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ABSTRACT
CHARGE INJECTION AND CLOCK FEEDTHROUGH
by Jonathan Yu

Turning off a transistor introduces an error voltage in switched-capacitaitsi
Circuits such as analog-to-digital converters (ADC), digitalrtalag converters (DAC),
and CMOS image sensor pixels are limited in performance due to thes éffiegtn as
charge injection and clock feedthrough. Charge injection occurs in a switghacior
circuit when the transistor turns off and disperses channel charge into the awdirc
drain. The source, which is the sampling capacitor, experiences an errosamibied
voltage due to the incoming channel charge. Simultaneously, the coupling due to gate-
source overlap capacitance also contributes to the total error voltage isvkindwn as
clock feedthrough. In order to fully understand this behavior, charge injection akd clo
feedthrough are modeled, simulated, and measured. A basic charge injecon/cl
feedthrough model is first introduced to identify key components and explain
fundamental behavior. This model is expanded upon by using Technology Computer
Aided Design (TCAD) simulations, which can more accurately model the digtnboft
channel charge. TCAD simulations can also easily predict how chargioimjacd
clock feedthrough are affected by various parameters, such as transistooopsiva,
and geometry. Test structures are fabricated in a 0.18 pum CMOS processtoarand
verify charge injection and clock feedthrough. It is shown that the model anésansl|
agree within 10%. The measurements are 40% higher than the model, but exhibit good

trend agreement with the model and simulations.
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1 Introduction

Since its introduction in the early 1960s [1], the metal-oxide-semiconduslr fi
effect transistor (MOSFET) has become the most widely used semicondwateride
advanced integrated circuits. The transistor is utilized in a varietyooitsirincluding
mixed-signal applications. It is commonly used as a switch in switchptitar
circuits, which form analog-to-digital converters (ADC), digitalaimalog converters
(DAC), and CMOS image sensor pixels. There are, however, inherent non-idel effe
when a transistor is used as a switch in switched-capacitor sir€ugse effects often
limit the performance of the circuits and they are commonly refeorad tharge

injection and clock feedthrough.
1.1 Charge Injection and Clock Feedthrough

Charge injection and clock feedthrough are illustrated by using the sgivitche
capacitor circuit shown in Figure 1.1. This circuit uses an NMOS trangisfiomnction
as the switch. In the schematic, the NMOS drain is connected to an ideahdedaince
voltage source, while the source is connected to a sampling capacitayatéhwltage

changes from high to low, transitioning the switch from closed to open state.



Sampling
Capacitor —

Voltage
Source

v

Figure 1.1 Charge injection and clock feedthrough ccur in a switched-capacitor circuit when the
gate turns off

When the switch is closed, the voltage on the voltage source is sampled on thercapaci
This occurs when the gate of the NMOS transistor is high and the transistor is om. Whe
the switch opens, the voltage on the capacitor should ideally remain unchanged so that it
could be processed. However, non-ideal effects from the NMOS switch areatror in

the sampled voltage. These effects are known as charge injection and cldulotegdt

and they affect the performance of a variety of circuits, including CM@8e sensor

pixels and ADCs.

1.2 Effect of Charge Injection/Clock Feedthrough in Vaious Circuits

Figure 1.2 shows a schematic of a three-transistor (3T) pixel in a G4
pixel image sensor. The pixel consists of a photodiode and three transistt;ssaoarce

follower, and row select.



Vdd

l

—|Eeset
.—| Eource Follower

Photodiode A |
v
Vagnd

Row Select

Figure 1.2 Schematic of a 3T CMOS active pixel senis

An n*/p-well junction forms the photodiode [2] and its capacitance is used to convert the
collected photo charge into voltage. The reset transistor allows the photodiodegetbe
and the source follower and row select transistors form the pixel’s readauitry.

In order to read the charge in a pixel, the photodiode is first reset to Vdd by
turning on the reset transistor. This initializes the photodiode and prepares it for
integration. Next, the reset transistor turns off to allow for photo charge imnbedog
the photodiode. During integration, the photodiode voltage decreases as photons are
converted to electrons. At the end of the integration period, the final photodiode voltage
is sampled. The reset transistor is turned on and off to sample the reset voltage. The
pixel value is calculated by taking the voltage difference betweenardafter photo

charge integration. This pixel value is directly related to dynamic ravigeh is an



important image sensor performance specification. The higher the pixe] tre
greater the dynamic range. The effect of charge injection/clock feedthhowever,
limits dynamic range. Ideally, the photodiode should be reset to Vdd to allow for
maximum voltage swing from the photo charge integration. This is never achieved
because turning off the reset transistor induces charge injection/ciuithri@ugh and
introduces an offset voltage. This offset results in a sampled voltage led&dthand
limits the dynamic range.

Another circuit that is affected by charge injection and clock feedthrough is
sample-and-hold circuit. This circuit is important to many applications, asidata
converters and switched-capacitor filters. The purpose of the samplesiahcircuit,
shown in Figure 1.3, is to sample an input and hold the value for a period until it is ready

to be processed.

-I—I- Vout
Vin M1 ®

Hold Capacitor

v
Vgnd

Figure 1.3 Schematic of a sample and hold circuit

This basic sample-and-hold circuit consists of a transistor, hold capacitban op-amp

with unity gain [3]. A pulse is applied to the transistor to allow the hold cap#eitor



sample the input voltage. However, similar to the reset transistor in the 3Twhea
the transistor M1 turns off, charge injection and clock feedthrough create améher

sampled voltage; this limits the accuracy of the sample-and-hold circuit.
1.3 Previous Research

Charge injection and clock feedthrough have been studied in many different ways.
The phenomenon was identified in early publications of switched-capacitor cjdjuits
and compensation techniques [5] were used to reduce the effects of chargmiajedti
clock feedthrough. Analytical expressions [6-10] were developed to anhgze t
switching-off behavior the of MOSFET switch. These expressions were based o
lumped-element models and verified using circuit simulators and tesuséruc
measurements. Advancements were made to the model when the transist@ais in w
inversion [11], and the accuracy was verified experimentally and by usirg two
dimensional mixed-mode device simulations.

In the previous work, once an analytic model was developed, Computer Aided
Design (CAD) tools were relied upon due to the complex nature of chargednjaatl
clock feedthrough. Unfortunately, the majority of the tools were circuit atong that
used compact models for the MOSFET. Problems related to charge non-camservat
[12] could cause inaccurate simulation results for switched-capacitaitsi Therefore,
mixed-mode device simulation is the CAD tool better suited to verify agtanadodel.
Present day computer hardware allows for extensive mixed-mode dewidatsins in

not only the two-dimensional, but the three-dimensional space as well.



1.4 Thesis Objective

The objective of this thesis is to fully understand charge injection and clock
feedthrough by developing a model and verifying it through simulations and testirgtruc
measurements. A basic charge injection/clock feedthrough model is developed to
identify the mechanisms that contribute to this phenomenon. This model is expanded
upon by using TCAD simulations to explore how charge injection and clock feedthrough
are affected by various parameters, such as transistor operation, size, andygebase
structures are designed and fabricated in a 0.18 um CMOS process to measuligyand ver

charge injection and clock feedthrough.
1.5 Overview of Thesis

This thesis focuses on the study of charge injection and clock feedthrough by
using models, simulations, and measurements. Chapter 2 introduces the theory of charge
injection and clock feedthrough. A basic model is presented to identify key components
and explain fundamental behavior. Chapter 3 discusses the use of TCAD simutations t
further examine charge injection and clock feedthrough. The primary focus of thi
chapter is to explain the methodology for the 2D simulations. The discussion of
simulation flow includes detailing process simulation, device simulation, anttiedl
parameter extraction. Chapter 4 describes the methodology for setting up the 3D
simulations. The main difference between 2D and 3D simulation methodology is how
the device is generated in process simulation. Chapter 5 discusses thenpbetiga
and clock feedthrough simulation results. By accumulating the 2D and 3D simulation

results, this chapter examines the effect that transistor operatigrgraizgeometry have



on charge injection/clock feedthrough. Test structure measurements antéqul@se
Chapter 6. This chapter includes a discussion of the test structure designesul@mea
charge injection/clock feedthrough, measurement setup, and measured results: ZChapte
concludes this thesis by summarizing the research results and recommiading t

direction for future work.



2 Background

This chapter details the mechanisms that contribute to charge injeatictoak
feedthrough. A first order model is developed to identify key components and
fundamental behavior. While the equations in the model pertain to the NMOS transistor
the physics can also be applied to the PMOS transistor by using theponideng
equations. The model is quasi-steady state and should hold as long as the dielectric
relaxation time is much shorter than all timescales.

Figure 2.1 is a cross sectional view of the NMOS transistor modeled. As
discussed in section 1.1, this transistor is utilized in a switched-capaaitat bi
connecting the drain to a low impedance voltage source and the source to a sampling

capacitor.

Source

Figure 2.1 Cross sectional view of an NMOS transist showing channel charge contour. Components
that are important when the transistor is turning off are identified.



The figure illustrates the important components when the transistor is tofhing this
first order model, the components are dispersal of channel charge, couplindgpthroug

overlap capacitance, and source-drain conduction.

