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Analog-to-Digital Converters (ADC) are a key component in the majority of instrumentation and
imaging applications, and are often the limiting factor in their system performance. In the high-
precision (>16b), high-speed (>100MHz) space, successive approximation register (SAR) based
ADCs are favoured. These ADCs usually contain a capacitive DAC (CDAC) whose output is
matched to the input signal through charge redistribution. The CDAC is built in the back-end-of-
line (BEOL) layers of a typical CMOS process with the Cu metal tracks and low-k dielectric
insulation forming lateral coupling capacitors. The resultant precision and performance of the
CDAC SAR ADC is frequently limited by the errors developed during fabrication of the nominally
identical capacitors in the CDAC.

Improving or correcting for the matching of the capacitors is an expensive, difficult, and time-
consuming procedure. Improvement in the variation of capacitors is hard to achieve as both
systematic and stochastic errors are introduced within the CMOS fabrication process. These
processes are optimised for the performance of the underlying transistors and cannot be
adjusted to benefit a BEOL capacitor array. Hence, typically, each capacitor on each die is
measured after fabrication, followed by additional expensive calibration, supporting circuitry,
and the implementation of power and time-consuming linearisation techniques to compensate
for such variations.

This thesis investigates in detail the influence of the geometric design and circuit layout of the
capacitor array on its matching properties in a 40nm CMOS process, with the aim of achieving
improved matching performance of the DAC to minimise the requirement for additional
supporting circuitry or calibration routines. This is achieved through the use of dedicated test
chips designed and optimised for the measurement of the capacitors in large arrays, as well as
development of an ultra-precise methodology for doing so. This has resulted in a significantly
enhanced understanding of both the systematic and correlated errors in the process as well as
the random error due to statistical variation. From this work three main conclusions are drawn.

Firstly, it is shown that variation in capacitive value scales inversely proportional to the square
root of the length of the capacitor fingers and number of metal layers as would have been
expected from a typical statistical (Pelgrom) model. However, it is also shown that the variation
due to scaling of finger width and spacing, is primarily determined by the critical dimension of
the process, and that matching is significantly improved through relaxing these parameters
slightly. Together, these observations allow an optimised design which balances capacitor
matching against area use.



Secondly, the measurement and analysis of the capacitor matching in three different 40 nm
CMOS designs reveals that despite all care and attention in the layout design, a large part of the
variation in capacitor values is derived from the most subtle limitations of process technology
leading to unpredictable but systematic errors across the die which are repeated on all other
die. This means that by careful separation of the matching errors into systematic index-to-index
variations and random die-to-die variations, it is possible to compensate for the systematic
errors by only measuring a very small subset of all available dies. This approach will lead to a
significant time and cost saving in the test and calibration phase of each die.

Lastly, the research reveals that, due to the presence of correlated error sources, considerable
matching improvements may be attained through proper understanding of the relationships
between the key capacitor geometry parameters, and the aggressive use of layout folding
schemes. Additional benefit can also be achieved through use of the correct amount, and type,
of dummy structures on arrays of all sizes.

The developed theory and findings in the earlier sections are subsequently applied to a
simulated model of a single-stage 18-bit SAR ADC, demonstrating that the capacitor mismatch
error is now surpassed by noise as the dominant source of error in the system, and that the
effectiveness of other linearisation techniques is also further enhanced by the optimised
capacitor design.



Table of Contents

Table of Contents

7Y 0 13 { - 1o N 2
L1 o1 (X003 00T 1) 1= 1 ) £ N 4
Research Thesis: Declaration of Authorship.....cccecceveiiiiiiiiiiiiiiiiiiiiiiieiececenaes 7
AcknowledgemeEntS.....ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiititiiriitecetescssetetesessacecesssssasens 8
Chapter1 IntroducCtion .....cccccieiiiieiiiiiieiiiieiieiiitetcecessecescessecessessscessessacessesens 9
U B o (e 4172 1 { o] o N 9
1.2 Research Goals, Scope, and Contributions........cccccieieiiiiiiiiiiieiecieiciceienenaes 9
Chapter2 An Overview of Analog-to-Digital Converters.......cccoecevercecncnnenes 12
2% I 1 1 4 e T [V o3 { o 4 RN 12
2.2 Target ApPliCAtioNS..ccciciiiiiiiiieietieiiiieietieterietestetessecessacessacessasessasessasassnsassns 12
2.3 High-Speed Analog-to-Digital CoNVerters ......ccccevveveieieiririnincasececereressssasans 13
2.4 ADC Architectures and Figures of Merit .....ccccceiiiiiiinieiiiiiiiiieninececiercscsnenees 13
2.5 Successive Approximation Register (SAR) ADC Architecture .........c.cccc......... 17
2.6 Linearisation Techniques for SAR ADCS .....cccceieierieieriecriecereecescecescocescncesens 20
P2 A 07+ T 4 Lo LU E=] Lo o PO RN 26

Chapter 3 Design and Fabrication of a Test Chip for Capacitor Measurement

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

iN@40NM ProCeSS ...cucuiuiniuinieininieieieieieieieieiiteiecicrcrcrcrerersesesenes 27
(e To [¥ T 1 Lo T o N 27
[ o ToT =TT 07 3 T ] o7 - N 27
Introduction to the 40nm CMOS ProCess .....ccccecvereienreieniniencncecncececenceenes 29
Overview of Key 40nm Back-End-of-Line Processes ....cccceevviviniececeierernnnans 31
Lateral Fringing Metal-Oxide-Metal (MOM) Capacitor Layout .......ccccceeveennee 34

Design of an Ultra-Precise Capacitor Measurement Architecture for Large

ATTAYS criieiiieiiiietieeetareetareetasentescocessncessnsessasessnsassnsessnsessnsassnsassnsasansassnsanans 44
Setup and Evaluation of the Capacitor Measurement Die ......cccccccevviinnnnnens 55
(076 4 1o ¥ E=] T o TN 61



Table of Contents

Chapter4 Measurement and Analysis of Single Finger Lateral Coupling

(07T o T-T e | o] &= J RN 62

T %0 B 143 € e T [V Lo 4T ] o 1RO N 62
4.2 Capacitor Weighting ANalySiS....cccccieieiiriiiiiiieieieieririinireieiiereressssasasesesesesess 62
 JC T 070 4 T LT E=3 T o TN 71
Chapter 5 Detailed Analysis of Capacitor Errors and Trends .......c.ccccccaeeaeee 72
L% I 1 1 { e T [T o3 { o 4 HO N 72
5.2 Derivation of Matching Statistics from Array Measurements.......cccccceeueneneee 72
5.3 Verification of the Gaussian Statistical Model for Matching Errors .............. 79
5.4 Analysis of Observed SystematiC Errors .....ccccccieiieiiiieiiiieierieteeieceececescacennns 81
5.5 Trends in Matching Error with Capacitor Geometry Variations .................... 92
LS I 070 ] 1 Tod LU E=] [o T o DO N 108
Chapter 6 Capacitor Errors and Trends in Large Arrays ...cccccceeeecececrcncncene 109
7% I 1o 1 { o Te [T o2 { o o HO RN 109
6.2 Matching Within Differential DAC Arrays ...c.ccccceeveveieieiererersssasececeseressssasans 109
6.3 Impact of Dummy Structures on Capacitor Matching .........ccccveieiinrnnnnnnns 110
6.4 Impact of Array Shielding on Capacitor Matching ......cccccccevviiieieieiciciienanen. 114
6.5 Localised Errorsin Large BEOL Capacitor Arrays.....cccceieiieieienecececerscsanaes 115
6.6 Sources of SystematiC Errors ...cccieiiiieiiiiiiiitiiitiecetiectencetencecencocascocncnss 124
<20 0707 4 Lo UV E=] Lo T o PO N 126

Chapter 7 Simulated Performance Impacts of Improved Matchingin a

71

7.2

7.3

7.4

7.5

7.6

Behavioural 18-bit SAR ADC.......ccieiuieiiinieieiinieieieieceieececennees 127
Lo L (g Te [FT o7 1 Lo 4 ESR RN 127
Behavioural ADC Architecture.......ccccecvuveieieieieiinieieieieiiircececeienerececanenes 127
Simulation Methodology ....cccviviuieiniiiiiiiiiieieieiererirsisasecesesesessssasasesesesesess 130
Incorporation of Measured Arrays for Simulation .........cccccceiiiiiiiinnnnanecenns 131
Impact of Capacitor Interdigitation and Folding in Layout........ccccceievieiannes 132
Simulated ADC Performance .....cccceceeeeieieieieiinieieieieiitececetenerecececasenennes 136



7.7 Conclusion

Table of Contents

Chapter8 Conclusion and OUtlOOK .....ccevreriiiiiiiiiiiiiiiiiiirerrrererececececenees

Appendix ATables of Capacitor Variations ........cc.cccceeveieieieiecerererenecenecenannees

References .......



Research Thesis: Declaration of Authorship

Research Thesis: Declaration of Authorship

Print Name: William Christopher Webb

Title of Thesis: Capacitor Design for High-Speed High-Precision Charge Redistribution SAR ADCs

| declare that this thesis and the work presented in it are my own and has been generated by me

as the result of my own original research.

| confirm that:

This work was done wholly or mainly while in candidature for a research degree at this
University;

Where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated,;

Where | have consulted the published work of others, this is always clearly attributed;
Where | have quoted from the work of others, the source is always given. With the exception
of such quotations, this thesis is entirely my own work;

| have acknowledged all main sources of help;

Where the thesis is based on work done by myself jointly with others, | have made clear
exactly what was done by others and what | have contributed myself;

Parts of this work have been published as:

William Webb, Rares Bodnar, Kees De Groot, “Matching Improvements in Capacitor Arrays
for Precision Charge Redistribution SAR ADCs.”, International Conference on Electronic
Circuits and Systems (ICECS), Nancy, France, 2024, doi:
10.1109/ICECS61496.2024.10848714.

William Webb, Rares Bodnar, Kees De Groot, “Optimisation of BEOL Capacitor Matching in
Charge Redistribution DACs for Precision and High-Speed ADCs”, Transactions on Circuits
and Systems |: Regular Papers (TCAS-I), Early Access 2026, doi:10.1109/TCSI.2026.3664777

SIgNATUIE: i Date: 2026-05-25.....ccccvcevnvennnnnen.



Acknowledgements

Acknowledgements

I would like to express my deepest gratitude to Dr. Rares Bodnar for his exceptional guidance
and mentorship. His deep knowledge of the subject, patience, passion, and his continual
support over the past four years have been instrumental to my growth and to overcoming

interdisciplinary challenges at every stage of this project.

Thank you also to Prof. Kees De Groot for his supervision throughout this project. His comments

have kept this work grounded and purposeful towards its result.

| have to thank my colleagues at Analog Devices all for their unique insights and expertise,
without whom substantial roadblocks that developed through this investigation | believe would
have taken even longer to overcome. Their support on the development of the test chips across
the 3 tape-outs for this work has been invaluable. The collaboration on the work of this project
with every one of them has been a pleasure: Henry Kennedy, Luke Smithers, Peter Hurrell, Mark

Vickery, Peter Strong, Ahmet Suna, Junming Zeng, Eric Thompson, Archana Patil.

I would also like to acknowledge the comments and guidance received from Prof. Bill Redman-
White, which helped to cement the usefulness and context for a lot of this works’ discussion.
His extensive academic and industrial experience has helped shape the presentation of my

work and supporting papers significantly.

Lastly, but by no means least, | would like to thank my close family and friends, particularly my
parents, and my partner Oana. They have always inspired and pushed me to pursue the things |
love. Their continuous support, encouragement, and love are what have made this achievement

possible.



Chapter 1

Chapter1 Introduction

“We demand rigidly defined areas of doubt and uncertainty” - Vroomfondel

1.1 Motivation

A significant limitation in the development of modern instrumentation equipment is the
precision and linearity of their Analog-to-Digital Converters (ADCs). These instruments
frequently demand high sample rates of their ADCs without compromising the signal-to-noise

(SNR) ratio or linearity (INL).

At low to medium throughput, Successive-Approximation (SAR) ADCs are generally preferred
due to their instantaneous sample accuracy, bandwidth, and overall power efficiency inherent
to their architecture. Usually, the SAR ADC is found within more complex hybrid architectures
combining pipelining, interleaving, or noise-shaping techniques to achieve the highest
throughput converters at a given precision. This has led to SAR ADCs attaining up to 24-bit
resolution; however, the matching of their charge redistribution DACs has not followed suit. This
is a fundamental limitation of the SAR ADC architecture that has been commonly solved
through development of complex calibration and Dynamic-Element-Matching (DEM) algorithms,
which are costly, and do not address the core of the problem: the matching of the capacitors in
the capacitive DAC (CDAC). Therefore, it is essential to address the uncharacterised matching
properties and dependencies of the common capacitor structures for SAR ADCs, such that
continued improvements in SNR and linearity may be achieved, without the increasing cost of

calibration and other correction techniques.

1.2 Research Goals, Scope, and Contributions

This research project seeks answers to answer the questions: What are the dominant
contributing factors to, and the nature of, the matching errors found in large arrays of lateral
coupling capacitors; and are there techniques and methods possible in the capacitor design,
within the boundaries of the process, that may allow achieving of higher matching capacitors.
While this work is executed within the field of high-speed, high-precision SAR ADCs, as will be
seen there are undoubtedly many areas that benefit from this investigation. Execution within
this space is performed primarily due to the prominence of the issue within the SAR ADC space.

The work of this thesis aims to:

- Understand the likely sources of matching errors in BEOL lateral coupling capacitors
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- Verify the presence of systematic errors across large capacitor arrays

- ldentify methods or geometries in layout that can be used to reduce the formation of
errors in large arrays of capacitors

- Where avenues for improvement are found, demonstrate their effectiveness with

comparison to the foundry capacitor cells in the context of a SAR ADC CDAC.

The scope of this project’s experimental investigation therefore covers the 40nm process due to
availability of the PDK and its applicability to high-speed, high-precision SAR ADCs. This is
however only one of many suitable processes for this investigation. The project considers
primarily what can be done within the design stages of the capacitors or capacitor arrays which
lead, through understanding, or use of another technique, to better matching capacitors, and
thereby better linearity and performance of the attached circuit. The precise implementation of
calibration algorithms, or other linearisation techniques are considered out of the scope of this
project, as are the other supporting components of the circuits which may lead to other
detriments to performance. For most commercial processes, the precise process information is
protected, and even still it is extremely limited. As a result, this thesis focuses predominantly on
the relationships and relative improvements possible, as opposed to the specific figures. Where
process is discussed, it is done using only the publicly available information, which may limit

discussion.

This thesis is divided into several chapters targeted to tackle the above question and goals.
Chapter 2 provides an overview of the existing high-speed high-precision ADC space, justifying
the desire for high linearity, and the current research aimed in achieving it. In Chapter 3, test
structures for a series of test chips are designed, and an ultraprecise measurement strategy is
developed to characterise the matching dependencies of the capacitors. Chapter 4 explores the
relationship between the capacitor geometry parameters and the resulting capacitor value to
ascertain the likely mismatch contributors. This is used to inform the work of Chapter 5, where
the statistical analysis is applied to the capacitor weightings and the nature of the capacitor
matching is analysed, and relationships extracted. Chapter 6 explores the larger scale matching
effects, comparing the observations with traditional techniques, and discusses the likely
causes of the novel relationships that are observed prior. The thesis then demonstrates the
resulting matching performance improvement through simulation of a novel, fractional
reference schemed, calibration-free, 16-bit linear SAR ADC, in Chapter 7. Significant
improvements over the foundry capacitor structure and performance are demonstrated, and
the dependencies of their performance are characterised. The main contributions from this

project are summarised below.

10



Chapter 1

Design and evaluation of bespoke capacitor arrays for characterising the matching

dependencies of 40nm BEOL lateral MOM capacitors.

Development of a high-precision on-chip capacitor measurement technique, and theory

allowing separation of the systematic and randomly sourced errors.

Characterisation of capacitor matching error dependencies on the main capacitor

geometry parameters, and identification of significant correlated matching effects.

Characterisation of the requirement for array-level dummy structures, and their impact

on the capacitor matching errors.

Characterisation of the possible improvements through aggressive use of layout folding

techniques in large capacitor arrays.

Demonstration of the possible performance improvement for a calibration-free 18-bit
SAR ADC performing with 16-bit linearity using a behavioural 18-bit ADC and optimised

capacitor structures.

11



Chapter 2

Chapter 2 An Overview of Analog-to-Digital Converters

2.1 Introduction

The scope of this project covers predominantly the use of the large arrays of laterally coupling
capacitors within charge-redistribution SAR ADCs. This chapter provides an overview of the
typical uses, figures of merit, and configurations of ADC under which is work is considered, as
well as common linearisation techniques, for comparison of what this work seeks to improve
upon, or ultimately remove the need for entirely. The issues with the use of calibration are also

discussed, and the impact of highly linear performance is noted.

2.2 Target Applications

The issues presented by badly matched capacitors are very widespread across a great range of
applications. For example: in differential structures, in the same way as device mismatch leads
to circuit offset and bad common mode rejection, mismatches in the capacitance of the nodes,
can also lead to the same sensitivity. Most high-precision circuits are trimmed during
production or during background calibration routines (as will be discussed), and the capacitor
arrays that are used work best when they are monotonic. Where control loops are introduced,
non-monotonicity leads to unstable behaviour and is considered unacceptable. Achieving of
high dynamic range in any application will frequently require matching of high ratios of devices,
be they transistors, resistors, or capacitors. Such circuits can be found in offset trimming within
voltage-controlled oscillators (VCOs). When matching of passive devices is concerned,
capacitors are generally chosen due to their ability to be used in switched capacitor circuits
which are frequently lower power, as well as their standard integration into the process and

lower area costs compared with resistors.

The most prominent application for large arrays of capacitors which must have high levels of
matching due to the high dynamic range that is required, is in the application of charge
redistribution analog-to-digital converters (ADCs). This is the application that is focused on
within this work, as an exemplar of both the impact on performance that the capacitor matching
can have, but also as a guide to the trade-offs that a designer might have to make and consider
when consulting different options for improving the structure’s performance. Across each of the
applications, there are a broad range of considerations that become applicable. Some
applications such as VCOs require good control of the absolute capacitor value, whereas this is

not of great importance with analog-to-digital converters. The sizes of capacitors can vary

12
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considerably too. Power trimming applications might use arrays in the pF range, whereas the
chosen application will consider itself with arrays of picofarads of capacitance. Due to these
wide ranges, it is important that this study constrains to a single area to focus the investigation.
It will however be found in later sections, that much of the results of this study, as hoped, will be

highly transferrable to other applications and processes by careful managing of the trade-offs.

2.3 High-Speed Analog-to-Digital Converters

Analog-to-Digital Converters (ADCs) provide the interface between advanced digital processing
techniques, and the high-precision sensors in modern instrumentation. Fundamentally they
take an input, usually a voltage, of a real analog signal from a sensor and convert it to a digital
code for a processor or system-on-chip to interpret. The requirements and demands of these
ADCs can vary dramatically between applications with high-speed communications systems
requiring sample rates of more than 1 billion samples per second (1 GSPS) with resolutions as
low as 5-bit, and bespoke instrumentation requiring sometimes less than 1kHz bandwidth at up
to 30-bit resolution. In both applications, the ADC is frequently the limiting factor in the system
performance. The focus of this study revolves around the typical performance expected of an
ADC in an imaging type instrumentation scenario, where both high precision (>16-bit) and high

speed (>100MHz) are common specifications.

In imaging applications, an extreme amount of post processing is performed on the digitised
signalin order to infer and reconstruct the source being imaged. This is often the nature of CT
and MRI type scanner systems. As a result, the noise and other distortion elements in the output
of the ADC can be exacerbated quite easily by the post processing algorithms. The complexity of
this processing is often large enough in its own right that system integrators are not able to
implement individual compensation for each ADC (of which there may easily be hundreds) in
addition to image-resolving post-processing algorithms, and so it is up to the ADC designer to
ensure that the off-the-shelf performance of the ADC is as high as possible for the customer.

This means integration of such compensations to the ADC itself.

2.4 ADC Architectures and Figures of Merit

241 Figures of Merit

Figure 2.1 illustrates the extraction of several key figures of merit that may be used to quantify
the dynamic performance of a given ADC. The plot shows the extraction of these metrics from a
fast-Fourier transform (FFT) of a single fixed-frequency input at f;;,. This is the preferred method

of evaluation of AC characteristics.

13
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The simplest metrics relating to ADC performance, are the signal-to-noise ratio (SNR), and the
dynamic range (DR). The SNR is as its name suggests, the ratio of the applied input signal, to the
noise floor of the ADC. Note that this excludes any harmonic spurs. The dynamic range is the
ratio of the full-scale input level of the ADC to the noise floor. Full-scale refers to the maximum

input range of the ADC.

Imperfections in the ADC operation, arising from various sources such as input signal
dependency, mismatch, internal clocks and crosstalk, generally manifest themselves as spurs
in the frequency domain. Only HD2 and HD3 are shown in Figure 2.1 but subsequent spurs may
exist. These are the result of tones and distortion in the ADC response. In applications where the
distortion of the ADC is of concern, the signal-to-noise and distortion ratio (SNDR) of a converter
better captures the real-world performance than the SNR. Similarly, the spurious-free dynamic-
range (SFDR), which describes the ratio between the ADC full-scale, and the largest spur
presentin the frequency response.

b

FULL SCALE (FS)

T L e L T T
INPUT SIGNAL LEVEL
e v ek _T_
DR
(dB) | sNDR SFDR (dBFS)
(dB) | | sNR
(dB)
HD
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¥ ~——HD3 RMS Noise inc. Spurs
1’. 'l - - - e - - RMS NOise
f
fin 2fin 3fin fs
2

Figure 2.1. Illustration of the commonly used figures of merit for an ADC with reference to the ADC output

FFT. Adapted from Ref [1].

Where DC characteristics are of concern, and frequently in applications reliant on low-
distortion, the linearity of the converter is represented predominantly by the integrated-non-
linearity (INL), and differential-non-linearity (DNL). These are illustrated in Figure 2.2. For an
ADC to be monotonic (a requirement in the majority of applications, but particularly in control or
regulation loops) means for the DNL to be less than one least significant bit (LSB). The linearity

of an ADC directly impacts its precision. To consider an 18-bit ADC linear, it would be expected

14
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that its INL would less than 1LSB at 18-bit level. These are the most important metrics which will
be used for further discussion of ADC performance in the subsequent sections, where the

product of capacitor mismatch will most significantly impact the INL, and DNL of a converter.
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Figure 2.2. Visualisation of ADC INL and DNL non-linearities between the input voltage and the post-

conversion output code of the ADC.

2.4.2 ADC Architectures

Figure 2.3 demonstrates the state-of-the-art performance of various converter architectures
from the past decade. To understand the motivation behind the use of the SAR ADC as the basis
for many hybrid converter architectures it is instructive to have a brief look at the other converter

architectures.

Flash ADCs use a chain of resistors or capacitors to divide up the input voltage and a series of
comparators tapped into said chain to provide a near-instantaneous conversion resultin a
single clock cycle. They excel in providing very high-speed conversion results with low-latency
and are commonly utilised in wireless and wireline applications where sampling frequency and
bandwidth requirements are the highest. Whilst their simplicity allows very high sampling
speeds (>1 GSPS) the flash architecture does not scale linearly with increased resolution,
requiring a near doubling of area and power, with each additional bit of resolution. This places a
general limit of 8-bits resolution on flash ADCs, although integration of low-resolution flash

converters within other ADC architectures is commonplace.

Sigma-Delta (SD) based converters harness error shaping techniques to extract very high

precision from a lower precision quantifier. As a result, they are continuous in nature and hence

15



Chapter 2

require aggressive oversampling to produce adequate conversion results. As a result, sigma-
delta converters are the highest resolution ADCs on the market, being able to attain higher
resolution performance through oversampling and noise shaping (NS) techniques. Their
suitability for simultaneous sampling, or multiplexed applications is however compromised by
the required large oversampling ratio (OSR), and their effective conversion latency is unsuitable
for many instruments, particularly imaging, where tight sampling timing constraints exist.
Sigma-delta ADCs are often operating with less than 5MHz bandwidth and dominate within the

audio sector.

