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Abstract

The basics of an integrated circuit are described with special emphasis placed on a charge-measurement
system. Starting with an outline of a fine CMOS technology, the discussion moves to a practical imple-

mentation of circuits.
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2.2 MOSFET
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FET stands for field effect transistor, which in-
cludes, junction FETs (JFET), insulated-gate
transistors (MOSFET), and Schottky-barrier
gate transistors (MESFET).

All of these electronic devices have three termi-
nals called source, drain, and gate. The volt-
age applied to the gate relative to the source,
i.e. Vgg, controls the conductivity between the
drain and the source to modulate the carrier flow
thereof.

As for the JFET, the interface between the gate
and the conduction channel is maintained by a p-
n junction. The depletion region develops from
the gate toward the conduction channel to influ-
ence the cross section of the conduction channel.
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On the other hand, the gate and the conduction
channel of the MOSFET is separated by a thin
film of silicon dioxide. The gate voltage induces
a type-inversion on the surface of silicon to mod-
ulate the carrier flow between the source and the
drain.

The gate-to-channel separation mechanism for
the MESFET is a metal-to-silicon Schottky bar-
rier. The operation mechanism is quite similar
to that of the JFET.

In spite of the differences concerning the de-
tailed operation principle, these three devices are
characterized in a similar fashion as electronic
devices. It appears to be sufficient to discuss
only the MOSFET in detail. It is worth taking
note that practical MESFETSs are almost made
of GaAs to be employed for a signal processing
in a very high-frequency region.

2.3 Electronic properties of a MOSFET
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As in the case of the BJT, which consists of npn
and pnp transistors, the MOSFET has two mem-
bers, i.e. n-channel and p-channel MOSFET;
they are called nMOS and pMOS, respectively.

The conduction channel of the nMOS transistor
is made of p-type silicon whose surface is inverted
into n-type by a positive voltage applied on the
gate terminal. On the other hand, the conduc-
tion channel of the pMOS transistor is made of
n-type silicon to be inverted into p-type by ap-
plying a negative voltage on the gate terminal.

We proceed the discussion while assuming that
the designated transistors are n-MOS transistors,
unless otherwise mentioned.

You might remember that the collector current
is varied very quickly by a small voltage ap-
plied to the base terminal, which comes from the
exp(qVpg/kT) term appearing in the Ebers-Moll
equation. On the other hand, the drain current
of the MOSFET is proportional to no more than
a quadratic term of Vgg.
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The superiority of the MOSFET over the BJT,
however, comes from several properties: that the
characteristics of the MOSFET are widely ad-
justable by properly choosing the size of the tran-
sistor, i.e. (W,L); that the gate of the MOS-
FET is made of an insulator; that the out-
put impedance of the drain node is in general
much higher than that of the BJT; and that
the minimum feature size of the MOSFET is
much smaller than that of the BJT. In these re-
spects, the MOSFET finds many application ar-
eas in state-of-the-art consumer electronics, even
in those areas where the BJT has been predomi-
nantly employed.

In practice, the drain-current characteristics ver-
sus the gate voltage are described in a source-
grounded configuration as follows:

{2(Vas — Vro)Vps — Vis 1+ AVps) (where Vps < Vgs — Vro),

(Vas — Vro)?(1 4+ A\Vpg) (where Vps > Vgs — Vo).

The first equation is for the linear region, which
is defined as Vpg < Vigs — Vro. A typical appli-
cation in the linear region is for an analog switch.

The second equation is for the saturation region,
which is defined as Vpg > Vgg — Vro. Amplifiers
are in general design so as to operate transistors
in the saturation region. The term ”saturation”
is sometimes employed for a BJT in a totally dif-
ferent way; designating an operation condition
where the collector current is almost cut off be-
cause of a lack of sufficient voltage across the
collector and the emitter.

In the above equations, k), is the process-gain fac-
tor, which is defined as the product of the unit
capacitance between the gate and the conduction
channel ( Cy,), and the mobility on the surface of
the conduction channel (19). These parameters
are discussed again later.

Vro is virtually a gate voltage to induce a con-
duction channel ( inversion layer ) on the surface
of silicon under the gate.

W and L designate the geometrical configuration
of the gate. W is the length of the gate facing to
the drain or the source. L is the distance between
the drain and the source. A typical value for L
is shortened every year. It was 0.6-0.3 um in the
year 2001. The corresponding oxide thickness is
about 13 — 7 nm.
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A is an artificial parameter to represent an effect
which is similar to the Early effect appearing in
the BJT. The drain current tends to increase for
larger Vpg due to an effective shortening of L
associated with the development of a depletion
layer around the drain region.

In order to clarify the significance of A, we try to
differentiate the second equation with respect to
Vps, which yields
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We understand, thereof, that the output
impedance (r,) at the drain node is inversely pro-
portional to A. As a by-product, we know that
a reduction of the rain current is a key issue to
achieve a higher output impedance.

