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Field -Effect Transistors
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I. Fabrication Techniques
II. The Field-Effect

III. Junction Field-Effect Transistor
IV. Metal-lnsulator-Semiconductor

Field-Effect Transistor

GLOSSARY

Abrupt semiconductor junction Junction with a step­
like doping density transition from the p- to the n-type 
semiconductor.

Built-in potential Potential difference existing in a pn 
junction in equilibrium.

Channel Path for the majority carrier current flow.
Drain Sink for the majority charge carriers.
Flat-band voltage Metal oxide semiconductor transis­

tor gate voltage required to counterbalance the work­
function difference between the gate metal and the 
semiconductor and the effect of all electric charges in 
the gate dielectric. The higher the flat-band voltage, the 
higher is the device gate tum-on (threshold) voltage.

Gate Control electrode whose field modulates the mag­
nitude of the current of the field-effect transistor.

Insulated-gate field-effect transistor (IGFET) Field-

*Formerly with RCA Laboratories

Encyclopedia of Physical Science and Technology, Third Edition, Volume
Copyright © 2002 by Academic Press. All rights of reproduction in any form reserved. 

effect transistor with the conductive gate insulated from 
the semiconductor.

Junction field-effect transistor (JFET) Field-effect 
transistor with a junction-type gate.

Junction depletion region The p — n junction space 
charge formed at the interface of the p- and n-type 
semiconductors.

Metal oxide semiconductor field-effect transistor 
(MOSFET) An IGFET with the metal gate insulated 
with an oxide from the semiconductor surface; a four- 
terminal device consisting of the source, drain, gate, 
and substrate (body).

Pentode Electron tube that consists of five electrodes and 
whose anode current stops increasing after the anode 
voltage reaches some critical (saturation) value.

Source Electrode that supplies the majority carriers.
Threshold voltage Tum-on voltage that must be applied 

to the MOSFET gate in order to induce a strongly con­
ducting channel.

Triode Electron tube consisting of three electrodes. Its

831
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832 Field -Effect Transistors

anode current increases with the anode voltage and 
stops growing only if there is not enough electrons 
emitted by the cathode.

A FIELD-EFFECT TRANSISTOR (FET) is a semicon­
ductor device in which the magnitude of the majority car­
rier current depends on the modulation of the conductance 
by an electric field. A potential applied to a control elec­
trode (gate) produces the field that controls the current 
flow from the source electrode to the drain electrode. Be­
cause of the very high gate input impedance, the input 
current is very small. Two types of FETs are of signifi­
cance: JFET with a junction-type gate, and IGFET with an 
insulated gate. FETs offer several advantages over bipo­
lar devices in many applications due to their high input 
impedance, their good thermal stability, and the relative 
ease of integration of many devices on the same semicon­
ductor chip. The last-named feature has been the basis for 
a rapid expansion in the development of VLSI (very large 
scale integration).

I. FABRICATION TECHNIQUES

The basic techniques for fabricating FETs include semi­
conductor crystal oxidation, photolithography, ion im­
plantation, diffusion, epitaxial crystal growth, etching of 
patterns and surfaces, and metallization.

In many cases pn junctions are formed by the diffusion 
of «-type and/or p-type impurities. Diffusion involves two 
steps: gaseous or impurity coating deposition and drive- 
in diffusion, which moves the impurity atoms below the 
semiconductor surface. The process takes place in fur­
naces with a neutral or oxidizing atmosphere and at el­
evated temperatures. Diffusion usually requires tempera­
tures above 1000°C.

In order to restrict the deposition of impurities to well- 
defined areas, the semiconductor surface is first oxidized to 
form a barrier to the impurities. Then, the crystal is covered 
with a photoresist film, a material sensitive to ultraviolet 
light. By the use of appropriate masking (photomasks) 
the photosensitive film is exposed, baked, and chemically 
etched away in those areas that undergo diffusion. In the 
case of very small dimensions, ultraviolet light is replaced 
by X-ray or electron beam exposure.

To fabricate thin, lightly, and uniformly doped layers 
above a highly doped layer of the same or different po­
larity, it is advantageous to use epitaxial growth in place 
of diffusion. The semiconductor substrate (e.g., a silicon 
wafer) is placed in a chamber on a carbon susceptor, which 
is raised by induction heating to a very high temperature 
(> 1000°C). A gas, such as silane (Silli), silicon tetrachlo­
ride (SiCLt), or trichlorosilane (SiHCls), is passed over the 

silicon wafer. In the case of SilL, at temperatures above 
1000°C the silane decomposes irreversibly into hydrogen 
and silicon, the latter of which is deposited as a film on 
the silicon wafer surface.

Another widely used and more precise technique for the 
deposition of very thin layers is known as ion implanta­
tion. The doping impurity is first ionized in high vacuum 
and then accelerated by high electric field before reach­
ing the semiconductor substrate. After the removal of the 
substrate from the vacuum chamber the impurity is dif­
fused and heat-treated (annealed) in order to repair the 
mechanical damage to the crystal caused by the highly 
energetic ions. The advantage of ion implantation over 
thermal deposition and diffusion is due to the introduc­
tion of the dopant at low temperature, at specific places, 
and with a very exact impurity dosage. Masking can be ac­
complished by using silicon dioxide (SiO2), silicon nitride 
(SiN4), metals, or photoresists.

In molecular beam epitaxy both the semiconductor 
atoms and doping atoms are deposited on heated sub­
strates in an ultrahigh vacuum in order to very slowly 
grow single crystals. The precision of the deposited film 
thickness is achieved by either blocking or opening a me­
chanical shutter placed in the path of the molecular beam. 
The shutter is controlled by a preprogrammed computer. 
Layers less than 1 nm thick are achieved by means of this 
technique. Molecular beam epitaxy is used in the fabrica­
tion of modulation-doped FETs.

During device processing, it is necessary to remove the 
oxide in the areas undergoing diffusion or to open some 
areas to make electrical contacts. Cleaning of semiconduc­
tor surfaces is of great importance, since to a large extent 
it determines the quality of the device. All these functions 
can be performed by dry chemical etching, which can be 
accomplished by gas plasma discharges in a closed cham­
ber. Whereas wet etching tends to undercut photoresist 
or silicon dioxide films, dry etching, being anisotropic, 
avoids this undesirable feature.

Ohmic (i.e., very low resistance) electrical contacts to 
the semiconductor are made by using very carefully se­
lected metals. The most commonly used metals for silicon 
devices are aluminum-silicon and gold-silicon eutectics 
that melt at comparatively low temperatures. These metals 
are first deposited and then alloyed into the semiconduc­
tor, forming a good electrical contact with either the highly 
dopedn «+ or the highly doped silicon.

II. THE FIELD-EFFECT
i

A. Definition of the Field-Effect

Unlike a metal or an insulator, the electrical conductiv­
ity of a semiconductor can be readily engineered. The
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Field-Effect Transistors 833

conductivity of a semiconductor can be controlled in sev­
eral different ways through the direct modification of 
the conductivity by the introduction of impurities called 
dopants into the host semiconductor lattice; through the 
generation of carriers by optical excitation; through elec­
trical injection; and by the field-effect. In all of these cases, 
the conductivity can be altered by many orders of mag­
nitude and many useful electrical devices can be made. 
The field-effect is arguably the most ubiquitous of these 
techniques since it underlies the workings of the transistor 
devices used in virtually all integrated circuits.

The electrical conductivity of a semiconductor can be 
expressed as the product of the charge density, n, charge, 
q, and carrier mobility, /r, as

a = qn/j. (1)

Altering the charge density, n, can control the conductivity 
of the semiconductor. The field-effect provides a very use­
ful and reversible means of engineering the conductivity 
of a semiconductor layer. The field-effect can be defined as 
the modulation of the conductivity of an underlying semi­
conductor layer by the application of a voltage to a surface 
electrode, typically called the gate. The application of the 
gate bias alters the charge concentration within the under­
lying semiconductor. Depending upon the magnitude and 
sign of the applied gate voltage, charge can be attracted 
or repulsed from the gate. As a result, the conductivity 
of the underlying semiconductor layer can be increased, 
decreased, or undergo a change in carrier type, i.e., change 
from «-type (majority carrier electrons) to p-type (major­
ity carrier holes) or from p- to n-type. The semiconductor 
layer can become highly conductive or resistive thereby 
altering its current-carrying properties. When the gate is 
biased such that the semiconductor layer is-conducting, a 
current can flow through the layer producing a conducting 
channel. Likewise, when the gate is biased such that 
the semiconductor layer is insulating, the current can be 
constricted. By controlling the voltage state of the gate, 
the current flow in the semiconductor layer can be altered.

B. Types of Gating Action

Different types of structures exist that exploit the field­
effect. There are three main types. These are the junc­
tion field-effect, metal-semiconductor field-effect, and the 
metal-insulator-semiconductor field-effect structures. In 
each structure the basic operating principles are the same, 
i.e., the conductivity of the underlying semiconductor is 
modulated by the application of a gate bias. The only sig­
nificant difference is the technique by which the field­
effect is produced.