The substantially reduced bandwidth compared with other architectures and the high
oversampling ratio makes sigma-delta ADCs unsuitable for multiplexed applications commonly
seen in instrumentation, although sometimes this is still acceptable. A true Nyquist ADC by
comparison has an oversampling ratio of 1 making other architectures more suitable, although
oversampling techniques are frequently applied to most ADCs to improve SNR. Due to their
aggressive use of oversampling, sigma-delta ADCs are able to achieve particularly high figure of

merit (FoOM) in the <1MHz region.

Pipeline ADCs achieve higher precision by breaking the conversion into multiple steps. They
chain a series of quantisers together, feeding the quantisation error of the previous stage
typically through an amplifier to the next stage for further quantisation. This allows for fast
sampling speeds as the maximum sampling speed is determined by the throughput of the
slowest quantiser in the pipeline, as all quantisers are usually able to operate independently.
This architecture can increase the complexity of the ADC architecture and brings with it another
set of challenges for designing low-noise, high-speed amplifiers between each stage. Any of the
discussed architectures may be used for pipeline ADC quantisers, however pipelined SAR ADCs
are by far the most common in the instrumentation space and generally have the highest

Nyquist performance.

A comprehensive range of competitive ADC converters recently published in ISSCC and VLSI
conferences are shown in Figure 2.3, highlighting the trade-off between precision and speed. In
the range of 100 kHz to 1MHz the pipelined SAR ADC is generally the superior ADC. As a result,
the pipelined, or 2-stage, SAR converter is the typical architecture of choice for instrumentation
and imaging applications, where a high-precision (16-24 bit), high speed (10-500 MHz) ADC is

required.
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Figure 2.3. Example converter performance by architecture, overlaid with each application’s SNDR
demands. Assembled from [2]. Data collated in [3]. (Time-interleaved converters are omitted

from this plot)

2.5 Successive Approximation Register (SAR) ADC Architecture

A diagram of a typical SAR ADC is shown in Figure 2.4, and illustrates the fundamental
components on which its performance relies. In its simplest form, the ADC consists of 3 parts. A
digital to analog converter (DAC), a comparator, and the successive approximation register

(SAR) logic.

Voac

v
ANALOG IN TRACK/HOLD N wmmon

VREF M-BIT
. DAC

1
N~
CIGITAL DATA OUT
M-BIT ({SERIAL OR PARALLEL)
REGISTER -
SAR LOGIC

Figure 2.4. Simple architecture of an N-bit SAR ADC from [4], taking an analog voltage input and providing

a digital representation of its output after a number of clock cycles.

A capacitive charge-redistribution DAC (CDAC) consists of an array of binary weighted
capacitors with their ‘top plates’ all connected to the comparator, while their bottom plates are
connected to switches to tie the node between two references and the ADC input voltage. This

is shown in Figure 2.5. The comparator output feeds into the SAR logic which controls the
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capacitor bottom plate switches based on whether the top plate voltage at the end of each
comparison is above or below the reference. The SAR algorithm is an iterative process which
functionally serves to equalise the top plate voltage to the comparator reference. This is
achieved by trialling the binary weighted capacitors successively from largest to smallest as
shown in Figure 2.6 to redistribute the charge across the CDAC and manipulate the top plate
voltage. Given the final switch positions, and the capacitor weights, a digital value for the
conversion result is constructed. Any difference between the designed value of the capacitor
weighting, and the fabricated weighting, results in the possibility of incorrect decisions being
made during the conversion, producing an incorrect final conversion results. This simple
algorithm is highly efficient in its power usage and scales exceptionally well compared with
other ADC topologies. Multiple of these SAR stages are often chained together to form a pipeline
or 2-stage SAR ADC. Usually operating between 5 to 9-bit level per stage for multi-stage and
pipelined SAR ADCs. The residue (final error on the top plate at the end of a conversion) would
be amplified with a residue-amplifier and taken as the input to the proceeding stage. This is
done generally required to enhance the dynamic range of the DAC beyond 16-bit, and to

increase speed by operating each stage simultaneously.
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Figure 2.5. Architecture of a 16-bit charge-redistribution capacitive DAC [4]. The capacitor switches are
manipulated successively to manipulate the top plate voltage to match the reference (ground

here) via the redistribution of charge.

It should be noted that the DAC is not necessarily a charge redistribution capacitive DAC.
Current or voltage scaling DACs are also in use. Current steering DAC alternatives are in use but
are more commonly found in direct current ADCs or in low frequency discrete DACs where the
switching nature of a CDAC renders it unsuitable for continuous time operation. The switching
involved in a typical SAR ADC by comparison occurs quickly enough such that leakage does not
degrade performance. An ‘R-2R’ style DAC could also be appropriate here, however the use of
resistors as the critical elements introduces additional thermal noise to the system, and is

unlikely to meet the noise requirements for a precision (>16-bit) SAR ADC DAC.
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Figure 2.6. The capacitor array 'top plate' voltage during a simple 4-bit successive approximation

conversion [4].

Whilst comparator offset is one error source contributing to the performance of the ADC, this is
a singular quantity which is easily trimmed out, and is typically signal independent. If we
consider now the contributions of the matching errors of the capacitors, with each capacitor
having its own unique, ideally decorrelated, error that is only present when the capacitor is
switched, then it is easy to understand the potentially signal dependent nature of the errors.
Figure 2.7 illustrates this through simulation of an ideal 18-bit SAR ADC that was designed and is
presented later in Chapter 6. The SNR degrades significantly when random errors are applied to
its capacitors in a Monte-Carlo simulation [5]. For the capacitor values used in a precision
application, typical matching errors are well in excess of 1000ppm, resulting in an immediate
degradation of 20 dB SNRin this instance before any other error contributors are considered.
This makes correction of the capacitor matching a significant topic of interest for those
developing high-speed, precision SAR ADCs. Itis the purpose of this thesis to design the
capacitors in such a way to ensure that the capacitor error variation is limited ideally to 100ppm

such that its effect on performance is small compared to the quantisation noise.
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Figure 2.7. Simulated impact of capacitor matching error on the performance of an 18-bit SAR ADC which
uses redundancy to mitigate the impact of capacitor mismatch. The design and optimisation

of this ADC is the subject of Chapter 6 of this thesis.

2.6 Linearisation Techniques for SAR ADCs

2.6.1 DEM and Dither

Dynamic Element Matching (DEM), frequently referred to as shuffling, serves as one of the more
fundamental techniques frequently used when tackling the presence of unwanted mismatch in
capacitor DACs [6], [7], [8], [9], [10], [11]. It effectively provides the ability to trade-off the
capacitor errors, and the subsequent spurs introduced in the frequency domain, for a wider
band noise that recovers the converter’s SFDR and SNDR, and enhances linearity. This is
achieved by cycling of capacitor allocations in thermometrically weighted capacitor arrays each
conversion as in Figure 2.8, such that the errors of each capacitor are averaged over multiple
conversions. This assumes the errors are approximately gaussian and zero mean. The resultis a
DAC thatis “linear: on average™[8], [11]. DEM finds application in a broad range of architectures,
including SARs, and Sigma-Delta ADCs, as well as other applications, but the general rules and

principles that ensure its effectiveness remain the same.
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Figure 2.8. Capacitor allocation changes each conversion cycle though use of a barrel shuffler for DEM

implementations. Shown here are two valid shuffling schemes for a constant DC input [8].

The real impact of a well-performing DEM scheme in an SD ADC is illustrated in Ref [9], where
mismatch derived frequency spurs are notably suppressed, and the achievable SNR of
numerous matching schemes is illustrated. In order to provide these SNDR improvements,
oversampling is required. This is often a key factor against the use of DEM in particular
instantaneous-sample type applications, as multiple samples must be taken and averaged to
produce a DC, or at least Nyquist, linear result. As previously mentioned, whilst the SNDR of a
converter is maintained through use of DEM, due to the spreading of the errors into the noise

floor, a very slight deterioration in SNR is expected.

In the context of a SAR ADC, DEM may only be applied to unary sections of the DAC as it
requires elements of equal weighting. Hence, it is usually seen limited to the 4 or 5 most
significant bits (MSBs) of the ADC, while the remaining sections of the DAC are binary weighted.
The main factor limiting usage to 4 or 5 bits in high-speed SAR ADCs (>100MHz) is the
propagation delay through the shuffler which implements the DEM scheme, as the load and
parasitics of the shuffler scale exponentially. This also removes the typically observed step in
INL from the MSB transition of the DAC without compromising the dynamic range, simply by
reduction of the MSB unit element size. Some DEM derived techniques are referred to as Data
Weighted Averaging (DWA), but these techniques still rely on the same fundamental principles

of DEM for their operation.

DEM is generally found combined with the other most impactful linearisation technique, Dither
[10],[12], [13], [14], [15]. When combined, the ADC transfer function can be made impressively
linear, at less than 0.1ppm INL error [10]. Dither further linearises the ADC transfer function
through random modulation of the ADC input, and thereby the quantisation error (the residue).
This is achieved through addition of a random, but known, signal to the ADC input, generally
through added sampling capacitors, which is then converted in addition to the user’s input to

the ADC. This dither signal is then digitally removed post-conversion as in Figure 2.9. The result
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is a quantisation error that is decorrelated from the capacitor errors of the DAC, effectively
smoothing out the MSB transitions in the INL and DNL as in Figure 2.10, and resulting in a lower

overall DNL due to the more gradual transition.

The use of dither also provides the opportunity for mismatch calibration through dither injection
[14], [16], [17], [18]. This typically requires additional capacitors and usually introduces more
capacitors which have their own errors that must be calibrated out, albeit easily achieved
through similar means. The main downfall of dither is that it consumes the input range of the
ADC, which must then be combatted with the use of further redundancy as the dither signal is
summed with the input signal in operation, thereby requiring additional range for the bit trials to
ensure a residue <|1/2LSB|. Whilst this in itself may not constitute a detriment to performance,
it poses challenging design decisions as the DAC must be extended to account for the further
redundant capacitors, increasing the occupied area, which may be significant if near-MSB sized

redundant capacitors are required.

Vit) o— ) ADC * }—o D[n]

AN _
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Figure 2.9. This diagram shows how dither is introduced on top of an existing ADC architecture by
introduction of a random dither signal ‘Dither[n]’ and subsequent removal of the signal post-

conversion.
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Figure 2.10. Illustration of the operation of dither. The input voltage at which code transitions occur is
artificially varied, resulting in linearisation of the average INL profile, and the removal of large

steps in bit transitions.
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Unlike calibration which directly compensates for the capacitor errors, DEM and dither can only
distribute the frequency at which these errors are spread into the noise. In both cases the
objective is to decorrelate the mismatch induced noise from the input signal. Signal dependent
errors are not absorbed into the noise floor and create tones and harmonics in the ADC
conversion result, whereas the random nature of both dither and DEM decorrelate these errors

and subsequently increase the converter’s SFDR, and linearity.

2.6.2 Redundancy

Redundancy introduces additional trials into the SAR algorithm that are repetitions of trials of
the same weighting [19], [20], [21]. This is operated exactly the same as a normal bit-trial would
be, resulting in a second voltage change on the top plate of the same magnitude when switched.
If the capacitors are of ideal value, then the redundant capacitor bit trial result would be the
opposite of the previous bit trial. However, if there are errors accumulated in the previous
capacitor values resulting in an incorrect bit-trial result, then this allows some level of recovery
by adding extra range to the DAC, and allowing the final residue to be returned to within 0.5
LSB. This additional input range also allows for absorption of other error sources, such as over-

ranging of the preceding residue amplifier, or mismatch between the DAC and a supporting-

flash ADC trip point.

Redundancy is also critical in the use of many techniques, particularly calibration routines, as it
allows multiple paths for reaching a particular ADC output code, with different combinations of
capacitors switched. This is the result of errors in the bit weightings cause a wrong bit-trial
result. This is shown in Figure 2.11 where the presence of mismatch causes a false bit-trial

result in the dashed-blue pattern.

Redundant
Trial

Top Plate Voltage

Figure 2.11. Demonstration of how redundancy can enable multiple paths to achieve the same ADC result
in the presence of mismatch. The dashed blue line shows a conversion with ideal capacitors,
and the solid red line shows a conversion with mismatch errors, resulting in a different

decision whilst maintaining the residue within the prescribed range.
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2.6.3 Calibration

Possibly the most prominent, and direct, method for addressing the inherent capacitor
matching errors, is through digital calibration of the capacitor weightings. Such calibration
routines have become increasingly popular due to their low area and power cost in geometries
below 0.18um, and sort themselves into two types: foreground calibration, and background

calibration.

Foreground calibration algorithms, sometimes known as factory calibration, requires the
stopping of the normal conversion cycle in order to detect, and correct calibration errors,
through use of an internal or external reference or known stimulus. These calibration routines
are seen in the higher precision SAR ADCs [5], [10], [13], [21], as more control is afforded over
the ADC input, and switching sequence. This allows more precise determination of any
correction coefficients. This is of great benefit in pipeline ADCs utilising aggressive dither and
shuffling techniques, as these additional capacitors must also undergo calibration in order to be
effective. Ye [12] details a technique for generation of the calibration matrix that exploits the
redundant capacitor usage in order to build the matrix for estimation of the capacitor
weightings. This method demonstrates 4.4dB SNDR, and 12.5dB SFDR improvement without
relying on a calibrated external source. However, this still requires a ‘dead’ time in operation of
the ADC. To clarify, these routines in real production test scenarios may consume a whole
number of seconds to capture enough data in order to fully calibrate the ADC and then generate
correction coefficients to fuse to the part. This is due in part to the large amount of additional
shuffle, dither, and redundant capacitors that are used in high-precision ADCs, which all also

require calibration in order to achieve the best nominal performance of the part.

By comparison, background calibration algorithms run in parallel with the standard conversion
operation. This enables them to continually monitor and correct for any temperature dependent
mismatch errors, comparator offset or gain drift that may occur, as well as aging effects which
are an important consideration within commercial designs [16], [22], [23]. Most often these
calibration routines involve injection of additional, deliberate, errors into the ADC conversion to
infer the capacitor weightings and offsets through algorithms such as a simple least-mean-
squared (LMS) algorithm. Sometimes it is appropriate, and effective, to use the least significant
bit (LSB) or existing DAC elements to generate such a signal, which has been proven to be highly

effective [14],[16],[17], [18].

In both types of calibration routines, the actual correction is generally implemented in the digital
domain whereby the ADC result may undergo some transformations based on the specific bit
pattern determined by the SAR algorithm to correct for the non-ideal weightings of the

capacitors. The two distinguishing characteristics of a background calibration algorithm to a
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foreground one, are the lack of dedicate calibration time as the process runs continually in the
background during standard conversions. Both foreground and calibration algorithms may
easily be extended to account for other errors within the DAC architecture. For example,

residue-amplifier gain and offset errors.

Overall, calibration algorithms, whilst effective, require power consuming logic which area on
the die, as well as adding latency to the conversion result. In imaging applications, conversion
latency can be a key requirement. As sampling rates of ADCs increase, allocating time for the
calibration of the result becomes difficult, hence why calibration routines are not able to be
utilised in wireline and wireless applications. Calibration-free performance is generally limited

to 14-bit performance [24], [25], [26].

2.6.4 Noise and Mismatch Error Shaping Techniques

Whilst DEM and dither move the linearity errors into the noise floor of the converter, noise
shaping (NS) and mismatch error shaping (MES) techniques serve to not only randomise and
decorrelate these errors from the input signal like DEM and dither does, they typically also move
or shape the resulting noise outside the band of interest [24], [27], [28]. This is contrary to the
wideband noise resulting from say dither which occupies all signal frequencies and hence
cannot be easily removed. The techniques are usually found derived from those used in sigma-
delta architectures which rely upon them more heavily. The most basic type of first order noise
shaping takes the residue at the end of the SAR conversion cycle and adds it to the input in the
following cycle. The implementation of this technique can significantly reduce the mismatch
derived spurs in the conversion results FFTs as in Figure 2.12 which results in significantly

increased SFDR and SNDR where the ADC was previously mismatch limited in these regards.
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Figure 2.12. Significantimprovementin SFDR may be attained through use of mismatch error shaping (MES)
techniques to reduce or remove the mismatch-derived spurs shown in red. Reproduced from

[28].
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2.7 Conclusion

The above discussed linearisation and correction techniques are well established and
frequently used in academia and industry to negate the impact of the fundamental capacitor
mismatch errors and non-linearities present in all SAR ADCs. Combinations of the discussed
techniques are used to achieve outstanding performance metrics in both linearity and SNR, with
figures of merit being regularly pushed by increasingly complex architectures, and calibration
algorithms. Nevertheless, all these techniques come at a cost and the capacitor mismatch error
remains the major limitation in the performance of CDAC SAR ADCs without extensive
implementation of the aforementioned techniques. This underpins the research question for
this thesis: what are the dominant contributing factors to, and the nature of, the matching errors
found in large arrays of lateral coupling capacitors; and are there techniques and methods
possible in the capacitor design, within the boundaries of the process, that may allow achieving

of higher matching capacitors.

The next chapters of this thesis will demonstrate design, fabrication, measurement, and
analysis of the CDAC capacitors, seeking to analyse the aspects that may produce these errors
in the first place, including the capacitor geometry and the initial sources of the errors. Any
improvements made by reduction of these errors could potentially serve to reduce the need for
other linearisation techniques. Furthermore, a better understanding of the nature of the errors
which are corrected, can only serve to enhance and empower the existing techniques in the
hands of an experienced designer. The analysis during earlier chapters then leads to the design
and simulation of an optimised 18-bit SAR ADC as shown in Figure 2.13 which, as will be shown

in the final chapters, achieves over 16-bit linearity without the use of any calibration techniques.
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Figure 2.13. Overview of the chosen straight 18-bit SAR ADC DAC architecture. Using measurements from
optimised capacitor structures this architecture achieves 18-bit linearity without the use of

calibration techniques. This architecture is further explained in Chapter 7.
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Chapter 3 Design and Fabrication of a Test Chip for

Capacitor Measurementin a 40nm Process

3.1 Introduction

To enable analysis of the intrinsic matching properties of large capacitor arrays, it is necessary
to do so with a more focused lens, and the development of exemplary test structures for that of
DACs found within SAR ADCs. This chapter introduces the fundamental aspects of the chosen
process for the test structures for capacitor measurement. This leads into the development of
the test structures themselves and the variables for study, followed by development of the
measurement strategy to enable ultra-precise measurements of the capacitor errors. The

chapter concludes by optimisation of the measurement strategy, and then by its evaluation.
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Figure 3.1. A survey of ADCs by their Schreier figures of merit published in ISSCC and VLSI publications in
the last 5 years [3], organised by sampling frequency and grouped by the technology node

used (expressed in nm).

3.2 Process Choice

Due to the investment in masks required for a modern tapeout, this project had to limit

investigation to a single process node. The methodology and results later presented however,
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are likely to be transferrable across most nodes between 16nm and ~90nm due to their

common BEOL processes, and similar lithography techniques.

A selection of trade-offs that are commonly made when choosing a suitable process for a
design are summarised in Table 3.1. As technology progresses, the demand for significant
increases in speed of CMOS circuits increases. Whilst once transistor gate lengths may be
measured in microns, processes for new state-of-the-art designs are frequently found at the
16nm node and below in pursuit of this. Pure analog circuits, however, tend to suffer when
implemented in these kinds of processes, due to the massively increased complexity of the
process, giving way to transistors that whilst exceptionally fast, are no longer able to turn off
fully, have a more limited operating voltage range, and a host of non-linear behaviours that
make the design of amplifiers and precision circuitry a significant challenge. As a result, it would
be found that most precision reference and amplifier circuits sit in pure bipolar or bi-CMOS
processes where possible, and fully CMOS amplifiers, switches and other analog functions may

sitin at around the 0.18um node.

As well as this, higher precision applications where speed and digital integration is not as much
of a concern favour the 0.18um processes, due to its low cost and ease of migration between
fabs. Itis considered a very mature process, where models are well established and off-the-
shelf intellectual property is readily available. However, it becomes difficult to achieve higher
speeds (>10MSPS) in this process due to the large device sizes and high layout parasitics. On
the flipside, the 5 and 10nm processes are wholly unsuitable for precision converter design due
to their very high mask cost (approximately 10x that of a 40nm mask set) and strict DRC rules.
They do however allow unparallelled density and power efficiency for digital implementations
and enable the use of an onboard microcontrollers for the use of advanced background
calibration routines and other signal processing techniques. Itis the need for digital density, as
consumers expect more and more functionality to be integrated to a single device to ease
integration, and reduce system cost, that is primarily pushing industry and therefore research to

utilise these lower geometry nodes at the expense of analog circuit performance.

Copper metals are generally available in nodes below 90nm, providing designs with decreased
interconnect resistance, and the possibility of higher density interconnects. In these processes,
bespoke dielectrics for use in MIM capacitors are typically unavailable due to compatibility of
the dielectrics with the copper processing. Where available (>65nm) the high-k dielectrics allow
implementation of high-precision, low-drift capacitors between the metal layers. Larger
geometry nodes were not chosen as MIM caps are not commonly found in modern high-speed

ADCs due to the focus on the lower geometry nodes.
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Were free choice of process have been allowed for this project, the 16nm node would likely be
the preferred choice. This process has high prevalence amongst the top performing SAR ADCs
published in the last 5 years in Figure 3.1, and provides designers with further reduced
parasitics and higher intrinsic gain than the 40nm process due to the use of fin-FET transistors.
The use of this process node would likely have had significant impact on the development time
of the test-chips within this thesis, due to the lack of support and experience with this hode
available to the author. Instead, the 40nm process node was settled upon due to its ready-
availability, as well as its common use in high-precision, high-speed designs within industry,
and the support for this node available from industrial partners of this project. 55nm was also
considered, however, this process was lacking in digital IP to ensure the test chips could be

completed in a timely manner.

Table 3.1. Scorecard for common process technologies, illustrating the areas in which each process

excels.
Category 0.18um | 55nm 40nm 16nm 5nm

Digital Density 1 3 4 7 10
Operating Frequency 1 4 5 8 10
Power Efficiency 2 4 5 8 10
Dies Per Wafer (given fixed design) 1 3 4 7 10
Analog/Mixed-Signal Quality 10 8 7 5 3
Transistor Intrinsic Gain (gm/gds) 10 7 6 5 2
Supply Voltage Headroom 10 7 6 4 2
Leakage 10 7 6 4 2
Mask Cost 10 7 6 3 1
DRC Complexity 10 7 6 3 1
Ease of Design 9 7 6 4 1

3.3 Introduction to the 40nm CMOS Process

An overview of the process stack available in a typical 40nm process is illustrated in Figure 3.2.
The chosen process is a deep n-well process, allowing for isolation of blocks from the substrate
for both isolation from substrate noise, well-well coupling, as well as better control over device
behaviour and performance using ‘hot wells’. The process provides several specialised types of
devices for high and low threshold through additional doping options. Core devices in the 40nm
process allow design within a 1.1V supply, with the additional possibility of using thick-oxide
devices which allow up to 3.3V at the expense of increased device size, parasitic coupling, and
speed. All of these factors are key in the high-speed and high-precision areas where noise is

also a key trade-off.

The lowest metal (M1) in this process is for both the taps and polysilicon gate contacts. M1

allows smaller contact and metal-metal spacing than the rest of the metals, although is very
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strict in enforcement of metal density rules. M1’s use is usually limited to short range
interconnects and local wiring between transistors. Metals M1 to M7 are all copper and
fabricated through a variation of the copper damascene process discussed later in this section.
The same low-k dielectric for reduced parasitics is likely found between all metals, contacts,
and vias. There are no high-k MIM cap layers in the 40nm process, and the lateral spacing
allowed is approximately 3-4x smaller than the vertical spacing between metal layers. Copper is
also used for a higher metal (M7) intended for local power distribution, featuring a higher
thickness, and larger vias. A thicker aluminium is used for the redistribution layer (M8/AP). This
layer is also used for routing between pads for bonding, and is good for long range routing of
low-impedance signals and power. A capping layer is typically found on the die with opening for
the bond pads. This serves as both protection during handing and assembly, as well as a barrier
layer for moisture, and, depending on the material used, for distribution of stresses (heat and

packaging stress).

