mode” devices. The electrons at the oxide-semiconductor interface are
concentrated in a thin (10 nm thick) “ inversion” layer. By now, most MOSFETs are
“ enhancement-mode”  devices.



3. How does a MOSFET amplify electrical signals?

While a minimum requirement for amplification of electrical signalsis power gain, one finds
that a device with both voltage and current gain is a highly desirable circuit element. The
MOSFET provides current and voltage gain yielding an output current into an external load which
exceeds the input current and an output voltage across that external load which exceeds the input
voltage.

The current gain capability of a field-effect-transistor (FET) is easily explained by the fact
that no gate current is required to maintain the inversion layer and the resulting current between
drain and source. The device has therefore an infinite current gain in DC. The current gain is
inversely proportional to the signal frequency, reaching unity current gain at the transit
frequency.®

The voltage gain of the MOSFET is caused by the fact that the current saturates at higher
drain-source voltages, so that a small drain current variation can cause a large drain voltage
variation.
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