2.1 Dispersal of Channel Charge
When the transistor turns off, charge injection occurs and channel charge is
dispersed into the source and drain. The charge in the ch&pnes,a function of gate
voltage [13], which can be modeled as
Qi = Cox Ve = Vi ) (2.1)

where,

c, =t (2.2)

0X

08

C..: Oxide capacitance per unit area (Frm
&, - Permittivity of oxide (F/cm)

t,, : Oxide thickness (cm)

Vo : Gate-drain voltage (V)

V, : Threshold voltage with back-bias (V)

As the transistor turns off, it is approximated that half of the channeleckatgrs the
drain, while the other half enters the source. Since the drain is connected to an ideal
voltage source, the drain voltage remains unchanged. However, channelectiarig

the source introduces an error voltage, which can be represented as



Q h
dVoy, = —+ 2.3
e 2C 23)

S
C,: Total source capacitance (F)

In this model, it is assumed that the charge pugphenomenon [14] due to the trapping

of channel charge by interface states is insiganfic

2.2 Coupling through Overlap Capacitance

When the transistor turns off, clock feedthroutgio @ccurs and contributes to the
total error voltage. When the gate swings fronhh@low voltage, the source voltage is
affected due to the coupling through gate-soureglap capacitance. The error voltage
introduced due to gate-source coupling can be appated as a voltage divider.

CGS

—_— 2.4
Ces +Cs (2.4)

dV, =dVg

where,
Ces =CoL W (2.5)
C.s: Gate-source overlap capacitance (F)

W : NMOS transistor widthym)

C,, : Gate-diffusion overlap capacitance(f)

dV,: Change in gate voltage (V)

2.3 Source-Drain Conduction

The combined effects of charge injection and clieadthrough lower the source

voltage and create a potential difference betweence and drain. This induces a

10



current that flows between the source and driin, The current flow allows the
capacitor (connected to the source) to rechargartbiine drain voltage. Therefore,
some of the source voltage that is lost due togehanjection and clock feedthrough is

recovered. The drain currehfg is represented as

n 'Cox W
I DS — IUT'T[Z(VGS _Vt )VDS _VDSZ] (2.6)

u, . Electron mobility (crifV-s)
L: NMOS transistor lengthun)
Vs : Gate-source voltage (V)
Vs : Drain-source voltage (V)

The recovery of source voltage due to source-dranauction is approximated as

| g -dlt

dV,,s =
IDS C.

2.7)

dt : Change in time (s)
The combined effect of charge injection, clock tbeough, and source-drain conduction

is discussed in the following section.

2.4 Model Implementation

This section models the combined effect of chamggetion, clock feedthrough,
and source-drain conduction when the transistoistoff. By using some assumptions in

the model, plots are generated based on the egadtmm the previous sections. For
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convenience, Vdrain, Vsource, and Vgate will repnégirain, source, and gate voltages,

respectively.

2.4.1 Model Assumptions

Various assumptions are made to implement ttss dirder model. Table (2.1)
summarizes the parameter values used to calculatge injection, clock feedthrough

and source-drain conduction.

Table 2.1 Parameter values used to model the trassor in a 0.18um technology node turning off.

Parameter Symbol| Value Unit
NMOS transistor width w 1.0 pm
NMOS transistor length L 1.0 pm
Total source capacitance Cs 20x10% |F
Gate-diffusion overlap capacitantec,, 1.5 x 10" | Flum
Threshold voltage with back-bias V, 0.8 Vv
Drain Voltage Vy 1.0 Vv
Electron mobility i, 600 cni/V-s
Oxide thickness t,, 6.0x 10" |cm
Permittivity of oxide £, 3.51 x 10% | Flcm

In addition to the parameter values, the wavefdmows in Figure 2.2 is applied to the

gate to turn off the transistor. The plot illustgVgate as a function of time.
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0.0 1.0x10°® 2.0x10° 3.0x10°
Time (S)

Figure 2.2 Waveform characteristic of the gate voltge used in the model

As shown in Figure 2.2, the Vgate decreases fraon@V with a fall time of 30 ns and
dt time step of 2 ps. In this model, two typesvalveforms are used to turn off the
transistor, an ideal gate ramp and a step appréximaThe step waveform is created to
approximate an ideal ramp and help emphasize ti@georecovery due to source-drain

conduction. A closer look at the two waveform typeshown in Figure 2.3.
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3.05 - = |deal

0.0 1.0x107 2.0x10°
Time (s)

Figure 2.3 A closer look at the two gate waveforms

By using the parameter values and the gate wavefdrarge injection, clock
feedthrough, and source-drain conduction can bestedd Charge injection and clock

feedthrough are first examined individually anettatombined.

2.4.2 Charge Injection

As discussed earlier, charge injection is couplégld source-drain conduction
because the dispersal of channel charge introdupesential difference between source
and drain. Using equations (2.3) and (2.7), therefltage due to charge injection can

be written as

14



Vg = AV — AV (2.8)

or

dv, = Qo — 2l ps -dt (2.9)

2C,
By applying the model assumptions to this equatio® behavior of source voltage can
be examined. Figure 2.4 plots Vsource as a funafdime for an ideal gate ramp and a

step approximation.

Step
1.01 Ideal
1.00 -
< 0.99-
b
)
O 0.98-
>
?
> 0.97-
0.96 1
T T T T T T T
0.0 1.0x10® 2.0x10° 3.0x10°

Time (S)

Figure 2.4 Source voltage as a function of time edits characteristics of charge injection and
source-drain conduction. Parameter values used afeom Table 2.1.

The figure describes the behavior of Vsource dughswge injection and source-drain

conduction. Initially when the gate is on, thenssistor is in strong inversion and Vsource
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is equal to Vdrain, 1 V. When Vgate begins to dase, charge injection causes Vsource
to decrease, however source-drain conduction afomgoltage recovery. As Vgate

approaches the threshold conditiors & Vs + V1), | 55 IS not large enough to fully

recover the voltage. Vsource continues to decreaskesub-threshold condition, where
there is not enough channel charge to induce signif error voltage. At this point,

Vsource flattens out and remains constant.

2.4.3 Clock Feedthrough

Clock feedthrough is also coupled with source+dcainduction because the
induced error voltage creates a potential diffeedpetween source and drain. Using
equations (2.4) and (2.7), the error voltage duddok feedthrough can be written as

AV = AV, — AV s (2.10)

ol
or

dv. = dVG 'CGS 'Cs -1 DS 'dt(CGs + Cs)
CF C<(Css +Cy)

(2.11)

Once again, by applying the model assumptionsisoettuation, the behavior of source
voltage can be examined. Figure 2.5 displays \soas a function of time for the two

types of gate waveforms.
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1.00 +

0.98—-
0.96—-
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0.92—-

0.90

Vsource (V)

0.88
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0.0 1.0x10® 2.0x10° 3.0x10°

Time (S)

Figure 2.5 Source voltage as a function of time ediits characteristics of clock feedthrough and
source-drain conduction. Parameter values used afeom Table 2.1.

The figure illustrates the behavior of Vsource tluelock feedthrough and source-drain
conduction. When Vgate is higher than the threskohdition, Vsource is hardly
affected by the coupling through overlap capaceariouring this period, the source-
drain conduction recovers all of the voltage lostlbck feedthrough. However, once

Vgate approaches the threshold conditibg, is not large enough to recover the voltage.

From that point on, Vsource decreases linearlytduke voltage divider.
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2.4.4 Combined Effect

After analyzing charge injection and clock feedtigh separately, the two
mechanisms are combined to examine the total effHoe charge injection plot in Figure
2.4 is overlaid with the clock feedthrough graplrigure 2.5 to form the plot shown in

Figure 2.6.

Charge Injection
1.02 e Clock Feedthrough

1.00 -

0.98
0.96
0.94 +

0.92 +

Vsource (V)

0.90 +

0.88 +

086 T T T T T T T
0.0 1.0x10°® 2.0x10° 3.0x10°

Time (S)

Figure 2.6 Charge injection and clock feedthrough@mponents are overlaid in source voltage versus
time plot. Parameter values used are from Table 2.

It is shown from the figure that for gate voltagé®ve the threshold condition, charge
injection is the main contributor to the error agje, however in sub-threshold the clock

feedthrough component is the main contributor.micmlel the combined effects of
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charge injection, clock feedthrough, and sourcéadtanduction, equations (2.3), (2.4),
and (2.7) are combined. The error voltage dubeacbmbined effects can be written as

dV = AV, +dVe, — Ve (2.12)

or

_ Qun(Cgs +Cs) +dV;; - Cpg - 2C — 21 g - dt(Cig + Cy)
2C4(Cgs +Cs)

dv

(2.13)

Using the model assumptions, the behavior of sousttage is calculated and plotted in
Figure 2.7. The transient response of Vsourchasva for an ideal gate ramp and a step

approximation.

—— Step
Ideal

1.001
0.98
0.961
0.944
0.92
0.90-

Vsource (V)

0.88
0.86
0.84

0.0 1.0x10® 2.0x10° 3.0x10°
Time (s)

Figure 2.7 Source voltage as a function of time edits the combined effects of charge injection,
clock feedthrough, and source-drain conduction. Rameter values used are from Table 2.1.
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Figure 2.7 reiterates the predominant interactetmvben charge injection and source-
drain conduction when the gate voltage is abovéhteshold condition and the
dominance of clock feedthrough when the gate simthreshold.

All of the graphs leading up to this point haveideed the transient nature of
charge injection and clock feedthrough. Thereotiner important relationships that can
be examined from the model data, such as how seottage changes with gate voltage.

In Figure 2.8, the data is re-plotted as VsouresugeVgate.