The junction field-effect for an «-channel device 
utilizes two p+ — n junctions in opposition. In an

1 I SOURCE V, J+ GATE Vn ’“11
— CONTACT ® T- CONTACT “ I CONTACT

FIGURE 1 Schematic cross section of a JFET.

asymmetrically doped p"*" — n junction the depletion 
region is mainly formed within the lighter doped n-side 
of the junction. Application of a reverse bias increases 
the depletion region width. If the two junctions are placed 
spatially in opposition, as shown in Fig 1, the two deple­
tion regions extend toward one another constricting the 
conducting channel formed between them. At sufficiently 
high reverse bias, the two depletion regions touch and the 
channel is closed. Hence, the conducting properties of 
the semiconductor are modulated by the reverse biased 
diodes that form the gates of the device. Devices that 
utilize p — n junctions to induce the field effect are called 
junction field-effect transistors, JFETs.

The field-effect can be induced using a Schottky barrier 
diode in place of the p+ — n diodes in JFETs. In this case, 
a Schottky barrier is formed on top of a thin semiconduc­
tor layer. The thin semiconductor layer is in turn grown 
on top of a semi-insulating material. A conducting chan­
nel is formed between the depletion region formed by the 
Schottky barrier and the semi-insulating material. Reverse 
biasing of the Schottky barrier further constricts the chan­
nel by increasing the depletion region width. In this way, 
the reverse biased Schottky barrier controls the conduct­
ing properties of the layer and can open and close the con­
ducting channel. Devices that include Schottky barriers 
to induce the field-effect are called metal-semiconductor 
field-effect transistors, MESFETs.

The last type of field-effect structure discussed here re­
lies on a metal-insulator-semiconductor, MIS, structure. 
In this structure, an MIS is formed on top of a semicon­
ductor material. Depending upon the bias condition of the 
MIS, the underlying semiconductor layer can be accu­
mulated, depleted, or inverted. When a voltage of oppo­
site sign to the majority carriers is applied to the metal 
gate, majority carriers are attracted to the semiconductor­
insulator interface. The structure is said to be in accu­
mulation. If a voltage of the same sign as the majority 
carriers is applied to the metal gate, then the majority 
carriers are repelled from the interface forming a deple­
tion region. Under these conditions the structure is said to 
be in depletion and the semiconductor becomes highly 
resistive. If the voltage is further increased in magni­
tude, minority carriers of opposite sign to the voltage are
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834 Field -Effect Transistors

attracted to the insulator-semiconductor interface and the 
structure is said to be inverted. Devices that operate with 
an MIS gate are called MISFETs. The most common type 
of MISFET is made with silicon as the semiconductor and 
silicon dioxide as the insulator. These structures are called 
MOSFETs.

III. JUNCTION FIELD-EFFECT 
THANSISTOR

A. Basic Structure

For simplicity, our initial discussion of the JFET is limited 
to the n-channel device operating by drift of electrons. The 
results apply as well to the p-channel devices, depending 
on the drift of holes, after the appropriate change of semi­
conductor and bias polarities.

An n-type semiconductor layer is deposited by epitaxy 
on a ^^-semiconductor substrate. Subsequently another 

region is deposited on top of the n layer (Fig. 1). Two 
p+n gate junctions are thus formed. They are electrically 
connected (not shown in the figure) and serve as control 
electrodes (gates). A reverse (negative) potential is applied 
between the gate and the grounded source electrode S. A 
positive potential Vd is applied between the drain D and 
the source. The reverse gate potential creates a depletion 
region W, thick in the lightly doped n region and very thin 
(not shown in the figure) in the /»+ region. The variable 
gate voltage, by changing the depletion region thickness, 
modulates the magnitude of the current in the channel. 
The channel thickness r(y) is the difference between the 
undepleted channel thickness 2d and the total depletion 
region thickness 21V(y),

r(y) = 2[d - lV(y)] (2)

1. Modes of Operation and Symbols

Most JFETs operate in the depletion mode; that is, they 
conduct current (are on) with zero voltage applied to the 
gate. The normally off (enhancement-type) JFETs do not 
conduct current for zero gate bias and are suitable for very 
low power applications. The enhancement mode of opera­
tion is made possible by using a very lightly doped channel 
region so that the built-in junction potential is sufficient 
to deplete the channel region entirely. A forward voltage 
(positive for the p+n junction) greater than the thresh­
old voltage Vf reduces the depletion region thickness and 
initiates the current flow.

The symbols representing p- and n-channel JFETs in 
the depletion and enhancement modes of operation are 
shown in Fig. 2.

n CHANNEL p CHANNEL

FIGURE 2 Symbols for depletion (normally on) and enhance­
ment (normally off) n- and p-channel JFETs.

B. JFET Static Characteristics

The static (output) characteristics represent the relation­
ship between the drain current Jq and drain-to-source volt­
age Vd at various values of the gate-to-source voltage Vq 
(Fig. 3). The study of these characteristics is simphfied by 
considering the case of a uniformly doped channel region 
and abrupt (steplike) gate junctions.

If the channel length L (Fig. 1) is greater than the maxi­
mum channel thickness 2d, it is reasonable to assume that 
the channel thickness 2{d — W) will vary slowly with dis­
tance y and that the field in the channel along y is very 
small compared with the transverse field in the depletion 
region. This model is known as the gradual channel ap­
proximation (Shockley). For nonuniform doping the re­
sult is appreciably different only for very short channels 
{L < 2 /zm). The first-order theory also assumes that car­
rier velocity is field independent.

1. Linear and Saturation Regions

For a uniformly doped channel region the magnitude of 
the resistive incremental voltage drop along the /d current 
flow (Fig. 1) is

FIGURE 3 n-Channel JFET current-voltage static character­
istics.
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Field -Effect Transistors 835

d V = In dR =------------- —------------ (3)
2[J -

where JJ? is the incremental channel resistance, //,„ the 
electron mobility, q the magnitude of tlje electronic 
charge, Afp the ionized donor density of the n channel, 
and Z the channel width in the z direction. At any point y 
along the channel, the depletion region thickness iy(y) is 
given by

f 2s 1
J

where Ss is the permittivity of the semiconductor, V; the 
built-in gate junction potential, Vg the magnitude of the 
gate-to-source voltage, and V(y) the potential in the chan­
nel at y. Substitution of Eq. 4 in Eq. 3 and integration 
between V = 0 at the source (y = 0) and Vq at the drain 
(y = L) yields the drain current magnitude:

f 2 1
/d = Goj Vd- 

I Vp

X [(Vd + Vi -I- - (Vi + Vg)’/^] (5) 

with

Go = 'IqdZjinNn/L (6)

Here Go is the undepleted channel conductance, and Vp 
the magnitude' of the gate-to-source pinch-off voltage at 
which the gate depletion regions meet for Vd = 0. From 
p — n junction theory,

Vp = qd^Nn/2s,

For small Vd values such that Vd (Vi — Vq), Eq. (5) 
reduces to 

Id = Go 1 —
(Vi + Vg)’/2

Vd (8)

which shows the linear dependence of the drain current 
on the drain voltage. That is, the device behaves like a 
voltage-controlled resistor for small drain voltages. As 
would be expected from the assumption of an abrupt gate 
junction. Id varies as a square root of the gate voltage Vq.

With the drain voltage applied, the gate depletion region 
thickness is the largest at the drain end of the channel and 
the smallest at the source end due to the voltage drop along 
the channel.

At sufficiently high positive drain voltage Vd the gate 
depletion regions become large enough to start merging at 
the drain side, the channel is pinched-off and the current 
flows in part through the depletion region. Beyond this 
point any further increase in the drain voltage increases

' Vp includes the built-in potential Vi. 

the drain current only insignificantly: The drain current 
saturates. Equation (5) for Id is applicable only up to this 
point. The drain voltage Vd = Vosat at which the saturation 
occurs for long channel devices is given by

Vosat - Vp - (Vi + Vg) (9)

the saturation voltage is smaller for larger absolute values 
of Vq. For Vd > Vosat the excess drain voltage is dropped 
across the depletion region.

Substitution of Eq. (9) for Vd in Eq. (5) gives /osat. the 
magnitude of the drain current in saturation as 

fosat — fp
/Vi+voy^^'
V Vp ) (10)

where Ip, the pinch-off current, is

Ip = q^PnZNld^/3s,L (11)

Therefore, to the first approximation Zosat is independent 
of the drain voltage.

For drain voltages in excess of VDsat the depletion region 
moves somewhat toward the source, reducing the channel 
length and thus slightly increasing the drain current so that 
the current-voltage characteristics in actual devices show 
a small but finite slope in the current saturation region. 
The shorter the channel length, the more pronounced is 
the effect.