The 40nm process also brings with it a particular sensitivity to the density of metals, as well as
transistors and doped regions, with respect to the matching and offset of circuit elements.
Whilst the design rules from the foundry that are in place to address these effects are not as
aggressive as that of the quite popular 28nm process node, they still pose significant challenges
when layout of large analog circuit blocks is performed. This can have a significant impact on
the choices of a designer during layout. Overall, the designer is very much at the mercy of the
process, and conventional theories on matching and layout stress reduction must be
questioned when using nodes at 40 or below due to the inherent differences in fabrication which

are discussed in the following sections.
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Figure 3.2. A cross-sectional overview of the 40nm process.

3.4 Overview of Key 40nm Back-End-of-Line Processes

While the transistors undergo significant scaling down to 40nm, so must the metals that
connect them, otherwise the parasitics and subsequent interconnect delays will prevent any
meaningful benefit from being drawn. The term back-end-of-line (BEOL) refers to the metal,
dielectric, and supporting capping layers integrated above the transistors. A typical process at
the 40nm node utilises between 6 and 10 copper metal layers for routing, with special
intermetal dielectrics (IMD) used to reduce interconnect capacitance. Without a change in
interconnect processing and design, they quickly become the limiting factor defining the speed
of the circuits, due to the interconnect resistance, and parasitic capacitances, which serve to
slow the signals. This has led to the shift from the use of aluminium to copper metal layers for at

least the core metals (M1-M6) in processes below ~90nm due to its drastically lower sheet
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resistance (~36% [29]). This is combined then with the use of low-k (k<3) dielectrics for reduced
parasitic capacitance, allowing significant increase in interconnect signal speed. In order to
understand the complications that this has on the process, and more specifically the capacitors

made from these BEOL metals, the process must first be understood.

3.4.1 Copper Dual-Damascene Process

The copper damascene process describes the means by which copper interconnects and vias
are fabricated on-chip. The key steps in the copper-damascene process are illustrated in Figure

3.3.

Unlike the typical subtractive aluminium metal process where the aluminium sheet is first
deposited, and the spaces between the metal tracks are etched away, the damascene process
begins with deposition of the intermetal dielectric (Figure 3.3a). This is due to the difficulties in
patterning the copper itself with traditional reactive ion etching (RIE) processes. The dielectric is
then masked with a photo-resist, and patterned using UV lithography techniques to achieve fine
pitch in patterning. The trenches, which will later contain the copper forming the interconnects,
are then etched into the dielectric using RIE. This part of the process is generally repeated once
for the high aspect-ratio via etch (Figure 3.3a), and again for the tracks (Figure 3.3b). It is then
necessary to deposit a barrier, or liner layer such as silicon-fluoride or silicon-chloride that will
separate the copper interconnect and prevent diffusion into the likely porous dielectric (Figure
3.3c). The liner and subsequent copper seed layers are formed using sputter deposition (Figure
3.3d). The copper seed enables growth of the bulk of the copper interconnect and via through
electroplating (Figure 3.3e). The excess copper is then removed through chemical-mechanical
polishing (CMP) and is responsible for the final surface finish and definition of the final copper
wire (Figure 3.3f). Altogether, the final shape of the copper interconnect is defined by the quality
of the lithography, etching (RIE), and polishing (CMP) processes. Interconnects usually end up
trapezoidal due to under-etching at the bottom of the defined trenches. The precise recipe used
to produce any part of the dies during fabrication is a closely guarded secret by the foundry. It
therefore becomes difficult to predict the secondary aspects arising from fabrication, such as
density and aspect ratio related dependencies to the final metal shape, or gauge the quality or
reliability of any of the aforementioned process stages. Any of these stages may potentially
impact the performance of the metal track within a sensitive circuit such as the dedicated BEOL

capacitor discussed within this thesis.
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Figure 3.3. A brief overview of the key steps in the copper-damascene process. Modified from [30].

3.4.2 Extreme Low-K Dielectrics

Alongside the use of copper metals comes a low-k dielectric. This can be made from a whole
range of materials having a lower permittivity than that of the typical SiO, dielectric used in the
larger geometry processes like 0.18um. Typical values for the relative constant k can be around
3 or even below, compared with that of SiO, of 3.9 [31]. To achieve this, the foundry combines
the use of more complex materials, and introduces porosity to them in order to drastically
reduce the effective dielectric constant [29], [32], [33]. The result of new material and porosity is
a dielectric that offers significantly reduced parasitic coupling between adjacent metals due to
the reduced k. This is massively desirable for increasing the speed of circuits in low geometry
processes. The capacitance to the substrate is also reduced. Whilst all foundries keep the real
figures for their dielectric a closely guarded secret, for the purposes of analysis 2.5 is taken as a

reasonable figure for k [34].

The porosity of the dielectric can be particularly problematic with respect to metal structure
performance and formation, as it creates a drastically different density than the metals. As with
any mechanical system, this gives opportunity for concentration of transmission of packaging
stresses when compared with a conventional, solid dielectric, which may be further
exacerbated by temperature fluctuations. This is as the thermal expansion coefficients of the
dielectric and the metals are likely to be further separated. The intermetal dielectric makes up a
significant proportion of the BEOL layers of a fabricated die, and hence any stress will have

notable bearing on the surrounding structures, be they the BEOL capacitors, or surrounding
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active circuitry. There are also further issues between the interaction of the copper, barrier
layers, and the dielectric. Clearly, adequate solutions have been successfully used by foundries
for numerous years [32]. However, these issues are frequently observed in fabricated die within

industry.

Overall, the combination of low-k dielectric and copper metals introduces a host of issues that
would be preferably avoided. This is not always possible due to subsequent increase in
achievable speed that these processes can allow in-circuit which would otherwise be
unattainable. However, simply understanding the presentation of the issues through
characterisation usually proves sufficient that circuits may be designed in such a way to

mitigate the impact.

3.5 Lateral Fringing Metal-Oxide-Metal (MOM) Capacitor Layout

This section intends to provide an overview of the typical implementation and nomenclature
associated with the capacitors, and their arrangement in large arrays as used within the smaller
geometry processes below 65nm. Attention is also paid to the possible sources of error
resulting from defects and variances in their fabrication. Itis by no means a complete guide of
every implementation and it must also be acknowledged that industry likely has its own

variations on the design of capacitors that the author is not aware, nor is able to discuss.

3.5.1 Lateral and Vertical Coupling Capacitors

A capacitor in a CMOS process may be implemented in various ways. Vertical coupling
capacitors are often implemented in the larger processes as metal-insulator-metal (MIM)
capacitors, allowing for attaining particularly high density through use of bespoke high-k
dielectrics. A typical, modern, low-geometry process does not allow for the use of such
additional specialised layers due to the high costs of manufacture, and compatibility of the
different processing techniques. Also, whilst they are generally very stable with respect to
temperature fluctuations, the reliance on the vertical coupling can leave the capacitor
susceptible to vertical packaging stresses when used in commercial products. MOS capacitors
are another option, although they are generally discarded where signals are concerned as whilst
they offer good density their voltage dependency introduces significant non-linearities if used in
CDAC applications [35], [36]. Instead, the normal back-end-of-line (BEOL) metal routing layers
are utilised to form the capacitor plates, with the standard low-k intermetal-dielectrics serving
as the insulator. While these processes may not always use oxides for their dielectric, this

capacitor is usually referred to as a metal-oxide-metal (MOM) BEOL capacitor.
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The BEOL MOM capacitors can be implemented vertically or lateral, as shown in Figure 3.4, In
larger geometry processes, similar capacitive density (C/m?) and matching performance is
attainable [37] between structures reliant on the vertical and horizontal coupling [37]. In smaller
geometries optimisation is achieved by utilising the lateral coupling between drawn capacitor
fingers in order make the most of the high-resolution lithography. Theoretically, the lateral
approach yields decreased matching errors as the planar resolution from lithography is high,
and well defined when compared with the vertical etching and deposition which defines the
thickness of the capacitor plates and the dielectric between them. This also avoids the

additional vertical stress errors that are expected with vertical coupling capacitors.
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Figure 3.4. Cross-section of typical a) lateral coupling, and b) vertical coupling BEOL capacitor

implementations. A combination of the two may also be used to increase density.

3.5.2 Foundry Cell Library Capacitor Structure

The specific top-view layout of the lateral coupling capacitor varies somewhat between various
process design kits (PDK) and individual designer. As a reference, the standard layout chosen by
the foundry for this style of capacitor is first described. The simplified geometry of the standard
library cell capacitor is shown in Figure 3.5. This geometry is implemented identically in metals 2
to 5, with 8 bottom plate fingers each side of the top plate spine for each unit capacitor as
shown. As a result, the unit capacitor sits on a pitch of 1.54pm. Each capacitor is designed to
target 32 fF each, yielding a o of 1278 ppm according to the foundry-provided simulation

model.
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Figure 3.5. Illustration of the basic foundry capacitor geometry used for comparison in this work. This
capacitor reflects the typical implementation with no established grounds for optimisation.

The top plate is joined to adjacent cells in another metal not shown.

Each array of foundry capacitors uses 3 dummy capacitors on the top and bottom edge of the
array, as well as a single unit capacitor either side to provide lateral dummying. This amount of
dummying reflects the guideline approach to dummy structures for capacitor arrays within the
40nm process, with a limited view to compensate for edge effects from CMP deformation and
uneven polishing. These are the predominant error sources. A single one of these foundry based

40fF capacitors measures 12.76x1.47pym and occupies an area of 18.75um?.

3.5.3 Typical Design and Layout of Single Finger Capacitors

A compilation of the favoured implementations of laterally coupling MOM capacitors is shown in
Figure 3.6. These structures exclusively utilise the lateral coupling between metal fingers to
form the capacitor and duplicate the patterning and connections across numerous layers to
increase the overall capacitance as required. They all share similarities in their comb-like
arrangement where multiple fingers are used, with broad differences in finger length, spacing,
and width being found across processes, and between authors. There is insufficient data
presented in these cases to draw any conclusion relating to favoured trends in geometry or
sizing, as these choices are often left undiscussed. Despite this, no extensive report has yet
been undertaken to justify the decisions in design of such capacitors. The layouts vary in both

their specific sizes, as well as design decisions pertaining to external routing, via placement,
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and use of dummy structures, preventing objective judgements being made in respect of each
factor impact on the matching performance of each structure. In most cases the dummy
structures used in these instances is not specified. A generalisation of the most common
arrangement of laterally coupling capacitor is presented in and Figure 3.7, and is the general

geometry that is taken forwards for investigation within this thesis.

Particular attention may be brought to the images in Figure 3.6a, c and e. These layouts utilise
fractional length fingered capacitors in search of attaining higher dynamic ranges for their arrays
without further increase in the number of unit capacitors. These novel arrangements in
capacitors are also not further discussed in their impact on their matching, or other circuit
performance in the context of their layout, although it is clear that this is one avenue for

improving dynamic range with reasonable performance [38].
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Figure 3.6. Assortment of lateral coupling capacitors from the literature for illustration of the consistencies
in implementation. Reproduced from: a) S. Lee 2024 [39], b) P. Harpe 2011 [40], c) P. Harpe
2019[38], d) N. Le Dortz 2014 [23], e) V. Tripathi, B. Murmann 2014 [41], f) H. Tuinhout 2009.

The basic capacitor structure studied in this thesis is shown in Figure 3.6 and Figure 3.8. The

figure shows to approximate scale the capacitor geometry, and the spacing between the used 4
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layers, and does not utilise any vertical coupling, aside from the expected diagonal coupling of
Figure 3.6. As discussed, the dielectric between the copper capacitor fingers is the standard
BEOL low-k dielectric. The bottom plates located directly above and below each other are
connected with vias externally to the structure. For the metal layers directly above and below
the capacitor structure, there is no metal density fill, nor shielding, except where this was the
subject of investigation in later chapters. No poly shielding was used below the structures and
thin stripes perpendicular to the capacitor fingers were used on larger designs in order to meet
DRC poly and metal density requirements. Exact thickness for the vertical metal and dielectric
stack is not available due to confidentiality agreements. From experience with similar
processes, the metals are likely to be formed as slightly trapezoidal due to the high aspect ratio,

however there is no data available in 40nm to confirm this.

Figure 3.7. A 3D representation of the BEOL capacitor structures that this thesis concerns. Four capacitors
are shown. The top (common/shared) plate is marked in blue and the actuated bottom plates

are shown in green.
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Figure 3.8. The typical lateral coupling BEOL MOM capacitorimplementation. a) Top view. b) Cross-section.

This geometry forms the foundation for characterisation and optimisation within this thesis.

3.5.4 Design and Layout of Capacitor Arrays

An n-bit differential DAC requires minimally (2"-1) unit capacitors, split between a P and N-DAC,
which are typically mirror images of each other for layout symmetry. Precision SAR
architectures utilise between 8 and 12-bits per stage, to achieve their speed and bandwidth
requirements, as well as minimising the area of each capacitive DAC. Figure 3.9 shows the
implementation considered for variation in this work. It is a differential 8-bit DAC of 512 total
elements, split into two mirrored arrays of 256 single finger unit capacitors. Each unit capacitor
has its own individual set of bottom plate switches and is operated independently. A single
dimensioned array is utilised in this investigation. While this is typical of a high-speed SAR ADC
which is the initial reason for this choice, it also allows better analysis of any systematic error
across the die given the small capacitor pitch it produces. While it is possible to implement a
two-dimensional array [31], where each capacitor cell is more rectangular and comprised of
more fingers, in applications where both precision and speed are being targeted as measures of
performance, the capacitors are often in the 5-30fF range. Implementation of capacitors of this
size in a 2D grid would require multiple fingers per capacitor. This substantially increases the
parasitics due to the necessity to remotely locate the drivers away from the capacitor, not to
mention the increased complexity in routing of the capacitors in a 2d array. The gradient
requirement measurement is quite often acknowledged by the literature and is usually used as
an argument towards the use of 2D CDAC array where further dimensional folding and cross
coupling can be used to average out the die gradient effects and maximise the proximity of
instances of all capacitors. However, such gradients have been shown to be substantially more
complex in studies that consider the larger scale (>100um)[42], with no current data for the

smaller scale which may affect such DACs that are considered in this work.
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The capacitor cells are directly abutted and the top plates joined in the centre of the DAC, with
their respective drivers positioned towards the outside of the structure as shown in Figure 3.10.
This layout is optimal for connection to further stages, such as to a residue amplifier and
comparator in a practical ADC design, due to providing the shortest possible routing between
the top plate and the adjacent block. Above and below the operational capacitor and driver
sections, vertical dummy structures are placed. These are replicas of the operational section of
the DAC (capacitor and bottom plate driver) but are never operated, and are hardwired to a fixed
state in the design. Similarly, a lateral dummy structure designed to imitate the patterning of the
capacitor fingers is implemented either side of the array between the capacitors and their
drivers. Where possible, the fingers of the lateral dummying are interleaved with the capacitor
bottom plate terminations to ensure maximum continuity in the metal patterning and density. A
total of 30um of vertical dummying is implemented above and below each array, and a nominal

5um of lateral dummy structure is included either side.

The routing for the capacitor drivers is done in a very similar fashion to that of a typical SAR ADC
implementation, albeit with a significant number more individual wires being run due to the lack
of binary weighting or grouping of unit capacitors. This also ensures consistent parasitics and
delays in the lines feeding the drivers, as the toggling of the capacitors is operated externally to
this block. The wires are run vertically either side of the array for the P and N arrays respectively.

A total of 264 wires was necessary either side of the array and implemented in metals 2 and 4.

Vertical Dummying

Drivers

Capacitors

Routing

Vertical Dummying

Figure 3.9. This arrangement of capacitor DAC structure is used for all optimised designs, resulting in an

approximately 120x100um structure which includes the vertical routing on either side.
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An expanded view of the capacitor array is shown in Figure 3.10. As the nominal capacitor is
implemented in metals 2 through 5 it is necessary to locally join them with vias. The drivers
connect to the capacitor bottom plate in metal 3, and the stitching via is located outside the
main capacitor structure as shown and enclosed by the lateral dummy structure where
possible. The intention is to relieve the stresses that may be introduced to the die from the
presence of the via structure so locally to the coupling area of the capacitor as previously seen
in Figure 3.5, whilst maintaining an even distribution of metal as is possible through the use of
the lateral dummy structures. This is hot always possible due to the proximity of the adjacent
metals in the lateral dummy structures to the stitching via in the variations close to minimum
geometry due to the foundry design rules. In these cases, the lateral coupling is scaled back to

the outside of the stitching via.

Capacitor Finger Via Stitching

Top Plate,

NMOS Drivers PMOS Drivers Lateral Dummying Capacitors
Figure 3.10. A magnified section of a final capacitor array layout showing the positioning of the drivers,
lateral dummying and the actual capacitor geometry with top plate connection. Metal 3

connects the drivers to the capacitor bottom plates but is not shown for clarity.

3.5.5 Sub-DAC Implementations

When implementing DACs with dynamic range in excess of 8-bits, it becomes necessary to re-
evaluate the choice of DAC architecture, as this easily leads to arrays that are in excess of
100um long due to the number of total unit capacitor elements. Possibly the most common
technique to alleviate this issue is to implement a sub-DAC architecture [43], [44], [45], [46],
[47] as shown in Figure 3.11. The version shown allows an example implementation of the same
5-bit DAC using only 11 unit capacitors instead of the usually required 31 to demonstrate the
scaling capability. Note this also significantly reduces the size of the MSB capacitor. This is
achieved through the addition of a series capacitor, creating ‘Main DAC’ and ‘Sub-DAC’
sections to the whole DAC. The ‘top plate’ connection is still connected to the main DAC top
plate, whilst the sub-DAC top plate connects through a series coupling capacitor to the ‘top
plate’. Simply put, the series coupling capacitor effectively reduces the charge moved by
operation of the sub-DAC capacitors to the ‘top plate’, allowing a higher dynamic range in
capacitor bit weights without high capacitor ratios. Therefore the MSB capacitor may be

significantly smaller than a topology without a sub-DAC.
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Figure 3.11. Typical sub-DAC implementation to reduce array area. a) shows a stereotypical straight 5-bit
CDAC architecture with 31 unit elements, b) shows a functionally equivalent DAC with 2-bit

sub-DAC implementation using only 11 unit elements.

In normal operation of the DAC, the top plate receives an injected charge determined by the bit
trail capacitor switched. For example, in Figure 3.11a, when the bottom plate of the LSB 1C

capacitor is switched from 0V to V;..¢: CV;.o of charge is injected to the top plate and

redistributed throughout all capacitors. This results in a net change in top plate voltage of%v.

Through this arrangement, the smallest amount of injectable charge to the top plate is

determined directly by the LSB, or unit-capacitor.

By comparison, the sub-DAC allows injection of fractional amounts of charge than the unit
capacitor, and therefore allows more bit trails for a given unit and MSB capacitor size. The same
principle applies. In the case of the Sub-DAC MSB (2C) of Figure 3.11b, 2CV,..5 of charge is
injected to the sub-DAC top plate on the right-hand side of the coupling capacitor. V,..*(2C|[1C)
of charge is injected to the top plate and equally distributed across the total effective
capacitance of the top plate. In this case 7C + (1C||3C). When considered proportionally, the
LSB of the sub-DAC shown gives the same voltage shift as that of the LSB of Figure 3.11. Overall,
this technique allows achieving high ratios of charge sharing within the DAC structure, without
creating exceptionally large arrays. This architecture can be extended to include a second
coupling capacitor from the sub-DAC to a second sub-DAC. This significantly extends the

dynamic range of the circuit further whilst maintain the same benefits, in principle.

This technique is far from perfect, however. While in a standard DAC the top plate parasitics
generally result in a reduction in speed of the converter, any sub-DAC top plate parasitics here
also significantly impact the sub-DAC bit weightings. This manifests as a gain error between the
main and sub-DAC bits, with errors often in the region of found to be 2-5%. This is evidenced
later in section 5.5.2 of this work. These errors are extremely difficult to accurately predictin
simulation and through use of layout extraction tools as they are related to an absolute value in

parasitic capacitance. This is made worse by the small values of the coupling capacitor.
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Typically, a designer will scale the entire sub-DAC by a factor or 2 or more in order to use a larger
coupling capacitor to alleviate this issue and reduce the error due to limitations of the parasitic
field solver which is generally relied upon for tuning of these parasitics. It is also desirable to
increase the capacitor size to reduce individual capacitor mismatch, although this is not

generally the highest concern with this topology due to the dominance of the gain error.

Issues also arise with respect to the layout of the sub-DAC structure. General experience
suggests that a layout that is disorderly and irregular will likely yield worse matching errors than
one who'’s layout is perfectly regular and uniform. The sub-DAC necessitates a discontinuity in
the top plate of the capacitor layout due to the series coupling capacitor, giving surrounding
capacitors an irregular boundary. The impact of this will be discussed later when the localised
matching of capacitors is considered butis shown in Figure 3.12 below. This will be shown to
lead to an undesirable localised increase in capacitor error. Any technique to eliminate the need
for a sub-DAC, or simply to reduce the necessary number of bits it must be used for, would be
preferable from several perspectives if it removes the need for or reduces the currently required

level of calibration.
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Figure 3.12. Excerpt from real layout of the coupling capacitor used for a sub-DAC implementation. The

sub-DAC and main-DAC top plates are highlighted green and red respectively. A large

discontinuity in the vias and metal connections in the spine (centre) are visible.

43



Chapter 3

3.6 Design of an Ultra-Precise Capacitor Measurement Architecture

for Large Arrays

3.6.1 Requirements and Overview

To extract the statistical matching performance of large capacitor arrays, it is inherently
necessary to measure the weightings of the capacitors within a large array. Whilst there exist
indirect measurement methods in which a SAR ADC is developed directly around the DAC, this
then requires analysis to be undertaken on the ADC output code, to indirectly infer the matching
performance and errors within the DAC. This indirect method easily obscures secondary or
localised errors, as well as the true nature of the errors, substantially limiting the dimensions
available for analysis. As it is the goal of this thesis to better understand the specific nature of

the errors, individual capacitor error is required.

A summary of the geometry variations that were implemented are shown in Table 3.2. As there is
a large amount of overlap between the sweeps and possible values, the taped-out designs were
a subset of these and are summarised along with their matching statistics for later reference in

Appendix A.

Table 3.2. A summary of swept capacitor variables and their ranges.

Geometry Parameter Variations

Finger Length 14.5um —-72.5um

Finger Spacing 70nm -140nm

Finger Width 70nm —-140nm

Number of Metals 2 -6 (+higher and lower metal combinations)
Top/Bottom Dummying 5um -30um

Lateral Dummying 0-5um

Optimised Sub-DACs 2 Variations

The space procured for each test-chip was a 2x2mm area, allowing for a maximum of 32 unique
arrays per test-chip without the risk of placing structures too close to the pad ring, as bond-pads
are a known source of error[48]. A total of 3 test chips were possible with the first only
containing only a structure for measurement of the foundry capacitor. This structure was
replicated on the second test-chip to ensure consistency and allow direct comparison with the

custom designed capacitor cells. As much logic and amplification as was feasible was
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implemented on-chip, using a common 2.5V supply for simplicity. This enabled higher speed
operation of the entire test chip as, due to the methods that will be shortly discussed,
automation of the measurement process was paramount to ensuring repeatability and a large
number of dies may be measured. Approximately 300+ samples were requested for each test-

chip design, and as many were measured as the time allowed for.

The following presented system allows individual extraction of each unit capacitor value, fully
decorrelated with any measurement derived errors, providing high-precision measurement data

that is later used for full analysis of the capacitor errors in Chapter 5.