1.02-
1.00-
0.984
0.961
0.941
0.92
0.90
0.88
0.861
0.841

Vsource (V)

00 05 10 15 20 25 30
Vgate (V)

Figure 2.8 Source voltage as a function of gate vaye

The graph illustrates that when charge injectioth ssurce-drain conduction dominate,

Vsource is dependent on Vgate in a non-linear éashirhis non-linear dependence
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exists from 3 to approximately 1.8 V. As Vgateases from 1.8 to 0 V, Vsource
decreases linearly with Vgate. Vsource decreasearly due to clock feedthrough,
which acts as a voltage divider. The transitiompbetween the non-linear and linear
regions is the threshold conditiond¥ Vs + V7). In this case, it is when Vgate is
approximately 1.8 V.

The model we developed can be verified and exmghoden by using Technology
Computer Aided Design (TCAD) simulations. Not ongn TCAD simulations model the
distribution of channel charge more accuratelgan predict how charge injection and
clock feedthrough are affected by various pararsggerch as transistor operation, size,
and geometry. The following chapters will discli€%AD simulation methodology and

results.
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3 2D Simulation Methodology

This chapter discusses the methodology of 2D ehmjgction/clock feedthrough
simulations using Synopsys [15] TCAD tools. Giygasent day memory and computer
processing power, 2D simulations are relatively. faherefore, it is advantageous to
explore charge injection/clock feedthrough as maglpossible in the two-dimensional
space. Parameters that can be examined usingrdDasions include transistor length,
gate high level voltage, low level voltage, and fiahe. Other effects such as width and
explicit three-dimensional structures are examumgdg 3D simulations, discussed later.

Figure 3.1 illustrates a general TCAD simulatioetnodology that begins with

process simulation and ends with electrical paranmettraction.

s ' D
s G D
B
Layout Process Simulation Structure Editing
For Device Simulation

Vt = 0.5V

\4
G |D
IDSAT = 3pA - - | B S
dV = 200mv

v

Parameter |-V Curve Device Simulation
Extraction

Figure 3.1 TCAD simulation flow begins with processimulation and ends with electrical parameter
extraction
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The TCAD flow begins with simulating a layout inoggess simulation to create a
structure representing a semiconductor device. stiueture is prepared for device
simulation by remeshing and adding contacts. Afearice simulation is complete, the
electrical response is captured in plot form. Tt is analyzed to extract electrical

parameters. This methodology is implemented imoSynopsys TCAD framework.

3.1 Simulation Setup

This section identifies various Synopsys TCAD soaded to simulate charge
injection and clock feedthrough. These tools, Whinzlude the process simulator,
structure editor, device simulator, and curve pigtutility are integrated into the

Sentaurus Workbench as shown in Figure 3.2.

=B ]

SalENEd SelBUEEE | SauiEl
LENGTH | CONTACTS
1.0um 1
0.6um 1
0.4um 1
0.3um 1

Family Tree “ariable Yalues

e el 1€
T | =28 B |
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WGEE CAP TFALL | WGH | VGL Wigm dv
2 - 5.61e-15 | 10e-3 3.0 -0.2 - 0.502 | 0.056
2 - 5.61e-15 | 10e-3 3.0 -0.2 - 0495 | 0.036
2 - 9.61e-15 | 10e-3 3.0 -0.2 - 0473 | 0.032
Z 5.81e-15 10e-3 3.0 -0.2 = 0473 | D.0Z26

ik

Figure 3.2 Charge injection/clock feedthrough simudtions are setup in Sentaurus Workbench

The tool sequence in the workbench starts wittptbeess simulator, Sentaurus Process,
to simulate four transistor lengths: 1.0, 0.6, @4 0.3 um. The Sentaurus Structure
Editor creates contacts and optimizes the mestieaice simulation. Sentaurus Device
runs a series of DC, AC, and transient mixed-maabelstions. The resulting I-V plots

are analyzed by Inspect, the curve plotting andaetibn tool. By performing the
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complete simulation flow within the workbench, eaansistor can be fully studied for
its charge injection/clock feedthrough charactesst Similar to the model, the focus of

the simulations will pertain to the NMOS transistor.

3.2 Process Simulation

Process simulation creates a semiconductor despresentation using modern
semiconductor processing methods, such as diffusikidation, etching, deposition, and
implantation. Details and complexities of perfangiprocess simulation will be

discussed in the following sections.

3.2.1 Layout Driven Process Simulation

Layout driven process simulation is an efficiergthod for creating various
structures within one process flow. In order titiag the tool’s layout driven simulation
capability, a layout must be provided along witthedined simulation domain. Figure 3.3
is an example of defining a cross section in auayo be simulated by Sentaurus

Process.
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2D Simulation Domain
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Diffusion Layer
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/
Polysilicon Layer
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Figure 3.3 Defining the simulation cross section ithe NMOS top view
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Length is commonly studied for charge injection alock feedthrough, so
various transistor lengths are simulated using &iggss simulations. A parameter
LENGTH is specified to the layout to allow for eaggation in Sentaurus Process.

Figure 3.4 shows the transistors simulated witfecéht channel lengths.

4:07_fps.tdr0-0

9: n8_fps.tdr 0-0

14: n8_fps.tdr 0-0

19:n10_fps 1dr 0-0

Figure 3.4 2D process simulations create NMOS traistors with various lengths to study charge
injection and clock feedthrough

3.2.2 Models for Calibration

One of the challenges in process simulation repooduce an accurate
representation of the semiconductor device. Moliela given technology are specified
in the process simulator to ensure accurate restlhiss involves proper selection of

diffusion models, implantation models, and boundamyditions.
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For example, it is important to choose the poefedt assisted dopant diffusion
model when an anneal immediately follows an ionlantation step with a moderate
dose [16]. When implantation models are seledieth analytic and Monte Carlo [17]
models are considered. Analytic implantation iesgn over Monte Carlo implantation
to reduce process simulation time. Finally, thgregation of dopants at interfaces is
considered to accurately define a device’s threshbi later sections, |-V curves are

compared to determine how well the process sinulasi calibrated.

3.2.3 Meshing

TCAD simulators are based on finite element sohgito solve the non-linear
partial differential equations. Therefore, goodshiag techniques are required to
perform numerically stable and accurate simulatic@ptimum meshing is important to
maintain accuracy without dramatically increasinggess simulation time.

In a transistor, an initial mesh is defined bycsfyeng the spacing in the vertical
direction. Additional mesh refinements are neagssecritical areas of the device, such
as the channel, source, drain, and lightly dopathdi.DD) regions. This technique is

illustrated in Figure 3.5.
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Figure 3.5 Mesh requirements are defined differentl for different areas of the device. An initial
vertical spacing is specified followed by denser rsl specifications in the channel, source, drain, an

LDD regions.

3.2.4 Process Flow

Table (3.1) shows the process sequence in a tygeep-submicron CMOS
process flow. Details such as thermal budget@rctmbination of species, doses, and
energies for implantation are the intellectual emyp of each manufacturing company
and differs from the process flow described hétewever, the resulting doping profiles

from simulations and actual silicon match.
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Table 3.1 Simulated 0.1&m CMOS process flow.

No. | Name Description Value Unit
1 Active definition Etch silicon using ACTIVE mask | 0.25 pm
2 STIHill Deposit oxide 0.25 pm
3 | Vtadjustimplant 1 Implant boron using 5keV aper | 4.5 x 167 | cm™®
4 | Vtadjust implant 2 Implant boron using 20keVmgye | 5.0 x 16" | cm™
5 | Field implant 1 Implant boron using 85keV energyl.6 x 16° | cm®
6 | Field implant 2 Implant boron using 260keV ener@0 x 16° | cm®
7 Gate oxide Oxidation to grow 50 A 90 mi
1000 °C
8 Polysilicon deposition| Deposit polysilicon 0.21 mu
9 Gate etch Etch polysilicon using POLY mask 0.35 | m [
10 | Polysilicon reoxidation Oxidation to grow 70 A 8 min
900 °C
11 | LDD implant Implant arsenic using 15keV enefdy0 x 16" | cm™®
12 | Anneal Diffusion 10 sec
1000 °C
13 | Spacer deposition Deposit nitride 0.04 V1
14 | Spacer etch Etch nitride 0.08 LN
15 | Source/Drain implant| Implant arsenic using 25ke¥rgy| 1.0 x 16° | cm’
16 | Source/Drain RTA Diffusion 10 seq
1000 °C
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The key steps in the process flow are shallow tresalation (STI) formation followed

by well implantation to set a threshold voltagdf V. After 50 A of gate oxide is
grown, polysilicon deposition and etch occur taridhe transistor’s gate. LDD
implantation is self aligned to the gate to redeleetric field, followed by nitride
deposition to form the sidewall spacer. After ssdurain implantation, the damage is
annealed using rapid thermal anneal (RTA). Fi@uBeshows the final structure after the
process simulation has completed. A vertical ic# in the center of the transistor’s

channel displays the boron doping profile showRigure 3.7.

Y [um]

0 0.5 1 1.5

X [urn]

Figure 3.6 2D process simulation generates a fultass section of an NMOS transistor
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Figure 3.7 Boron doping profile in the center of te NMOS transistor. Left to right corresponds to
top to bottom depth in Figure 3.6.