In the third region of the current-voltage characteristics 
the drain current increases extremely rapidly because of 
the avalanche breakdown of the gate junction that occurs 
when the drain-to-source voltage is

Vd = Vb - Vg (12)

where the absolute voltage values are used; Vb is the gate 
junction breakdown.

For devices with short channels (small L/2d ratios) the 
equations relating the drain current to the drain and gate 
voltages become rather inaccurate. One of the reasons is 
that the electron mobility p,„ is not constant as assumed but 
is a function of the electric field. When the field :»aches 
the magnitude of 3 to 5 x 10"* V cm'* the electron velocity 
in silicon crystal reaches its maximum possible samration 
value Vs — 10^ cm sec”'. In a short channel, electric fields 
may exceed the critical field value. In this situation, keep­
ing all biases unchanged, the drain current is reduced by 
a factor of 1 -I- (/zoVd/VjL), with po being the low-field 
electron mobility.

The current-voltage characteristics of Fig. 3 are de­
scribed as pentodelike. In JFETs with very short chan­
nels that are depleted even in the absence of the external 
gate potential, the potential barrier at the source prevents 
the drain current from flowing at low positive drain volt­
ages. A high enough drain voltage lowers the barrier height
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836 Field -Effect Transistors

and allows cunent to flow. In such devices and for spe­
cific geometries the drain current may not saturate and the 
current-voltage characteristics are triodelike.

C. Small-Signal Parameters

At the output, the de drain cunent Id is a function of both 
the de source-drain voltage Vfi and the de gate voltage Vq- 
The total drain current, the sum of the small-signal drain 
current, z’d and the de drain current Id, is then a function 
of the total drain and gate voltages. The small-signal drain 
current can then be written as,

io — Ir>(VD + + i^g) — fol 14(1 Vq) (13)

Expanding the total drain current in Eq. (13) to first-order 
obtains.

(14)vg

(15)Vg

(16)

«D = goVD + gmVG (17)

7d(14) + vd, Vg -I- vq) = /d(Vd, Vg) -H

diD

=
"" “ SVd V, “ 9Vg 

the small-signal drain current becomes.

Vn
Substituting Eq. (14) into Eq. (13) obtains, 

9/d 
avn avd V, 

Using the following definitions, 

_ a/o 
= 777-

The quantity, go is called the drain or channel conduc­
tance and gm is called the transconductance. Using these 
parameters, a simplifed small-signal (incremental) equiva­
lent circuit for the common source configuration and valid 
only for low frequencies can be constructed. This circuit 
is shown in Fig. 4.

The channel conductance, go, in the linear region of the 
characteristic can be determined by differentiating Eq. 8.

*8 , Cgd

*8’

id 

---------- r-° drain

01
SOURCEo

FIGURE 4 JFET incremental low-frequency equivalent circuit.

The channel conductance is given then as

= Go 1-=
“ 9Vd v,=eons.

(Vi + Vg)V2
(18)

(19)

which is valid for drain voltages Vd (Vi — Vg).
In an ideal JFET the incremental conductance in the 

saturation region is zero, but in actual devices it has some 
small value for the reasons mentioned in Section II.B.l.

The effectiveness of the gate voltage control over the 
drain current is measured by the trans-conductance,

dip

For the linear region, gm can be obtained by differentiating 
Eq. (8) for Ip with respect to Vg keeping Vp constant; gm 
reaches its maximum in the saturation region. Differen­
tiating /psat [Eq. (10)] with respect to Vg, one finds that 
gmsat is equal to gj; that is, it is equal to the conductance 
in the linear region.

In a practical device the conductance gj is smaller than 
that given by Eq. (18) because of the existence of small 
resistances in series with the source and drain. The source 
resistance also lowers the value of gm, as given by Eq. (19).

The gate capacitance Cg, although of a distributed 
nature, usually can be accurately represented by the sum 
of two capacitances Cgs and Cgd- The first is the capac­
itance between the gate and the source, and the second is 
the capacitance between the gate and the drain as shown 
in Fig. 4:

Cq = Cgs + Cgd (20)
These are intrinsic device capacitances. At high frequen­
cies it is necessary to take extrinsic parasitic capacitances 
into account as well. In very short channel transistors the 
parasitic capacitive and inductive parameters may be most 
important.

The cutoff frequency fy is the frequency at which the 
input current becomes equal to the output current with 
the output short-circuited (Fig. 4). It follows from this 
definition that

/t = gm/27rCG (21)
It can be shown that in saturation the maximum possible 
value for fy is

/rmax
qi^nND<f

(22)

The cutoff frequency is obviously higher for small channel 
lengths and for «-channel devices in silicon because /r„, 
the electron mobility, is much higher than the hole mobility 
Mp-

In devices With channels shorter than 2 /rm and op­
erating in the saturated region of the current-voltage 
characteristics, electrons mainly flow in that channel
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FIGURE 5 Schematic representation of the V-groove channel 
JFET. [After Mok, T. D., and Salama, C. A. T. (1978). IEEE Trans­
actions on Electron Devices, ED-25, No. 3. Copyright 1978. IEEE.]

region, where the electric field is high and the electron drift 
velocity reaches its saturation value Uj = 10^ cm see’*. 
As a result, the saturated drain current, /osat, the transcon­
ductance, gm sat? and the cutoff frequency, fi, all become 
directly proportional to the saturated electron velocity Vj.

D. Silicon JFET Structures

A lateral JFET can be fabricated by double-diffusion tech­
niques, making the process compatible with bipolar tran­
sistors integrated on the same silicon chip. The gate and 
channel regions are diffused or implanted from the top sur­
face into an epitaxial silicon layer deposited on a silicon 
substrate.

A structure known as a V-groove channel JFET (Fig. 5) 
is obtained by preferential (anisotropic) etching of a 
groove in the (lOO)-oriented n-type epitaxial silicon layer 
deposited on the substrate. This p"*" — n junction acts 
as a single gate. The top «+ layers are diffused or ion- 
implanted to achieve good ohmic contact to subsequent 
metallization. In addition, etched isolation grooves are 
necessary to achieve electrical isolation between individ­
ual JFETs or other devices on the same silicon chip.

As the reverse bias on the p+n junction increases, the 
depletion region moves up, cutting into the electron cur­
rent path. Small channel lengths and high packing density 
on the silicon chip are achievable with this technique.

Still another JFET structure, the static induction tran­
sistor (SIT), is analogous to a vacuum tube (Fig. 6). p"*"- 
Doped regions (gates) are embedded in the n-type sili­
con, forming a grid interposed between the source and 
drain electrodes. Depletion regions formed between the 
gates modulate the electron current flow from the source 
to drain. This multichannel device can be constructed to 
exhibit triodelike characteristics.

E. Metal Schottky-Barrler Field-Effect 
Transistor (MESFET)

The JFET p+ — n junction gate can be replaced by a Schot­
tky barrier formed by metalhzing the n-type semiconduc­

FIGURE 6 Static induction transistor. (Schematic representa­
tion.)

tor surface. MESFETs can be fabricated in silicon and 
other semiconductors. Here, we describe a GaAs device 
that is particularly useful in very high speed computer 
circuits and in microwave frequencies above 4 GHz.

An n-type GaAs layer is deposited on a semi-insulating 
GaAs substrate (doped, e.g., with chromium) to make it 
electrically nonconducting (Fig. 7a). The substrate insu­
lates the active device electrically, but not thermally, from 
the heat sink. GaAs is well suited for microwave opera­
tion because its low-fleld electron mobility is five times 
higher than that of silicon, and its peak electron drift ve­
locity is twice as large as silicon. At fields lower than 
3 X 10^ V cm~* the drift velocity reaches its peak value 
Up = 2 X 10^ cm sec~' and then decays to 50% of this 
value as the field increases to ~2 x 10'* V cm"'. As Fig. 7b 
indicates the drift velocity peaks at yi, close to the chan­
nel center, then drops to Vs = 10^ cm sec“* at >2 under 
the drain edge of the gate, where the field is the highest. 
Since the electrons’ velocity decreases, there is an accu­
mulation of electrons to preserve current continuity. As 
the channel thickness starts increasing, the field decreases 
and the electron velocity increases, eventually reaching

FIGURE 7 (a) Schematic cross section of a MESFET; (b) elec­
tron velocity as a function of positive y. [After Liechti, A. (1976). 
IEEE Transactions on Microwave Theory and Techniques, MTT- 
24, No. 6. Copyright 1976, IEEE.]
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the saturation velocity, v,. This time, in order to main­
tain the current continuity a depletion of electrons takes 
place. This amounts to the formation of positive charge. 
Thus a dipole layer forms underneath the gate edge. The 
presence of this layer affects unfavorably such device 
properties as the drain breakdown voltage and forward 
voltage drop and power dissipation.

For a gate shorter than 1 p,m the electron transit time 
from source to drain may be shorter than the electric relax­
ation time of the semiconductor. This results in an elec­
tron velocity that exceeds several times the steady-state 
peak velocity Up and in a considerably improved device 
frequency response. In these devices only the extrane­
ous parasitic reactances and resistances restrict the high- 
frequency performance.