3.6.2 Charge Based Measurement Technique

Other investigations [42], [49] have favoured a more direct method of measurement whereby a
large number of capacitor array structures are laid out across the die, and a select few
capacitors are individually connected out to pads to enable probing and measurement with an
external LCR meter. Whilst this method proves sufficient for some characterisations, and is
conveniently simple, the area-costly nature of the resulting design severely limits the number of
measurable capacitors on the die, as well as any space for many variations in geometry, due to
the requirement for probe pads. It also requires the dies be unpackaged, or at least
unencapsulated. From the perspective of commercially packaged ADCs, this would mean that
any packaging introduced stresses and relaxations that may occur, would not be captured in
measurement. Not to mention that proper statistical analysis of capacitor errors requires a
considerable number of measurements to build confidence in any statistics and trends that

may arise.

Instead of this, a less direct measurement technique is chosen. The charge-based
measurement technique allows the capacitors to be laid out in much the same configuration as
they would be in a typical CDAC design, and then switched such that their captured and
released charge may be measured [50]. The released charge is proportional to the capacitor
weighting inclusive of their mismatch error. The charge is then amplified and provides a voltage
at the output of the die which is then sampled externally, without loading of the capacitor itself
as a factor. As will be shown, this method is largely insensitive to the parasitics of the circuit,
and lends itself well to implementation in the 40nm process, whilst being compact enough to
allow for up to 32 different capacitor geometry variations on a single 2x2mm die. The three
stages of operation of the basic circuit are shown in Figure 3.13 as the Reset, Float, and

Measurement phases.

During the reset phase the source capacitor Ca, and reset capacitors are both reset to ground

by shorting them. During the Float phase, the reset switches are released. Timing of this phase
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is not critical but there must be no overlap between the float and measurement phases. During
the measurement phase the source capacitor is toggled. As the amplifier keeps a virtual ground
atits input the injected charge is forced onto the feedback capacitor, providing a proportional

output voltage.

Reset Float Measurement
VDD

Ca

GND GND

Figure 3.13. Stages of operation of the charge amplifier.

To implement this for measurement of the large capacitor arrays, a unary DAC is constructed of
256 capacitors of nominal value C, with each capacitor having its own independent bottom
plate switches implemented as inverters. This is the same as the physical structure previously
illustrated in Figure 3.9, and follows the same phases as Figure 3.13. The arrangement is shown
in Figure 3.14 for an array of (n 4+ m) total unit capacitors. During the reset phase all capacitors
are shorted to ground and discharged. In the float phase, the top plate shorting switch is
released, and allowed to float. In the third phase, the bottom plates of nh capacitors are switched
from ground to reference voltage V..., redistributing an amount of charge proportional to the
weighting of the n switched capacitors to the top plate. This charge would normally be
distributed across all capacitors and the top plate parasitics C,, if the charge amplifier was not

used. This would result a top plate voltage Vp as in equation 3.1.

nC

Vep =V,
TPl (n+ m)C + Cpo

3.1

The top plate parasitic attenuates the voltage developed on the top plate in this configuration as
it would in a regular CDAC, hence the charge amplifier is the preferred solution to avoid this
issue. With implementation of a charge amplifier connected to the top plate, the ideal voltage
developed at the output V,,,;; is given in equation 3.2 and is independent of the top plate

parasitics.

nC

Vour = Vrefm

3.2
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Figure 3.14. The three steps involved in toggling the specific capacitors for measurement of their weighting.
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The switched charge is proportional to the capacitor weightings.

It’s worth noting that depending on the operation frequency there may be dielectric absorption
effects at play which would affect the ultimate capacitor measured value. This effectis on the
same order of magnitude as the expected capacitor error (~1000ppm). However, unlike the
mismatch errors, it will manifest with some frequency dependence. The assumption is therefore
made that the percentage contribution from any dielectric absorption effects that may be at
play is equalin all capacitors, so provided that all measurements are done using the same
times for each phase of the process, the contribution from the dielectric absorption is also
constant, and serves as an offset proportional to the capacitor weighting [51], [52], [53]. The
pattern generator chosen uses a clock of 200 MHz which earlier work as shown to be of the
same order of magnitude as the dipolar time constant associated with this process. This leads

later to largely increased reset times to ensure this effect is minimised.

3.6.3 Die-Level Measurement Architecture

The extraction of the weighting of every single capacitor in each array is desirable as it allows
information of any identified systematic errors to be directly observed with fine spacial pitch.
The basic die-level architecture for the measurement of a single array of capacitors is shown in
Figure 3.15. Each of the 256 capacitors on each side of the arrays are individually programmable
to toggle between 2 pre-defined states through a 1024-bit shift register. The states are
programmed into the digital block which provides a parallel output bus running to multiplexer.
which receives the two programmed settings for each capacitor, and using an external toggle
signal, is able to simultaneously switch all capacitors between the two states. The multiplexer
feeds the bottom plate drivers which are contained within the DAC structure as previously

described.

All capacitors in the array are identical, and the patterns for the N and P array toggling are under

most circumstances complementary. The output of the DAC is fed into a differential charge
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amplifier of bespoke design. This charge amplifier provides an output voltage which is, by design

of the switching scheme, proportional to the mismatch of the capacitors.
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Figure 3.15. Architecture for measurement of a single differential array of unary capacitors, with integrated

charge amplifier. The digital and P/N Mux elements shown are shared between multiple DACs.

At the wider die level of the design, 32 individual arrays are instantiated. All arrays share the
same programmed pattern at any given time. This programmed pattern also contains the enable
bits to ensure that only a single amplifier is powered and connected to the output pins at a given
time. This is achieved through the multiplexer arrangement shown in Figure 3.15, whereby there
are 8 channels of 4 arrays, with a single set of multiplexers from the digital for each channel. The
output multiplexers ensure that for each channel, there is only one active and connected charge
amplifier at any one time, to prevent competition between arrays. Through the introduction of
similar logic in the toggle path, only the toggle multiplexer for the respective enabled array
actually performs the toggle, and all reset and disable signals are held high. This minimises the

switching activity on the die and reduces any noise from the supply.

As far as timing and durations of the three described phases of Figure 3.14 and Figure 3.16 are
concerned, the reset phase is dedicated a significant amount of time to ensure that all
capacitors are fully discharged, and all nodes are settled. Realistically this only required 1us for
107 settling, however as it would change for different sized capacitors, this remains fixed at
10ps for all measurements. The second float phase is made as short as possible whilst ensuring
that the switch does not overlap with the settling phase. In practice 1 clock cycle was used to

ensure sufficient margin, giving a minimum non-overlap of 50ns.
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Figure 3.16. Switch sequencing timing diagram for measurement of capacitor mismatch, illustrating the

three phases of the measurement.

3.6.4 Reference Capacitor

The feedback capacitor of the charge amplifier discussed was chosen to be identical for all
array implementations, irrespective of capacitor value. This was done such that the absolute
weighting of each capacitor may be extracted, without the localised effects that were expected
influencing the value of the feedback capacitor. Of course, there will still be die gradient and
localised processing effects, however the base assumption is that the feedback capacitor is
located close enough to the array being measured that the effect of these gradients will affect
both arrays equally. This ensures that at minimum the relative value between the capacitor

geometries may be extracted.

Further to this, a reference capacitor was implemented on the die with the same parameters in
Table 3.3, with the top and bottom plate terminals connected to the pad-ring, and bonded out to
the package. This enables it to be directly measured in the evaluation setup using a bench LCR
meter. While the feedback capacitors had only 31 fingers, giving a total value of 301fF, the
reference capacitor was a 19.9pF capacitor with 2048 fingers. It included 10pum of top and
bottom array dummying, as well as 5um of lateral dummying, although the sheer size of the
array makes it unlikely that it would be affected by the presence of the localised errors which

will otherwise be discussed. The reference capacitor measured a total of 370x53um.
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Table 3.3. Parameters of the die reference capacitor to enable measurement of the capacitor values across

all measured geometries.

Parameter Value
S 100nm
w 70nm
L 14.5um
N, 4
N 2048
Width 53um
Height 370um
Value 19.9pF
3.6.5 Capacitor Value Measurement

As is now established by prior section 3.6.2, the output of the die is a voltage proportional to the
sum of the switched capacitor values, scaled by a gain determined by its pairing with the
feedback capacitor. A given capacitor value C; for index i, within a single array, may be
considered to be comprised as the sum of the nominal designed capacitor value C,, o1, plus
some additional, unwanted error E; which this study intends to measure. Shown by equation

3.3.
Ci = Cpom T E; 3.3

Each measurement cycle switches n capacitors positively. The charge is then transferred to the
output. This means the output voltage may be expressed as in equation 3.4.
nC + XL E;
Vout = Vrefc— 3.4
fb
As this the design is differential, and intended to be operated as such to maintain the input
common mode, toggling of the capacitors in the above way is undesirable, as it severely limits
the number of capacitors that may be measured at any one time due to the large output swing
required from the nC; term. This also introduces susceptibility to any non-linearities introduced
by the amplifier design. To avoid this, instead of only resetting and toggling n capacitor bottom
plates from ground to V;..¢, n capacitors are also reset to V,..r and toggled to ground, hereby

removing the nC; term and leaving only the error term in V,,,,; as seen in equation 3.5. The
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relative weighting of the capacitors is determined by switching a small group of capacitors
positively without this cancellation. This enables normalisation of the extracted capacitor errors
with respect to the absolute capacitor weighting. It is not possible to extract the capacitor errors
through individual toggling with good resolution due to their size (<100ppm). This is due to the
aforementioned susceptibility to the amplifier non-linearities when using a large output swing.

Vour = VrefM 3.5

Crp

The feedback capacitor was selected to be nominally 300fF. This value was chosen to allow
measurement of at least 2 capacitors without complementary switching for normalisation for all
capacitors variations, within the accepted linear region of the amplifier’s output. Normalisation
of the capacitor errors is then achieved with equation 3.6. In all possible cases, the same
number of capacitors were toggled positively as there were toggled negatively. This was to
improve the power supply rejection of the signal chain, as balanced switching ensures that any
coupling of the power supply ringing or settling errors will be only seen as common mode errors

in the system, and should not significantly affect the measurement.

3.6.6 Capacitor Error Extraction

To facilitate the extraction of individual capacitor weightings using the described methodology
an assignment matrix is utilised, referred to hereby as the shuffle matrix, in which each row
defines the combination of capacitors that are to be switched for a single measurement, and in
which direction (positive transition, or negative transition). Each element takes its value of -1, 0
or 1 which represent these physical transitions, as well as their mathematical result. This

representation is used in the following matrix operations.

Letting C be the capacitor weightings within the array, and M the shuffle matrix, the voltage step
(or other output signal) observed at the output of the signal chain may be represented as in

equation 3.6. Equation 3.7 visualises of the operation result.

MC =V, 3.6
1 0 _1 C() VO
(.) —.1 0 C:1 _ V:1 3.7
-1 0 .. 0 Cn-1 Vn-1

It naturally follows that given knowledge of M and V,, from the measurements, the original

capacitor weightings may be derived using the inverse of M through equation 3.8.
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C=M1MV, =M1, 3.8

This of course implies that there exists an inverse to the shuffle matrix M. Due to the preferred
use of large over-defined, rectangular matrices in place of M to reduce measurement noise and
perform further averaging of the weightings, a linear regression must be utilised to extract the
individual capacitor weightings of C. This regression utilises a least-mean-squared (LMS)

algorithm to minimise the error between MC and V.

The prime benefit to this method of measurement of groups of capacitors with a post-
processing extraction of the individual contributions, is the enhanced effective measurement
resolution. Assuming first that each capacitor has gaussian error distribution N (g, 0?), and that
each measurementresult is independent. It follows that the distribution of the variable that is

the sum of two selected capacitor weights is given by equation 3.9.
Cr ~ N(2u, 202) 3.9

It naturally follows that if a series of sums of § capacitors are measured, the resulting

distribution will approximate to equation 3.10 with a standard distribution that has been scaled

by \/E on the assumption that the errors under measurement are decorrelated.

Cp =~ N(Bu,Bo?) 3.10

As the output voltage from the system is proportional to the switched capacitor values, this also
increases the distribution of the output signal by a factor of 8, but does not amplify the noise.

This increases the SNR of the measurement.

Prior research has shown that the capacitor errors have some level of correlation at short
distances [49], so we may expect up to a 50% reduction in effective resolution gain from this
method. However, the simplicity of implementation, coupled with the aggressive averaging that
it provides while providing some level of signal gain, this makes the application of the shuffle
matrix measurement plan described here still the best option for developing switching trials and

sequences for accurate capacitor measurement.
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Figure 3.17. a) Raw measured ADC data from the evaluation board for all arrays on a single die. b) Magnified
view of the data measured for each shuffle matrix row for a single array of capacitors. c) The

extracted capacitor values from the array through linear regression.

3.6.7 Shuffle Matrix Generation

Of course, the shuffle matrix itself still has some bearing on the quality of measurement. The
absolute minimum requirement of the shuffle matrix is that it has full rank such that each
capacitor weighting may be individually extracted from the results. Whilst an orthogonal matrix
with a directly derivable inverse is desirable for simplicity, this benefit is lost due to the
presence of measurement noise in the system which would contribute directly to the capacitor

weightings unless an overdetermined matrix or aggressive averaging is used to reduce.

The simplest matrix would be a diagonal one that indicates to switch only a single capacitor
each trial. This directly resolves each capacitor weighting, but does not benefit from the
switching of multiple capacitors at once to increase the measurement SNR, reducing noise
contributions. The Hadamard matrix is often used for similar applications in the wireless
transmission domain, as all rows are orthogonal, have full rank, and can be generated easily. It
is a square matrix so would provide 1 trial combination for each capacitor in the array. However,
the first row of the matrix would require switching of all capacitors, which is expected to be not
possible due to the dynamic range of the measurement system, whilst still enabling sufficient
details for obtaining mismatch error data. Also this requires switching of all capacitors for every
trial, which demands careful sizing of the inverter to minimise any disturbance on the top plate

which may introduce further errors. As a result, it was deemed necessary to devise a method for
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generation of matrices that have the same qualities and requirements as the Hadamard
matrices, but without these restrictions in order to avoid these issues, and introduce further
random decorrelation of the capacitor measurements. A method for the creation of such

matrices is described.

The shuffle matrix is dimensioned N:xN, where N, is the total number of rows/trials, and N, is
the total number of capacitors. To construct an appropriate matrix the does not give unfair
weighting towards particular capacitors, or incorporate any bias from unfairly weighted

switches in the circuitry, some basic requirements are defined:
- Each trial must switch the same number of capacitors.
- Equal number of capacitors must experience a positive and negative transition.

- All capacitors must be switched an equal number of times in both directions.

. . L . . 2N .
The basis for the matrix construction is to construct a series of blocks of height 76, which

satisfy the above conditions independently, and combine them into a complete matrix
containing N, rows. Construction of a single block to meet the requirements is illustrated in
Figure 3.18 for N, = 16, 8 = 4. To ensure each trial/row contains a unique combination, the
order in which the columns are shuffled in Figure 3.18a must be unique to each block. This is

easily and efficiently verified.
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Figure 3.18. Illustration of formation of a single block of the shuffle matrix. a) The source matrix columns

are randomised. b) The resulting matrix is inverted. c) The two matrices are stacked on top of
each other, and the row order is randomised. This process is repeated for larger matrices to

improve measurement consistency and resolution.
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The above-described method prescribes some inferred requirements with respect to the sizing

of the matrix which must be satisfied to ensure its construction is possible:

- N, must be divisible by

2N,

- Ny must be divisible by 3

Aside from the above-described construction method, generating purely random permutations
would be the only alternative to ensure truly random trials. Due to the number required for
precise measurement (>10,000) and ensuring proper equal capacitor weighting, this becomes a

computationally costly exercise.

3.7 Setup and Evaluation of the Capacitor Measurement Die

3.7.1 Fabrication and Evaluation Architecture

To remain in line with typical commercially packaged SAR ADCs, and to ensure capture of any
stresses or other dependencies that are introduced through encapsulation, all dies were
packaged in a plastic encapsulated 5x5mm LFCSP. The vast majority of parts were evaluated in
a socket as shown in Figure 3.21, however selected soldered devices mounted to
daughterboards were also assembled to ensure all effects were considered, and that there were
no other stresses introduced through the soldering process. No discernible difference in
capacitor weighting was observed for pre- and post-soldered parts, so all presented

measurements are for socketed parts. A photo of a fabricated die prior to packaging is shown in

Figure 3.19.
¥ =
_Ref-Cap
===::C
i
Foundry DAC
Figure 3.19. Photo of a bare die from a sample of the test chip 2. The positioning of key circuit blocks is
highlighted.
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The packaged devices under test (DUTs) were measured in the evaluation board comprising of
the basic signal chain of Figure 3.20. The 8 outputs from the DUT are multiplexed down to a
single differential signal to use the same ADC for all measurements. Some amplification was
provided on the board to ensure maximised use of the ADC input range, as the ADC linearity is
negligible compared with that of the integrated amplifier. Some filtering is also employed to
prevent kickback from the ADC during sampling, and limit the noise bandwidth. The evaluation
setup is automated and controlled through LabView, interfacing with an FPGA based pattern

generator.

e ——

I A i - Pattern Generator
y7a y/a /i N y/a
- . v y 77 b

Figure 3.20. Block diagram of the evaluation setup. The DUT outputs are multiplexed on the evaluation

board for a single measurement chain comprising of amplifier, ADC, and pattern generator.

The 4-layer evaluation board was fabricated and hand assembled. The design uses near
exclusively surface mount devices for the entire signal chain to reduce parasitics and ensure a
compact design. Care was given to the critical paths which may be susceptible to induced noise
or pickup from the digital switching of the circuitry during layout. The same was done within the
test chip layout in silicon. The pattern generator mounts to the board directly as shown in Figure
3.21, whilst the rest of the supply connections to the board are delivered through SMA
connectors and coax cable as a good compromise between signal integrity and size. LCR
probes were not a permanent feature of the board and were connected only for initial

measurement before full characterisation of each die.
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Figure 3.21. Fully-assembled evaluation board for measurement of packaged die (right) on a daughter-

board with LCR probes connected, and FPGA pattern generator attached (left).

3.7.2 Timing and Optimisation

Whilst the expected dynamic performance of the chip, amplifier and evaluation board design
were verified ahead of fabrication to ensure measurement stability, a sweep of the settling
duration t,, was performed. The period was swept from the minimum period of 20ns to 5psin
Figure 3.22 and the optimum value of 1ys for t,,, was chosen for all further measurements. This
ensures complete settling of the integrated amplifier and signal chain under the worst case

(largest) capacitor measurements.
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Figure 3.22. The duration of the measurement settling period t,,, swept from 20ns to 5ps to obtain optimum

settling without leakage.

A 1us settling time enables full settling of the circuit (including a 25% margin for the settling of
the slow skewed dies), without absorption of leakage into the measurement. If the
measurement period was too long the output would tend to droop linearly as the feedback
capacitor of the integrated amplifier discharged due to either leakage through the dielectric or
the amplifier input bias current. This discharge would be found to have a temperature
dependency; however this should not affect measurements at temperature as the leakage is
also proportional to the switched capacitance, and the measurements taken are always relative
to the observed switched capacitance. Therefore, the leakage would only introduce a gain error
thatis factored for during normalisation of the results. This stands true for the comparison

across geometries also.

Some optimisation sweeps were also undertaken to identify possible sources of distortion. It
was noticed when using a matrix that operated 64 total capacitors in each side for the larger
arrays, with a fully complementary matrix an occasional glitch occurred in the measurements.
This led to the use of a maximum of 32 capacitor being utilised on each side of the array, and
was believed to be due to combinations of capacitor giving an excessively negative spike at the
input of the amplifier, causing the input to saturate, and resulting in a large offset in the
measurement. This is likely due to the non-simultaneous switching of the P and N drivers on the

bottom plate.
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It was accepted that some charge injection and initial settling of the amplifier would take place
during the first few moments after releasing the amplifier from the reset state. This is captured
in Figure 3.23. The charge injection from release of the reset switches holds a large temperature
dependency which would affect any verification over temperature. This is combatted by
introducing a zero-switching trial in-between each shuffle matrix row measurement. This entails
enabling the appropriate array and amplifier being measured but programming the die such that
no capacitors are toggled. The result taken for each matrix row is then the difference between
the switched and zero-switched measurements, which both contain the charge injection

contributions, and thereby cancel this source of offset.
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Figure 3.23. Output voltage at the ADC input as the measurement period is swept, with no capacitors

toggled to capture the charge injection from releasing the system from the reset state.

3.7.3 Evaluation of System Noise

The noise of the evaluation system was determined through analysis of the capacitor
measurements. The setup was programmed to measure the same capacitor indefinitely, and
the resulting ADC codes extracted. The standard deviation of these measurements was
extracted as 297pVrms. If the DUT is not operated during these measurements the noise was
extracted as 148uVrms which accounts for purely the signal chain and amplifier in reset. This is
without any averaging present use which is aggressively utilised in the real measurement
scheme. In practice 8192 samples are taken per measurement, and the capacitors experience

an equivalent 256x oversampling due to the shuffle matrix measurement strategy.
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To quantify the impact of the measurement system noise on the extracted capacitor values, and
thereby the extracted capacitor statistics, the same shuffle matrixis run on the same array
repeatedly (128 times). The standard deviation of the extracted capacitor errors for a single
capacitor is then performed to give the effective noise of the extracted capacitor values. For the
case of 32 differentially actuated capacitors per trial, 4096 trials/combinations, and 8192
averaged samples per trial, a 0 of 30ppm was observed. These were the conditions under which
mass measurement of the test-chips was performed. As will be seen when presenting the
matching statistics of the capacitor arrays, this value does not meaningfully impact the
extracted statistics. In this context, a nominal 12ppm in the matching statistics was measured
and is discussed later. This is much smaller than the discrepancies that will be analysed for
identification of matching trends and also will be further reduced once multiple dies are
measured. This is smaller in magnitude than the variations in measurements due to the die
fabrication so is considered acceptable. It is accepted that there will be some variation in error
based on positioning of the array across the die due to packaging and fabrication [48], [49]. In
one instance, an additional 100ppm in systematic error for identical arrays placed on opposite
corners of the die (~1mm separation) was seen. The discrepancy in random errors was only
17ppm however. The effect was severely reduced (<10ppm) for arrays located adjacent to each

other, which is the case for the majority of the variations that are discussed. This can be seenin

Figure 3.24.
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Figure 3.24. Illustration of repeatability of 8 identical runs of extraction of the values of a single array of

capacitors, achieving 30ppm o in extracted value error.
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3.8 Conclusion

An overview of the 40nm CMOS process has been provided, and the many challenges that come
with designing in a low-geometry process designed primarily for digital circuit performance are
discussed. The subsequent issues with the implementation of the common lateral coupling
MOM capacitor are discussed, and the irregularity of the structure identified as a likely source of
matching errors contributing to the capacitor structure. Their larger scale impact on large
capacitor arrays is also considered. A charge-based measurement system is developed to
enable measurement of an optimised capacitor geometry to ppm level using a decorrelated
measurement strategy, enabling extraction of the capacitor values and their relative weightings.
This design is implemented and refined, and the system performance evaluated with the
extraction errors being sufficiently low for the identification of trends and relationships between
the capacitor geometry and the subsequent matching performance. This enables the further
chapters to address the research question’s intention to single out the main contributors and

quantify what improvements may be achieved.
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Chapter4 Measurement and Analysis of Single Finger

Lateral Coupling Capacitors

4.1 Introduction

Within this chapter the relationships between the capacitor finger spacing, width, length,
number of fingers, and the resulting capacitance are established and verified, using the test
structures and methodology developed in Chapter 3. Their relation to the parallel plate
capacitor equation is considered, and a significant fringing field contribution to the capacitor is
identified due to the small geometry and high aspect ratios of the structures. Process-related
elements which complicate the relationships observed will be discussed and used as a
foundation in further chapters regarding the likely formation of observed errors and other

relationships.