3.3 Structure Editing

In order to prepare a structure for device simafatstructure editing is
performed using Sentaurus Structure Editor. The I[$\M@ucture from process
simulation is reduced in size by removing the lopertion of the substrate. Next,
contacts are placed for the substrate, gate, soamdedrain. After contact placement, the
structure is ready to be remeshed

Since mesh requirements are different for proaeslsdevice simulations, the
structure editor is also utilized to remesh thadtre prior to device simulation.
Optimum mesh is important to resolve key regiontheftransistor pertaining to charge
injection and clock feedthrough; these areas irecth@ inversion layer and overlap

regions. To properly resolve the inversion layeesmin the gate oxide is 10 A, followed
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by a fine mesh in the first 300 A of the chanrlelthe channel’s first 10 A the mesh
spacing is 2 A, and as the channel depth increas?80 A the mesh spacing increases to

20 A. The source and drain are remeshed to coefiletNMOS device.

3.4 Device Simulation and Electrical Parameter Extracton

In order to fully understand the electrical resgonf a semiconductor device,
different device simulations are performed. SemtsuDevice is used to perform DC,
AC, and transient mixed-mode simulations. DC satiahs provided-Vs and b-Vp
curves, AC analysis generates C-V characterisditg transient mixed-mode simulations
model charge injection/clock feedthrough. The itesyil-V plots are analyzed by
Inspect to extract electrical parameters. In tteWing sections, the models and math

parameter selections will be discussed for eacheofievice simulations.

3.4.1 Ip-Vg Simulation

Sentaurus Device simulatesVY ¢ to examine drain current as a function of gate
voltage for low drain bias. Knowing the threshetdtage is important in studying
charge injection and clock feedthrough. Standasdog models [18] are selected to
simulate the DC nature of the transistor. The ertypof the n+ polysilicon gate is
specified with a work function difference of -0.8%. The Philips unified mobility
model [19], velocity saturation within high fieldgions [20], and degradation due to
surface roughness scattering are all activatedoehmobility in silicon. Carrier

recombination in silicon is specified using Shogkitead-Hall recombination with
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doping dependent lifetime [21]. Charge at the i®,3terface is defined to have a
concentration of 2.0 x 1Bcm®,

The drain is first ramped to 250 mV and the gatewept from 0 to 3 V; substrate
and source are both grounded. Since the simutapertain to NMOS transistors, only
electron continuity and Poisson’s equations areesbl Figure 3.8 shows the resulting |

V¢ characteristics simulated in Sentaurus Device.

0.0001 1

5e-05-

Drain Current (A)

Gate Voltage (V)

Figure 3.8 Sentaurus Device simulates drain currerds a function of gate voltage for a 1.0 um long
NMOS created using the process flow from Table 3.1

As discussed in section 3.1, the workbench toqlisece is designed so that
Inspect follows the Sentaurus Device instancedimatilates 3-V . This allows Inspect

to load the I-V plot resulting from Sentaurus Devand extract threshold voltage.
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Test structures fabricated in a 0.18 um CMOS psoaes measured to verify
threshold voltage. Figure 3.9 compares the siradltV s characteristic against
measurements of an NMOS transistor with W/L =1in@1.0pm. As shown in the plot,
simulations have higher drain current than measentsn One possible source of the

discrepancy can be attributed to contact resistamcieh exists in the measurements.

B Measured
¢ Simulated

0.00012—-
0.00010—-
0.00008—-
0.00006—-
0.00004—-

0.00002 A

Drain Current (A)

0.00000 ~

O!O I OI.5 I 1!0 I 1!5 I 2!0 I 2!5 I 3!0 I
Gate Voltage (V)

Figure 3.9 Comparing -V s between simulation and measurement of an NMOS tragistor with W/L
=1.0pm/1.0pm

3.4.2 |p-Vp Simulation

Sentaurus Device also simulatgsvp to examine family of curve characteristics
and saturation current. This DC simulation usesetkact set of properties, models, and

mathematical solvers as theV¢ simulation discussed in section 3.4.1. Sentaurus
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Device simulatesptVp for two gate biases, 1 and 2 V. The gate is fastped to the
particular voltage and the drain is swept from @ ¥; substrate and source are both

grounded. The resulting-Vp curves are shown in Figure 3.10.

P = o o o & S

v -9-Vgate =2V
0.0002 - - vgate =1V

0.0001 -

Drain Current (A)

0 —— T
0 1 2 3

Drain Voltage (V)

Figure 3.10 Sentaurus Device simulates drain currdéras a function of drain voltage for gate biases of
land2V

The test structures are measured to compare agamsations. Figure 3.11
compares the simulated and measugedd characteristic when the gate biasis 2 V.
The plot shows good agreement between simulatiodsreeasurements. The higher

drain current seen in simulations can once agagttoibuted to contact resistance, which

exists in the measurements.
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Figure 3.11 Comparison of simulated and measureg{V curves when the gate biasis 2 V. The
NMOS transistor used for this comparison has W/L = 10 pm/1.0 pm.

3.4.3 Small-signal AC Analysis

Small-signal AC analysis is performed to simul@t®’ characteristics and
estimate source capacitance. Knowing the varioogonents of the source capacitance
is necessary to further analyze clock feedthroughsmall-signal AC analysis, the
device simulation computes small current changetadsenall change in voltage.
Capacitances in the transistor are extracted ubmgiixed-mode simulation
environment in Sentaurus Device.

The small-signal AC simulation uses the same fsptaperties and models as the

|-V simulation discussed in section 3.4.1. An aretofeof 0.4 is specified to scale the

36



transistor width to 0.4m and the current accordingly. While the substaaig drain are
both grounded, the gate is ramped to -1 V priagh&C-V sweep. This accumulates
holes to the Si-Si@interface and prevents channel electrons fromrituting to the
capacitance. Small-signal AC analysis is activathde the source is swept from 0 to 1
V. The AC simulation is performed only for a siedtequency of 1 MHz. The curve
shown in Figure 3.12 shows the C-V characterigticgate-source overlap and total

source.

1E-15
] —9-Total Source

-l Gate-Source

1E-16-

Capacitance (F)

177 -+n—7-——777—
0.2 0.4 0.6 0.8 1

Source Voltage (V)

Figure 3.12 Gate-source and total source capacitaes as a function of source voltage

3.4.4 Charge Injection/Clock Feedthrough Simulation

This section describes the use of transient mmede simulations to model

charge injection/clock feedthrough in a switchegazator circuit. Mixed-mode
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simulation is similar to SPICE [22], an industrgrstlard circuit simulator — it has the
capability to simulate small circuits with multiptéements, such as physical devices and
lumped components. Setting up a mixed-mode simonla Sentaurus Device requires
defining individual elements in the circuit andetlist connecting the devices [18]. The
netlist describes the switched-capacitor circuavat in Figure 3.13, which includes two
voltage sources, a lumped capacitor, and an NMasigtor. The NMOS transistor is a
physical device that derives from process simutatichile the voltage sources and
capacitor are compact model devices. The NMOS sasrconnected to a capacitor
totaling 6 fF, the drain is connected to a DC \gdtaource, and the gate is connected to a

time dependent voltage pulse.

/S J L
VL

Figure 3.13 Circuit diagram to simulate charge injetion using Sentaurus Device mixed-mode

The mixed-mode simulation uses the same set @iepties and models as the |
V¢ simulation discussed in section 3.4.1. An aretofeof 0.4 is specified to scale the

transistor width to 0.4m.
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The device simulation begins ramping the draih ¥while the substrate is
grounded. Using transient simulation, the gatamped from 0 to 3 V with a rise time
of 10 ns, held high for 10 ns, and ramped dowr2@®-mV with a fall time that is
specified by the TFALL parameter in the workbené&hectron continuity and Poisson’s
equations are solved for the device during thisukation. Figure 3.14 shows the

resulting transient characteristic of the NMOS trstos.

1 - Vdrain
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- Vgate
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Time (s)
Figure 3.14 Transient characteristic of the sourcand drain as the gate turns on and off

Initially, when the gate is off, there is a diface between Vsource and Vdrain
because the source is connected to a capacitdg thieidrain is connected to a voltage
source. When the gate is on, the transistor $¢rong inversion and the source increases

to the same voltage as the drain, 1 V. When tke tgans off, the combined effects of
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charge injection and clock feedthrough decreaseainvsg as discussed in Chapter 2. The
difference in Vsource from when the gate is onftosodefined as the error voltage, dV.

For the example shown in Figure 3.14, dV would ygraximately 400 mV.
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4 3D Simulation Methodology

This chapter discusses the methodology used tergen3D structures to simulate
charge injection and clock feedthrough. Given @néslay memory and computer
processing power, 2D simulation is fast and useduwsh as possible. However, when it
is necessary to capture effects in the third dinoen8D simulation is utilized. Effects
such as width and explicit three-dimensional strites are studied for charge injection
and clock feedthrough.

Discussion of 3D simulation methodology focusemprily on the setup of
process simulation and the structure editor. Desimulation is nearly identical to the

2D setup and will be covered briefly.
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4.1 Simulation Setup

The setup of 3D simulations is based off 2D siroites. For example, process
flow, calibration models, and device simulations aearly identical in 2D and 3D
simulations. The main difference in 3D simulatiemfow the structure is created from
process simulation. Challenges with 3D processilsition involve the meshing
complexities with moving boundaries [23]. Therefgpresent day 3D process simulators
cannot stably perform the full processing steps 2Rasimulators can. The Synopsys
TCAD tools perform 3D process simulation by diviglithe tasks between Sentaurus
Process and Sentaurus Structure Editor [16]. [Quysmocess simulation, Sentaurus
Process performs all implantation and diffusiompstend internally calls upon Sentaurus
Structure Editor to perform etching and deposition.