F. Modulation-Doped Field-Effect Transistor

The modulation-doped field-effect transistor (MODFET) 
is a modified MESFET device that seeks to optimize speed 
and current-carrying capability. In a MESFET the dopants 
that provide the necessary charge carriers and the source­
drain current flow both reside in the top, thin semicon­
ductor layer. The close proximity of the ionized dopant 
atoms and the charge carriers leads to a strong Coulomb 
interaction that in turn produces strong impurity scatter­
ing. As a consequence of the high impurity scattering rate, 
the carrier mobility is reduced resulting in relatively slow 
device performance. Though reducing the doping concen­
tration would have the beneficial result of enhancing the 
mobility, it would also reduce the conductivity and hence 
the current carrying capacity of the device. Therefore, a 
trade-off exists in a standard MESFET structure.

MODFETs utilize modulation doping to increase the 
free carrier concentration without a concomitant decrease 
in the carrier mobility. When a highly doped wide band gap 
semiconductor material, such as AlGaAs, is used to form 
a heterostructure with an intrinsic narrower gap semicon­
ductor, such as GaAs, carriers will move from the highly 
doped layer into the intrinsic layer to equilibrate the Fermi 
level. In this way, free charge carriers are introduced into 
the GaAs layer without adding dopant impurities. The spa­
tial separation of the charge carriers in the GaAs from 
the ionized dopants in the AlGaAs results in a reduced 
Coulomb interaction and consequently a much lower ion­
ized impurity scattering rate and higher mobility.

A typical MODFET (Fig. 8) consists of an undoped 
GaAs layer, 1 /zm thick or less, deposited on the top of a 
semi-insulating GaAs layer. A very thin (a few nanome­
ters thick) undoped, insulating AlGaAs film is grown by 
molecular beam epitaxy on top of the undoped GaAs layer. 
Then a thicker (~50-nm) n-type doped AlGaAs layer is 
epitaxially grown on the undoped layer. A metal gate is 
finally deposited on this film, forming a Schottky bar­
rier. The source and drain are both electrically connected 
to the opposite sides of the n AlGaAs film and the two- 
dimensional gas region.

The two-dimensional electron gas concentration can be 
changed by varying the gate voltage; this in turn modulates 
the magnitude of the drain current. In the MESFET, on the 
other hand, the thickness of the channel is modulated and 
not the charge concentration.

The purpose of the undoped intrinsic AlGaAs layer 
is to avoid Coulomb scattering of electrons at the het­
erojunction interface and thus to increase the electron 
mobility. Depletion- or enhancement-type FETs can be

Alloyed- 
Diffused 
Ohmic 
Contact

Intrinsic ___
(AI,Ga)As

Gate

n (AI.GalAs

Semi-insulating
GaAs Substrate f

2 DEG
GaAs (undoped)

Source Drain

FIGURE 8 Schematic (not to scale) cross section of MODFET [After T. J. Drummond, W. T. Masselink, and H. Morkog 
(1986). Proceedings of the IEEE, Vol. 74, No. 6, Copyright 1986, IEEE],
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made depending on the appropriate choice of the undoped 
AlGaAs layer thickness and gate polarity. In the case of 
the depletion-type device the unbiased Schottky-barrier 
depletion region reaches only the heterojunction interface. 
For the enhancement-type device the depletion region also 
encompasses the two-dimensional electron gas.

The MODFET with some structural variations is also 
known as a high electron mobility transistor (HEMT), two- 
dimensional electron gas FET (TEGFET), or selectively 
doped heterojunction transistor (SDHT).

GaAs and AlGaAs have almost perfectly matched 
crystal lattices, so there is no strain introduced at 
their interface. In some other compound semiconduc­
tor structures such as InGaAs/GaAs used to experimen­
tally fabricate MODFETs, lattices are considerably mis­
matched. Such MODFETs are known as pseudomorphic 
(pseudo-isomorphic) or strained quantum well transistors 
(SQWFETs). A 10-20 nm thick, narrow energy bandgap 
InGaAs layer is sandwiched between two layers of rela­
tively thick (2(X)-1000 nm) wider energy bandgap GaAs. 
The atomic spacing in the very thin film of InGaAs ad­
justs itself to the atomic spacing of GaAs; thus, the creation 
of crystal dislocations and deleterious interface states is 
avoided.

The saturated electron velocity in the InGaAs crystal, at 
liquid nitrogen temperature (77 K) is 20% higher than that 
in GaAs. This results in MODFETs with superior, high- 
frequency response and higher switching speeds than are 
possible with the AlGaAs/GaAs system. These devices 
are known as pseudomorphic HEMTs or PHEMTs.

Normally, electrical conduction in the valence band 
takes place by the transport of slow “heavy” holes. The in­
troduction of the compressive strain into the InGaAs crys­
tal modifies the valence band structure so that fast “light” 
holes with small effective masses become available for 
electrical conduction. This makes the fabrication of com­
plementary p-type MODFETs with speeds comparable to 
their «-type counter-parts possible.

G. JFET Applications

Silicon JFETs are particularly useful in those applications 
that require high input impedance and low leakage cur­
rents and often are integrated with bipolar transistor cir­
cuits on the same silicon chip. Process compatibility be­
tween the two types of devices is often easier to achieve 
with the p-channel devices. Junction field-effect transis­
tors operated in the linear region of characteristics are 
frequently used as voltage-controlled resistors.

By using capacitors combined with JFETs operating in 
the linear region of characteristics, it is simple to fab­
ricate voltage-controlled phase shifters. Other applica­
tions include voltage-controlled attenuators, variable-gate 

amplifiers, voltage tuned-filter circuits, and operational 
amplifiers.

Junction field-effect transistors switches show excellent 
on-to-off current ratios and are capable of switching either 
very small currents, of the order of microamperes, or very 
large currents of the order of tens of amperes, as in field­
effect power transistors.

GaAs- and InP-based MESFETs and MODFETs are 
primarily utilized in high-frequency device applications 
that arise mainly in wireless telecommunications. The key 
drivers in wireless RF device design are efficiency, power, 
and frequency performance at high linearity. Of the com­
peting device technologies, GaAs PHEMTs offer the high­
est ft at the lowest noise figure. Commercial MODFET 
structures used in power amplifiers have been reported 
with operating frequencies up to 40 GHz. Most commer­
cial PHEMTs reported operate between 30 and 40 GHz, 
but some have been reported with operating frequencies 
up to 100 GHz.

IV. METAL-INSULATOR-SEMICONDUCTOR 
FIELD-EFFECT TRANSISTOR

The control electrode of a metal-insulator-semiconductor 
field-effect transistor MISFET is separated from the chan­
nel region by an insulator. The most important MISFET 
is the metal oxide semiconductor transistor (MOSFET). 
Its most widely used version utilizes silicon as the semi­
conductor and silicon dioxide (SiO2) as the gate insu­
lator. Virtually all semiconductor microprocessors and 
memory chips are fabricated using silicon-based MOS- 
FETs. They are relatively easy to fabricate, can be read­
ily miniaturized and integrated, and are highly reliable 
and reproducible. The combination of these meritorious 
features has conspired to make silicon MOSFETs by far 
the most attractive devices for computing applications. 
At this writing, commercially available integrated circuits 
employing MOSFETs with 0.13-/zm gate lengths are be­
coming available. At these and smaller device dimen­
sions gigabit scale integration will become commercially 
possible.

The «-channel MOSFET (Fig. 9) consists of the p-type 
bulk (substrate) and two regions: the source S and the 
drain D. The metal gate is insulated from the bulk by a thin 
SiO2 layer. The source is kept at ground potential for the 
purpose of this discussion, and the drain is positively bi­
ased with respect to the source (Vo)- In the absence of the 
positive gate potential Vq the source and drain pn+ junc­
tions allow only leakage current to flow. For a sufficiently 
high positive Vq, an «-type inversion layer (channel) is 
formed electrically, connecting the source to the drain and 
permitting electrons to flow. This channel current can be
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FIGURE 9 Schematic representation of an n-chennel MOSFET.

controlled by varying the gate voltage. The device is said 
to be operating in the enhancement mode.

By changing the n- and p-region doping types and 
making Vq and Vd negative, one obtains a p-channel 
MOSFET.

The depletion mode MOSFET is provided with a con­
ducting channel during its fabrication by an ion implanta­
tion or diffusion process. Such a MOSFET is on (conducts 
current) in the absence of gate bias. An application of a 
negative gate voltage Vq will modulate the n-channel de­
vice current flow. Similarly, positive Vq is used for the 
p-channel depletion mode MOSFET. The symbols for the 
four possible MOSFET versions are shown in Fig. 10.

To understand the MOSFET operation it is essential to 
understand the behavior of the silicon surface. This can 
be described with the aid of a metal oxide semiconductor 
(MOS) capacitor structure.