4.2 Capacitor Weighting Analysis

To recap for the purpose of analysis, this implementation of the laterally coupling, single finger
MOM capacitor utilises the standard extra-low-k (ELK) intermetal dielectric of the foundry’s
BEOL process, with the precise dielectric constant k value unknown. The capacitor
implementation relies on the sidewalls of the metal interconnects to produce the primary
capacitance, with the pattern duplicated across N,,, metal layers to increase capacitance. This
design does not directly rely on any vertical coupling between the metals. In addition to this
direct coupling, a fringe field is also formed. The top-view in Figure 4.1 also shows that the
coupling at the finger ends must also be considered, as it contributes to the overall
capacitance. Additional contributions may be split into two sections, the end and corner
capacitance, as one end of the capacitor finger only consists of one contained corner

contribution so must be stated separately.
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Figure 4.1. Contributors from the capacitor’s geometry to the total capacitance.

4.2.1 Capacitance Against Finger Length and Number of Metals

The basic understanding of how the capacitor value scales with the various geometry is
described by Equation 4.1. It assumes that the capacitance is approximately a parallel plate
capacitor, though with a significant level of fringing contribution a, which to first order is
proportional to the parallel plate capacitance. This equation collates all coupling at the end and

corner of the fingers, and the coupling between metal layers in a single term Co.
tL
C=Cu(1+a)+CD =60?Nmk(1+a)+CD 4.1

Figure 4.2 and Figure 4.3 show the measured capacitor values versus the finger length and
number of metal layers, respectively. All data points are measured multiple times and averaged
over 100 identical capacitors on different locations on the die and on different dies. The error
introduced by this variation is less than 0.1% and the size of the data points is larger than the
error. Data from a linear fit as per Equation 4.1 are extracted and displayed in Table 4.1. In both

cases, the quality of fit R? is larger than 0.99 indicating an excellent linear fit to the data.

The intercept in the case of finger length variation gives Cp=1.0 fF, a value which is reasonable
considering the ratio of length to width for the fingers. In case of the number of metal layers,
consideration of the diagonal coupling on its own would suggest an above unity increase in
capacitance for each additional metal used, and therefore a negative theoretical intercept to
the plot. Instead, a positive intercept was observed. This is best explained by the large fringe
capacitance contributions. The additional metal layers constrict the space in which the fringe
fields act (per layer) and therefore decrease the net contribution of the fringing fields. The
positive intercept corresponds to a situation in which the relative decrease in fringing is larger

than the contribution from the diagonal coupling.
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The linear fit in Figure 4.2 and Figure 4.3 was used to extract the contribution of the fringing
factor a. For this, an assumption for the metal thickness of t=144nm is taken [54]. The precise
value for intermetal dielectric constant in the process is also unknown, it is believed that since
the process is advertised as an ELK process that the value is approximately k = 2.5, which is

low compared to the range of classical SiO; dielectrics of 3.9 [29], [34].

This results in the estimated value of a of around 1.0 £0.1. This is a significant factor relative to
the classical large parallel plate capacitor (@ << 1), and implies strong fringe field effects which
contribute half the total measured capacitance value. Although a parallel plate capacitor has an
exact solution and some formulas exists for small fringing fields [55], these approximations are
not appropriate for such strong fringing field. In extremis, the capacitor value would be identical

to two parallel wires, but we are not in that regime either.
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Figure 4.2. Relationship between the measured capacitance and the capacitor finger length. S=90nm,

W=70nm, N,,, = 4.
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Table 4.1. Parameters for the linear fit illustrated in Figure 4.2.

Parameter L Sweep N,, Sweep Unit
R? 0.9994 0.9969 -
Gradient 0.5912 fF/pm 5.2232 fF -
Intercept 0.9635 1.96 fF
k 2.5[34] -

t 144 [54] nm
S 90 100 nm
W 70 90 nm
L var 43.5 pm
Ny, 4 var -
k(1+a) 5.2 4.7 -

a 1.1 0.9 -

COMSOL finite element simulations were performed in order to verify a reasonable order of
contributions from the fringe field capacitance for a variety of spacing-to-thickness ratios.
Figure 4.4 shows these simulation results plotted against the ratio of the finger spacing to the
metal thickness. The capacitors have spacing of 70-90nm and an estimated thickness of 144nm
which gives an approximate spacing to thickness ratio of around 0.5-0.6 which corresponds
indeed to a p value of a of around 1.0. This shows that the design process for these capacitors is

well understood.
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Figure 4.3. Relationship between the measured capacitance value and the number of metal layers.
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Figure 4.4. Extracted a contributions from COMSOL simulations of a parallel plate capacitor.

4.2.2 Capacitance Against Finger Spacing and Width

The basic assumption from equation 4.1 leads to an inverse relationship between the finger
spacing and the resultant capacitance. A plot of this nature is shown in the data of Figure 4.5,

with a significant intercept offset found and documented in Table 4.2. The increased finger
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spacing leads to a decrease in overall capacitance, although the quality of the overall fit shown

makes it clear this is not the true relationship between these parameters.
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Figure 4.5. The relationship between the measured capacitance and the capacitor finger spacing. W=70nm,

L=14.5pm, N,,,=4.

Table 4.2. Extracted parameters for the linear fit observed in Figure 4.5.

Parameter Value Unit
R? 0.984 -
Gradient 0.257 pF-nm
Intercept 6.5 fF

Further analysis and fitting of a log-log plot to the same data in Figure 4.6 illustrates that the 1/S

relationship does not realistically correlate with the measured data. The trendline illustrates a
5(1)7 relationship suggesting a significantly smaller effect on capacitance than expected due to

the change in finger spacing. This is assumed to be due to the total capacitance being
comprised of significant fringing effects, which complicate the interaction between the usual

capacitor geometry parameters such as the spacing, and the total measured capacitance.
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Figure 4.6. A log-log plot of the capacitance against capacitor finger spacing. W=70nm, L=14.5um, N,,=4

Now the impact of the finger width is considered. The unit value for a sweep of the finger width
of the capacitor, for 70 and 90nm finger spacing, was measured and is shown plotted in Figure
4.7. Alinear decrease in measured capacitance is shown with an increase in finger width, with a
larger degradation in capacitance observed for capacitors of smaller finger spacing. The direct
capacitance between the two parallel plates should intuitively have no dependency on the
finger width. It is probable that the reduction in capacitance here with increasing width is due to
a larger scale effect dependent on the localised density of the metals. This is a known effectin
processes below 65nm derived from their common BEOL processing, and specifically for their
use of the copper damascene process and CMP. This effect also contributes to the results
observed with an increasing of the finger spacing, and hence the respective reduction in
localised metal density that comes with it. Without further characterisation of CMP dishing
across similar sized metal tracks that are used in these capacitors, it is difficult to confirm this

is the case, however such investigation is beyond the scope of this thesis.

68



Chapter 4

10.5
X  S=70nm
Kervans, =
....................... T
10 e e g
................ x
N e IHET
b
b
— Ts =
S riTEs
3) Bt
~ - ~
~ - -
85 I- it
-~ -~ -~
~ -~ -~
~ - ~o
8 i
~ ¥
75 | | | 1 1 1 1 ]
| | . - 5 95 100 105 110

Finger Width W (nm)

Figure 4.7. Relationship between the measured capacitance and the capacitor finger width. L=14.5um,

Ny=4.

Table 4.3. Parameters for the linear fit in Figure 4.7.

Parameter Value (S=70nm) |Value (S=90nm) |Unit
R? 0.999 0.990 -
Gradient 33.3 19.7 aF/nm
Intercept 11.15 11.59 fF

These results were verified through further COMSOL simulations. The results of a sweep of the
capacitor finger width are shown in Figure 4.8. The effect of the concentration of field lines is
shown in Figure 4.9. The trend observed in simulation shows an increase in effective
capacitance with an increase in the capacitor finger width. This agrees with theory suggesting
that the increase in finger width leads to significant increases in fringing of the capacitor. The
increase in fringing in this case leads to the multi-layer capacitor becoming a better
approximation of the parallel plate capacitor. This increase in field line density can be seenin
Figure 4.9 where the field lines are found to extend up as far as to meet those of the adjacent
layer. There is notable fringing field visible above and below the overall capacitor structure. This

supports the previously mentioned theory that the capacitor layers will interfere with each other

69



Chapter 4

and could account for the offset previously mentioned for capacitors not having >2 fingers, with

the inter-layer capacitance providing this offset.
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Figure 4.8. ACOMSOL simulation sweep of the capacitor finger width. This shows an inverse correlation to

the trend of the test-chip measurements.
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Figure 4.9. Simulation of electric field lines for a range of capacitor finger widths from 70nm to 200nm. An
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increase in fringing is observed for larger metal widths.

As the simulation data trends not in agreement with the measurement data, this points to
another currently uncharacterised effect in this process, that is leading to this discrepancy. The
effect must be significant enough to overcome the original trend twofold based on the data

available. It is well known that the smaller geometry processes suffer from poor vertical
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definition, leading to variations in thickness and etch depth across the wafer. It is quite possible
that the localised metal thickness is varying with the localised metal density due to two of the
steps used in its formation as this is a frequently documented observation [56], [57], [58], [59],
[60], [61]. Firstly, aspect ratio dependent etching (ARDE) effects may be at play, producing a
shallower etch depth with increased finger width due to excessive precursor which is

introduced to prevent the natural trapezoidal etch. CMP effects are also commonly
documented in the copper damascene process [61], [62], although they would be more likely to
introduce a positive dependency with the finger width if the copper is assumed to be harder than
the surrounding intermetal dielectric, although this assumption is in hindsight baseless in the
context of this particular process. This is a variation on the typical description of ‘dishing’, where
metals exhibit over-polishing compared with the surrounding geometry [60], [61]. While it may
be expected that the foundry controls the thickness to a high degree, their control across a

variety of densities cannot be expected.

Clearly, as the spacingis increased the fringing contribution also increases, so whilst the direct
coupling field may decrease, the 1/S reduction in this is decreased by a proportional increase in
the lateral coupling. A similar principle is applied to the relation with the finger width. It is
expected that moving away from the minimum geometry in these parameters would lead to a

less dependent fringing field, and there a capacitor that behaves more conventionally.

4.3 Conclusion

Relationships between the key capacitor geometry parameters have been analysed and have
revealed significant fringing contribution within the lateral coupling capacitor in a 40nm
process, approximately equal to the parallel plate contribution. This contribution yields a less
than unity increase in capacitance value with an increased number of metal layers. The
capacitance has proportional dependency on the capacitor finger length. A non-obvious
relationship is identified regarding the width and spacing of the metal fingers to the capacitor
value which is not explained by the usual capacitor theory, nor proved by basic simulation. This
points to processing density and linewidth dependent effects in the etching and polishing
stages, yielding a variation in metal thickness. This contributes to the knowledge of likely

contributors to the matching variations that will be discussed in the following chapters.
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Chapter 5 Detailed Analysis of Capacitor Errors and

Trends

5.1 Introduction

Full calibration of an ADC leads to significant production-test cost during manufacture of a high-
precision ADC. By providing a better understanding of the very nature of these errors, either test
cost can be reduced through a more limited calibration scheme, or improved matching can be
attained through informed design such that some tests become unnecessary. This
understanding is achieved through independent analysis of the systematic (repeatable) and
randomly sourced errors in the capacitor arrays, and their dependencies on the capacitor
geometry: Finger spacing, width, end spacing, metal combinations, and humber of fingers.
Understanding the nature of the matching errors on top of quantifying them is a key goal of this

project.

In this chapter, a theory is constructed for the analysis of both dominant mismatch error types:
systematic and random. This theory is then applied to the previously described capacitor array
measurements. Several key and novel relationships between the capacitor geometry and other
layout parameters are identified. Discussions focus predominantly on the presence of large
systematic elements observed in errors across 174 measured dies, as well as unexpected
relationships between the matching, and seemingly inconsequential layout parameters such as
the finger width. Significant portions of the capacitor errors are found to be repeatable across
multiple wafers and devices, allowing the possibility of implementation of blind trims, or other

more limited, calibration schemes.
5.2 Derivation of Matching Statistics from Array Measurements

5.2.1 First Presentation of Array Capacitor Weighting Measurements

A representative example of the normalised extracted capacitor weightings for four different
capacitor designs is shown in Figure 5.1. Each design is measured on many different dies but for
clarity only 3 randomly selected die are shown. Itis clear in all four instances, that a large
component of the errors is consistent across the measured dies. This is also observed to be the
case when looking at arrays from the other measured dies. This systematic error has been
previously discussed in various studies although in those cases only large scale linear variations

were observed [42], [49], [50], [63], [64]. None of those studies provided similar resolution of the
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measurement error. It is evident that at the resolution of our measurement, many different
systematic phenomena can be observed which require more sophisticated analysis. To produce
a single figure and thereby allow comparison of the errors of this nature across geometries, the

standard distribution of the average error is considered.
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Figure 5.1. Examples of three measured arrays of four different capacitor designs, illustrating common
errors for a single array with respect to position within the array. Yellow, blue and red

represent data for three different measured dies.

Averaging of the normalised capacitor weighting is performed to extract the average capacitor
values by the index seen in Figure 5.2 (top right). This data allows the analysis of the systematic
components of various nature, such as sinusoidal variation, step profiles, single spikes, and
linear gradient. These average capacitor errors are then subtracted from the measured
weightings for each die. The remaining errors, also shown in Figure 5.2 (bottom right), appear
random in nature. Note though that since capacitor allocation commonly involves some level of
folding or interdigitation, the indexation of the capacitors results in some lost knowledge on the
nature of the systematic component. Also, no wafer map information is present. This means
that, whilst there may be come contributing systematic sources to these errors, there are
insufficient dimensions in the recorded data to analyse them further and they are treated as

random gaussian errors for the purposes of this analysis.

Itis by independent analysis of the systematic and randomly contributing errors in this chapter
that the value of this research may be realised. It then becomes possible to understand the

impact of blind calibrations of the predictable errors, such that test time, and other calibration
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efforts are thereby reduced, and the product of other linearisation methods may be further

enhanced.
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Figure 5.2. The measured capacitor errors (left) may be extracted into two components: A systematic

Capacitor Weighting C.
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Capcacitor Index i

component common to all measured dies (top right), and a random component (bottom

right).

5.2.2 Systematic and Random Matching Definitions

Before any statistic is derived, the measured weightings for each capacitor are normalised to

the die mean. This enables comparison of the errors with each variation against one-another.

Firstly, a statistic to represent the systematic errors is determined. C; 4 represents the

measured value of the capacitor at location i of N capacitors, on die d, where there are a total

of N; measured dies. The average weighting at each array index Ei is then calculated in equation

5.1.

N
7 = ZatiCia 5.1
2 Nd

The subsequent array contains the errors which contribute to all die, including those resulting

from specific design geometry and deterministic stresses and die gradients. To facilitate

comparison between geometries, the standard deviation of a is taken, and defined as the

systematic mismatch og for the specific geometry in equation 5.3, using the normalised array

mean C in equation 5.2. This statistic is used as an approximation at this stage to represent the
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systematic errors present on all dies, although the validity of this approximation by standard
deviation is later verified.

N, «N
ral Zl 1 ddl C

C = =1 5.2

oo = 5.3

Next the random error contributions must be analysed. These errors, in all cases, are

determined through removal of the previously identified systematic errors a from the measured

errors (; 4 to give the array random errors R; ; in equation 5.4.

Rig=Ciq—C 5.4

The array random error standard distribution gy, is calculated in equation 5.6 using 5.5,

although the mean random error for each array E can be assumed to be zero as it is removed

through earlier normalisation.

N
Ry = L1 Ria 5.5
Nc
N —\2
Y5 (Ria — Ra) 5.6
ORd = N —1
c

Taking the root-mean-square (RMS) of the array random errors op,4 over all dies yields the final
figure for representing the random error distribution g in equation 5.7. Whilst these errors
cannot be confirmed to be random in nature, they are for all intents and purposes in the context

of this analysis random.

5.7

Further to these primary statistics, it is also valuable to consider the random errors experienced
at different positions within the array g;. Again, the standard deviation is calculated in equation

5.8.

N —2
o = [Eata(Ca—C) 5.8
‘ N;—1
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A final generalised statistic must be considered, and is believed to be the usual choice for
statistical representation of capacitor errors in the literature. This is the total array error
standard deviation o7 and does not distinguish between the random and systematic error
contributions. Similarly to the calculation for the random error, the standard deviation for a
single die g is first calculated in equation 5.10 with respect to the array mean C, in equation

5.9. The RMS is then taken over all measured arrays to build the total error standard deviation oy

in equation 5.11.

Ne r
C, = M 5.9
N,
N¢ 2
.- Y5 (Cia — Ca) 5.10
a N.—1
op = 5.11

Note that all presented statistics are normalised to the array mean and are all tabulated in Table
5.1. This is because the DAC designer has interest only in the proportional matching of the
capacitors, and there is no benefit in analysis to be gained from the absolute errors in value for
which there is no control to be gained over, and which typical variations are on the order of 25%.
The systematic and random contributions part in the capacitor array values are illustrated in

Figure 5.3.
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Figure 5.3. Illustration of the two independent types of mismatch errors that contribute to a capacitor’s

total value.
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Table 5.1. Variable definitions relating to the description of capacitor matching and respective errors.

Variable |Description

Cia Measured capacitor weighting at index i on die d

Ei Mean capacitor weighting at index i (normalised to be 1)

C Mean array weighting over all arrays (normalised to be 1)

C_d Mean array weighting (normalised to be 1)
R;q4 Random component of capacitor weighting at index i on die d
R_d Mean capacitor random error weighting on die d

Og Capacitor systematic error standard deviation

ORd Capacitor random die-to-die error standard deviation on die d

OR Capacitor random die-to-die error standard deviation
O; Capacitor die-to-die error standard deviation at index i
or Capacitor total error standard deviation

5.2.3 Relative Matching Statistic Definitions

In addition to the systematic, random, and total error statistics that are now defined, the relative
matching between capacitors must also be considered. This is previously discussed in [49]
where an unusual relationship in a similar process is presented, and attributed to the presence
of correlated errors in the fabricated die. These errors act over a finite area, and so the variation
of the relative errors between capacitors with respect to their separation must also be
considered in tandem with the existing matching statistics. The insights gained through analysis
of the relative matching are primarily relevant when considering folding and grouping of the

capacitors within large DACs or arrays, in order to reduce the observed matching.

For each index of capacitor separation x and each die d, the error between the capacitor ¢; 4 , at
starting index i, and index (i + x) is taken in equation 5.12. This is performed on all available

dies, and for all starting indices up to i = (N, — x). For clarity this is visualised in Figure 5.4.

€idx = Ci+1),d — Cid 5.12

77



Chapter5

X=1 €oa1 €141 €o41 - € (%,
VA WANVAN c
_T_co _Lc1 c2_T_c3 Cnc
T T

O d,2 1 ,d,2 ) (n -x),d,2
Figure 5.4. Visualisation of the relative errors of capacitors within the same array separated by x fingers, on

died.

The standard deviation for a given starting index over all dies g; . is calculated in equation 5.14,
with the systematic error €; , contained in equation 5.13 rejected, so as to only consider the
random errors between the capacitors. It is well established that the systematic offset between
capacitors may be lower if they are co-located, so this statistic is constructed to establish if this

is also the case for the apparently randomly sourced errors.

N
—_ Zdil €idx 5.13
[ Nd
N _\2
_ 2t (Eiax — Eix) 5.14
Tix = Ny —1

The RMS is computed across o; , for all starting positions to obtain the final statistic for the
relative matching of the capacitors at a given separation g, in equation 5.15. Therefore o,
represents a relationship between the random matching between two capacitors, and the

distance between them.

5.15

It may be useful to also consider the relative matching including the systematic offset between
capacitors. This is more relevant for larger separation distances and can allow direct
comparison between this work and the relevant literature. Equation 5.16 captures the
systematic errors as well as the random variations previously considered into the total relative

error mean €,.

5.16
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5.3 Verification of the Gaussian Statistical Model for Matching Errors

With the variables for statistical analysis now defined, they may now be applied to the
measured capacitor data. Before any conclusions are drawn however, the basic assumptions
made in the development of the matching error statistics are tested. Specifically, this refers to
the assumption that the errors, of all types, may be suitably represented by a normal
distribution. It was noted that the simulator used for extraction of the capacitor statistics from
the foundry model artificially limited the variations to a maximum * 3¢ range (99.7% coverage)
during monte-carlo simulations. Whether this is a result of the PDK or the simulator itself is

unclear, but whether this is a fair result is discussed within the following.

5.3.1 Systematic Error Distribution

A Q-Q plotis firstly produced in Figure 5.5 a), showing the quartiles of a standard normal
distribution, against that of the extracted systematic capacitor errors. A close alignment is
observed between the two distributions, illustrated with reference to the ideal normal trendline
inred. Itis also observed in the histogram plot in Figure 5.5 b) that all systematic capacitor

errors are within the 30 boundaries previously assumed.
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Figure 5.5. a) Q-Q and b) Histogram plots of the distribution of systematic errors of foundry cell capacitor

measurements from test chip 1.

5.3.2 Random Error Distribution

Next the random errors are considered in isolation. The Q-Q plotin Figure 5.6 a), whilst
showing reasonable alignment with the central portion of the distribution (~+1.50), deviates
significantly from the gaussian distribution outside this region. The resulting distribution

observed in the histogram of Figure 5.6 b) is symmetric, but with larger content at the ‘tails’
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of the distribution than a gaussian or normal distribution would otherwise predict. The result
of representing this observed error distribution with an ideal gaussian distribution, is the
under-representation of the larger errors that may occur during fabrication, and the over-
representation of the errors closer to nominal (< 1.50). The limit of the foundry distribution
model of 30 on the distribution is reasonable as the spread of the distribution does not

meaningfully extend beyond the 30 range, with <0.5% of errors beyond this range as

expected.
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Figure 5.6. a) Q-Q and b) Histogram plots of the random error distribution of foundry cell capacitor

measurements obtained from test chip 1.

5.3.3 Total Error Distribution

We now finally consider the total error contributions, such as are considered in foundry models
for the simulation models previously used. Figure 5.7 a) shows a similar trend to the random
error distribution data. A good alignment with the gaussian distribution trendline between
+1.50, but a reasonable deviation beyond this range. Some level of asymmetry of the
distribution is seen in the Q-Q plot that is also observable in the histogram of Figure 5.7 b). The
maximum deviation is equivalent to 3.80, but this accounts for less than 1% of errors.

Approximately 85% of the sampled errors are represented well by the distribution.
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Figure 5.7. a) Q-Q and b) Histogram plots for the total capacitor errors for the foundry cell capacitors

measurements from test chip 1.

Overall, representation of mismatch errors for the foundry capacitors are suitably performed by
a gaussian distribution. The errors extracted for both the systematic and random based errors fit
the distribution well, although an underestimation of the errors is expected with respect to the

random matching. Considering the typical use case of this error model, corner and monte-carlo

analysis, the fit is quite sufficient and does not warrant further analysis.

5.4  Analysis of Observed Systematic Errors

Focus is now brought to the systematic errors on the die. Referring back to section 5.2, these
errors are created through averaging of the normalised errors for each capacitor index over all
96 measured dies, and the 6 measured wafers. There are some exceptions to this relating to

dependency on skew, however these are highlighted where appropriate.

5.4.1 Verification of Large Periodic Error Content

As previously discussed, there exists a set of large systematic errors dependent on the specific
capacitor geometry. The most pronounced of these is for a capacitor of minimum finger spacing
and width. This error is illustrated in measurements of the foundry cell capacitors in Figure 5.8
on 5 measured dies. An overall gradient is observed, correlating to 60 ppm/pm, leading to an
approximate offset of 4000 ppm between capacitors at each end of the array. This gradient is
typically referred to by the literature as process gradient and is normally thought to be the
dominant contributor to the mismatch [31], [36], [42], [48], [49], [50], [64], [65], [66]. On top of
this linear gradient, a significant periodic component is observed. This pattern approximates to

a sinusoid of 2300ppm with 8.95um period, and is unrelated to any multiple of the capacitor
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pitch of 1.54pum. A large deviation is also observed at around 10um along the array. This was

consistent across all measured devices.