The tool sequence for 3D charge injection simaiais similar to the 2D flow
discussed in section 3.1. Figure 4.1 shows agrodf the Sentaurus Workbench used

for 3D charge injection/clock feedthrough simulago
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FENGUISE BTG SE |
Type TYPE COMNTACTS WIDTH
0.3um
standard 1 -- g:ax
- nkACHS .
1.0um
annular 1 -- 1.0um
funnel 1 -- 1.0um

Figure 4.1 Charge injection/clock feedthrough simudtions are setup in Sentaurus Workbench

As shown in the figure, the tool sequence staitts 8entaurus Process to perform
process simulations for three different types of N8M@ansistors: standard, annular, and
funnel-shaped. Sentaurus Structure Editor perf@auational post processing to prepare
the structure for device simulation. The remairpogtion of the tool flow is identical to
the 2D setup and is not shown in the figure. SentaDevice is utilized to perform a
series of DC, AC, and transient mixed-mode simaoietiand the resulting I-V plots are

analyzed by Inspect.

4.2 Standard Transistor Simulation

3D simulation is utilized to simulate the stand&eshsistor with various widths.

In order to reduce simulation time, Sentaurus FA®es@mulates one-quarter of the
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transistor and Sentaurus Structure Editor perfosaging and reflection to form the full

transistor.

4.2.1 Process Simulation

Simulation of the standard NMOS begins by defirtiigy3D region to be
simulated by Sentaurus Process, as shown in HgfreBy taking advantage of the
standard NMOS symmetry, only the gate and draingwtare simulated in 3D process
to save computational resources. The resultingtre is later reflected in Sentaurus

Structure Editor to form the full NMOS structure.

3D Simulation Domain

Source/Drain

Diffusion Layer
Source Drain
Active Layer
Polysilicon Layer Contact Layer

Figure 4.2 Defining the 3D process simulation domaiin the standard NMOS top view

Width is commonly studied for charge injection@kdeedthrough, so various
transistor widths are analyzed. As shown in Téblg), transistors with 0.4m length

and widths ranging from 0.3 to 1ufn are examined. These different widths are
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considered when the simulation domain is definethénlayout. Since 3D process
simulation is time consuming, only the largest $iator is simulated using process

simulation.

Table 4.1 Transistor sizes to examine the effect afidth on charge injection/clock feedthrough.

Length (um) | Width (um) | Simulated using Sentaurus Process
0.4 0.3 No

0.4 0.4 No

0.4 0.6 No

0.4 1.0 Yes
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As described in the table, Sentaurus Process siesubaly the transistor with W/L = 1.0
um/0.4um. One-quarter of this structure is generateghasvn in Figure 4.3. This
structure will be reused in the structure editocreate transistors with smaller widths.

This is discussed in further detail in the nextisec

Figure 4.3 3D process simulation generates one-quar of the widest transistor discussed in Table
4.1. This structure is created using the proced®w from Table 3.1.
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Meshing for 3D process simulation is similar to #fizcase. Meshing in the
vertical direction begins with a fine mesh at thSE, interface and increases as depth
increases. Mesh refinement boxes are specifiethéotransistor channel, source, drain,
and LDD.

Mesh verification can be cumbersome because a 8@gs simulation often
takes hours to complete. To verify that the staigsh is acceptable without waiting for
the entire simulation to complete, intermediatacitire saves are utilized. Figure 4.4
shows the transistor saved after polysilicon gatmétion. The saved structure reveals
that the mesh refinement boxes are placed in threatdocation and the mesh density is
acceptable. The general mesh is coarse in ordedte 3D process simulation time,

however there is fine meshing in the channel, sguwiain, and junction area.
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Figure 4.4 Meshing after polysilicon gate formation The general mesh is coarse to reduce 3D
process simulation time, but denser meshes are sjfead in the channel, source, drain, and junction
regions.

The 3D process simulation uses the same proeessiitcussed in section 3.2.4.
Although the process flow is the same, some adjstsnare made to reduce simulation
time. As shown in Figure 4.2, the simulation dam@does not include the STI. STl is
omitted because it requires further mesh refineraetite interface and does not affect

charge injection/clock feedthrough.
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4.2.2 Structure Editing

As discussed in section 4.2.1, to reduce simuldtrae only one structure is
simulated in process simulation and the transistdth variants are created using the
structure editor. Sentaurus Process takes thestwiidasistor, which has a width of 1.0
um and length of 0.4m, and simulates one-quarter of it. This results structure that
has a width of 0.;am and length of 0.dm. Since it is the largest transistor, all of the
width variants can be derived from it. Table (4gcifies the resizing that is performed

in Sentaurus Structure Editor to create the remginiidths.

Table 4.2 The structure editor resizes the largestansistor to create smaller width variants.

Initial W/L from process Width resizing using the Final W/L after
simulation (um/um) structure editor (um) reflection (um/pm)
-0.35 0.3/0.4
-0.30 0.4/0.4
0.5/0.2
-0.20 0.6/0.4
0 1.0/0.4

After the structure is resized, it is reflectedassrthe width and length boundaries to
create the full transistor.

Similar to the 2D methodology, Sentaurus Struckd#or performs post
processing to prepare for device simulation. The sf the structure is reduced in the
vertical direction by removing the lower portiontbe substrate. After contacts are

placed for the substrate, gate, source, and dtarstructure is remeshed.
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4.2.3 Device Simulation

3D device simulations are similar to 2D simulasi@liscussed in section 3.4, and
the slight changes are in the AC and transient damede simulations. For 3D, both AC
and transient mixed-mode simulations do not neexpézify area factor because width is
already accounted for. For 3D AC simulation, déf@ mathematical solvers are used.
The Block and ILS solvers [18] are specified touesl AC device simulation time.

Since the 3D simulations are utilized to examraagistors with various widths
and geometries, the source capacitances will fereift. The AC simulations simulate
the C-V characteristics for all these transistomd extract source capacitance. As alluded
to in Chapter 2, since charge injection and clesdthrough are dependent on overlap
and total source capacitances, it is importanntmikthe capacitances for each transistor.
By knowing these capacitances, the lumped capadaitiye mixed-mode transient
simulations can be adjusted accordingly so thatgehijection/clock feedthrough

comparison for the different transistors is fair.

4.3 Annular Transistor Simulation

To further investigate layout effects on chargedton, the annular transistor is
explored. As shown in Figure 4.5, the annulardistor has a gate that is shaped like a
ring. The source is self aligned to the insidéhefring, while the drain is formed on the
outside of the ring. Due to this configuratiore tate-drain overlap capacitance is larger

than the gate-source overlap capacitance.
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Source
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Figure 4.5 Defining the 3D process simulation domaiin the annular top view

51



Similar to the standard NMOS, a simulation methogylis used to take
advantage of the annular transistor's symmetryretince simulation time, Sentaurus

Process simulates only one-quarter of the transistuch is shown in Figure 4.6.

Figure 4.6 Sentaurus Process simulates one-quartef the annular transistor. The nitride spacer and
polysilicon gate are translucent for easier viewing

The structure shown in Figure 4.6 correspondsdaiimulation domain defined in Figure
4.5. The source is the n-type region in the irpmetion of ring, while the drain is the n-
type diffusion on the outside of the ring. Meshingolves mesh definition for the small
source region and the drain region that is locatednd the perimeter of the transistor.
A fine mesh is specified for the channel, whicimighe shape of a ring. After Sentaurus

Process generates one-quarter of the transistotaes Structure Editor is used to

52



perform post processing for device simulation. iDgithe post processing, the structure
is reflected across the width and length boundaoidsrm the entire annular transistor

shown in Figure 4.7.

Figure 4.7 The full annular transistor structure after reflection in Sentaurus Structure Editor. The
nitride spacer and polysilicon gate are translucentor easier viewing.

Figure 4.8 shows the source and drain diffusiomoregin the annular transistor. A 2D

plane is positioned to show the center of the tsamis
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Figure 4.8 The source and drain diffusion regionsn the annular transistor. The nitride spacer,
polysilicon gate, and oxide are not shown for easigiewing.

4.4 Funnel-shaped Transistor

The funnel-shaped transistor is simulated usingi@ilations to understand
charge injection/clock feedthrough in an asymmeteasistor. A funnel-shaped
transistor possesses a channel that is shapedl fikenel [24]. As shown in Figure 4.9,
the funnel-shaped transistor resembles a stand#rdlgned transistor with an active
region that is graded across the channel. Thisdidshaped active region defines the
source/drain and creates different widths on thecsand drain side. Because of this,
the gate-drain overlap capacitance is larger thargate-source overlap capacitance.

Since the transistor is asymmetric, the simulasioortcuts used for the standard and
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annular transistors are not applicable for the @lushaped transistor; the 3D simulation
domain is defined to be the entire transistor.

3D Simulation Domain

Contact Layer j
Source/Drain
Diffusion Layer
Source Drain
//'
d

Active Layer
AL
i

Polysilicon Layer Funnel-shaped Channel

Figure 4.9 Layout and simulation domain of the funel-shaped transistor
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Since it is necessary to simulate the entire straca tradeoff is made to reduce
meshing in order to reduce process simulation tiffflee mesh specification for the
funnel-shaped transistor’s channel is identicahtostandard and annular transistors.
However, the mesh for the source and drain is eoamsorder to reduce mesh count and
simulation time. Figure 4.10 displays the finausture at the end of Sentaurus Process
simulation. The figure illustrates the asymmetréture of the funnel-shaped transistor
featuring the graded channel and different sounckedsain widths. In this figure, the

nitride spacer and STI are translucent to shovaiyenmetric active region.

Figure 4.10 3D process simulation generates a fdilinnel-shaped NMOS transistor. The nitride
spacer and STI are translucent for easier viewing.
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Figure 4.11 displays the final funnel-shaped stmectvithout any oxide, nitride, or
polysilicon. Only silicon is displayed, revealimgrious n-type and p-type regions. The

difference in gate-source and gate-drain overlapbeaseen in this figure.