A. MOS Capacitor

The MOS capacitor described (see also Fig. 1 la) consists 
of the metal electrode (gate) insulated from the p-type sili­
con substrate by a thin SiO2 layer. If the metal’s work func­
tion (q is the electron charge magnitude) is smaller 
than the work function qyj/s\ of silicon, then as soon as the 
two materials are brought to the opposing surfaces of the 
oxide layer, some electrons are transferred from the gate

FIGURE 10 MOSFET symbols.
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FIGURE 11 MOS capacitor, (a) Schematic cross section; (b) en­
ergy band diagram for strong inversion.

to the substrate by the imperfect insulation external to the 
capacitor. Thus the gate becomes positively charged and 
therefore repels holes in the silicon at the Si—SiO2 inter­
face. The p-type silicon at the surface becomes negatively 
charged as the number of holes is now smaller than ex­
pected from the silicon doping density. Consequently, at 
the surface the silicon energy bands bend so that the silicon 
intrinsic energy level £; comes closer to the silicon Fermi 
level; the Fermi levels of the metal and sihcon align, and 
the device comes to equilibrium (not shown in the figure). 
The total band bending is measured by the (Fig- 1 lb), 
sometimes called surface potential; is positive when 
pointing down. The application of an external potential to 
the gate equal to the potential difference — ’Asi = lAms 
(as modified by the presence of the SiO2 layer) will return 
the bands to their initial flat-band condition. The gate volt­
age Vfbi = lAms required to do so is known as the flat-band 
voltage. It is dependent on the kind of metal used and the 
polarity and density of the semiconductor doping. For an 
aluminum gate and p-type silicon doped to 10'^ acceptors 
cm-’, Vfbi -0.9 V.

As mentioned in Section II, depending upon the external 
gate voltage, the MOS structure can be biased into accu­
mulation, depletion or inversion. The metal oxide-silicon 
system encountered in practice typically contains several 
sources of impurity charge located at various sites. These 
charges can affect the bias condition of the semiconductor 
layer. For example, impurity charge in the oxide can pro­
duce inversion even in the absence of an external bias. At 
~2 nm from the Si—SiO2 interface a fixed positive charge 
exists in the oxide. This charge, <2ss, results from the im­
perfect oxidation of silicon ions. It is a function of crystal 
orientation and is smallest for the (100) crystal orienta­
tion. By the use of very careful processing and annealing, 
the number of charges (Qss/?) can be reduced to less than
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(25)

IO*” cm"’-. Other charges, such as mobile positive ions in 
SiO2 due to the presence of sodium or potassium ions, and 
charged surface states, are kept to a minimum by various 
techniques and have been omitted from this discussion for 
the sake of simplicity. '

The capacitance Qx per unit area of the capacitor 
formed by the gate and the semiconductor in a highly 
conductive state is given by

C'ox = £s/dox (23)
where is the semiconductor permittivity and Jqx the ox­
ide thickness. The total flat-band voltage Vfb that accounts 
both for the work-function difference and (gss-induced 
potential is therefore given by

Vfb = lAms - (Css/Cox) (24)
For Vq > VpB, holes from the p-type silicon surface 

are repelled, and a surface depletion region consisting of 
negative acceptors is formed. Hence, the energy bands 
bend downward (Fig. 1 lb). Further increase of the gate 
potential results in the attraction of electrons to the silicon 
surface, inverting it from p- to n-type. In this condition 
the energy bands bend enough to make the intrinsic energy 
level E\ cross the Fermi level (Fig. 11b). The density of 
electrons n induced at the surface by the gate voltage can 
be calculated from

?iAs 
n = — exp-----
Nx kT

where «i is the silicon intrinsic concentration («? — 
2 X 10^ cm"*), and N\—the density of the fully ionized 
acceptors in the substrate.

Strong inversion takes place when the electron concen­
tration in the inversion layer of the surface is equal to the 
hole density in the p bulk. This takes place for band bend­
ing V^s =‘lyjrp = 'lEvlq {E^ is Fermi energy level). The 
n“-type inversion layer forms an abrupt, practically one 
sided junction with the p-type bulk. The depletion region 
thickness of this junction is

IVomax = -4^ (26)

For IVomax remains almost unchanged, since
the inversion layer acts as an electrostatic shield preventing 
the electric field from penetrating the bulk further.

A sufficiently high negative gate voltage repels elec­
trons and attracts holes to the silicon surface, creating an 
accumulation layer of holes and making the silicon sur­
face more p-type. The energy bands bend upward for this 
surface condition, and the Fermi level comes closer to the 
valence band: the band bending surface potential be­
comes negative. The concentration of holes at the surface 
of the accumulation layer is given by

p = AAexp(-^V<s/kT) (27)

1. Threshold Voltage

The tum-on gate voltage for strong inversion is known as 
the threshold voltage Vt- It must be at least equal to the 
sum of the flat-band voltage Vfb, the band bending surface 
potential and the voltage dropped across the depletion 
region,

Vt = Vfb + 2iAt= - (Gomax/Cox) (28)

where

Gomax = q^A^Dmux (29)

is the total charge per unit area in the depletion region of 
thickness VTomax- Equation (28) still applies in the case 
where, for ease in fabricating small structures, the metal 
gate is replaced by a heavily doped p+ or «+ polycrys­
talline silicon layer. Appropriate changes in the value of 
VpB reflect the change in gate material.

B. Current-voltage Relations in the MOSFET

In the MOSFET, the current flowing in the channel under 
strong inversion (Fig. 9) causes a resistive voltage drop so 
that the band bending y/fs varies with the distance y from 
the origin at the source as

Vrs(>’) = + V(y) (30)

Here, V (y) is the reverse bias between the elemental sec­
tion of the channel and bulk at y (Fig. 9). In view of Eq. (30) 
the depletion region thickness as a function of position y 
is given by

(2..[2»p+VWll'”
I J ’

Accordingly, the depletion region charge per unit area is 
given by

Gkn«(y) = -{2£s?A*a[2Vt + V(y)]} (32)

and the threshold voltage [Eq. (32)] becomes

v; = Vfb + 2iAf + V(y) - (G^ax/Cox) (33)

The total charge per unit area Gs(y) at the silicon sur­
face is the sum of the channel charge per unit area Gch(y) 
and the depletion layer charge Gomax P®*" ****** Hence,

Gch(y) = Gs(y) - Gknaxtv) (34)

(For an n-channel MOSFET all these charges are nega­
tive.)

The total charge per unit area, Gs, is equal and opposite 
in sign to the charge per unit area on the gate. Go, that is,

Gs(y) = -GG(y) = -CoxVox (35)
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Since,

Vox = Vg - Vfb - 20f - V(y) (36)

Gch = -Cox[Vg -V^-2(l,p- y(y)] - {2,1)

Therefore, by Ohm’s law the drain current is given by 

dV{y)I^ = -Zn„Q,^{y)—^ (38)

where Z is the channel width in the z-direction (Fig. 9). 
The electron mobility is assumed here to be constant 
and not affected by the electric field {—dV/dy) magnitude. 
Integration of Eq. (38) with limits 0 and Vq for V(y), and 
0 and L for y, respectively, gives the magnitude of the 
drain current as

Z/z„Cox 11 „ Vd\
= ---- ----- { I Vg - VpB — --------

- r [(Vd + 2ylfy)^l^ - (2Vq.)’/']

(39)

More exact theories include the effect of the channel 
region nonuniform doping (if any) and of current carrier 
diffusion in the channel resulting from the carrier concen­
tration gradients. The concentration is the highest at the 
source.

1. Linear Region of Characteristics

For small drain voltages such that Vd < Zi/fp and 
Vb < (Vg — VpB — 2^), Eq. (39) reduces to

/d = Go(Vg - Vt)Vd (40)

where Go = Z/r.„Cox/f- and Vt is the equilibrium thresh­
old voltage [Eq. (28)]. Analogous equations can be derived 
for the p-channel MOSFET. Equation (40) demonstrates 
the linearity of the current-voltage static characteristics 
for low drain voltages (Fig. 12). The linear region of the 
current-voltage characteristics is also known as the triode 
region.

FIGURE 12 Current-voltage characteristics of an n-channel 
MOSFET.

FIGURE 13 n-Channel MOSFEToperating in saturation: AL rep­
resents the thickness of the drain depletion region.