The magnitude of the systematic component observed in the arrays, is much larger than could
be expected, yielding a figure of 2849 ppm where all capacitors are considered. If the error at
the last 15pum of the array are removed as they are presumed due to a lack of dummy capacitors
at the end of the array, then a reduced error figure of 2517 ppm for the systematic matching
error is calculated. This however only equates to a 10% improvement. A periodic error is
previously undocumented beyond this work, so further measures were taken to decorrelate its

presence from any layout or measurement derived sources.
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Figure 5.8. Systematic error capacitor by index, showing a strong systematic profile of a sample of 5

measured dies, from arrays using only foundry capacitor geometry.

While the measurement method has already been evaluated in previous sections, a brief revisit
to verify this content is required. The periodic component is observed on all four arrays of each
die in Figure 5.9, for both vertically and horizontally orientated arrays, also for the custom-
designed minimum geometry arrays. The period in all cases is extracted as 5.84um through
linear regression, and is observed to align for each pair of capacitor arrays as in Figure 5.9. The
discrepancy between the 5.84pum extracted period for the custom structures compared with the
foundry structures 8.95um period is down to the foundry capacitor consisting of 5 capacitor
fingers per measured unit capacitor. This error is effectively the averaging of those 5 capacitors
fingers. The deviations between the horizontal and vertical orientated arrays at 10um are due to
an irregularity that will be discussed further in section 1.1.1. This irregularity is later determined

independent of the periodicity observed here so may be ignored for this discussion.
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Figure 5.9. Mean capacitor errors by capacitor position, for each measured minimum geometry array. The

errors are consistent in period across the four arrays.

Possible sources of the observed capacitor errors are leakage of the capacitors or drivers during
the measurement period, or a localised effect stemming from an artifact of their layout. If this
error is due to leakage, this would yield variations in measured error with respect to changes in
supply voltage, settling time, and most significantly temperature. This is verified first through
variation of the clock speed and reference supply voltage to the DUT in Figure 5.10. No
noteworthy differences in the relative extracted errors were observed. The magnitude of any

variations were below the measurement noise (30ppm).

83



Chapter5

8000 - &
/
6000 f
4000 |
— 2000} %
E e ok 2%
% & % I
= o0k R \
(@) E‘
O" 2000 | ¥
g %
W 4000 | R
9
8 6000 L[|+ VDUT =3v0, 100MHz Cik
) —%— VDUT = 3V0, 10MHz Clk
S VDUT = 3V3, 100MHz Clk
8000 || —#%—VDUT = 3v3, 10MHz CIk
VDUT = 3V0, 100MHz Clk (15 cap)
VDUT = 3V3, 100MHz Clk (15 cap)
_10000 1 1 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 ) 100

Capacitor Location (uzm)

Figure 5.10. Measured capacitor errors for a single array with varied settling times through changing of the
clock speed. Supply voltage variations are also introduced to decorrelate the matching errors

from any settling errors.

A temperature forcer is employed for operation of the chip under different temperature
conditions as leakage has a strong correlation with temperature. The results from measurement
of the array at -40, 0, 25, 65, and 90°C in Figure 5.11 showed no net movement in the normalised
capacitor error due to temperature. A drift of 0.015%/°C was observed in the nominal capacitor
value however, although the setup was not calibrated for the drift of the amplifier and
surrounding circuitry, hence this value is an order of magnitude higher than would be typically
expected. This confirms that the observed systematic profile is highly unlikely to be related to
the device leakage, whether this be the bottom-plate drivers, or the capacitors themselves. The
errors are also shown decorrelated with the permutation of shuffle matrix used in Figure 5.12.
The anomalies at capacitor indices 15 and 63 are attributed to the use of the Hadamard matrix
which was established to introduce large artefacts at certain capacitor indices and are provided

here only for illustration.
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Figure 5.11. Extracted capacitor mismatch errors for the minimum geometry capacitor under different

temperature conditions, resulting in limited variation.
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The specific layout of the capacitors and their drivers were investigated to ensure that there was
no surrounding geometry which may contribute as an error source to the capacitors in a
periodic manner. To assist in decorrelating the layout of the foundry capacitors, the heatmaps
of errors are overlaid on the layout of the foundry capacitors in Figure 5.13, and their drivers in
Figure 5.14, and illustrate no clear discrete pattern in error in relation to the layout as a function

of a whole number of unit capacitor or driver cells.
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Figure 5.13. A heatmap of systematic capacitor errors against the capacitor position in the fabricated array.
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Figure 5.14. A heatmap of capacitor error in relation to the respective driver of the capacitor, showing no

clear pattern relating to the layout of the drivers.

An FFT was taken of systematic errors for all measured capacitor geometries with respect to the
capacitor positioning within the array, and normalised to the same highest contributor. This plot
in Figure 5.15 illustrates a number of key periodic components that are consistent amongst all
other measured capacitor geometries. Only the capacitor with geometry using the minimum
foundry-permitted finger spacing and finger width displayed any isolated contributions at a pitch
of 5.84pm. The periodic components of Figure 5.15 were not visually identifiable in the plots of
the capacitor systematic error for the other capacitor geometries, although the FFT confirms a

strong presence.
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Figure 5.15. Normalised FFTs of all mean capacitor arrays highlighting several periodic components in the
errors. The larger periodic element discussed is masked by the larger low spatial-frequency

contributors of the other arrays.

The above data was used to confirm that the observed periodicity in errors were not derived
from the design of either the measurement system, shuffle matrices, or some artefact of the
capacitor layout. This is believed primarily as the capacitor error period is not a multiple of the
pitch of the unit capacitor, and the same period is correlated between both the foundry and
custom laid out capacitors of a different geometry. This overall implies that the source of this
error is likely process derived. The likely processing stages are the lithography, or some pre-
processing stages performed by the foundry before fabrication which result in raster. Without
further information held by the foundry on the specific parameters of these procedures, it is

difficult to speculate as to the most likely cause.

5.4.2 Step Error in Capacitor Value Across Die

As previously observed, the systematic capacitor error varies massively with the drawn
geometry. However, some systematic profiles appear not just with respect to the positioning
within the array, but related to the positioning of the capacitor on the die. Suspicions were
raised when the majority, but not all, of the arrays on one design of chip presented large stepsin
capacitor weighting of the order of 2000ppm, in positions that appear unrelated to any drawn
geometry in layout, and are independent of the specific shuffle pattern that was used in

measurement.
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It was observed as shown in that when the mean capacitor errors values were plotted against
their positioning from the bottom edge of the die, in Figure 5.16 and Figure 5.17, in the fabricated
layout the steps for example at472um in row 1, all align across the arrays horizontally with the
same approximate magnitude of error. The pitch of the step was measured reliably at 111um.
This does not correlate with any known figure relating to the process density checks, design rule
checks (DRC), optical-process-correction (OPC), or metal fill generation windows. Neither does
the pattern align with any known geometry at the die edge. Any documented reference point
would be either 28um inboard of the die drawn edge, or 83um outside. There is no available
documented geometry placed at this location during either top-level die finishing by the foundry

to the author’s or any consulted party’s knowledge.

The natural question arises as to why not all die exhibited this step. While most array designs
were under 111um in length, it was conceivable that the arrays might be placed, luckily for the
designer, between the position that these steps would occur. The plot of confirms this theory for
the test-chip 2 chip arrays. Whilst there are still steps in the capacitor weightings of the
expected magnitude at the extrapolated positions from the other measured arrays, most arrays
were positioned in-between these step locations. From this data it is deduced that this step is
created through some stage inherent in the process, and is not derived from the design.
Lithography or a pre-process raster of some description is the favoured source, however due to
the foundry holding the exact process parameters and recipe a closely guarded secret, there is
little more that can be done to deduce more about the error’s source. Other possible origins
include the non-linearity of the stepper during mask alignment, or quite possible something
related to the optical-proximity-correction (OPC) algorithm window. This is a process run by the
foundry before fabrication of the masks to correct for the etching profile and ensure the

fabricated geometry best matches the drawn geometry [67], [68].
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Figure 5.16. Normalised capacitor values from test-chip 3 plotted against their positioning from the die

bottom edge revealing patterning errors (‘steps’) independent of capacitor specific geometry.
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Figure 5.17. All capacitor errors plotted with respect to the die bottom edge to illustrate the step patterning. The theoretical positioning of the steps is indicated by the dashed red

line at 111nm intervals. a) test chip 2 arrays, b) test chip 3 arrays.
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The steps were consistent in size and location on all 174 measured dies over 6 wafers, including
skewed material. The step positions are further visualised across the two chipsin Figure 5.18.
This was consistent across all BEOL metals with equal contribution to capacitance error. This
clearly illustrates that a currently unknown sensitivity exists within the fabrication process of the

BEOL metal layers. The sources of these errors are later discussed further in section 6.6.

v b4 N

A b |

Figure 5.18. Visualisation of the positioning of the steps on the two chip designs. The steps align

predominantly with the ends of arrays on the test chip 2 die (left), and in the centre of most
arrays on the test chip 3 die (right). The positions of the measured and predicted steps are

shown as red horizontal lines.

5.4.3 Step Error Removal for Further Analysis

Before the statistics may be extracted from the measurement data, the systematic step in the
capacitor’s weightings is first removed. As the step is relative to the die edge, and not geometry
specific as has been established, it provides uneven contribution to each array and therefore
inflates the systematic errors in a way uncorrelated with the geometry. Without removal, this
would lead to corruption of any extracted systematic error trends. This applies only to the
systematic matching error g, and the total matching error o. For calculation of random
matching error oy, the method of calculation is agnostic of systematic errors so data inclusive
of the capacitors around the step is still used. No localised increase in random error was

observed in the region of the step, so the random error statistics remain unaffected.

In the case of the relative matching statistics and trends, the original measured data must also
be used. The resulting trend relies on knowledge of the distance between capacitors, so nho

capacitors may be discarded. The calculation is independent of systematic errors, so the
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results remain unaffected by the presence of the step. This case also applies to FFT analysis of
the periodic systematic content in the following sections to avoid corruption. Furthermore,
removal of the step in the data thereby allows valid comparison between the data from test

chips 2 and 3 without these location dependent matching effects.

Where required, the step is extracted by removal of several capacitors surrounding the step,

and renormalisation of the array. The capacitors indices for removal and the scaling factors for

the two remaining halves of the array are determined by analysis of the mean capacitor profile E
which allows easy identification of the step location n in Figure 5.19. Indices (n — 3) through to
(n + 4) are removed from the dataset. Capacitor weights for indices greater than (n + 4) are
then offset such that C,,.5 = C},,_3, then the two halves of the array are rejoined, and re-
normalised. This offset correction is of the order of 2000ppm, and the impact on gg is
proportional to the number of capacitors the offset is applied to. The absolute worst case
applies to a 2000ppm offset to 246 capacitors, resulting in a 10ppm error in the final statistic. In
the majority of cases in, approximately half of the array experiences this offset, and as such the

impact is anticipated to be closer to 5ppm which is similar the measurement error.
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Figure 5.19. Mean capacitor profile step removal process. Ared crossindicates aremoved capacitor, whilst

a blue cross indicates a retained capacitor.

5.5 Trends in Matching Error with Capacitor Geometry Variations

5.5.1 Capacitor Error Variations with Core Capacitor Geometry

The systematic and random matching error statistics for two capacitor geometries with varied

finger length is shown in Figure 5.20. The two capacitor geometries are sized to assess the
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consistency of the relationship across other geometry parameters. The systematic matching
error, while consistent for each finger length measured, does not show a clear trend. A number
of anomalies were observed for finger lengths of 19um, and 29um where significant increases in
matching errors above what is expected is seen. This may be attributed to the dependency of
the systematic error exhibited on the array’s location on the die. To this note, three arrays were
instantiated twice on the same die, located at opposing edges of the matrix of arrays (the far left
and far right columns). Of these arrays, the matching statistics for the first two showed a 38ppm
discrepancy in systematic error. The third array geometry however showed a significant 132ppm
discrepancy (of opposite polarity). This not been able to be attributed to any boundary or
proximity related effects based on the layout, and the absolute values of the capacitors were
within 1% of each other. This effect may account for the discrepancy noted here, however all
arrays for the finger length sweep were located within the same column so the link to this effect
is limited. Itis still noted however that moving away from the smaller geometry capacitors, does

yield a general decrease in systematic error.

The randomly sourced errors are illustrated for the same capacitors in Figure 5.20b. For both of
the trialled capacitor geometries, an increase in finger length yields with little exception a
decrease in capacitor random errors. An improvement in the random matching error with an
increase in finger length is expected as the random defects that accumulate in the capacitor are
averaged out further as the size of the capacitor is increased. As previously established, the
finger length contributes directly to the coupling area of the capacitor, so this trend is expected.
Features such as line edge roughness (LER) from lithography and etch processes are generally

accepted as the main contributors to these mismatch errors [37], [63], [69], [70], [71].
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Figure 5.20. Capacitor matching error shown with respect to capacitor finger length (L) for both the a)

systematic matching error g, and b) random matching error oj.

The resulting capacitance is proportional to the number of metals used to implement the
capacitor; therefore, it would be expected that a similar trend to varied finger length would exist
for the number of metals N,,,. Figure 5.21 shows that for an increased number of metals used, a
large decrease in the random matching error for the capacitor may be attained. Intuitively this
improvement may be attributed to the same reasons that were previously described for the
finger length, and the total coupling area of the capacitor will increase proportional to the
number of capacitor metals, and as such, provide more averaging of the LER errors resultingin a

reduced total error for larger capacitors.
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Figure 5.21. The relationship between the systematic (a) and random (b) smatching error and the number

of metals used in the capacitor.

In earlier discussions it was proposed that by implementing the capacitor in the higher core
metals, it may achieve better matching performance than those of the lower ‘dirty’ metals which
are more susceptible to errors and stresses from the substrate below them. This is also the
theory that drives investigation into the use of metal shielding below and above the capacitorin
later discussions. Table 5.2 gives the matching statistics for capacitors implemented in upper
and lower metals. For a 2-layer capacitor, the two tested metal combinations were M4-5 and
M5-6. 49ppm better random matching error is seen on the lower metal implementation using
M4-5 while significant improvements in systematic error are seen by utilising the higher metal
combinations. The improvements for a 4-layer capacitor are less conclusive with the variations
between matching errors being on the same level as the derivation of the statistics (<20ppm).
The takeaway from these results implies that a capacitors random matching error may be
reduced through implementation in multiple metal layers, with negligible impact resulting from

metal choice between metals 2 through 6.
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Table 5.2 Matching error statistics for 2-metal and 4-metal capacitors implemented in upper or lower

metals.
Metals Used N, ag (ppm) og (ppm)
M4-5 2 936 978
M5-6 673 1027
M2-5 4 436 545
M3-6 461 568

The results for the matching errors across varied finger spacing are shown in Figure 5.22. The
systematic errors in Figure 5.22a show a sharp decline when geometry is increased beyond
minimum spacing. This is true only in the case of also having minimum finger width (70nm). This
represents a 38% improvement in systematic matching for only a 7% increase in top view area
when moving from 70 to 80nm spacing. This is a significant improvement that is well above the
usually assumed 1/\/Z trend which should comparatively yield only a 3.4% improvement were it
to apply here. The decrease in systematic errors appears to continue for increased finger
spacing, but appear to plateau above 110nm. The discontinuity for 100nm finger spacing
appears an outlier. Previously discussed data regarding variations in matching based on
position on the die showed significantly smaller variations than this point 220ppm from the
expected position. This increase in error is marked as being linked to either the lithography or

OPC processing windows that are discussed towards the end of this chapter.

The random matching error shown in Figure 5.22b illustrates a similar trend. The matching error
for the smaller trialled capacitor consistently decreases with an increase in finger spacing. For
the larger capacitor with a more limited spread of geometry, the trend is inconclusive due to the
small data set. The larger capacitor’s errors are generally smaller due to the increased finger
length as previously established. The data shows that at least until 120nm finger spacing, and

improvement in random matching errors may be achieved using minimum finger width.
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Figure 5.22. The relationship between the matching error and the lateral capacitor finger spacing (S). a)

Systematic matching error o5 and b) random matching error og.

A similar trend of improved matching is also observed for the finger width parameter in Figure
5.23a, where a 44% improvement in systematic error is made for a 28% increase in finger width
for a capacitor of minimum finger spacing, and a 38% increase for a capacitor of 100nm finger
spacing. A minima, which would be expected in the data, is located at around 110nm finger
width however the range of the data is insufficient determine this conclusively across all
geometries. The minima is expected in the data as the it related to the classical matching theory
regarding the die gradient. If the spacing between capacitors is increase, they therefore should
achieve better matching due to the larger devices having more variations averaging out.
However, if a device becomes large enough, the gradient across the die becomes the dominant
contributor to the matching error. Therefore there must be a sweet spot where the maximum

amount of averaging is achieved without the die gradient being dominant.
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systematic Matching agg, b) Random Matching op.

It can easily be reasoned, particularly with the evidence from Figure 5.15 that the absorbed
systematic error of a capacitor array will increase with the size of the array due to the large
presence of errors active over large distances. This was illustrated in the FFT of capacitors in
Figure 5.15. For example, a linear gradient would have a larger delta from one end of the array to
the other, and subsequently introduce larger errors. This is not an effect that was observed in
the presented data. For the increased finger length, it may be expected that the more complex
gradient components are averaged out as the array dimensions are increased in a direction that
maintains the maximum height of the array. Any increase in this dimension only serves to
average the process gradient and other systematic components further, and thus reduce the

total absorbed systematic error.

With the finger spacing and width however, increasing these parameters increases the

maximum distance between capacitors, and would intuitively lead to an increase in capacitor
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systematic error. This was not observed to be the case for the results discussed, which were all

sized very close to the minimum geometry possible in this process node.

The reduction in random errors with increase finger spacing and width however, poses a more
intriguing puzzle. Neither of these parameters has previously been linked to a decrease in
capacitor matching errors of any description before. In the case of finger width, nor does it
contribute directly to the capacitor value. However, as has been previously established in the
previous chapter, the fabricated capacitor geometry in the 40mn process appears highly
dependent on the specific patterning and metal densities. It has already been identified that
there are a number of second order dependencies on the capacitor value due to both the high
level of fringing, as well as some metal density dependencies. If LER is to be decided as the
main contributor, then this would demonstrate an LER dependency on metal trace width and
spacing [56]. Alternatively, this error may come from formation of the porous intermetal
dielectric which may not as reliably form, or be damaged by the complex metal deposition

process.

The finger end spacing S, is often attributed as a source of error in the capacitor value. While
never formally discussed or analysed due to the complexity of the manufacturing process, the
definition of the lateral capacitor finger would intuitively be the least consistent at the end due
to the difficulty in defining such a small shape in lithography. This is for the same reasons that
45° traces and curves are not permitted for regular metal wires in the 40nm process. This will of
course introduce some offset into the capacitor value from the idealised version and equations
discussed in earlier chapters, although it is expected that this error would occur equally on
every instance of the capacitor. Even if the geometry varies more significantly than the rest of
the finger, it has already been established that this portion of the structure contributes very

minorly to the overall capacitance. Hence, it’s impact is minimised.

The measurements of the random matching in Figure 5.24 reflect these intuitions. A particularly
minor decline in random mismatch error is seen for an increase in the finger end spacing. A 4%
decline for a 150% increase in end spacing and a 2% increase in area. A sweet spot is noted at
140nm spacing for the random matching errors, whilst the systematic errors increase with

increased finger end spacing due to the discontinuity in metal density it introduces.
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Figure 5.24. Random matching errors for varied capacitor finger end spacing. S=100nm, W=90nm,

L=43.5pm, N,,=4.

It has already been established that in general an increase in the parameters contributing to the
top view area of the capacitor, as well as the number of metal layers, leads to a general
decrease in the random matching error. The top view area is defined in equation 5.17. The
random matching error is plotted against this defined top view area inclusive of the number of
metals N, in Figure 5.25 with the results grouped by the two test chips that they were derived
from, with a summary of parameters presented in Table 5.3. The reason for this is evident in the
three trendlines that are drawn for the same relationship considering only the test chip 2 data,
test chip 3 data, and all test chip data. Analysing only the data from the second test chip, a
strong fit for the relationship of equation 5.18 is seen with an error scaling parameter y of 3827
ppm//um. The fit for the test chip 3 data is even stronger, and the slightly reduced value of y of
2879 implies a reduced improvement in random matching error was seen on these arrays
compared with that of the second test chip. Combining all data to generalise the fit yields for
this model gives a y of 3062. The literature frequently cites a 1/ C relationship as an
approximation for the total matching for both vertical and lateral coupling capacitors [5], [31],
[36], [41], [49], [69], [70], [71], [72], [73], [74], [75], [76], [77], [78], [79], [801, [81], however due to
the contributions from increased finger spacing and width being identified, it is apparent that

these models are unsuitable for description of this capacitor geometry.

Given the quality of the fit over the range of capacitor sizes and values that have been measured

in this work, this is presented as a reasonable first order model for the random matching error of
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a well-designed single finger capacitor of this precise geometry. Expansion beyond this to
alternative geometries cannot be made. The foundry geometry capacitor is a prime example of
this, achieving a a; of 706ppm for a value of 40fF consuming an equivalent area of 14.4pum?.
Scaling this for a capacitor of equivalent value to the reference capacitor of the optimised
geometry using the proposed model, this produces a 23fF capacitor with a o 0of 931ppm
consuming an area of 8.3um?. This is nearly twice the random matching error of the optimised
capacitor geometry, which represents almost a 2x improvement. For these reasons also this
model could only confidently be applied to the optimised capacitor structure within this thesis
given the collected data. If the total matching statistics are considered, then this improvement

is extended to 4x.

The discrepancy between the two test chips was consistent across the designs they each
contained. The duplicated designs across both test chip designs (54 capacitor arrays, 174
measured dies) provided values for op that were consistent between the two instances to within
30ppm, with the value for test chip 3 consistently higher. This test chip contained arrays that
were generally larger in value that the others. The first test chip not considered here only
contained designs of the foundry cell capacitors, which do not align with either of the trends
shown here, and achieve considerably worse matching for their capacitance due to their use of

a large number of fingers, and poor metal density and other consistencies in layout.
Arop = 2L(S + W) 5.17

14

O = ——— 5.18
\/ATome
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Figure 5.25. Random matching error of all capacitor arrays plotted against the most common model used

by the design community [31], [65]; 1/,/NmAmp. Three fits for equation 5.18 are shown and

detailed in Table 5.3.

Table 5.3. Parameters and measures of fit for the extracted trendlines in Figure 5.25 for use with equation

5.18.
Data y (ppm - um) R?
Test Chip 2 3827 0.925
Test Chip 3 2879 0.984
All Available Data 3062 0.435

As was noted before, the systematic and therefore the total considered error of the capacitor

structures did not show any clear trend with the capacitor geometry aside from the significant

improvement observed when the finger width or spacing is increased away from minimum

sizing. Comparison against the foundry’s mismatch model is not feasible here due to the lack of

separation it provides between random and systematic contributing errors.

Figure 5.26 illustrates the systematic matching components plotted against the capacitor pitch.

It was previously identified that the finger length relates differently to the systematic error so

results here are grouped by length. For the third test chip designs of shorter 43.5um length the

minimum in systematic error is seen at 0.42pm pitch. Significant improvements are seen in the

second test chip designs of 14.5um finger length, for pitches moving away from the minimum
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geometry. The improvements continue until a pitch of 0.36um after which there is no

improvement seen.

1100

% Test Chip 2 (L=14.5um)
O Test Chip 3 (L=43.5um)

1000 |

900%

800
700 -

600 -
500 | :][
400 | § %
300 - %

200 1 I 1 I 1 I I I i
0.28 0.3 0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46

Capacitor Pitch (pm)

Systematic Matching Error o s (PPM)

Figure 5.26. Systematic matching errors from an assortment of custom capacitor geometries plotted
against the resultant capacitor pitch. The overall trend shows improvement until

approximately 0.38um, with no consistent improvement beyond this.