Figure 4.11 The source and drain diffusion regions the funnel-shaped structure. The nitride
spacer, polysilicon gate, and oxide are not shownoifeasier viewing.

Since Sentaurus Process simulates the entirelfshaped transistor, Sentaurus
Structure Editor only performs basic post procagsinprepare for device simulation.
The size of the structure is reduced in the vdrtlzaction, contacts are added, and the

structure is remeshed. Reflection is not necedsarhe funnel-shaped transistor.

57



4.5 Simulation Performance

This section compares the simulation performarfi¢beovarious transistors

created to study charge injection/clock feedthrough_inux workstation with four 3.0

GHz computer processors and 12 GB of memory is tespdrform the TCAD

simulations. Table (4.3) summarizes the numbeedices and run times for process

and mixed-mode transient device simulations.

Table 4.3 Comparison of simulation time and numbebf vertices for different transistor types.

Simulation Transistor Process simulation Device simulation
type type # Runtime |# Normalized Run
vertices | (hrs) vertices | time

2D Standard 13,961 0.35 4,247 1.00
NMOS

3D Standard 32,218 3.00 59,645 72.53
NMOS

3D Annular 83,695 7.75 145,764, 225.88
NMOS

3D Funnel 241,276 | 28.5 195,563 359.53
NMOS
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5 Simulation Results

This chapter discusses charge injection/clocktfeedgh results from 2D and 3D
simulations. The transistor’s turn off charactécig discussed in terms of how source
voltage responses to both time and gate voltagdus i followed by a discussion of
charge injection/clock feedthrough’s dependenceamsistor operation, size, and
geometry. 2D simulations are used to examine ffieeteof gate high level voltage, low
level voltage, fall time, and transistor length,ilf8D simulations are utilized to explore

the effect of transistor width and geometry, susth& funnel and annular transistors.
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5.1 Source Voltage Response to Time and Gate Voltage

As discussed in section 3.4.4, the mixed-modesiean simulation models the
transistor turning on and off to examine the transhature of charge injection and clock
feedthrough. In order to verify the simulated si@nt characteristics with the presented
model, a strategy from section 2.4 is repeatedndJaD simulations, the gate voltage is
lowered from 3 V to -200 mV using an ideal gate paand a step approximation, as

shown in Figure 5.1.

—&-Step
- ldeal

Vgate (V)

0

2e-08 308  4e08  5¢08
Time (s8)

Figure 5.1 An ideal gate ramp is approximated by aeries of steps to examine how source voltage
responds. The ideal gate ramp transitions from 3 Yo -200 mV in 31 ns. In the step approximation,
the gate voltage decreases by 200 mV in 1 ns andna&ns constant for 1 ns.
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The step approximation is used to exhibit the sounitage recovery due to source-drain
conduction. The resulting transient response ofuus®is shown for both the ideal ramp

and step approximation in Figure 5.2.

—9-Step
- ldeal

0.99-

0.98

Vsource (V)

0.97

0.96
2e-08 3e-08 4e-08 5e-08
Time (s)

Figure 5.2 Source voltage responds to the ideal gatamp and step approximation from Figure 5.1.
The step approximation reveals voltage loss due tdharge injection and recovery due to source-drain
conduction.

The transient response of Vsource is similar tontloelel discussed in Chapter 2. As
Vgate begins to decrease att = 0, Vsource de@@aamly due to channel charge. Since
there is a potential difference between sourcedsaith, the current allows Vsource to
recover the voltage loss. As Vgate approachethtieshold condition at approximately t

=34 ns,| 55 is not large enough to fully recover the voltagsource continues to
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decrease in sub-threshold condition, where the w@mtributor to voltage loss is gate-
source coupling.

While the transient characteristic is very infotive, it is equally insightful to
analyze how source voltage changes with gate valt&ggure 3.14 shows the simulation
results from the mixed-mode transient simulatiblowever, in Figure 5.3 the data is re-
plotted to only examine the transistor’s turn oféet, when the gate transitions from 3 V

to -200 mV. Vdrain and Vsource are plotted asretion of Vgate.

—%-Vdrain
1 —-Vsource
1.2
1
2 I
[¢}]
o)
8
©
2 ]
0.8
| I
0.6
0 1 2 3

Vgate (V)

Figure 5.3 Source and drain voltages as a functioof gate voltage. As gate voltage decreases, the
source voltage transitions from Region | to Regiofl. Region | is defined as the period in which
charge injection is the main contributor to error voltage. Region Il is defined as the period in whit
clock feedthrough is the main contributor.

The response of Vdrain and Vsource is also sintoldhe behavior discussed in section

2.4.4. Vdrain does not change because the drawnisected to an ideal voltage source;
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however Vsource is dependent on Vgate. As Vgateedses from 3 V, Vsource
transitions from a non-linear to linear dependentlge region of non-linear dependency,
Region 1, is due to the interaction between chanpgetion and source-drain conduction.
The region of linear dependency, Region I, is ttuelock feedthrough. The transition
region between Regions | and Il is the thresholitdmn (Vs = Vs + V7). This plot

type will be utilized in the following sections, elsarge injection/clock feedthrough’s

dependence on transistor operation, size, and gepare discussed.

5.2 Dependence on Transistor Operation

This section discusses the effect of transisteratmon on charge injection and
clock feedthrough. Transistor operation consisth® gate high level voltage (VGH),

gate low level voltage (VGL), and gate fall timddll).

5.2.1 Gate High Level Voltage

In order to examine the effect of VGH, the gateuimed off with VGH values
varying from 4 to 2.8 V. As shown in Figure 5.4ransistor with W/L = 0.4 um/1.0 um
has the gate ramping from various VGH values daw#200 mV. In order to make a

proper comparison, the gate fall rate is kept @ntsit 0.3 V/ns.
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Figure 5.4 Gate voltage is turned off from VGH vales of 4 and 2.8 V. In both cases, the gate voltage
decreases down to -200 mV. Tfall values are 1410 ns respectively to establish a constant gateIfal

rate of 0.3 V/ns.
The effect of VGH is shown in Figure 5.5, whichtsl&/'source as a function of Vgate for

VGH values of 4 and 2.8 V.
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Figure 5.5 Source voltage as a function of gate vaye for VGH values of 4 and 2.8 V

Although VGH = 4 V started at a higher gate voltdgen VGH = 2.8 V, the Vsource

response is the same. Region | is identical orgagé/reaches 2.8 V, and Region Il is the

same. According to the model, a higher gate veltaguld result in more channel charge

and coupling through overlap capacitance, howeeirtcrease in charge injection and

clock feedthrough is negated by the increased sedn&in conduction. By plotting error

voltage as a function of VGH in Figure 5.6, it d@shown that VGH has little effect on

error voltage,

assuming the transistor is operatirgirong inversion.
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Figure 5.6 Error voltage as a function of VGH. Thegate voltage decreases from VGH values of 4,
3.4, and 2.8 V down to -200 mV. Tfall values are4] 12, and 10 ns respectively to establish a consta
gate fall rate of 0.3 V/ns.

5.2.2 Gate Low Level Voltage

The gate voltage of a transistor with W/L = 0.4/uf® pm decreases from 3 V to
VGL values ranging from 0 to -1.2 V, as shown igl¥e 5.7. In order to make a proper

comparison, gate fall rate is kept constant aM13.
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Figure 5.7 Gate voltage decreases from 3 V to VGlalues of 0 and -1.2 V. Tfall values are 10 and 14
ns respectively to establish a constant gate falhte of 0.3 V/ns.

The effect of VGL is shown in Figure 5.8, which {sl&/source as a function of Vgate for

VGL values of 0 and -1.2 V.
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Figure 5.8 Source voltage as a function of gate vaye for VGL values of 0 and -1.2 V

As expected, Vsource decreases identically untdt¥geaches the VGL values in
Region Il. When VGL is a lower value, Vsource doués to decrease due to clock
feedthrough. As shown in Figure 5.9, error volthge a linear dependence on VGL due

to the voltage divider relationship for clock feedtugh (discussed in section 2.2).
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Figure 5.9 Error voltage as a function of VGL. Thegate voltage decreases from 3 V to VGL values
of 0, -0.6, and -1.2 V. Tfall values are 10, 12nd 14 ns respectively to establish a constant gdial
rate of 0.3 V/ns.

5.2.3 Gate Fall Time

This section examines the effect of Tfall on cleairgection/clock feedthrough.
The effect of different fall times is studied byelpeng the voltage swing constant. The
gate voltage of a transistor with W/L = Quh/1.0pum decreases from 3 V to -200 mV
with Tfall ranging from 500 ps to 100 ns. The degishown in Figure 5.10, which plots

Vsource versus Vgate for various fall times.
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Figure 5.10 Source voltage versus gate voltage fofall ranging from 500 ps to 100 ns
The graph shows that Region | is greatly affectedfiall. When Tfall is 100 ns,
Vsource is insensitive to Vgate in Region |I. Asalltlecreases, Vsource in Region |
becomes more sensitive to Vgate; this is exemglifiben Tfall is 500 ps. Region Il on
the other hand, is not affected by Tfall; Regids $lope is the same for all six cases.

Tfall affects Region | because it sets the amofititne | , can recover voltage
loss due to charge injection. By decreasing Tfa#, source voltage decreases faster and
there is less time fol ¢ to recover voltage. Region Il is not affectedTifgll because

the coupling through overlap capacitance behavesvastage divider and hence is not a

function of time. Source-drain conduction alsosioet play a role in Region Il
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Figure 5.11 plots error voltage as a function @lIT This non-linear relationship
is especially apparent for small Tfall values, inieh error voltage is a strong function of

Tfall.

