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1 Introduction

A major trend in modern analog MOS circuits is the use of charge to represent analog data.

This is a characteristic of switched-capacitor circuits, which are used in frequency-selective

filters, A/D and D/A converters, precision gain amplifiers, and integrated capacitance

measurement instruments. In such circuits, analog signals are converted from the voltage

domain into the charge domain by applying a voltage to a capacitor through an MOS switch

(see Figure 1). With the switch closed (gate voltage "high" for the NMOS device shown), 

voltage V~, produces a charge CV~, on the top plate of the capacitor. If the switch is

subsequently opened (by dropping the gate voltage below threshold), this charge will ideally

remain on the capacitor, where it can then be processed in a variety of ways.
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Figure 1: Sample-and-hold circuit

The principal limitations to the accuracy of this scheme come from the MOS switch. When

the FET is turned on it suffers from wideband thermal noise, much like a resistor. This causes

random fluctuations in the device’s drain current, which are continuously integrated by the

capacitor.. When the FET is later turned off, the integral of the noise current is "sampled" onto

the capacitor. Thus an error component is added to the signal charge. These effects can be

adequately modeled by standard linear system theory; see [6] for details.

When the MOS switch turns off, two other error sources manifest themselves. As the gate

voltage swings quickly from one supply rail to the other, charge is driven off the bottom plate of

the gate overlap capacitance onto the data storage node. This is called clock feedthrough.



Simultaneously, another effect called charge injection is in operation. This is caused by the

mobile charge in the FET’s inversion layer, which is forced to leave the channel when the gate

voltage changes. Any inversion charge that escapes to the data node causes an additional

error in the stored charge. This report is concerned with the computation of errors due to clock

feedthrough and charge injection.

These effects are much more difficult to model than noise. The main difficulty is trying to

keep an accurate accounting of where the charge goes during turn-off. The MOSFET is still

conducting to some extent until the gate voltage goes well below threshold. Thus, charge is

able to redistribute itself from source to drain in a complicated fashion. There is also the

possibility of driving some charge into the substrate (see below). To consider these possibilities

in more detail, refer to the cross section of an NMOS transistor in Figure 2.
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Figure 2: Cross section of an NMOS transistor

For gate voltages above threshold, an inversion layer (consisting of mobile electrons) will 

established beneath the thin oxide in order to mirror the positive charge on the gate. If the gate

voltage begins to drop, then fewer electrons will be needed to mirror the reduced gate charge;

the resulting electrostatic imbalance impels excess electrons to leave the inversion layer.

During normal operation the source and drain voltages are greater than or equal to the

substrate potential, and so excess electrons are preferentially attracted toward these terminals.

(Any electrons leaving through the source and drain will result in charge injection errors.)

However, the source and drain have only a limited capability for removing excess charge. The

limitation stems from the resistive nature of the channel. The flow of electrons from the center

of the channel toward the drain and source constitutes a current, which causes an ohmic



potential drop from the ends of the channel to the center. If this potential drop becomes large

enough, the potential at the middle of the channel may actually go below the substrate potential.

If this occurs, electrons will be injected from the inversion layer directly into the substrate,

instead of to the source or drain. This effect is called charge pumping, and was first reported by

Brugler and Jespers [2]. From the point of view of the analog circuit designer, charge pumping

may be a benevolent effect since it reduces the charge injected to the data node. (Or it may be

undesirable, if an "open-loop" scheme to cancel the expected charge injection is being used.)

The complexity of the charge injection process makes it impossible to study analytically.

Thus, a circuit designer is forced to use some sort of CAD tool to obtain accurate predictions of

switch-induced errors. Unfortunately, existing CAD tools are mostly unsuitable for making these

predictions. Circuit simulators typically use "compact" charge models for the MOSFET [13, 27]

which are derived under the quasi-static approximation. In this approximation, terminal voltages

are assumed to be slowly-varying (how "slowly" has not yet been well quantified), which allows

the conditions inside the channel to be determined exactly from steady-state analysis, and then

integrated out. The resulting models predict terminal currents which depend only on the

instantaneous values of the terminal voltages. Thus, the model currents tend to change more

abruptly then the currents in actual devices, when the terminal voltages are varying rapidly. But

the real problem with quasi-static models is the inherent inaccuracy in assuming that conditions

in the channel of the MOSFET always have time to relax to their steady-state values. In

practice this assumption can be violated easily, especially when operating long devices at high

switching speeds.