2. Saturation Region of Characteristics

Equation (39) for the drain current shows that Id first 
increases linearly with the drain voltage Vd- Then its 
rate of increase slows down. To a first approximation, 
at Vd = Vosat the current reaches its saturated value Zosat 

(Fig. 12). Beyond this point. Eq. (39) for Id loses its va­
lidity. At VosafHO electrons are induced at the channel 
drain end (y = L): The channel is pinched off, and there 
is no more gate-induced charge for current conduction. 
This happens because the drain voltage neutralizes the 
gate voltage.^ Further electron flow occurs in the drain 
depletion region (Fig. 13), whose length AL increases as 
Vd increases above Vosat-

The channel charge, 2ch(y) vanishes near the drain, at 
y = L. Therfore, Qch is equal to zero in Eq. (37). Calling 
V(y = L) Vosat Eq. 37 can be solved for Vosat to give,

Vosat = Vg - f Vfb + 2,Af - (41)

\ ^ox /

Equation (41) can be rewritten using the expression for V^ 
given by Eq. (33) recognizing that V(y) is equal to zero 
under pinch-off conditions. Qomax is then equal to Qomax 
and Vj = Vp. Equation (41) becomes

Vosat = Vg - Vt (42)

In silicon devices with gates that are shorter than 2 /zm, 
the longitudinal electric field in the channel, in many cases, 
exceeds the critical field at which the electron velocity 
reaches its saturation value Vs and causes the drain cur­
rent to saturate under the gate before the channel pinch- 
off takes place. In this situation Eqs. (41, 42) loose their 
validity.

The magnitude of the drain current in saturation Zosat 

can be obtained from Eq. (39) by substituting Eq. (41) for 
Vosat- For moderately or lightly doped substrates and for 
oxides that are thin compared with the surface depletion

^In actuality there is, of course, a small remaining charge at the edge 
of the depletion region in order to make the current flow possible.
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region thickness, /osat for both p- and «-channel devices 
can be approximated by the quadratic relationship’

bsat = iGo(VG - W)' (43)

Equation (43) demonstrates the saturation drain current 
independence of the drain voltage for an idealized device. 
In actual devices the drain conductance d/osat/^fVosat is 
not equal to zero. As the drain voltage is increased above 
Vbsat the pinch-off point moves slightly toward the source 
because of the increased drain depletion region thickness 
(Fig. 13). This reduces the channel length slightly, thus in­
creasing the current. This effect is much more pronounced 
in short-channel devices where the channel length is of the 
order of few micrometers or less.

Another complication arises for drain voltages higher 
than Vbsat because the drain field starts dominating the 
gate field at the channel end, and the current spreads away 
from the surface so that the simple theory based on the 
gradual channel approximation loses some of its validity.

3. Subthreshold Behavior

When the gate voltage is below the threshold voltage in 
an enhancement mode device, the semiconductor layer is 
no longer in strong inversion. This region of operation 
of the device is called cutoff. In cutoff, the relationships 
derived above for the drain current are no longer valid. 
Though the drain current under these conditions is not 
very large, it is, nevertheless, not necessarily equal to zero 
either. The current that flows between the source and the 
drain below threshold is called the subthreshold current. 
The subthreshold current is extremely important in digital 
circuit design. In digital circuits a MOSFET is switched 
into cutoff in order to turn the drain current off. Ideally, 
no drain current should flow in cutoff. In general a small 
subthreshold current does flow. A nonzero subthreshold 
current within the device still draws power even when it 
is switched off. This results in unnecessary power con­
sumption reducing battery lifetimes in portable electronic 
applications and heating of the chip. The subthreshold cur­
rent is dominated by diffusion due to the relatively large 
channel resistance in cutoff.

4. Body Bias Effect

In some circuits using MOSFETs it is necessary to in­
troduce a reverse bias Vbs between the body and source. 
This voltage appearing between the channel and body in­
creases the channel-body depletion region thickness and 
therefore the total depleted charge Qomax- As a result, the

’More accurate analysis shows that for heavily doped substrates the 
one-half factor is replaced by a factor smaller than one-half and depen­
dent on the substrate concentration.

threshold voltage Vr is increased by an increment AVy 
that is roughly proportional to | Vbs I for body biases of 
a few volts.

C. Short-Channel MOSFET Operation

The quantitative expressions derived above for the current­
voltage characteristic for a MOSFET are based on the 
long-channel approximation. In this approximation, it is 
assumed that the longitudinal electric field is negligible 
with respect to the transverse field. However, as the chan­
nel length decreases, the source and drain-depletion layer 
thicknesses become comparable with the channel length 
and encroach on the area under the gate. As a result, the 
field becomes effectively two-dimensional. For current 
state-of-the-art devices, the feature lengths are sufficiently 
small that the long-channel approximation is no longer 
valid. Reduction of the gate length to ultrasubmicron di­
mensions influences device behavior in several important 
ways.

There are many different effects that appear at short­
channel lengths that greatly alter device performance. 
These effects arise from three primary sources; (1) the 
electric-field profile becomes two-dimensional; (2) the 
electric field strength in the channel becomes very high; 
and (3) a decrease in the physical separation between the 
source and drain. The two-dimensionality of the poten­
tial profile causes a reduction in the threshold voltage of 
the device as well as a reduction of the mobility by gate- 
induced surface fields. The presence of a high electric 
field strength in the channel leads to velocity saturation, 
impact ionization near the drain, gate oxide charging, and 
parasitic bipolar effects. The decrease in the physical sepa­
ration of the source and drain results in punchthrough and 
channel-length modulation. The effect of some of these 
mechanisms on device behavior can be summarized as 
follows.

1. Threshold Voltage Variation

As the channel length decreases a smaller surface de­
pletion region charge is controlled by the gate potential 
(Fig. 14a). This results in a smaller value of the thresh­
old voltage, Vt, from that of a comparable long-channel 
device. A channel with an extremely small width, Z, how­
ever, may show a net increase in the threshold voltage be­
cause of the lateral spreading of the depletion region in the 
z-direction due to the presence of fringing fields (Fig. 14b).

The threshold voltage can be intentionally altered by 
implanting p- or «-type dopants through the gate-oxide 
layer. Very precise quantities of impurities can be added 
in this manner and the threshold voltage can be carefully 
altered.
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(b)

FIGURE 14 (a) Overlapping of the source and drain depletion 
regions (D.R.) with the surface depletion region: (b) cross section 
along the z axis showing additional charges induced by the fringe 
fields.

2. Surface Drift Mobility

In the expressions for the current-voltage characteris­
tic it is assumed that the carrier mobility is constant, 
independent of the channel depth in the x-direction and 
of the electric field strength. The mobility at the Si—SiO2 
interface, often called the surface mobility, is typically 
smaller than that within bulk silicon, due to the presence 
of interface roughness scattering and surface charge scat­
tering that reduce the mobility. However, at small gate 
lengths, the carrier mobility is further lowered by the 
action of the transverse fields. The high gate field more 
strongly attracts the charge carriers to the imperfect sur­
face reducing the mobility.

3. Saturation Drift Velocity

If the voltage is not appropriately scaled as the channel 
length decreases, the electric field within the channel in­
creases substantially. In silicon, the electron and hole drift 
velocities saturate at applied electric field strengths in ex­
cess of ~100 kV/cm. In devices with very short channel 
lengths, the electrons move at the saturated velocity over 
most of their current path. Hence, the saturation of the 
drain current may occur at a significantly lower voltage 
before the expected drain pinch-off voltage is reached. 
The velocity saturated current in the limit as the channel 
length, L, goes to zero is

/□sat = ZCox(Vg - Vt)Vs (44)

4. Gate-Oxide Charging

The very high source-drain electric field heats the carriers 
to very high kinetic energy near the drain. In an n-channel 
device, the electron charge carriers can reach sufficient 

kinetic energy such that they can transfer from the silicon 
into the oxide. The actual amount of energy that the elec­
trons need to absorb is quite high. Nevertheless, quantum­
mechanical tunneling and barrier-lowering effects can re­
duce the potential barrier of the oxide. Carrier injection 
leads to gate oxide charging which in turn alters the thresh­
old voltage of the device. The injected charge also makes 
Vt unstable, degrades the transconductance, and causes 
excessive gate current. The threshold voltage shift oc­
curs over time. With continued exposure to high electric 
fields, the injected electron concentration within the ox­
ide increases, gradually changing the threshold voltage. 
Therefore, gate-oxide charging is a long-term degradation 
mechanism that is particularly difficult to compensate.

5. Drain-Source Voltage Breakdown
and Parasitic Bipolar Effect

The MOSFET drain-to-source breakdown voltage for 
short gate devices is considerably different from the 
avalanche breakdown voltage Vr of the drain-bulk junc­
tion because of the presence of an — p — n'^ parasitic 
transistor in parallel with the zi-channel MOSFET. As the 
source current flows into the avalanching drain region, a 
strong carrier multiplication takes place. The generated 
electrons flow to the positively biased drain electrode, 
whereas holes go to the substrate, ground, and also di­
rectly to the source. The voltage drop caused by this hole 
current in the bulk forward biases the source junction, 
which becomes the emitter of the parasitic bipolar transis­
tor. The drain-to-source breakdown voltage becomes that 
of an npn transistor with open base, B Vceo- This voltage 
is dependent on the drain-bulk junction breakdown, the 
gate length, and the electron diffusion length, in the sub­
strate. It is lower than Vb for short gate lengths and long 
diffusion lengths.