200 -
180 ~
160 -

T T T T T T
0 20 40 60 80 100
Tfall (ns)

Figure 5.11 Error voltage as a function of Tfall. The gate voltage decreases from 3 V to -200 mV for
Tfall values ranging from 500 ps to 100 ns.

5.3 Dependence on Transistor Size

This section discusses the effect of transist sn charge injection/clock
feedthrough. When circuit designers choose aistms W/L, considerations are made

for various performance parameters, including ahamgection/clock feedthrough. The
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effect of transistor length is analyzed using 2mwdations, while 3D simulations are

utilized to study the effect of width.

5.3.1 Transistor Length

In order to examine the effect of length on changection and clock
feedthrough, NMOS transistors with width of @u# and lengths of 0.3, 0.4, 0.6, and 1.0
um are simulated. The gate is turned off from V200 mV with Tfall of 10 and 100

ns. Figure 5.12 plots the four transistors’ Vsewersus Vgate characteristic for 10 ns

fall time.
L =0.3um
i =L =0.4um
14 N .4|~®-L=06um
; ¥ L - 1.0um
S 098
[}
L
=
[=]
(2]
=
0.96

Vgate (V)

Figure 5.12 Source voltage as a function of gate tage when the gate decreases from 3 V to -200 mV
with Tfall of 10 ns. The transistor width is 0.4um and lengths are 0.3, 0.4, 0.6, and 1u0n.
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Regions | and Il are examined to understand ledgfiendency. For all lengths, Region
Il is identical and has the same slope. This abse the widths and gate-source
overlaps are identical, therefore gate-source togd the same for all four cases.

In Region |, as length increases Vsource beconoes sensitive to Vgate. When
transistor length increases, there is more chasfree that contributes to charge
injection. In addition, as length increases souh@@n conduction decreases. For longer
lengths, Vsource requires more time to recovertiage loss due to charge injection.

This is illustrated in Figure 5.13, which reprodsitieis scenario except for a larger Tfall

of 100 ns.
L =0.3um
1 L =0.4um
14 st i e | @~ L = 0.6UM
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Figure 5.13 Source voltage as a function of gate tege when the gate decreases from 3 V to -200 mV
with Tfall of 100 ns. The transistor width is 0.4um and lengths are 0.3, 0.4, 0.6, and 1u0n.
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When Tfall is 100 ns, Vsource is overall less d@resio Vgate in Region I. As Tfall

increases, there is more time flgy; to recover voltage loss. This relationship with

length and Tfall can be visualized in Figure 5\d4ich plots error voltage as a function

of transistor length for Tfall values of 10 and 160

® TfalllOns
60 ¢ Tfall1l00ns
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Length (um)
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Figure 5.14 Error voltage as a function of transigir length for Tfall values of 10 and 100 ns

Error voltage increases in a linear fashion widimsistor length, however the relationship
is stronger for smaller Tfall. For 10 ns Tfallr@rvoltage changes with length at a rate

of 39.8 mVm, while for 100 ns, the rate of change is 11.5 yn¥/
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5.3.2 Transistor Width

In order to examine the effect of width on chargection/clock feedthrough,
NMOS transistors with length of Opgn and widths of 0.3, 0.4, 0.6, and u® are
simulated in 3D. The gate is turned off from 30200 mV with Tfall values of 10 and
100 ns. As discussed in section 4.2.3, during dim@de simulation the total source
capacitances for each of these transistors ate §df- to ensure the comparison is fair.

Vsource is plotted as a function of Vgate in Figbur#b.
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Figure 5.15 Source voltage as a function of gate tage when the gate decreases from 3 V to -200 mV
with Tfall of 10 ns. The transistor length is 0.4um and widths are 0.3, 0.4, 0.6, and 1jim.

Regions | and Il are analyzed to understand théwddpendence. For all widths,
Region | is identical and Vsource is insensitiv&/tate. Transistors with larger widths

have more channel charge and overlap capacitanoduoe charge injection and clock
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feedthrough, respectively. This however is negatdd, which increases with width to

allow Vsource to recover voltage loss. Regionmltioe other hand, is affected by
transistor width. As transistor width increasés, $lope of Region Il increases. This is
explained by the increase in gate-source overldptaarefore clock feedthrough.

The relationship with transistor width and Tfalhdae visualized in Figure 5.16, which

plots error voltage as a function of width for Tfelues of 10 and 100 ns.
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Figure 5.16 Error voltage as a function of transistr width for Tfall values of 10 and 100 ns

Error voltage increases linearly with transistodthiand the rate of change is slightly
affected by Tfall. The rate of change is 84.6 prw/for 10 ns Tfall and 74.6 m\{ for

100 ns.
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5.4 Dependence on Transistor Geometry

This section compares charge injection/clock feexdtgh for various transistor
geometries. The standard, funnel, and annulasistms (discussed in Chapter 4) are
compared in terms of error voltage and other perémrce parameters. As shown in
Table (5.1), all three transistors have device dsie@ns of 1.um/0.4um. Since the
funnel and annular transistors are asymmetricalwilath is defined as the gate-source

overlap.

Table 5.1 Comparison of widths and lengths for thaetandard, funnel, and annular transistors.

Type Length (uV) | Drain Width (um) | Source Width (um)

Standard 0.4 1.0 1.0
Funnel 0.4 1.4 1.0
Annular | 0.4 4.2 1.0

As discussed in section 4.2.3, during mixed-modwikition the total source
capacitances for each of these transistors ate 8eff- to ensure a fair charge injection
comparison.

Using 3D simulations, the standard, funnel, antuéar transistors have the gate
voltage lowered from 3 V to -200 mV with 10 ns TfaFigure 5.17 plots Vsource as a

function of Vgate for these three transistor types.
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Figure 5.17 Source voltage as a function of gate tage when the gate decreases from 3 V to -200 mV
with Tfall of 10 ns. A comparison is made betweethe standard, funnel, and annular transistors.

The plot shows that the error voltage is very samiibr all three transistors. Despite
having different channel shapes and sizes, theehajection characteristics are quite
comparable for the standard, funnel, and annudaiststors. Due to the transistors’
various geometries, the channel charge and drirrertuare different. Figure 5.18 plots

Ib-Vp when gate bias is 1 V for the three transistors.
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Figure 5.18 Drain current as a function of drain vdtage for gate bias of 1 V. A comparison is made
between the standard, funnel, and annular transistcs.

Drain current is extracted from the plot when dnraitage is 3 V. The annular transistor
has the widest drain, therefore it has the lardege current. This is followed by the

funnel and standard transistors. Table (5.2) coesparror voltage, gate area, and drive

current for the three transistors.

Table 5.2 Comparison of various parameters among thstandard, funnel, and annular transistors.

Type Error Voltage (mV) | Gate Area (unf) | Drive Current (mA)

Standard 91 0.40 0.100
Funnel 87 0.48 0.111
Annular | 88 1.04 0.168
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The geometry effect is similar to the width effdigcussed in section 5.3.2. The annular
transistor has the largest gate area and most ehelmarge, but it has the highest source-
drain current to offset the voltage loss; this exp the identical Region | characteristics
in Figure 5.17. Region Il has similar slopes bsedlhe gate-source overlap capacitance

is the same, resulting in identical clock feedtlgiogharacteristics.
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6 Measurements

This chapter discusses test structure measuremperitsmed to examine charge
injection and clock feedthrough. The measuremesthodology is detailed by first
introducing the test structures fabricated in 8 uin CMOS process. This is followed
by an explanation of the measurement setup. Afeemeasurement results are
discussed, a comparison is made against the cadwad simulated data.

6.1 Charge Injection/Clock Feedthrough Test Structure

Figure 6.1 shows the test structure schematigdedito measure and verify
charge injection and clock feedthrough. The ctrauhich consists of five NMOS
transistors and two MIM capacitors, is constructedharacterize the charge

injection/clock feedthrough characteristics of sigtor M1.
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OutA OutB
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Figure 6.1 Test structure schematic designed to msare charge injection and clock feedthrough.
The circuit consists of five NMOS transistors andwo MIM capacitors. The circuit is designed using
a 0.18um CMOS technology.

Vd4, Vg4, Vgl, vd3, Vg3, vVdd, and Vgnd are inputghe circuit and OutA and OutB
are outputs to the circuit. Transistors M4 and MS8switches to reset capacitors CO and
C1, while MO and M2 are source followers to act dtage buffers. Table (6.1) displays

the transistor W/L and capacitor values in theuirc
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Table 6.1 Values of the transistors and capacitoris the charge injection/clock feedthrough circuit.

Type Name| Value Unit
MIM capacitor | CO 6 fF
MIM capacitor | C1 6 fF
NMQOS transistort M4 0.40/0.30] pm/pm
NMOS transistor M3 0.40/0.30{ pm/pum
NMOS transistor M2 0.42/0.40{ pm/pum
NMOS transistor MO 0.42/0.40{ pm/pum
NMOS transistor M1 0.40/1.0 | pm/um

0.40/0.6

0.40/0.4

0.40/0.3

|

As described in the table, the transistor lengthMia is varied from 0.3 to 1.0m in

order to examine the effect of length on chargediipn and clock feedthrough.

Therefore, there are four circuits, and each difcas a length variation of the M1

transistor.