Based on these equations, we understand that we
could potentially set a wide range of the charac-
teristics for the MOSFET by choosing such ge-
ometrical parameters as the oxide thickness and
the gate configuration. Vpo is not necessarily a
simple parameter, which depends on the impu-
rity concentration in the channel region as well
as the geometrical parameters mentioned above.
As a result, we can have an FET which allows
the drain current to flow even for Vg = 0; these
transistors are called ”depletion FETs”. On the
other hand, the transistors which shut off any
current for Vgg = 0 are called ”enhancement
FETs”.

We try to go further to differentiate the first
equation with respect to Vpg under the condi-
tion A = 0, which yields:
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Ronlvps=o is called ”on-resistance”, when the
transistor is employed for an analog switch.

The differentiation of the second equation with
respect to Vg yields

(Vas — Vro)(1 + AVps)

w
\/QIkaf(l + AVps).
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ignates a transistor’s ability to convert the gate

voltage into the drain current. You should re-
member that the transconductance of the BJT is

is called ”transconductance”, which des-

7’_@ = W};q’ which is proportional to the emit-
ter current. The MOSFET is virtually inferior
to the BJT, since the transconductance is pro-
portional to the square root of Ip. In order to
obtain a larger transconductance for a MOSFET
circuit, we need to employ a larger W/L tran-
sistor as well as to allow a larger current for the
transistor.

2.4 Example circuits with a MOSFET
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Figure 1: MOS diode.
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Fig.1 includes a MOSFET M1 whose gate and
drain are connected together; M1 is configured as
an nMOS diode. M1’s source node is located at
the ground potential, while the drain node leads
to VDD via RD.

In order to figure out the DC voltage Voyr, we
need to solve the equation described below. If M1
were a BJT, Voyr could be more or less 0.7 V.

Assuming that all of the drain current flows into
the resistor Rp, we obtain

kp
2

~| =

(‘/out - VTO)z-
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The above equation provides a quadratic equa-
tion with respect to V,,;. The solution can be
obtained as usual.

{
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Figure 2: Cascode configuration.
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Fig.2 shows a so-called cascode circuit consisting
of nMOS transistors, M1 and M2. The transistor
M2 is a cascode transistor, while M1 is an ordi-
nary source-grounded transistor. Assigning g¢,,1,
Jm2, To1, and 7,9 for the transconductances and
the drain resistances of M1 and M2, respectively,
we describe the small signal response of the drain
currents for M1 and M2 as follows:

. . Vd1
d1 = GmiUq1 + —),
Tol
. Vd2 — Ud1
ig2 = gmi(—va1) + ——,
To2

0000iy =iep000000000000000
00000000000000000000 (Gw)
0000000 (R,)0000

where iq1 = ig2. We then obtain the effective
transconductance (G,,) and the drain resistance
(R,) as follows:

G _ ImiTol (ngTOQ + 1)

;
To1T029m2 + To1 + Vo2
Ro = T01T029m2 + To1 + To2-
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G, does not move much from the original value
of gm1, while R, can be much larger than either
To1 O T'p2.
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Figure 3: Inverter circuit.
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Fig.3 is an inverter circuit consisting of a pMOS
(M2) and an nMOS (M1).

The pMOS transistor can be distinguished form
the nMOS transistor by a small open circle at-
tached at the gate terminal. An alternative way,
but more common in practice, is to identify the
nMOS or pMOS by the direction of the arrow at-
tached at the backgate: the arrow for the nMOS
directs to the gate, while the arrow for the pMOS
directs outwards. The direction of the arrow des-
ignates the way from p to n of the diode induced
by the surface inversion.

In a small signal analysis, M1 and M2 could
be treated so configured as parallel. The ef-
fective transconductance of the entire circuit is
Im1+ gme, and the effective output impedance is
To1 ||To2 .

We proceed to consider the DC characteristics.
M1 and M2 obey the following quadratic equa-
tions:

(Vin — Vro1)?,

(Vbp — Vin — |Vro2|)?.

We note that Voo takes its absolute value in the
second equation, which is due to the convention
that the threshold voltage for the pMOS transis-
tor is assigned to be negative.
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Assuming that Vj,, and V,,; are short-circuited
without any other connections, the circuit moves
to an equilibrium where Ip; = Ips. The V;, or
Vour under the equilibrium is designated as Vi,
which is described as

Vi = VEn Wi /LiVror + /kp2Wa/La(Vbp — |Vroz|)
th — .

VEpWi/Ly + \/kypeWa /Lo
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When V;,, > V;,, the drain current of the nMOS
transistor dominates over that of the pMOS tran-
sistor, and, hence, V,,; moves to the ground po-
tential. On the contrary, when V, < V;, the
drain current of the pMOS transistor dominates
to move the voltage of the output node toward
Vobp.

These descriptions constitute the operation of a
CMOS logic circuit, more specifically a CMOS
inverter circuit. V4 could be widely adjusted by
choosing appropriate W/L, k,, and Vro. If you
adopt a larger W/L for M1, V;;, is lowered. While
W /L can be adjusted as a part of the circuit de-
sign, Vro and k, should be taken into account as
the condition of the silicon process, if any.