The existence of the parasitic n — p — n transistor makes 
the MOSFET susceptible to the destructive thermal insta­
bility known as second breakdown. During an inductive 
circuit turn-off, the drain voltage may become very high 
while a large drain current is flowing. The high voltage 
causes the drain to go into avalanche breakdown. The 
flow of avalanche-generated holes toward the substrate 
and source develops a very high emitter (source) bias, es­
tablishing a positive feedback mechanism that may lead 
to device destruction.

6. Punchthrough

As the channel length is decreased, the physical sepa­
ration of the source and drain regions necessarily de­
creases. Punchthrough arises when the channel length is 
very small. Under this condition, the source and drain­
depletion regions can touch, resulting in a large increase 
in the drain current.
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D. Incremental (Dynamic) MOSFET Parameters

As in the case for the JFET the small signal drain current 
can be expressed in terms of the channel conductance and 
the transconductance using Eq. (17). i

The incremental channel conductance in the linear 
region, 9/d/9VdIvg =^d, is obtained by differentiating 
Eq. (40), which yields

gD = Go(Vg — Vt) (45)

where go is linearly dependent on the gate voltage. Its 
reciprocal is die channel resistance in the linear portion of 
the current-voltage characteristics (Fig. 12).

The transconductance in the linear region is obtained by 
differentiating Eq. (40) with respect to Vg with Vq = const

gm = GoVd (46)

gm reaches its maximum value in the saturation region. 
The differentiation of /osat [Eq. (43)] with respect to Vq 
(keeping Vd constant) results in

gmsat = Go(Vg — Vt) — GoVbsat (47 a)

If the saturation current /osat is limited by Vs (Eq. 47a) 
then the transconductance becomes equal to (44)

gmsat = ^GoxVs (47b)

Equations (44)-(47) are valid for idealized devices.

1. Incremental Equivalent Circuit
and Cutoff Frequency

The simplified small-signal equivalent circuit of a MOS­
FET is essentially the same as that of a JFET (Fig. 4). 
All the extraneous parasitic capacitances and resistances 
are omitted, and only the intrinsic device is considered. 
Because of these omissions the equivalent circuit is valid 
only at low frequencies.

As in the JFET case the cutoff frequency /t is given by 

fy - gmsai/^jrCG (48)

For the MOSFET in saturation, the drain-to-gate capac­
itance Cgd is very small because of the presence of the 
wide drain junction depletion region and can be neglected 
as compared with Cgs- Consequently the input capaci­
tance Cq is expressed as

Co - Cgs - LZC^^ (49)

Combining Eqs. (46)—(48), we get

2jr/T = MnVDsat/c2 = 1/T (50)

The angular cutoff frequency ft>r = 27r/T is the recip­
rocal of the charge carrier transit time in the channel. 
Hence, one can see the importance of short channel lengths 

for high speed or high frequency of operation. In well- 
designed high-speed devices the parasitic elements should 
be reduced to a minimum since they determine the high- 
frequency response.

For very short channels (of the order of 1 jum) the charge 
transit may take place entirely in the drain region, where 
the electron velocity reaches its maximum saturated value 
Vs. In those cases the angular frequency cutoff is given by

= Vs/L (51)

E. MOSFET Applications

MOSFETs are used in numerous discrete and integrated 
analog circuits as small-signal and power amplifiers, oper­
ational amplifiers, phased-locked loops, and so on. Their 
most important application, however, is in the digital logic 
and memory circuits of VLSI devices, where they operate 
as binary elements. Power dissipation can limit the number 
of MOSFET devices that are practical in a given circuit. 
The use of complementary MOS (CMOS) devices in dig­
ital circuits represents a way of achieving very low power 
dissipation. The approach uses «-channel MOSFET in se­
ries with a p-channel MOSFET (Fig. 15) integrated on the 
same semiconductor chip. The high input voltage pulse 
Vin = Vqg turns the «-channel transistor Ti on and the p- 
channel transistor 72 off. The low input voltage Vn = 0 
turns 7’1 off and 7’2 on. The two transistors are never on 
or off simultaneously. Only a very small leakage current, 
the subthreshold current, may flow in steady state. Thus, 
in this quiescent state, no appreciable power is dissipated. 
The only power dissipation that occurs is that which takes 
place during the switching transients. This can become 
significant as the switching frequency increases.

1. MOSFET in Very Large Scale
and Ultra-Large-Scale Integration

Continuous miniaturization of MOSFETs is necessary 
to maintain progress in improving integrated circuit
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performance at lower cost. As shown in the proceeding 
sections simple shrinking of the channel length (below 
2 jLim) has a number of undesirable effects on the MOSFET 
performance, such as lowering of the threshold voltage; 
degradation of the drain-to-source breakdown voltage; 
the possibility of punch-through between the drain and 
source; and mobile carrier injection into the oxide, leading 
to device instability. Moreover, the subthreshold current, 
which adds to the device leakage, increases as the device 
becomes shorter. Ultra-large-scale integration (ULSI), 
that approaching gigabit capacity, requires devices with 
submicron length channels. In the design of such devices 
it is important to have a simple method for reducing all 
the device dimensions without detrimental effects.

The most successful approach to designing short­
channel MOSFETs is scaling. Starting with a long-channel 
device that delivers satisfactory performance, a miniatur­
ized version is made by scaling the important features such 
that similar operation is maintained. In this way, short­
channel effects can be minimized in miniaturized devices.

There are several approaches to scaling. One method 
is constant-field scaling in which the device dimensions 
and voltages are scaled by the same factor such that the 
electric field remains unchanged. However, some physical 
quantities do not scale in the same way. Generally, the two 
current components, drift and diffusion, do not scale iden­
tically. Though the diffusion current is relatively unim­
portant at long-channel lengths, it plays a strong role in 
short-channel devices. Therefore, for increasingly smaller 
devices, constant field scaling starts to fail. Other scaling 
methods have replaced constant field scaling, most no­
tably empirical techniques. From these techniques, it can 
be demonstrated that miniaturized devices must have thin­
ner gate oxides and either lower applied voltages or heavier 
doping concentrations in order to minimize short-channel 
effects.

The scaling process cannot be continued indefinitely, 
however, since it requires ever-decreasing gate oxide 
thicknesses. At some point, the gate oxide can no longer 
be thinned since it cannot be scaled to zero. Realistically, 
it is unlikely that the gate oxide can be thinned to less 
than 1 nm, at least if SiO2 oxides are retained. Similarly, 
there are constraints on the maximum doping concentra­
tions available. In addition, at smaller dimensions new 
quantum mechanical effects appear. Still other limits are 
imposed by the circuit and system requirements.

F. MC’SFET Structures

A variety of modified basic MOSFET structures have been 
proposed to achieve high switching speed, improved cur­
rent and voltage performance, and high packing density.

Field -Effect Transistors

n CHANNEL p CHANNEL

FIGURE 16 Silicon-on-sapphire with n- and p-channel 
MOSFETs.

1. Silicon-On-Sapphire Transistor

The silicon-on-sapphire transistor (SOS) is the most com­
mon of the various silicon on insulator (SOI) transistor 
structures that have been investigated. Figure 16 shows 
how the idea is implemented. A very thin silicon film is 
deposited by epitaxy on a highly polished sapphire crys­
tal substrate. The film is etched to form p- and «-type 
small islands, which serve for the processing of the Al­
and p-chaimel MOSFETs, respectively. The sapphire sin­
gle crystal is an excellent electric insulator and a good 
thermal conductor. Its primary purpose is to minimize ex­
traneous parasitic capacitances that limit the conventional 
MOSFETs speed of response, and to provide nonjunction 
isolation between devices.

Ultra thin (~0.1 /zm) silicon films result in devices with 
low sensitivity to transient radiation effects. Perhaps the 
most important advantage of SOI devices is that short 
channel effects can be better controlled than in conven­
tional devices.

2. Metal Nitride-Oxide Silicon Transistor

This device belongs to the class of metal insulator-oxide 
silicon (MIOS) transistors and is used mainly as a non­
volatile element of read-only memories; it can store data 
even after power is removed.

The metal nitride-oxide silicon transistor (MNOS) 
Fig. 17 differs from the «-channel MOSFET in that the 
gate insulator is a composite of silicon dioxide and silicon 
nitride (Si3N4). The oxide layer is very thin (2-5 nm); 
the nitride layer, on the other hand, is comparatively thick 
(30-50 nm).

ALUMINUM ELECTRONS
TRAPPED

METALLIZATION

FIGURE 17 Schematic cross section of an MNOS transistor.
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On the application of a positive gate voltage Vq the elec­
trons from the bulk move by quantum mechanical tunnel­
ing through the thin oxide to the oxide-nitride interface, 
where they are trapped in localized states. The trapped 
negative charge adds up to the surface depletion region 
negative charge Gomax, thereby increasing the threshold 
voltage magnitude. A negative gate voltage pushes the 
trapped electrons back into the silicon bulk thus lowering 
the threshold voltage. Since the MNOS transistor may be 
in one of these two states, it can serve as a binary element 
in a semiconductor memory. Switching from one state to 
the other may be effected millions of times before the de­
vice shows significant degradation. Metal nitride-oxide 
silicon transistors can be fabricated with either an n-or a 
p-type channel.