As shown in Figure 6.1, the circuit is designethwaionsiderations for symmetry.
This is done so that charge injection/clock feeultigh can be measured in a variety of

circuit configurations. Since the thesis focusesi@witched-capacitor configuration, the

error voltage is measured on only one MIM capacitarthese measurements, the

capacitor of interest is CO. By keeping M3 on htiales, C1 will be held at a fixed

voltage. To examine charge injection/clock feealtigh, the gate of M1 is clocked and
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the signal is read out on OutA. The bias condg#iare discussed in detail in section 6.2.

The layout of the circuit shown in Figure 6.2.

J| Isolation Tub

Figure 6.2 Test structure layout designed to measarcharge injection and clock feedthrough. The
circuit consists of five NMOS transistors and two MM capacitors. The circuit is designed using a
0.18um CMOS technology.

The NMOS transistors reside in a p-type well thaeigarated from the actual substrate
by an isolation tub. Figure 6.2 shows the perimetéhe tub, however the bottom is not
shown. This n-type tub surrounds the circuit tovite substrate noise isolation. The
two MIM capacitors are placed in a symmetric fashimensure proper matching. The
test structure is fabricated using a Oub8 CMOS process and the die is packaged into a

144 lead pin grid array (PGA) package shown in Fadu3.
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Figure 6.3 The test structure is fabricated in a @8 pm CMOS process and the die is packaged into a
144 lead PGA package

6.2 Measurement Setup

Figure 6.4 shows the test measurement systemtoiseeasure charge injection

and clock feedthrough.
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Figure 6.4 Test measurement setup for charge injeon and clock feedthrough includes a pulse
generator, oscilloscope, test board, and DC poweugplies

The test measurement system required a pulse genearscilloscope, test board and DC
power supplies. A Tektronix TDS 784D digital okxsicope was used to measure the
input signal Vgl and the output signal OutA. F&g6r5 displays the voltages applied to

measure the circuit.
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Figure 6.5 Voltages applied to the circuit to mease charge injection and clock feedthrough. All
voltages except for Vgl are provided by DC power gplies. The signal for Vgl is provided by a
pulse generator and has a rise time of 200 ns, faline of 50 ns, period of 10 ms, and pulse width &
ms.

As mentioned earlier, since the focus of the meamants is charge injection and clock
feedthrough in a switched-capacitor circuit, CGad the sampling capacitor. Vg4 is 0
V to turn off M4 and transform CO into a floatingoeaitor. Vg3 is 2.7 V to turn on M3
and Vd3is 1 V to ensure that C1 is fixed at 1 \dlatimes. Vdd is 1 V to provide proper
biasing to the source followers MO and M2. All vgka except for Vgl are provided by
DC power supplies. Vgl is provided by a pulse gatoe to turn M1 on and off and

induce charge injection/clock feedthrough. Thealdor Vgl has a rise and fall time of
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200 and 50 ns respectively, period of 10 ms, anskepuidth of 5 ms. The high and low

levels are varied to explore their effects.

6.3 Measurement Results

This section discusses the charge injection amckdeedthrough measurement
results. The effects of VGH, VGL, and transisemdth are measured to compare against

the calculated and simulated results.

6.3.1 Gate High Level Voltage

In order to examine the effect of VGH, the gateuimed off with VGH values
ranging from 3 to 2.5 V. A transistor with W/L =40um/1.0 um has the gate ramping
from various VGH values down to -200 mV with Tfafi50 ns. The effect of VGH is

shown in Figure 6.6, which plots error voltage dsrection of VGH.
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Figure 6.6 Error voltage as a function of VGH. Thegate voltage decreases with VGH values of 3, 2.9,
2.8,2.7,2.6,and 2.5 V. The gate voltage ends200 mV and has a Tfall value of 50 ns.

The calculations, simulations, and measuremenghall that VGH has little effect on
error voltage, assuming the transistor is operatirgjrong inversion. The model and
simulations show that error voltage decreases W@H at rates of 2.1 and 2.6 mV/V,
respectively. It is difficult however, to extragtelationship in the measured data due to
measurement noise. It can be seen from Figurth@tGhe model and simulations
demonstrate good agreement. The error voltage $iomalations is approximately 10%
higher than the calculations. The measurementsenther hand, are approximately

45% higher than the calculations. Causes for ther@pancy between the model,
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simulations, and measurements are likely due fereifices in channel charge, source-

drain conduction, and total source capacitance.

6.3.2 Gate Low Level Voltage

The gate voltage of a transistor with W/L = 0.4/uf® um decreases from 3 V to
VGL values ranging from 0 to -0.5 V. A Tfall valeé 50 ns is selected to turn off the
transistor. The effect of VGL is shown in Figur&,6nhich plots error voltage as a

function of VGL.
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Figure 6.7 Error voltage as a function of VGL. Thegate voltage decreases from 3 V to VGL values
of 0, -0.1, -0.2, -0.3, -0.4, and -0.5 V. A Tfalhlue of 50 ns is selected to turn off the transist.

The calculations, simulations, and measuremenghall that decreasing VGL increases

error voltage because of clock feedthrough. Thdehaimulations, and measurements
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show that error voltage changes with VGL at rafeklo9, 12.6, and 15.7 mV/V,
respectively. Causes for the rate discrepancydmtvthe model, simulations, and
measurements are due to differences in gate-sanctéotal source capacitances. These

differences would affect the voltage divider ratio.

6.3.3 Transistor Length

NMOS transistors with width of 04m and lengths of 0.3, 0.4, 0.6, and {0
are measured to examine the effect of length orgehajection and clock feedthrough.
The gate is turned off from 3 V to -200 mV with Tfaf 50 ns. Figure 6.8 plots error

voltage as a function of transistor length for ti@del, simulations, and measurements.
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Figure 6.8 Error voltage as a function of transistolength. The gate voltage decreases from 3 V to -
200 mV with a Tfall value of 50 ns.
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The calculations, simulations, and measurementhallv that increasing transistor
length increases error voltage. The model andlativas show that error voltage
increases with length at rates of 14.6 and 15.4umVfespectively. Although the linear
fit in the measured data is not as great, measumssbow a rate of 7.8 myh. Causes
for the lesser fit quality in the measured datali&edy due to variations in total source
capacitance and poly gate critical dimension (CD).

Comparing the calculated, simulated, and measialshows that there is good
gualitative agreement on the effect of various pes@rs on charge injection and clock
feedthrough. The model and simulations especslbw excellent quantitative and

gualitative agreement.
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7 Conclusion

The work presented in this thesis examined chiajgetion and clock
feedthrough by developing a model and verifyingpibugh simulations and test structure
measurements. It is important to understand thehamesms of charge injection and
clock feedthrough because they limit the perforneawfcswitched-capacitor circuits,
which form ADCs, DACs, and CMOS image sensor pixels.

A basic charge injection/clock feedthrough modatwleveloped to identify the
components that contribute to this phenomenorthdmmodel, the switched-capacitor
circuit had an NMOS transistor’s drain connected tow impedance voltage source and
the source connected to a sampling capacitor. \itreetransistor turns off, charge
injection occurs because channel charge is dispénte the source and drain. Clock
feedthrough also occurs due to the coupling thrayagb-diffusion overlap capacitance.
The combination of both mechanisms reduces thagelon the sampling capacitor. The
third mechanism, source-drain conduction, allowssfdtage recovery until the transistor
reaches sub-threshold condition. Our model reidrthe predominant interaction
between charge injection and source-drain conduetieen the gate voltage is above the
threshold condition and the dominance of clock fieedigh when the gate is in sub-
threshold. The model was useful in examining sewaitage as a function of both time
and gate voltage.

The model we developed was verified and expanged by using Synopsys

TCAD simulations. TCAD simulations predicted holaacge injection and clock
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feedthrough are affected by various parameter$, asd¢ransistor operation, size, and
geometry. 2D simulations were setup to examinestfeet of transistor length, VGH,
VGL, and Tfall. The simulation flow included prasesimulation, structure editing,
device simulation, and electrical parameter exiwact 3D simulations were setup to
understand the effect of transistor width and titeeensional geometry, such as the
annular and funnel-shaped transistors.

The simulation results verified our model by shogvsimilar components of
dispersal of channel charge, coupling through apechpacitance, and source-drain
conduction. By analyzing the dependence of chamjgetion and clock feedthrough on
various parameters, it was determined that somenpeters had an effect while others
did not. In terms of transistor operation, VGH Hitite effect, while decreasing VGL or
Tfall increased the error voltage. In terms ohsiator size, increasing the width or
length increased the error voltage. After comgatire standard, funnel, and annular
transistors, it was shown that those differentdistor geometries had little effect on
charge injection and clock feedthrough.

Test structures were designed and fabricatedia&um CMOS process to
measure and verify charge injection and clock teedigh. The test structure was
designed with various transistor lengths to exartheeeffect of length. Measurements
were performed to examine the effect of VGH, VGhd d&ransistor length. In all three
measurement types, there was good trend agreemisvedn the model, simulations, and
measurements. The model and simulations showedl gaantitative agreement, with

simulations predicting error voltage to be appraadety 10% higher than the
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calculations. The measurements however, were apppately 45% higher than the
calculations. Causes for the discrepancy betweemibdel, simulations, and
measurements were due to differences in channejehsource-drain conduction, total
source capacitance, and measurement noise.

Further study can be carried out to verify changection and clock feedthrough
by designing and measuring more test structurage tb limitations with lab equipment,
the effect of Tfall could not be measured. Thelliaditations also resulted in a transistor
length effect that had a poor linear fit. Repegatime measurements with various lengths
would be important to verify that the length effecindeed linear. Additional test
structures could also be created to verify thectsfef width and transistor geometry.
Any further study in measuring charge injection alatk feedthrough would be

beneficial in verifying our model and simulations.
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