At the other end of the spectrum are two-dimensional simulators. These programs can

simulate a semiconductor device at the physical level, keeping track of carrier concentrations

and field strengths throughout the device. Most available programs (PISCES[20, 21],

MINIMOS [24], etc.) simulate only a single semiconductor device (or a single cross-section 

silicon) with very simple boundary conditions. The program MEDUSA [4, 3] does allow one to

mix two-dimensional physical models with arbitrarily complex circuits. While this offers the

possibility of simulating charge injection and clock feedthrough with great accuracy, this

approach is extremely computationally intensive, often requiring hours of CPU time per device.

This limits the size of the circuits that can be simulated economically to perhaps a dozen



transistors.

To avoid these problems, some authors [35, 25, 34] have tried to reduce the charge injection

problem to one archetypal circuit (such as that in Figure 3), which is then studied in detail with

specially written simulators and laboratory measurements. These studies provide results in the

form of tables and graphs showing charge injection as a function of various circuit and excitation

parameters. Such visual aids may be useful to designers in certain applications, but it is

obvious that not all circuits can be reduced to such a simple model.
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Figure 3: The archetypal charge injection circuit

Attempting to bridge the gap between high-efficiency and high-accuracy simulation, some

researchers [32, 17] have sought to develop non-quasi-static compact MOS models. These

models offer substantial improvement over quasi-static models with very little increase in

simulation time. In all the methods proposed to date, the inversion charge profile in the channel

is approximated with a weighted sum of position-dependent functions. The weights for the

functions are themselves functions of time; they are chosen by suitable variational principles.

These models have two major problems. First, they make use of simplified device physics to

produce tractable sets of differential equations for the weights. (Neither of these models

addresses charge pumping effects.) Second, in order to obtain sufficient accuracy it may be

necessary to use a large number of functions in the approximation. This tends to counteract the

advantage of the variational approach.

This report describes another technique for improving the efficiency of charge injection

modeling. It will present a non-quasi-static one-dimensional model of the MOSFET. This model

takes a finite differences approach by sectioning the channel of the device into many elements,



and then simulating the flow of inversion charge from element to element. While this approach

is not new [12, 14, 34], previous efforts have been based on simplified versions of the governing

equations. A variety of physical effects are included in the present model to improve its

accuracy: mobility degradation due to high fields, the nonlinear dependence of bulk charge on

surface potential, and substrate charge pumping. The performance of the model is tested by

using it to simulate charge injection in some switched-capacitor circuits. The results are

compared to simulations with the program PISCES and to laboratory measurements from an

experimental test chip.

2 Model Physics

This section describes the physical equations that govern the one-dimensional MOSFET

model. The equations for an NMOS transistor will be given; analogous expressions hold for the

PMOS device. Consider the schematic of an NMOS transistor shown in Figure 4. The direction

along the channel of the device (denoted by the variable x) will be referred to as the horizontal

direction, and the direction perpendicular to the oxide-semiconductor interface (denoted by the

variable y) will be referred to as the vertical direction.
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Figure 4: Definitions of coordinates and current orientations

2.1 Assumptions

The one-dimensional MOSFET model is derived under the charge sheet approximation,

originally introduced by Brews [1]. In this model, the inversion layer is considered to be an

infinitesimally thin sheet of charge at the oxide-semiconductor interface. This is justified by the

fact that in the static equilibrium case, the vast majority of the electrons in the inversion layer are

concentrated in a narrow region--perhaps 30-300 angstroms in depths-beneath the gate oxide.
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While this approximation is strictly valid only for equilibrium, numerous two-dimensional

transient simulations have indicated that the additional spreading of the inversion layer can

usually be neglected.

It is also assumed that the gradual channel approximation holds within a portion of the

device’s channel; that is, the vertical component of the electric field is assumed to be much

larger than the horizontal component. This allows the two components to be decoupled from

one another. The vertical fields may be used to compute surface potentials, while the horizontal

fields determine the transport of mobile inversion charge. Note that the gradual channel

assumption breaks down in the regions near the source and drain, where large horizontal fields

may be present (Figure 4). A true two-dimensional solution of Poisson’s equation in these

regions is required if it is necessary to know their extent and the potential drop across them. It

is certainly also true that in devices with very short channels, the gradual channel region may

disappear altogether at high values of "Cos: to support a large potential drop across such a short

region requires a large horizontal field throughout the channel. This effect is not expected to be

important in pass transistors, since VDs is nearly zero during the entire turn-off transient.

