The Field-Effect Transistor

The basic principle involved is the use of the voltage between two terminals called gate
and source to control the current flowing through a pair of terminals, drain and source,
connected to both ends of a channel. The field effect transistor (FET) acts basically as a
voltage-controlled current source.

FET are also called unipolar transistors because current is conducted by majority carriers
(electrons or holes) flowing through one type of semiconductor (n-type for n-channel FETs
and p-type for p-channel FETs) in contrast to bipolar transistors (where current passes
through n-type and p-type semiconductor materials in series).

There are two main types of FETs: the junction FET (JFET) and the metal-oxide
semiconductor FET (MOS-FET).

Metal Oxide Semiconductor Field Effect Transistors

The gate of the MOSFET is insulated from the channel by a silicon dioxide layer.

MOS transistors are either of the p-channel or the n-channel type.

MOSFET can be either depletion or enhancement type. The enhancement type MOSFET
is the most widely used electronic device (in integrated circuits or as a discrete device).

Structure and Physical Operation
An n-channel enhancement type MOSFET is presented in the next figure.
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The n-channel transistor is formed by two heavily doped n* regions diffused into a lightly
doped p material called the substrate (or bulk). The two n* regions (drain and source) are
separated by a distance L referred as the device length. At the surface (between drain

and source) there is a gate electrode that is separated from the silicon by a thin dielectric
material (silicon dioxide). The oxide thickness is 7,y W is the MOSFET width.
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If vg=0, the path from drain to source includes two diodes back-to-back, which means that
no drain current can flow, ip=0. To cause current to flow from drain to source we first have
to create an “n-channel’. This can be done by applying a positive voltage at the gate:
vas > 0. This voltage produces an electrical field that will attract electrons from substrate
and cause them to accumulate at the surface under the oxide layer.

The minimum gate-source voltage that creates the n-type inversion layer under the gate is
called the threshold voltage 7.

The conductivity of the channel is enhanced by increasing the gate-to-source voltage (and
thus pulling more electrons into the channel).

Circuit symbol for MOS transistors

Here are some hints to analyze the MOS symbols:

- The space between the line representing the gate electrode and the channel
denotes the insulating oxide layer;

- The channel is represented by a thick line either as a broken line (for enhancement
devices, where no channel exists —device is normally off) or as a normal (filled) line
for depletion devices, channel exists without bias —device is normally on);

- The gate terminal is drawn closer to the source;

- The arrow at the substrate (body) line points in the direction of the substrate-to-
channel pn junction (and indicate the type of the device).

The circle indicates the case (for discrete devices).
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In many applications the substrate is electrically connected to the source (this is the usual
case for the discrete MOS transistors).



Static Characteristics

On the left part of figure there are represented the output characteristics (there are few
characteristics for few input voltages: I;¢). The saturation voltage V.. = Vs — 1V, Separates
the two regions of each output characteristic in a resistive region (or triode region, where
the output current, /, depends on the output voltage, vys) and a saturation region (or pinch-
off region, where the drain current does not depend on the drain-to-source voltage).

On the right side the transfer characteristics in saturation (for Vpg > Vge—77).
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Figure The static characteristics of an enhancement type, n-channel, MOSFET:
a) Drain (output) characteristic, b) Transfer characteristics in saturation (Vpg>vgs—17).

The Linear Region Equations

The linear region of the output characteristics is characterized by: vgs>=17, vpg=0, vpg=0
(more precise: vpg<<vas-—V7).
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capacitance per unit area, =,y is the permittivity of the silicon oxide and A is the gate area.

The charge of the mobile electrons in channel is: QO =C, (Vs —V7 )= Cox W -L-(Vgs =17 ).

The gate capacitance is: Cy = £
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The transit time for mobile elctrons is: t1=—= = = , Where u,, is the
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electron mobility and £ is the longitudinal electric field.
The electron and hole mobility are related: My =250,
The drain current is: ip= Q. CO’CWL(VQGS _VT)pnvDS =11, C VZ-(VGS ~Vr)-vpg , OF
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ip =knf'(VGS_VT)'VDS =ky-Wos —Vr )vps;

ky=u,Cox is the device transconductance parameter, &,= k,,(##/L) is the transconductance
parameter and 17/ is the geometrical factor of MOSFET.



The mobhile charge ¢ connects drain and source. It acts as a resistance connecting drain
and source. The actual value of the resistance (given by the shunt resistance under the

. 1 1
gate) is; rpg = 25 = =

D k;;Vz(VGS_VT) kn Vs =7)

The non-linear and saturation regions

The model of MOS-FET in the non-linear region can be found by integrating the source to
drain current by considering a variable gate to channel voltage through the channel length
(for a significant vg, the voltage decreases from source to drain). The average channel

height is reduced, the channel conductance is decreasing and the output characteristics
slope is decreasing also. The integration result is: i =k, -(VGS -V —ng]-VDS.