5.5.2 Sub-DAC Matching Errors

The sub-DAC is the primary method through which to achieve a high-resolution single-stage
DAC, without requiring very large numbers of capacitor elements to achieve high dynamic range
or large number of bits. The two custom designed DACs utilise the same optimised capacitor
structures that have been previously discussed. The critical section of the DAC where the
coupling capacitor is positioned is shown in Figure 5.27 and Figure 5.28. The two primary
considerations in the performance of a sub-DAC are the gain error and the localised errors of
the capacitors directly adjacent to the coupling capacitor. These are the quantities that the
analysis is focused on. The gain error is considered relative to the error that the layout extraction
tool produces. A gain error will always exist between the main and sub-DACs due to the
presence of parasitics in the sub-DAC and coupling capacitors, and designers expect to have to
trim the layout to account for these effects relying on layout extraction tools, typically 2.5D field
solvers, to do so. A typical error expected between the schematic and extracted layout for the
gain error is in the region of 1-5%. For the purposes of this discussion the gain error is defined

here as in equation 5.19.
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(LSBMeasured)
MSBMeasued

Gain Error = 5.19

Each sub-DAC consisted of 224 unit capacitors connected as standard to the top plate, with 32

connected through an equivalent of a 23 fF series coupling capacitor. This latter section formed

the equivalent of a 5-bit sub-DAC. A substantial amount more averaging was required in order to
produce accurate and low noise measurements of the same quality as the main DAC capacitors
for the sub-DAC capacitors due to their comparatively small output range. The sub-DAC

structures also only featured 1.5um of capacitor dummy structures between the active DAC

capacitors and the coupling capacitor to give visibility of any possible systematic errors.

Figure 5.27. Sub-DAC variation-1. Blue shows the main DAC 'top plate'. Pink shows the sub-DAC 'top plate'.

Figure 5.28. Sub-DAC variation-2. Red shows the main DAC 'top plate'. Yellow shows the sub-DAC 'top

plate'.

The gain error variations of the two custom sub-DAC variations are shown in Table 5.4. The
magnitude of the gain error itself was quite large compared with the predicted value (~3x), so is
not considered usefully here. The standard distribution is considered reflective of the useful
metric of the sub-DAC design, as offsets are easily trimmed out blindly and contribute the same
as a systematic matching error, whereas the variation of the gain error between die manifests as

a randomly sourced error, and would require part-by-part calibration to remove. Neither of the
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sub-DAC coupling capacitor variations showed particular merit in their performance and their
gain errors are in line with expectations from the foundry cell capacitors. The equivalent oy for
an individual capacitor of equivalent value scaled by finger length equates to approximately
3000ppm. Clearly, the main source of the sub-DAC error is derived from the coupling capacitor,

incurring a large penalty due to the disruption of the patterning of the array through its presence.

Table 5.4. Summarised gain errors of the two custom sub-DAC variations measured, and the foundry cell

equivalent implementation.

Sub-DAC Variation Gain Error
Standard

Distribution o

Custom Variation 1 0.47%

Custom Variation 2 0.48 %

This disruption is highlighted in Figure 5.29 where the systematic errors of the capacitors across
the main-sub-DAC boundaries are presented. In both cases, the capacitors located directly
adjacent to the series coupling capacitor (with only 1.5um of dummying) incur substantial errors
due to disruption of the patterning. The effect is clear in the sub-DAC portion of the arrays with
up to a 1.7% error observed on the closest capacitors. These errors indicate a further 3um of
dummying between the used DAC capacitors and the series coupling capacitor are required for
elimination of the gross systematic error observed. Overall, variation 1 labelled ‘DAC120’ would
be preferred for proper implementation in a SAR sub-DAC. This is due to the substantially lower
systematic errors observed within the sub-DAC whilst still maintaining only a 0.47% gain error
variation, a figure that is substantially lower than the 4-5% which is typical of the foundry sub-

DAC implementations.
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Figure 5.29. Sub-DAC mean capacitor error around the main to sub-DAC boundary for the two trialled

geometries shown.

5.5.3 Improvements Using Multiple Capacitor Fingers

In a CDAC it is expected to have the same finger length for each unit capacitor, and then to scale
the number of capacitor fingers to achieve the required value for each binary weighted
capacitor. As discussed, it is expected that the capacitor errors will scale with the number of
fingers used, due to the effectively increased finger coupling length allowing for more averaging
of the coupling interface surface roughness. To test this, an array with a unit capacitor having
two fingers was designed and measured. For comparison, the matching statistics of the
capacitor designs with single, and double fingers are shown in Table 5.5. The capacitor
matching statistics for a capacitor with similar increased finger lengths is also shown for

comparison of the trade-offs.

From the presented data, it can plainly be seen that the increased vertical size of the array from
use of 2 fingers per unit capacitor has incurred a significant near-two-fold increase in the
systematic error contribution over the single finger design. This statistic is calculated after the
systematic step in section 5.4 was removed which would otherwise significantly inflate this
systematic error figure, as the double-fingered array was large enough to incur two steps as
opposed to the majority of the arrays which incurred only one. The longer pitch of the double-
fingered array has led to the further inclusion of longer periodic components, including any die

gradient that is present, unlike the smaller arrays. This is also apparent when comparing the
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array with extended finger length which has the same array vertical length, but near double the
array width on the die. This array actually displays a reduced systematic error, as the longer
fingers expand the array in a dimension that allows more averaging of the gradients. This leads
to the conclusion that when implementing large arrays, it is significantly beneficial to implement
the LSB capacitors as single, longer fingers as opposed to two shorter ones due to the

significant increase in absorbed systematic error due to the increased height of the array.

The lack of any reduction in the random matching statistic is unexpected. It has previously been
noted than an increase in coupling area through increasing the finger length yields
improvements, however, no notable improvement is seen here with the increase in the number
of capacitor fingers for a similarly dimensioned capacitor. There is no current reasoning for this
relation, but it may be explained if the ends of the capacitor finger are somehow contributing
significantly to random error. This is unlikely to be the case as it was previously seen that the
finger end spacing has no meaningful impact on the final capacitor random matching error. This
is ultimately somewhat, but not completely, explained by the reasoning that the double finger
capacitor stillincurs the same metal definition based errors as the single finger capacitor,
although they would be expected to average out further than was observed with the increased

capacitance.

Table 5.5. Capacitor matching statistics for a single, and double fingered capacitor, as well as a capacitor

with increased finger length for comparison of effects.

Variable | Single Finger | Double Finger Single finger Capacitor
Capacitor Capacitor with Increased Finger
Length
S 100nm
w 90nm
L 43.5pm 71.5um
N, 4
Ny 1 2 1
Og 436 ppm 882 ppm 376 ppm
Op 545 ppm 572 ppm 438 ppm
or 687 ppm 1027 ppm 567 ppm
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5.6 Conclusion

This chapter presents a method of analysis for independent extraction of the systematic and
random matching error contributions for the lateral coupling MOM capacitor in large arrays.
Significant periodic and systematic errors are identified, and the core capacitor geometry
analysed. This revealed several previously unidentified relationships between the finger spacing
and width, and the systematic and random matching errors of the capacitors. Independent
analysis of the random and systematic errors allows validation of the usual matching models in
use to be analysed, and a modified model for the random matching errors and its applicability
are presented. The systematic errors are far more complex than the standard linear gradient
which is typically assumed in literature. It emphasises the large benefit for aggressive folding or
interdigitation schemes in capacitor groupings for DACs for effective cancellation. The collected
data suggests that an optimised capacitor geometry can achieve in excess of a factor of 4x
improvement in total matching errors, with potential further improvement possible with the use
of blind calibration due to the consistent nature of the significant systematic contribution
across many independent dies, and the large content of errors being attributed to being
systematic where smaller geometries are used. This chapter is the basis for this thesis’
demonstration that there are further advances still to be made within the confines of the 40nm
process, and that proper understanding of the mismatch’s nature can lead to higher performing

capacitors.
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Chapter 6 Capacitor Errors and Trends in Large Arrays

6.1 Introduction

In the previous chapter the individual capacitor geometry is studied for optimisation of the
collective matching performance of the capacitors. There are however further parameters that
may be considered at the array level that can improvement the overall performance when
integrated into a full capacitive DAC. In this chapter, the effects of the relative matching
between arrays, and between capacitors is presented through analysis of the test chip data. The
advantages from a matching perspective of using a fully differential DAC as opposed to single
ended are shown, and the effectiveness of both lateral and top and bottom array dummying
structures are quantified, illustrating that a significant amount of dummying is required for full
removal of the localised errors at the ends of arrays. The data and relationships gathered are
then reflected on to summarise the identified avenues for improvement of the later coupling
capacitor’s matching in the process, as well as where such techniques are transferrable

between processes.

6.2 Matching Within Differential DAC Arrays

Throughout the rest of this thesis the capacitor statistics presented are for a pair of capacitors,
assuming that in the majority of high-speed and precision applications a differential DAC is
preferred. It has also been assumed that the matching statistics presented may be taken as
approximately V2 larger for a single ended array, as is the case for other devices. The mean
capacitor values of the P and N array capacitors are shown in Figure 6.1. The strong periodic
component that was previously discussed is evident in both mean capacitor values across the
array, and is in alignment between the two arrays as expected. A confident measure for the
systematic contributions was not able to be calculated due to the limited data collected for
independently measured P and N arrays, and the substantial time required for performing
further low-noise measurements. The improvement in random mismatch error experienced
through actuating the capacitors as a fully differential array was in line with the predicted V2

improvement to within 5%.
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Figure 6.1. Mean capacitor value for the P and N arrays of a single differential DAC array measured
independently. The large periodic systematic error is seen to be correlated between both

arrays and is aligned by position.
6.3 Impact of Dummy Structures on Capacitor Matching

6.3.1 Dummy Structures at the Array Ends

Figure 6.2 presents the systematic error of two capacitor arrays with 5pm and 30pm of dummy
structures at each end. As mentioned before these dummy structures are all replicas of the
main DAC capacitors, and their respective drivers. It is clear from the figure that the presence of
the additional 25um of end dummying has removed the large systematic error at the ends of the
array. This is clear as a 4000ppm error is seen to act over the first 15pm of the array when only
5um of dummy structure is used. These errors are only due to the systematic effects which are
consistent during processing and are likely a result of changes in density in the metal patterning.
Whether this is due to density sensitivity in the plasma etch process stages of fabrication, or an
artefact of the CMP process, which has already been shown to product dishing over larger
structures, is unclear from this data. However, the data is conclusive that at least 20um of
dummy structures total is required for assured removal of these errors. Further dummy
structures may be required depending on the adjacent cell metal densities. However this was

not considered in these designs.
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Figure 6.2. Impact of capacitor array end dummy structures for the minimal 5pm, as well as the

predetermined 30um of capacitor and driver dummying.

Consider now the effect of the dummying on each capacitor’s random variations. In Figure 6.3 a
clear difference in random variations is observed between the array with 5um, and 30um of
dummying. The array with 5um of dummying displays a >1500ppm increase in random matching
at the end of the array, with the end 10-15um capacitors affected. The inconsistency in this
value is due to the difference in neighbouring circuitry each end of the array. A smallincrease in
random errors are observed at the end of the array with further dummying, although at a notably
smaller level: approximately 200ppm increase in g; for the outer 20pm of the array compared
with the center. The baseline magnitude of error for the central portion of the array is similar in

both cases, excepting for a localized increase in errors at 15-50pm with only 5pm of dummying.
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Figure 6.3. Capacitor random matching error g; for arrays with 5um and 30pm of top and bottom (end)

dummy structures.
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The difference in baseline gy for the two arrays may be attributed to the scale of the area that
they occupy. Fundamentally, a more even polish from CMP would be expected over larger
areas, such as larger arrays. Increasing the dummying at each end from 5um to 30pm, results in
a47% increase in occupied area. It is therefore be expected to achieve more predictable results
due to this significant increase in area due to the reduction of localised effects. If one were
aiming to completely eliminate all increases of errors at the ends of the capacitor array, then a
further 10-20pm may be required. However, the level of improvement that would be observed
does not justify this massive increase in area, as with this the useful area would occupy the

same area as the dummy structures.

6.3.2 Lateral Dummy Structures

Further to the discussion of top and bottom array dummy structures, the effect of lateral
dummying between the capacitors and their drivers is also considered. The matching statistics
are tabulated in Table 6.1, and detail more than 10% variation through presence of the lateral

dummying structures.

For the capacitor geometry utilising minimum finger spacing and width, and 14.5um long fingers
to achieve a nominally 8fF capacitor, significant detriment is found through use of lateral
dummying. Systematic errors are increased by nearly 30% with 5um of dummying. The average
capacitor error profile in Figure 6.4 shows that the previously discussed periodic content is
upset by the lack of dummying, likely due to the reduced regularity around the array structure.
This is further analysed through use of the FFT of Figure 6.5 in which the two dominant periods at
8.96um and 2.24pm are only seen where lateral dummying is utilised. In the alternative case,
this periodic component is replaced with another large periodic component at a considerably
higher spatial frequency, a pitch of 0.84pm. No other notable periodic content is identified. The
FFTs of Figure 6.5 are normalised to the assumed-constant gradient component to allow for

relative comparison.

Table 6.1. Matching error statistics for identical capacitor arrays with and without lateral dummying

structures in layout.

$=70nm, W=70nm, L=14.5um $=90nm, W=70nm, L=29um
Lateral Dummying (um) | g5 (ppm) | og (PPmM) | o7 (ppm) | o5 (PPM) | or (PPM) | o7 (PPM)
0.0 638 659 919 629 510 733
5.0 910 733 1186 439 505 673
Improvement (%) -42.6 -11.2 -22.5 +30.2 +1.0 +8.2
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Figure 6.4. Mean capacitor profile for array with and without lateral dummying structures. (S=70nm,

W=70nm, L=14.5um) showing disruption of the longer periodic error.
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Figure 6.5. FFT analysis of the mean capacitor profiles with and without lateral dummying present. The

dominant periodic components are labelled.

For the case of the longer geometry finger, which avoids the use of minimum sized geometry, a
limited improvement in all matching statistics is observed. This variation does not exhibit
periodic components as strong as the minimum geometry capacitors discussed, and no notable

degree of change is observed in the periodic content that is detectable.

When the random matching is considered on a capacitor-by-capacitor basis, the profile
remains predominantly the same. For minimum geometry capacitors in Figure 6.6a, the general
decline in gi with lateral dummying is observed, with approximately equal degradation across

the array oi for non-minimum geometry
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Figure 6.6. Random matching g; across the array with and without dummying for a) short 14.5um finger

lengths, and b) long 29um finger lengths.

Shorter period systematic components are arguably preferable to longer periods of oscillation
as this ensures multiple repetitions within each grouping when folding and other layout
cancellation techniques are employed. Of course, the extreme case of a linear gradient is easily
cancelled, but provided the periodic component is far removed either way from the minimum
grouping size in the folded layout, then the averaging between the multiple capacitor groups

cancels the systematic components as intended.

The discrepancy in improvement may indicate that the use of minimum geometry, as a rule,
leaves the capacitors most susceptible to the presence of periodic components. This is owing
to the lack of consistent periodicity in the latter measured array of non-minimum geometry.
These periodic components then contribute to the overall capacitor errors. The improvement in
matching for the larger array is explained through typical theory of improved consistency and
regularity in layout through presence of the dummying, leading to reduced dishing and other

inconsistencies resulting from the CMP and etching processes.

6.4 Impact of Array Shielding on Capacitor Matching

The capacitor array may be shielded from the potential impact of upper metals or the circuits
below by introducing another layer of metal above or below the array. This is implemented in the
polysilicon layers below the array as well to minimise the substrate capacitance and reduce the
coupled noise. The same principle applies to the top metal shielding where power is generally

distributed across the die in the top-most metal layers.

The impact of using such shielding layers is seen for a single capacitor geometry in Figure 6.7
with the systematic and random matching for the combinations of top metal (AP) shielding, and

polysilicon (poly) shielding shown. The lowest random matching errors are attained with only
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top metal shielding, although the margin by which this is the case is only small. It appears that
poly shielding does not meaningfully affect the random errors. Increased systematic matching
errors are seen with the inclusion of either top metal or poly shielding. It can be concluded that
the best matching performance is achieved for an array utilising only AP shielding if a blind trim
or calibration is to be used. If no shielding is to be used a 30ppm improvement in total matching
errors may be attained, although this improvement (4%) is unlikely to yield measurable
performance improvements in a full ADC. Realistically a design may choose to include these
layers irrespective of their matching performance impact for electrical shielding purposes. At
the very least, the presence of these layers does appear to meaningfully affect the overall

matching properties of the array, provided a blind trim can be used.
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Figure 6.7. Matching error performance of arrays using a varied combination of vertical shielding above and

below the capacitor array. S=90nm, W=70nm, L=14.5um, M2-M5.

6.5 Localised Errors in Large BEOL Capacitor Arrays

6.5.1 Relative Matching of Capacitors

Since capacitors are generally grouped when used in charge redistribution DACs to form larger
value capacitors of relative weightings, the actual relative matching between the capacitors is of
great value in understanding the applicability of layout techniques such as interdigitation and
layout folding. The work presented previously throughout this chapter assumes that the errors
categorised are random and decorrelated from each other. However, by undertaking the
analysis through the methods detailed in section 5.2.3, correlated errors are revealed within the

array.
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Figure 6.8 illustrates the result of this analysis performed on a large sample of arrays, showing
the relationship between the separation of any two selected capacitors within the array, and the
distribution of the relative error between them. This method results in no contributions from
systematic offsets between the capacitors such as die gradient or other periodic or stepped
errors that have previously been discussed. There are two distinct regions observable in the
curves of Figure 6.8, with a transition between them at around 10pm separation. Firstly, above
the transition point, a linear relationship is observed, with the relative matching error of
capacitors increasing as they are spaced further apart. No sensible relation between the

capacitor geometry and the gradient of this region of the statistic has been identified.

Below the transition region of 10um, a sharp decrease in relative error is observed. Put plainly
this means that the relative error between capacitors is substantially smaller when the distance
between them is less than approximately 10um. The lower limit of the relative errors at
minimum separation correlates somewhat with the top view area of the capacitor. This is due to
the presence of correlated errors in the manufacturing of the die. Correlated errors in this
context are those that affect multiple fingers of the capacitor array over a finite area. The nature
of these correlated errors and their formation in discussed in the following section, however it is
evident that these are due to localised affects, such as a limited deficit in etching, or scratches
from the CMP process [58], [61], [82]. These are effects that are previously documented, and
both have dependencies on the localised metal density in the magnitude of their effect, hence

they may affect different capacitor geometries differently.

It is typically accepted that devices closer together have improved matching, although generally
itis presented in the context of die gradient and other larger area effects. In work by Tuinhout
looking at a similar statistic [49] the gradient for large capacitor separations is attributed to the
systematic errors. However, even with the systematic errors artificially removed the same
phenomena is observed. The method used here also allows analysis without the presence of

systematic errors.
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Figure 6.8. Capacitor relative matching error g, against the separation of the capacitors. Calculated over

all available die, wafers, and arrays.

If the systematic contributions are also considered the results of this study are very different.
This is achieved through taking of the rms value of the errors as opposed to the standard
deviation, although as is shown, this complicates the relationships for examination. Figure 6.9
illustrates a wide variety of shaped profiles for the errors inclusive of the systematic matching.
Whilst some data retains the shape previously discussed with a sharp increase at low
separations, and a shallower linear increase above a threshold, this is not observed for the data
from all geometries here. The geometries here which appear to be flatter are also those whose
typical errors are dominated by the systematic component. Realistically this is not a useful
quantity for further analysis, and it is unclear how the measurements were prepared for analysis

in the literature, so focus here remains on the relative matching.
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Figure 6.9. Capacitor relative matching considering both random and systematic errors for a variety of array

geometries.

6.5.2 Periodicity Relative Matching Statistics

The development of the sinusoidal pattern in the relative matching of capacitors in Figure 6.8 is
a very unexpected one, particularly as the random errors that remain after removal of the
sinusoid of the original data did not show the same periodicity under analysis. Performing the
same analysis with the periodic systematic errors removed still yielded the same results. Yet
another unusual aspect of this observation is shown in Figure 6.10 where the analysis is
performed on the designs giving the sinusoidal pattern previously, but isolated by wafer. Of the
three wafers, for which there was no requested skew or other fabricated difference, wafer B
shows an extreme case of the sinusoidal effect, whilst A shows none. Wafer C shows a very
weak periodic component. It was also verified that the periodic component was present in
approximately the same quantities consistently on the three wafers with respect to the

aggregated data shown.

The only conclusion that may be drawn from this discrepancy is that given the wafers did not
contain any differently specified BEOL processing (skewed caps, poly, or resistor sets), and that
they were all packaged and otherwise assembled identically, this periodicity is yet another
component arising from the variations in the fabrication process. To illustrate that this effect is
not a periodic component in the random error after the systematic has been removed, such
data is shown in Figure 6.11, and the FFT analysis thereof in Figure 6.12 with data isolated by

wafer. The periodic component of the same pitch of around 9um in Figure 6.10 is observed for
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wafer C. The same cannot be said for wafer D, although the low frequency gradient of the data
dominates. The increased noise floor for wafers C and D is explained by the reduced number of
capacitors sampled from this wafer compared with that of wafer B. The period of this
component is notably the same as the extracted systematic error previously discussed, so is
therefore likely to be derived from a similar processing step.
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Figure 6.10. Capacitor relative matching against capacitor separation for the minimum spacing geometry
arrays, calculated over single wafers. a) Wafer B, b) Wafer C, c) Wafer D. The colours represent

each of three samples of an array of the same geometry within the design on each wafer.
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Figure 6.11. The random matching of each capacitor within the array by position for the three wafers. a)

Wafer B, b) Wafer C, c) Wafer D. No repeatable patterning is observable.
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Figure 6.12. FFT analysis of the random matching of each capacitor within the array for the same array over

the three wafers. The same periodic component is not observed across all three wafers.

A similar investigation that identified the presence of short range correlated errors in BEOL
capacitors is presented in Ref [49]. The scale of separation of capacitors was an order of
magnitude larger in the presented measurements than here, but the structures were still
fabricated in a 40nm node and a similar relationship to this work identified. As a result of the
coarseness of the variations, the inflection points of the short-range correlated errors are

difficult to compare. Here it was extracted at around 9um, whereas Ref [49] places this point
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within the 10-100pum region. The presented reasoning for the improvements in matching at short
distances are related to the CMP metal processing deficiencies, and localised dishing and

erosion effects. It is unclear from this work whether the random and systematic contributions to
the error are independently considered in the presented analysis, as the precise methodology is

unclear. However, the observed trends are still consistent with this work.

6.5.3 Simulations of a Scratch Based Source of Correlated Errors

To better understand the source of the errors presented, simulations were performed through
MATLAB to replicate the theoretical impact of types of correlated errors on the capacitor fingers.
The primary suspect for a source of correlated errors in the capacitor finger formation is that of
CMP scratches [30], [58], [82]. These defects come as the inherent result of a mechanical
process. Their effect is limited to the metals and intermetal dielectric surfaces, and whilst
intuitively itis hard to conceive of a simple scratch introducing a sizeable error into the
capacitor value, the level of error considered is in the parts-per-million region where the
slightest defect has a measurable impact on the capacitor value. These scratches can
effectively be considered localised reductions in the capacitor finger (or top plate finger)

thickness.

A visual representation of the CMP ‘scratches’ considered is shown in Figure 6.13 where many
scratches are combined to produce errors in the capacitor shown by their colouring. The
scratches are considered to have a defined statistically nominal length S;, and occur at an angle
6 to the orientation of the array. A further representation is shown in Figure 6.14. This results in
an effective scratch length of S, ¢. A single capacitor’s error in this context is the superposition
of multiple scratch events of a given weighting. The simulation randomises the positioning of the
scratch across a constructed array, and introduces an error to each capacitor value that it
touches. As shown, some errors can conceivably extend beyond the occupied area of the array,
and some will of course terminate mid-capacitor. These effects are also modelled, with the
weighting of the error impacting a capacitor value being proportional to the length of the scratch

in its predefined area.
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Figure 6.13. Illustration of how CMP scratches may fall on the capacitor array. As shown, they may affect

multiple capacitors, giving rise to correlated errors. Each scratch however may be

decorrelated.