Therefore, in the one-dimensional model the channel length is assumed to be constant, and

lumped models of the source and drain regions are used.

2.2 Governing Equations

The principal goal of the simulation is to track the evolution of the inversion layer charge

profile over time. Let Ql(X,t) denote the inversion layer charge per unit area. Then the continuity

equation for QI is

OQI _ ~I + Jpump(X,t)
(1)

at ~x

Here, I(x,t) is the horizontal electron current per unit width (the width being the direction

perpendicular to the page in Figure 4.) Note that I(x,t) has been defined as flowing to the left in

Figure 4. Jp,,,p(x,t) is the substrate charge pumping current density at a point x in the channel.

The horizontal current I(x,t) is given by

l(x,t) = ~t4/, [-Qt ~ + ~r -~-x] (2)

where ~t#7 is the effective mobility of electrons in the inversion layer, ~) is the surface potential,



and Sr is the thermal voltage kT/q. The first term in (2) represents electron transport by drift,

while the second represents electron diffusion. Note that gey is in general a function of the

vertical and horizontal electric field strengths in the device. The expressions governing the

mobility are [22, 30]

go
g~ - (3)

1 + O~Eeff, vert

and

gee = [1 + (~tlEhori=/Vsar)2]l’e

Here, g0 represents the surface mobility at low fields.

vertical field degradation, which is controlled by the model parameter e~. Ehom is the horizontal

electric field, and Vsar is the saturation velocity for electrons. Eeff, vert is the effective vertical field,

which is approximated (as in [22]) 

(a/2)QI + QI~
E ~ve~ -

esi
(5)

(4)

gl is the effective mobility including the

The surface potential q~ is related to the charge density Qx and the externally applied gate-to-

bulk voltage Va~ by Gauss’ law:

-Cox(Va~ - Vy~ - ,) = Qr + Q~(~) (6)

where Ve~ is the flat-band voltage, Cox is the gate oxide capacitance per unit area, and Q~(qs) 

the bulk charge density per unit area. Physically, Q~ consists (in depletion) of ionized acceptor

charge, and (in accumulation) of free hole charge. It is assumed that the holes in the substrate

are so plentiful and mobile that the charge Q~ can react instantaneously to changes in surface

potential; thus Q~ is explicitly made a function of ~. The dependence of Q~ on q5 takes on a

particularly simple form if the substrate is uniformly doped with an impurity concentration Na;

then

Q~(~) = -(2q~siNA)~/z [~ - ~r + ~r exp(-~/~r)] ~/~ sgn((~) (7)

Here, sgnO represents the signum function, ~sl is the permittivity of silicon, and q is the

magnitude of the electron charge. Equation (7) can be derived from a one-dimensional solution

of Poisson’s equation in the vertical direction [31]. A plot of Q~ versus ~ is shown in Figure 5.

This expression continuously models the depletion and accumulation regions of device

operation, which is useful in simulations of charge pumping.
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Figure 5: Bulk charge density versus surface potential

As an alternative to (7), which relies on a uniformly doped substrate, the quantity {2~ could 

evaluated versus e in an off-line preprocessing step using a one-dimensional Poisson equation

solver. The resulting data could be stored in a look-up table for the simulator. This approach

would permit the modeling of non-uniform substrate doping profiles. (7) has been used in the

present version of the one-dimensional model for simplicity.

2.3 Charge Pumping Model

A physically based model for the charge pumping current is

Jt,,,nt, = l’t [qn(yo)E(Yz)) + {:rq dn]

where n(y) is electron density, E(y) is the vertical component of the electric field, and Yz~ is 

location of the depletion region edge relative to the surface. Unfortunately, this relationship

cannot be used in the one-dimensional model, because of the lack of detailed information about

the vertical structure of the electric fields and carrier concentrations. The only information

available is Qj, the total electron charge integrated over the vertical direction, and ~, the surface

potential. It is therefore necessary to use an approximate, semi-empirical model for substrate

charge pumping, which makes use of these quantities.