The saturation region equation can be found from the previous equation by replacing
vps = Vpssat = Vs —Vr starting from this point the drain current remains almost constant to:

k
ip =7”'(VGS—VT)2-

That represents the FET transfer characteristic in saturation; it indicates that the FET in
saturation is basically a voltage controlled current source.
The practical MOS-FET has a finite output resistance and:

k
ip= 7”'("65 ~Vy L+ vps)

+ is the channel length modulation parameter; it can be computed by A =1/V4 (the inverse
of the Early voltage as it is used by the BJTs). A depends on the MOS length 7; for short
channels % is larger and it determines a low drain resistance: ry=1/(hip)=V4/Ip.

The channel length modulation effect is usually neglected for the first approximation (paper
and pencil) computing.

Breakdown and Input Protection

As the voltage of the drain is increased, a value is reached at which the substrate to
channel junction breaks down (avalanche breakdown) and cause the current to increase
rapidly with vpg .

In the MOSFET another kind of breakdown occurs when the gate-to-source voltage
exceeds a certain value (e.g. 50 V), this is the breakdown of the gate oxide and it results a
permanent damage of the device results.

Because of the MOSFET very high input impedance, small amount of charge on the C, can
cause the breakdown voltage to be exceeded. To prevent this, gate protection circuits are
usually included at the MOS inputs (e.g. clamping diodes) and certain handling precautions
should be taken: MOS devices are shipped in conductive foam, the handler’s wrist is
connected to earth with a high value resistance, never remove a device from a power-on
circuit, do not apply signal to a power-off circuit.

Biasing the Enhancement MOS-FET
The typical bias circuit for a discrete NMOS, is presented in the figure.
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The voltage at the gate is given by the voltage divider rule: V5 = RIR Vop -
Ty

In the absence of Rg (Rs=0), Izs=T15a, the drain bias current 7, will be highly dependent
on the device parameters (¢ and I'7).

Including the resistance Rg, the drain bias current is: 7 = VE—G—RLVGS (the oblique line).
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On the figure there are presented two possible transfer characteristics (with same & but
different 1’7 — I’71 and V'r7). In the absence of Ry, the load line is a vertical one (at

Vas= Vg ) and the current variation is high: from Iy to Ips.
With Rg, the load line is represented by a dashed line with the slope “~1/Rg” and the
current variation is much less: from /nq t0 Ins.

Small Signal Operation of the FETs

In the quiescent point (Q point) of the transistor the drain current depends on the drain-
source and gate-source voltage: in =f(vgs,vaps) . For small signall (and low frequency)

retaining the first two terms of the Taylor series around Q point:
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The bias current is: :‘D|Q:ID and for small signal dvgs=vgs, dvgs=vgs. Since ip=Ip+ig

(dctac or bias+signal), the ac part of current is:
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The small-signal low-frequency model is presented in the next figure (it is based on the
previous equation and on the fact that the gate current is practically zero).

The two parameters of the FET are:

G
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- The transconductance: g,, = and b
aVGS Q, vdSZO Vgs gm ng ::f’d
- The drain (output) conductance: g; = %ip . ) Sy
aVDS 0. Vgs:()



The small-signal parameters depend on the ¢ point. For MOSFET in saturation, the
parameters are:
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The previous figure presents the high frequencies model; it results from the low-frequency
model completed by two capacitors usually in the fraction of pF to pF range:
- the gate capacitance: Cgyand

- a parasitic drain to gate capacitance Cg; .

MOS Power Transistors, D-MOS

For an n-channel MOSFET operating in pinch-off, the drain current is:
1 W

ip = E/“ncox E'(VGS -vr ).
To increase the current capability of the MOSFET its width #” should be made large and its
channel length 7 should be made as short as possible. The short length produces a
reduction of the breakdown voltage. Such a device can not controll high voltages that aare
used by power applications; special structures are used.
The most popular structure of a short-channel (1 to 2 micrometers) MOSFET with high
breakdown voltage is the double-diffusion or DMOS transistor. The physical structure of a
DMOS is presented in figure. The device is realized on a lightly doped substrate (on the top
of a heavily doped region used to connect the drain terminal). Two successive diffusion
regions are realized: one for the heavily doped body (p-type) and the next one (inside the
body) for the heavily doped region for the source (n-type).
A gate voltage vg5> 1y induces a lateral Source
n-channel in the heavily doped p-type body %
region underneath the gate oxide. Current is
then conducted by electrons from the source
through the short channel (L) and then vertically
down the substrate to the drain.
The breakdown voltage can be very high (e.g.
600 V) because the depletion region between
the substrate and body extends mostly in the
lightly doped substrate. The MOS transistor has
a high current capability (e.g. 50 A) also.

Substrate n~—

Characteristics of Power MOSFET Current flow

The usual value of threshold voltage is
Vr=2...4V and in pinch-off at relatively small drain currents there is a square law (as for a

normal MOS). For high currents, the transfer characteristics becomes linear, because the
carrier velocity value, U,,,, get saturated to a value of about 5 - 106 cm/s (for electrons in
silicon):

Drain



1

Ip= Ecox W'Usat(VGS _VP)'

In the linear region the transconductance would be constant: ¢,, = p__ lCox WUgg-

aVGS 2

Its value is given in the transistor data-sheet as a parameter.