3. Floating-Gate Avalanche-Injection Transistor

The floating-gate avalanche-injection transistor (FAMOS) 
is another nonvolatalle memory element. A floating (not 
electrically connected) polycrystalline gate is embedded 
in a SiO2 layer, which is thick enough to prevent any quan­
tum mechanical tunneling (Fig. 18). In order to charge the 
floating gate the drain voltage Vd is made high enough 
to cause the avalanche break-down of the drain junction. 
Some of the electrons generated and accelerated in the 
drain depletion region become energetic enough to reach 
the oxide, to penetrate it, and to drift in the field exist­
ing there to the floating gate, where they become trapped. 
The gate becomes negatively charged and causes the sur­
face inversion of the n-type substrate, turning the device 
(a p-channel transistor is considered) on. The charge can 
be maintained for an indeflnitely long time. Its erasure, 
which causes the device to revert to the off condition, 
is accomplished by irradiation by ultraviolet light or X- 
rays. Electrical erasure is made possible by the addition of 
another polysilicon gate deposited on the SiO2 insulator 
above the floating gate. Such a structure is known as a 
stacked-gate avalanche-injection MOS (SAMOS).

4. Double-Diffused MOSFET

The double-diffused MOSFET (DMOS) is schematically 
represented in Fig. 19. Ashort and well-controlled channel

FIGURE 19 Schematic cross section of a horizontai DMOS.

length is obtained by the subsequent diffusions of the p- 
type bulk region into the «-type silicon crystal and the 
«-type source into the p-type bulk. Both diffusions take 
place through the same oxide opening. Similar structures 
can be obtained by double implantation (DIMOS).

The purpose of the relatively long n~drift is to allow 
the drain depletion region to extend mostly into it. In this 
way the drain avalanche breakdown voltage can be greatly 
increased. Figure 19 shows the structure of a horizontal 
type of DMOS. For high-power devices, a similar structure 
is used, but often with a vertical n~ region.

5. Dual Gate MOSFETs

In addition to the usual gate formed on the top of the 
device, there can be another gate within the device. These 
devices are called dual gate MOSFETs. Both gates control 
the channel potential (Fig. 20). The two gates act to shield 
the source region of the channel from the action of the 
drain, providing a high degree of isolation of the source 
and drain. As a result, short-channel effects are reduced 
within the device.

6. SiGe MOSFETs

A strained Si layer can be formed using an Si/SiGe het­
erostructure. The electron mobility within strained Si is 
significantly higher than that of bulk silicon, and about a 
factor of five higher than that in Si inversion layers. The 
enhanced mobility within the strained silicon layer can 
be used to increase the carrier mobility within a MOS­
FET device. A higher mobility in turn leads to a higher 
transconductance and thus a higher frequency of operation 
of the device.

SiOa FLOATING POLYSILICON GATE

FIGURE 18 FAMOS transistor (schematic Representation).

G. Power MOSFETs

Power MOSFETs are intended to switch or amplify cur­
rents of the order of tens of amperes and to support high 
circuit voltages. To do this the device should exhibit a 
very small on-resistance and a small voltage drop when 
the drain current is at its peak value. This is necessary
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Front Gate

]

Source Channel ^xide Thickness Drain

Back Gate

FIGURE 20 Sketch of the cross section of a dual gate MOSFET device. Notice that the channel is controlled by both 
the front and back gates.

to minimize power losses and keep the junction temper­
ature below the maximum allowable limit of 150°C. The 
requirement of high drain breakdown voltage is in con­
flict with the low resistance requirement because it ne­
cessitates the use of high-resistivity silicon. For the same 
silicon crystal area, power MOSFETs are inferior to bipo­
lar transistors from the point of view of on-resistance. On 
the other hand, they are superior as fast switches for such 
applications as switching-mode power supplies. As high 
input impedance devices they requrie less current drive, 
and their current gain does not degrade at high current 
levels. The MOSFET on-resistance has a positive tem­
perature coefficient and therefore has a stabilizing effect, 
making the device resistant to “thermal runaway” insta­
bility. The so-called second breakdown, which severely 
limits the bipolar transistor safe operating area, is not as 
great a problem in the MOSFET.

Early power devices utilized a structure with a V-shaped 
gate obtained by anisotropic silicon etching in the man­
ner described for the JFET in Section III.D. The device 
structure includes a vertical n~ drift region to support high 
drain voltages. Unfortunately, the V-shaped gate presented 
a breakdown problem so these devices have been almost 
entirely superseded by the DMOS (Section IILE.4) with a 
vertical drain.

The structure of a power MOSFET includes thousands 
of small MOSFETs integrated on the same silicon chip 
and operating in parallel to obtain a low on-resistance 
and therefore high current handling capability. Figure 21 
shows the cross section of two «-channel enhancement­
type devices forming two distinct cells, each consisting of 
a hexagonally shaped (as viewed from the top)«+ source 
and a similarly shaped polysilicon gate embedded in the 
oxide. An inversion layer is formed around the hexagonal 
source; the electrons from the n channel flow into the 

n~ drift region, and then to the «+ substrate and drain 
contact. The vertical drain design permits excellent surface 
utilization and facilitates device heat sinking.

The source metallization shorts the source perimeter to 
the heavily doped surface of the p~ region, providing 
a shunting resistance across the emitter (source) and the 
base (p bulk) of the parasitic transistor, reducing its cur­
rent gain and the probability of second breakdown. The 
packing density of these structures can be as high as 10^- 
10® cells per square centimeter with channels 1 /rm long; 
total channel widths can be measured in tens of meters.

1. Conductivity-Modulated Field-Effect Transistor

The current capability of the power MOSFET is con­
siderably extended in the conductivity modulated field­
effect transistor (COMFET), which is also known as 
the insulated-gate transistor (IGT). In this device the 

drain region of the power MOSFET (Fig. 21) is re­
placed by a very thin (2-nm)«+ film deposited on the p'^

FIGURE 21 Schematic cross section of a multi-cell power 
MOSFET (vertical DMOS).
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FIGURE 22 Schematic cross section of a COMFET.

Field -Effect Transistors

substrate (Fig. 22). This creates in essence a four-layered 
(n+ — p—n~ — p'*') thyristor-like structure activated by a 
MOSFET. When the device is turned on by the application 
of the positive gate voltage Vq greater than the threshold 
voltage Vt, electrons start flowing to the drain region, bi­
asing the drain n~ — junction in the forward direction. 
The drain (the anode of the thyristor) consequently injects 
holes into the drift region. To maintain charge neutral­
ity, electrons enter the n“ region to balance the positive 
charge of holes, thereby increasing the n~ -region conduc­
tivity and decreasing the device on-resistance by a factor 
of 10 as compared with that of the MOSFET of the channel 
width Z.

The purpose of the p^ region in each cell’s center com­
bined with the metallization shorting the and re­
gions is to reduce the emitter into the p base (bulk) 
and the current gain ai of the — p^ — n~ transistor. 
The 2-nm-thick, heavily doped n"*" layer on top of the 

drain region lowers the emitter efficiency of the p'^—

junction, and the therefore the current gain a2 of 
the p"*" — n — transistor. Keeping the sum of the two 
current gains aj -|- ai below unity prevents latching of the 
n — p — n — p device at high current levels.

SEE ALSO THE FOLLOWING ARTICLES

Bipolar Transistors • Integrated Circuit Manu­
facture • Optical Amplifiers (Semiconductor) • 
Semiconductor Alloys • Thin Film Transistors

BIBLIOGRAPHY

Blicher, A. (1981). “Field-Effect and Bipolar Power Transistor Physics,” 
Academic Press, New York.

Blicher, A. (1982). “Physics of semiconductor power devices,” Rep. 
Prog. Phys. 45(4). The Institute of Physics, London, England.

Brennan, K. F. (1999). “The Physics of Semiconductors with Ap­
plications to Optoelectronic Devices,” Cambridge University Press, 
Cambridge.

Brews, J. R. (1981). “Physics of the MOS transistors,” In “Silicon Inte­
grated Circuits,” (D. Kahng, ed.). Academic Press, New York.

Milnes, A. G. (1980). “Semiconductor Devices and Integrated Electron­
ics,” Van Nostrand Reinhold Company, New York.

Nicollian, E. H., and Brews, J. R. (1982). “MOS (Metal-Oxide- 
Semiconductor) Physics and Technology” Wiley, New York.

Richman, P. (1973). “MOS Field-Effect Transistors and Integrated Cir­
cuits,” Wiley, New York.

Sze, S. M. (1981). “Physics of Semiconductor Devices, ” 2nded., Wiley 
(Interscience), New York.

Tsividis, Y. (1987). “Operation and Modeling of the MOS Transistor,” 
McGraw-Hill, New York.

Zambuto, M. (1989). “Semiconductor Devices,” McGraw-Hill, New 
York.

Page 24 of 24