If you set kp1 W1/L1 = kpoWo /Lo, it results that
Vin = Vpp /2, and | hence, Vi, — Vi and Vg —Vjy,
are simultaneously maximized, where Vy and Vy
are voltages corresponding to the logic low and
logic high, respectively. This is one of the ben-
efits of the CMOS circuit being quite different
from that of TTL logic circuits. Another benefit
concerns the power consumption. Once the out-
put voltage is established, there is virtually no
current flow across transistors M1 and M2, thus
achieving low-power operation.

2.5 SPICE parameters for a MOSFET
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“VCVS: Voltage-controlled voltage-source; VCCS:

Voltage-controlled current-source

The SPICE parameter is a set of coeflicients char-
acterizing transistors employed for a SPICE sim-
ulation.

At the first step in circuit design, it is common to
employ such function elements as VCVS and/or
VCCS in place of transistors, which makes it easy
to understand the behavior of an entire circuit.
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On the other hand, the circuit design must even-
tually be completed as an assembly of transistors.
We cannot make ourselves confident concerning
the proper behavior of the circuit without know-
ing the exact characteristics of the transistors
employed.

Every silicon foundry has a well-prepared PCM
which can be employed for a SPICE parameter
extraction.

In order to construct basic circuit blocks, we need
to have working assumptions concerning the fun-
damental SPICE parameters.

In this lecture course, we are going to assume a
0.6um—CMOS, which is employed for designing
example circuits.

Table 1 shows a very primitive SPICE parameter
set of a 0.6 um—CMOS, which are still sufficient
enough to guide a design principle.

Table 1: Basic parameters.

Symbol | nMOS pMOS
tox 1.3e-8 1.3e-8 Oxide thickness [m]
o 544. 188. Surface mobility [cm?/V s]
Vro 0.8 -0.8 Zero-bias threshold voltage
Nep, 1.7e+17 | 1.7e+17 | Peak impurity concentration near surface [cm ™3]
dlc 4.e-8 4.e-8 Offset length [m)]
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These parameters are secondarily employed to
derive important parameters (Table 2). They
are:

€ox €0

b
t()l‘

Co:c/iov
CGSO =dlc * Com.

C\z is the unit gate capacitance; kj, is the process
gain factor. €,, is the dielectric constant of sili-
con dioxide. €y is the permittivity in a vacuum.
It is known that there exits a certain transient
area from the source/drain area to the channel
area. The overlap between the gate electrode and
these transient areas, i.e. dlc, contributes to the
so-called "overlap capacitance”, i.e. Cgpo and
Caso-



Table 2: Derived parameters.

Symbol | nMOS | pMOS
Cox 2.7¢-3 | 2.7e-3 [F/m?]
k, 145 50 WA/ V?
CGDO 108 108 pF/m
CGSO 108 108 pF/m
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The SPICE parameters describing a state-of-the-
art transistor consist of more than 100 items.
The SPICE parameter LEVEL=49(HSPICE), or
its equivalent LEVEL=7(PSPICE), is known to
adequately describe the state-of-the-art MOS-
FET behavior, specifically in the sub-threshold
region.

A Getting started with SPICE
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In order to be familiar with an electronic circuit,
your practice of assembling and evaluating cir-
cuits is a mandatory part.

It loads too heavily to make up a circuit as a
tangible object. A Spice simulator helps you to
quickly learn circuit techniques by providing a
virtual lab for wire soldering and electrical mea-
surements.

A free-of-charge Spice simulator is available from
the following internet site:

http://www.cadencepcb.com/products/downloads/PSpicestudent /default.asp
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In this lecture course, we are going to employ
a Spice simulator when appropriate. A quick
getting-started follows:

After completing the installation procedure, you
will find an executable file, Setup.exe. The execu-
tion of Setup.exe generates two folders, Capture
and PSpice. In the PSpice directory, you will find
an executable code of PSpice, pspice.exe.

Prior to invoking pspice.exe, you locate those files
as mos.md, and T001.sim.cir on your convenient
work-directory. These files are attached in the
E-mail together with the lecture notes.

Invoking pspice.exe, you will find a window
named ”OrCAS PSpice A/D Demo”. In order to
load the file T0OO1.sim.cir, you follow the banner
menu in such a way as File — open. A sub-
window named ”TO001.sim.cir(active)” appears
on the window "OrCAS PSpice A/D Demo”,
where the contents of T002.sim.cir are shown.
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The Spice execution on T001.sim.cir is activated
by following the banner menu in such a way as
Simulation — Run T001.sim.

Completion of the Spice execution is notified
by the appearance of a sub window named
T001.sim.dat(active), where the result of the
Spice simulation is to be shown.

For the first time in your Spice simulation, there
are shown no traces on the window, except for a
plot-frame. Following the banner menu in such a
way as Trace — Add Trace, you can designate
those nodes which you intend to examine their
voltage wave forms and so forth.
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