In the next figures it is indicated a generic transfer characteristics for a MOS power
transistor and in the second figure it is indicated the transfer characteristic family for an
actual MOS (type IRF 630 —a 9 A, 200 V NMOS). In this second figure it can be seen the
dependence of the transfer characteristics on the temperature. For the given example the
thermal coeficient of the threshold voltage I is from -3 to -6 mV/°C.
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§$12 - P1. o) Compute the small-signal, low-frequency voltage gain of the R
NMOS amplifier in figure for Vzg=2V. D$1K
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The MOS transistor parameters are: 17=0.7V, W/L=100, K=60 nA/V?2, DY Cp v,
A=1/(L-Vg) with Iz=4V/um (Early voltage per unit area) and L=35um. e

Vi
b) What is the value of voltage gain if the drain resistance is replaced by a >—
current generator that generates the statical drain current with an infinite
internal resistance (ideal current generator). e

¢) Design a maximum gain amplifier for an active load (circuit from 5). You can modify: Iz,
Land 7. (I, K and 1z are constants that depends on technology).
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@) In saturation (for Vs > Vs ~/7) , the drain current is: i = =~ (Vas -Vr ¥

The bias point is: 7 =304-100-(2-0.7F = 5.07mA and

Vis =Vee—Rplp =10-1k-5.07m = 4.93V; Vpg>Vpsea (=2-0.7=13 V).

The transconductance is: g, =& %(VGS ~V)=604-100-1.3 = 7.8mA/V. That value is low,
compared to a BJT operated at the same current (g,,g/r =7~ /Vy = 40-5m = 200mA/V).

The output resistance is:
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The voltage gain can be computed on the small signal
equivalent circuit presented in the next figure:
Vo

Ay=-2=—g. - (Rp|r,)=-78m-08k=—-62 (much
i
lower than the voltage gain of a BJT).

O

h) With an ideal current source instead of the drain resistance, the voltage gain is greater:
Ay, =—gu ¥, =—7.8m-4k =-308.

¢) We recomputed the gain literally (for the ideal current generator case):

W Ve L 2. Vg L
Av=—gm'1”0=—k _(VGS_VT)' £ = - £ -
L KW Vas=Vp

57 Vos-77 )

One can see that the voltage gain increases with L and decreases with ;5-17. As an
example for L=20um and J5s-l7=03V:

Ay =— Vel __ 2420 _ 533 |n the mean time the current decreases dramatically:
Vi —Vp 0.3
Ip=302-25-(03F =675pA g, =60u-25-03=0.45mA/V
and r, = =29 ~ 1 185MQ. v v
67.54
. _ &
813 - P1. Consider an enhancement MOSFET with 17=2V R23 $7p Cp |,

and p=025mA at T5g=2V.

a) Design the network that bias the device at using the
biasing arangement of figure with I’ =20 V. Consider
I5=4V and Ip;=0.1 mA. Assume the maximum swing
of £4 V is required at the drain.

b) What is the voltage gain 4, for A=0.025 V-1,

¢) Find the percentage change in 7 if the FET is replaced
by another having the same & value but 17=3 V.
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a) In saturation (for Vg > V55 — V7 ) , the drain current is: ip = 5-(VGS ~vp f.

The transconductance parameter can be computed from the FET data:
21 _2-0.25m

k= 5 =0.5mA/ V2,
Vos =)
. . . 27 2-4
In the required bias point: V55 =V +, /=2 =2+ |22 _ 4V and Rg = Vs _ 4 _ 4kQ.
k 0.5m Ip 1m
: . Vpp 20
The gate currentis zero, Ip;, =iz +/1 =1 and Rj+ Ry = =——=200kQ.
Div 0.1m
Vg =Vgg+Vg=8Vand I/; = R Vpp dives: R = (Rl +R2).V7G = 200k-£ =R0kQ.
R +R, Voo 20

vpg > VDSSCH =VGS —VT =2V, VDmin =VS +VDSS£H+I;YO =44+244=10V,
Vimax =Vpp =V, = 20—4=16 V. The corresponding drain resistances (limits) are:

Rp = VD‘?T_VD =4...10kQ. For the maximum Rp we get the maximum voltage gain.

D
b) The ac equivalent circuit is similar with the one from the previous problem (except the
resistance in the gate — that are not relevant for this problem). Based on this schematic the
voltage gain can be computed as: 4, = _gm(RD I ro). The MOS parameters are:

=k(Vag —Vr)=0.5m-2=1mA/V; gz =2-Ip =0.025mA/V; ;= 1 _ 40k and

dvgs 0 gd
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the voltage gain is: 4, =—1m-8k = -8 (the minus sign indicates an inverting amplifier).

¢) From the transfer characteristic and KVL on gate loop, we get:

5+425-4
2

e .
Vg —Vag = ERS(VGS —Vp ), Vag—5Vas+1=0, Vgg = = 4.8V, The 2" solution is

. . . 0.5
0.21 V is not possible. The current is: I, = Tm- (4.8-3)* = 0.81mA (s =— 19 %).