121



Chapter 6

A\

s./

S’ =
’

// g | Ser
74— —

Figure 6.14. Determination of the effective length of the CMP defect with dependency on the angle of
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incidence with the array. Scratches may occur at any angle to the array.

The results of the simulation of the impact of the periodic scratches on the relative matching are
shown in Figure 6.15. The finite maximum length of the scratches causes a strong decrease in
relative matching as the elements are brought closer than the maximum scratch length. This is
used to explain the significant improvements in error below ~10pm, achieved by simulating an
error source with nominal scratch length of 9um. The larger scale errors are effectively
represented by very large-scale scratches of lengths >100um, significantly larger than the
distances considered. The impact of varying the capacitor pitch is also observed in Figure 6.15,
whereby capacitors on a longer pitch exhibit lower error contributions than those of smaller
pitch. Capacitors of longer finger length are also statistically more likely to both be hit by a
scratch together rather than individually. Both of these observations are consistent with the

measurement data.
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Figure 6.15. Simulated recreation of the observed dependency of the relative matching statistic on the
capacitor pitch represented by each coloured line. The result is a combination of 9um long

randomly arranged scratches, and 100pm long scratches.

The periodicity previously presented was also considered in the context of this scratch model.
The simulation in Figure 6.16 considers that the scratches do not occur singularly, but that they
occur as pairs of scratches separated by a predefined distance, at the same angle and
weighting. The result is a periodicity in the extracted relative matching versus separation in
Figure 6.10, bearing a similar relation to the real measurements. By analogy, this may imply that
there is some scratch source which on some of the measured wafers was producing a
correlated series of scratches. For clarity, this may be described analogously to the griton a
piece of sandpaper, where there is a nominal spacing between the grains on the paper which

give a fine set of scratches when used of a nominal length, at a nominal pitch.
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Figure 6.16. Simulated results for the presence of periodic correlated errors at a pitch of 9um. Each error

introduced occurs at a randomised position within the array.

Other types of correlated error sources were also trialled in this investigation such as two-point
sources of pre-defined separation. It was found that this model produced errors that were too
discrete and defined, and did not effectively represent the trends and relationships to the
geometry that have been discussed. Whilst the above exercise may only be theoretical, it does
provide what is believed to be a reasonable model for the sources of correlated errors, given the
limited information available about the process. Other sources such as interference patterns
from the lithography process may be considered, but the information is too limited by the

foundry to meaningful evaluate this.

6.6 Sources of Systematic Errors

This is an opportune time for discussion of the systematic errors. In section 5.4.1, large period
and systematic errors were observed. These errors were found consistent in their shape,
position, and magnitude across in excess of 96 die, all measured wafer reticules, and across
three separate lots of wafers. This was the first indication of periodic content in the capacitor
errors. The FFT of Figure 5.15 confirms the consistency of the errors, as well as the presence of

spacial harmonics to the error content.

Further systematic errors were observed with respect to the large steps in matching found in
5.4.2. By necessity these were removed for further analysis of the remaining errors, however
these errors were also consistent across all measured die. Moreover, they were able to be
linked to their position on the die, and most notably were consistent when the design was
rotated on the reticule. This data held consistent across 3 unique designs of test chip and

multiple capacitor geometries, with the die aspect ratios being varied too. This closely links with
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an array level patterning effect. While the potential for this to be an OPC effect was discussed in
the context of this data alone, this does not hold true due to the consistency across multiple
dies, asthe OPC is run in a stepped window on the exported die layout. Therefore, the precise
positioning of the arrays on the die should result in a variation in the systematic patterning that
was observed. A diffraction related lithography issue is far more likely given the data available,
particularly the alignment of the periodic patterns to the array and its consistency in position
relative to the array despite multiple orientations and positions on the die. It is believed that the
pattern is the result of an interference pattern of the light from the lithography resulting from a
combination of the very narrow tracks that form the openings within the mask during exposure,
and the short wavelength of the light used. This is an effect known to occur on a shorter scale is
similar processes, as this effect is responsible for the need for OPC pre-processing for the
masks. In order to verify this assumption, more details would be needed to be known about the
process, including both the wavelength of the exposure light, likely in the UV region as well as
the geometry of the exposure setup, as it is not published whether the process uses a contact or

immersed based lithography setup which results in a dramatically different setup for exposure.

The step in capacitor weightings that was observed, however, does appear likely to be related to
the aforementioned OPC. This is likely due to the apparent independence of the error’s position
within the array, with respect to the arrays position on the die. This consistency in position ties it
to a die level effect, such as OPC, or other pre-processing effect. As it is confirmed that the die
measured come from multiple sites within a single reticule, it is assumed that this is not a
reticule level effect. Whether this could be attributed to alignment or stepper issues remains to
be seen, although the data to support this is low, due to the position’s independence on specific

instance within the reticule.

This chapter described a slightly different presentation in the systematic errors. These errors
were present in what has been presented as the ‘random’ errors. It therefore appears that these
errors are clearly only random with respect to their absolute position in the array. Being an
aggregation of a large number of correlated errors implies that this is unlikely to be due to the
lithography process, due to the repeatability in the lithography and etching processes with
regards to the patterning, hence why the theory regarding CMP scratching is favoured. CMP
scratching, unlike the lithography or stepper effects, comes unaligned at the die and reticule
level, due to the polishing occurring at a wafer level. A similar result was explained in an
independent study[49] however this paper did not factor the separation of random and
systematic matching errors in the arrays. Itis this distinction that reaffirms that the CMP
process may be to blame. While this study would explain the curve of Figure 6.8, it does not
explain the periodicity. Loose media in the polishing compound may be to blame for the original

relationship, however scratching from a well-defined larger structure as discussed in section
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6.5.3 is required to explain the formation of the periodic patterning in the relative matching
relationships. Itis still unclear why these periodic patterns only occur at minimum geometry,

however.

To summarise: The periodicity found in the systematic errors is likely to be from interference
patterns in the lithography. Steps in the matching across the die may result from OPC or other
mask pre-processing windows, and the correlated errors in the relative matching performance
of the capacitors is likely to arise from the hard media used during the CMP polishing of the

metal surfaces.

6.7 Conclusion

The wider scale considerations for the matching of capacitors in larger arrays have been
discussed. Dummying has been identified as a significant contributor to the introduction of
errors into the capacitor array if it is not well utilised in layout. A typical requirement of 25um+ of
top and bottom array dummying is identified for full removal of systematic errors, while in
excess of 10pm more may be required to also remove the random errors that were observed to
significantly increase for those capacitors that are near the ends of the array. Short-range
correlated errors are also found have a strong presence, presenting another avenue for further
improvement in capacitor matching. Large improvements in random matching can thereby be
achieved by placing capacitors within groups of separation of less than 10pm. This is in addition
to the existing improvement in systematic matching which is broadly utilised in modern array
layouts. This is achieved through analysis of the relative matching of capacitors and captures
errors that are likely derived from the CMP steps during fabrication. The model is verified
through basic simulations, and through analysis of the periodic trends linking the observed
matching errors and their resultant performance in the array to the underlying process a
designer has to work within. The threads of investigation regarding the systematic errors are
brough together in the final section of this chapter, and mark a significant leap forward towards
proper understanding of the nature of the capacitor errors, so that the errors themselves may be

worked around. This improvement will now be described further in Chapter 7.
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Chapter 7 Simulated Performance Impacts of
Improved Matching in a Behavioural 18-bit

SARADC

7.1 Introduction

This chapter presents a behavioural test-bed for evaluation of the achievable performance
improvement that may be attained using the improved structures and observations that are
analysed throughout this thesis. The test-bed comes in the form of a model of a single-stage,
18-bit, flash-assisted, charge-redistribution SAR ADC quite typical in design for a 40nm ADC.
This reflects back to the research objectives and questions, demonstrating that when the
observations of the previous chapters are considered during the array design, many circuits may
achieve significant improvement in their performance above that of the foundry provided cells,
and matching models. The choice of an ADC to demonstrate the performance improvement is
important due to its fundamental sensitivity of to the capacitor matching. Conventional

matching improvement techniques are also demonstrated and analysed in this chapter.

7.2 Behavioural ADC Architecture

The test-bench ADC of Figure 7.1 is a single-stage, flash-assisted, 18-bit SAR ADC operating at
100MSPS using a charge redistribution DAC. The architecture utilises several techniques in
order to achieve the wide dynamic range. This is first done through implementation of 4 bits of
shuffling on the MSB capacitors, necessitating use of segmentation which forms the majority of
the DAC capacitors. The ADC is also flash assisted, with the flash ADC quantising the input
signal to 4-bit level, and passing the result to random barrel, or round-robin, shuffler. This was
found to be sufficient in shuffling the capacitor combinations between samples so as to
linearise the mismatches between the thermometer MSB DAC. Dither is also integrated with 9
bits of range starting from the LSB capacitor. This would usually require the addition of
capacitors specifically for introducing dither, however this implementation was performed by
sampling the dither values on the lower 9 LSBs of the array, as opposed to the sampling of the
input voltage. Whilst this does attenuate the sampled input voltage, the impact was limited to
around 6% of attenuation, so was a tolerable penalty given the significant reduction in

capacitors required through use of this technique.
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Figure 7.1. Block diagram of the behavioural 18-bit flash-assisted SAR ADC, utilising both shuffling of the 4

Dout

SAR Sequencer

MSBs and 9-bit dither of the LSBs.

At the core of the design is the CDAC shown in Figure 7.2. This design of CDAC is split into four
distinct sections to allow for integration of the aforementioned techniques, and to reduce the
total number of unit capacitors to an implementable level as shown in Table 7.1. This is done
primarily to conserve area on the die, but also to reduce the incurred systematic error, as this
thesis has previously established that significant reduction in capacitor matching of all types
may be achieved through reducing the physical size of the capacitor array. To achieve this the
array is split into 4 distinct sections: The 4 MSBs of the DAC (B17-B14) are implemented as
thermometer coded bits. This is to enable the use of shuffling on them, and enhance the
linearity. The following 5 bits (B13-B9) are straight binary weighted bits, followed by a 5-bit
fractional reference section, and a 4-bit sub-DAC. Both the fractional reference section and the

sub-DAC operate under the fractional reference.

To reduce the required dynamic range of the sub-DAC without the DAC MSB becoming
excessively large, a fractional bit scheme was implemented. Fractional bits may be achieved
through a number of means. Most commonly, this is by use of a sub-DAC, or by fractional finger
capacitors [23], [38], [83]. The issues with sub-DACs have been discussed, introducing a gain
error of approximately 3-5% to the bits implemented and limit their usefulness to approximately
4 or 5 bits without calibration due to this. A purely binary weighted implementation of an 18-bit
SAR ADC would require 262,144 unit capacitor elements. Use of even a 5-bit sub-DAC would
only reduce this figure to 8224, which for the capacitors analysed in this section would give a
capacitor array at least 2.3mm long. This is larger than the typical die size of a fully integrated

high-precision ADC.

The physical implementation of a fractional reference scheme was chosen as a more effective
alternative. The capacitors are identical to that of the straight binary weighted section as shown
in Table 7.1, however the positive reference used for switching is a derived 1/32™ of the main
ADC reference. The main ADC reference used was 1.1V, and so the fractional reference was
34.375mV. While this is a rather aggressive division of the reference, given the matching

between two capacitors or even resistors, a capacitive or resistive divider is easily implemented
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to derive this reference with far superior matching than that is achievable using only a sub-DAC.
For example, assuming the unit capacitor only achieves 1200ppm total matching error for both
systematic and random components combined. This easily translates to less than a 0.02% gain
error for the affected portion of the DAC. In reality, the reference buffer offsetis likely to
introduce more error than this and thus be the dominant error contributor, although many
options for self-calibration or chopping of the amplifier are available. The sub-DAC is also
operated on the fractional reference scheme in order to prevent the need for a very large sub-
DAC coupling capacitor. In an ideal design, the shuffled and dithered sections of the DAC would
be extended such that every single capacitor experienced some shuffling or dithering in order to
maximise the linearity of the DAC. This has already been shown to be a highly effective
approach to high-linearity ADCs [10]. However, implementations of this level, particularly in a
single-stage SAR, would be rather extreme due to the introduced bit-propagation delay
introduced by the shuffling algorithm and block, as well the respective dither coders/decoders.
Whilst the impact of these blocks are not modelled in this behavioural ADC, the levels at which
these techniques are implemented are kept reasonable for implementation on a practical

100MSPS ADC design, without these propagation delays affecting performance.

DO-D8 (Dither DAC)
|
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Figure 7.2. Overview of the chosen straight 18-bit SAR ADC CDAC architecture, with the four main DAC

sections and their relative capacitor weightings highlighted.
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Table 7.1. Each bit in the designed behavioural ADC and its respective bit weightings. This allows
conversion to a total of 262,144 codes with only 550 unit capacitors without use of fractional

capacitor fingers.

Section Bit Unit Reference (V) | Respective
Capacitors Bit Weighting

Segmented/ B17|15x32 (Shuffled)| 1.1 65536
Thermometer B16 1.1 32768
Coded - Shuffled 815 11 16384

B14 1.1 8192
Straight Binary B13 16(1.1 4096
Weighted B12 8[1.1 2048

B11 4(1.1 1024

B10 2111 512

B9 111.1 256
Fractional B8 16/0.034375 128
g?g:sr\;\‘;:i;hted B7 8/0.034375 |64

B6 4/0.034375 32

B5 2|0.034375 16

B4 1]0.034375 8
Sub-DAC B3 410.034375 4

B2 21|0.034375 2

B1 1]0.034375 1

BO 1]0.034375 0.5

Redundant bit-trials were also introduced for bit trials B8 and B12 to account for some level of
correction of accumulated errors from the capacitor mismatch. When capacitor errors are
considered, the shuffler produces additional dither in the converter, improving the linearity
further for the central 7/8™ of the input voltage range. Outside this range, the segmented DAC is
at maximum or minimum code, and thus there is no shuffling occurring, and no additional

linearisation.

7.3 Simulation Methodology

The metrics used to evaluate the performance of the converter in the presence of capacitor
mismatch are the SNR, INL, and DNL. The SNR is unaffected by the use of any of the
linearisation techniques implemented in this ADC aside from the redundancy. The shuffle and
dither techniques do not affect the SNR beyond a slight noise degradation, but a significant

improvement is expected in the INL and DNL of the ADC as a direct result of these techniques.
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For a fair comparison, both the foundry and custom capacitor evaluations are performed using
the exact same ADC model, with the only difference being the capacitor values. The assigned
capacitor values for the CDAC come directly from the silicon measurements of the capacitor
errors, as will be described. To evaluate the SNR of the ADC for a given assigned DAC, a near-
full-scale low frequency sinewave is input to the ADC. This signal is also ideally driven and
therefore no kickback or settling from the ADC is considered. The shuffle and dither blocks are
fed with a randomised pattern each conversion and large number of samples taken (>4096).

From this, an FFT is derived from the ADC output code from which the SNR is calculated.

The linearity of the ADC is massively more complex to evaluate in simulation. Due to resource
constraints, the ability to queue up over 1 million simulations, each lasting around 5-10 minutes
was not feasible. As a result, the usual statistical method for evaluating the INL and DNL of high-
precision ADCs is also not feasible [31], [36], [73]. Instead, the ADC errors must be evaluated at
discrete, predefined input voltages with either a DC input or a slow-moving ramp, optimising the
simulations to be fewer in number, but of considerable computational costto run. The
approach to extract the performance therefore is taken through two stages. First the overall
linearity of the ADC is determined by running (in parallel) 8192 simulations with a slow ramping
input to the ADC. This is configured to result in input conversion steps of ¥4 LSB, resulting in
precision in the INL/DNL that can be trusted to this level. Each simulation operates with a
different dither and shuffle code combination, and the resulting ADC codes are then averaged
across the 8192 runs for each input voltage to give the oversampled linearity plot. This is

performed for a single measured DAC of a given design.

To extract the distribution of the INL and DNL values across multiple measured dies, the worst-
case sections of the overarching INL an DNL profiles are selected, and higher resolution sweeps
run in this range. These are referred to as ‘short-codes’ and massively reduce the time to
evaluate 96 of the available arrays. These are implemented as fixed-input simulations with the
dither and shuffle codes cycled between conversions to ensure full dither and shuffle code
coverage, and the final result an average of the conversion results. This method reduces the
time to evaluate DAC layout performance in the ADC model from around 3 weeks for a single

design, to around 3 hours to evaluate all 96 permutations.

7.4 Incorporation of Measured Arrays for Simulation

The key requirement is to use the real measured capacitor errors from the test chip arrays
directly in the simulation. This ensures simulation results directly reflect the capacitor matching
error’s influence on the potential real-world performance of the SAR ADC. To do this, the

matching errors for arrays of 572 unit capacitors are required. These arrays are generated
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through extrapolation of the real measured data of the arrays, as the measured arrays have only
256 capacitors. The method chosen for extrapolating the arrays, was to mate three measured
arrays from three different die for the selected capacitor geometry together. This was performed
by alignment of the means of the final 16 capacitors in the array, such that any low order
gradient or periodic components in the systematic error would be extended, as this was
expected to be the primary source of error in such a large array given the previous data. To
maintain consistency in the same way as the matching statistics were calculated, the array data

that was used for extrapolation has the previously addressed ‘step’ removed.

The measured foundry capacitor arrays were considerably shorter than the custom capacitor
arrays, so required a large number of extrapolations to achieve a sufficiently large array. The
arrays were extrapolated as such to continue the large periodic pattern that was previously
noted, with simulated dummying added to remove the large increases in systematic error at the
ends of the array. This extrapolation method was chosen as to ensure that for all capacitor
geometries, when layout folding was applied it would demonstrate the attainable improvement
through not just the systematic error cancellation, but also the random correlated error
improvements that were alluded to in section 6.5. The capacitor geometry chosen and
demonstrated in the proceeding simulations was that shown in Table 7.2. Other geometries
were also trialled and displayed the same relationships shown, however minimisation of the
random matching performance was found to be paramount in achieving a high-performing DAC

in this ADC, as opposed to minimisation of the systematic content.

Table 7.2. Details of the capacitor geometry chosen for demonstration of the achievable SNR and linearity
improvement of a behavioural SAR ADC. This was found to be the optimum geometry for this

size of array and 16" order folding.

ID C(fF) | S(nm) | W(nm) | L(pm) N, Se (nm) | Number | op og
of DACs | (ppm) | (ppm)

DAC104 | 22.7 120 90 43.5pm |4 (M2-5)| 140 96 495 265

7.5 Impact of Capacitor Interdigitation and Folding in Layout

Conventional theory suggests that layout folding schemes applied to the DAC capacitor array
are only present to cancel out the gradient and other systematic effects from contributing
significantly to the total DAC errors. Each further order of folding applied as shown in Figure 7.3
creates an additional symmetry point to the array layout and further distributes the elements
from each capacitor more evenly throughout the array. This is achieved by splitting each lumped

set of elements in half, and then mirroring the structure. For example, a capacitor of 8 individual
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fingers may be split into two capacitors each with 4 fingers, and then interdigitated at that level.
The result of this is for each lumped capacitor to be more evenly affected by the large acting
gradients, with higher order folding capable of averaging out higher order, more complex,

gradient profiles[36], [65], [84].

To evaluate the required amount of folding necessary to produce the desired 16-bit linearity and
increase the mismatch-limited SNR, folding of varying orders is applied to the segmented
capacitor’s weightings for all available array data. SNR simulations are then performed. The
expectation was that the SNR will increase with increasing folding orders and stabilise at the
SNR achievable given the random matching figure that the chosen capacitor array should
achieve. This array was extracted to provide a g of 495ppm which theoretically limits
performance to 96 dB, with reference to Figure 2.7 assuming there is perfect systematic
cancellation. As each segmented capacitor is comprised of 32 unit-capacitors, a maximum
folding order of 16 was possible. The specific folding implementations used within simulation
are shown in Figure 7.4. The non-segmented sections of the DAC were placed centrally to the

overall layout, and simulated with a similar folding system.

1st Order -
2nd Order . .

Figure 7.3. Example of the common-centroid folding principle to generate more points of symmetry, to

reduce the effective mismatch error of each grouped capacitor.

Ce
“Lumped
capacitor

index

Capacitor Finger Index ——

Figure 7.4. Further visualisation of folding schemes of increasing order. Schemes a) through f) illustrate

folding order 0, 1, 2, 4, 8 and 16x respectively.

Simulations are performed using measured data from all available dies with the various folding
orders applied. This gives a figure for both mean achievable SNR, as well as the spread of the

achieved SNR, which is represented in Figure 7.5. Firstly, a general increase in SNR is observed
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for increasing orders of folding, along with a general decline in spread of achieved SNR, aggsyr,
due to the improved matching attained. Due to the specific nature of the gradient, a significant
increase in cancellation occurs from folding order 0 to 1, resulting in a large increase in SNR,
which is not cancelled quite as well by second order folding. Beyond this however, a consistent
4dB SNR improvement is observed with increased folding. This improvement continues beyond
the 96dB theoretical limit for the 495ppm random matching figure observed. This result implies
that the impact of folding goes beyond complete gradient cancellation for extreme cases, and
may be enabling the utilisation of localised, correlated errors, to achieve better matching

performance, and hence superior SNR.

100
98
96
94
92

90

SNR (dB)
9SNR

88

86

80 1 1 1 I 1 I 1 2.5
0 2 4 6 8 10 12 14 16

Folding Order

Figure 7.5. The relationship between the behavioural ADC SNR performance with varied folding orders in

layout, as well as the spread of the SNR over all measured dies.

Referring to the data previously obtained in section 6.5 the impact of the folding may be
matched to the relative decrease in random errors in the array. Table 7.3 details the decrease in
relative matching as the cluster size (the distance containing one instance from each capacitor
in Figure 7.3) is reduced through higher order folding. The source of this reduction is observed in
Figure 7.6, where despite the exponential decrease in separation (a.k.a. cluster size) the
magnitude in the reduction of error is maintained. This is consistent despite the sizings spanning
2 orders of magnitude due to the presence of correlated errors over small distances. This results
in the improvements in SNR observed for higher folding orders as the errors become correlated

and affect multiple capacitors at once, removing the net error.
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Table 7.3. The distance containing an instance of every grouped capacitor at each folding order, and the

800

750

700

650

600

550

500

450

Relative Matching g (ppm)

400

350

300

resulting relative matching improvement of the capacitors from Figure 7.6.

Folding Order |‘Cluster’ Size (um) |Equivalent g,..; from |Ac, (PpmM)
Figure 6.8 (ppm)
0 188.16 - -
1 94.08 822.4 -
2 47.04 739.1 143.3
4 23.52 620.8 118.3
8 11.76 543.5 77.3
16 5.88 459.6 83.9

2X

Ao, =118.3ppm

Ao =77.3ppm

Ao, =83.9ppm

- 16X
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Separation (um)

Figure 7.6. Net reduction in capacitor matching errors as the maximum capacitor separation is reduced by

increasing the order of folding in the array layout from 2x through 16x.

Itis clear from the simulation results that there is significant benefit to be obtained through the

use of higher order folding schemes where the implementation allows. For higher order folding,

whilst the exact structure of the DAC may remain the same, the placement of the drivers and

their routing between the capacitors can pose significant design challenges in layout. This is

both due to the fine capacitor pitch and long interconnect distances. This introduces larger
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bottom plate parasitics due to increased routing complexity, as well as increased driver input
parasitics, and loading. For the purposes of the following simulations in this chapter a 16x
folding scheme is to be used to demonstrate the potential improvements that combining of the
above techniques with a more optimised capacitor array may bring to the ADC’s performance.
By comparison, in this instance of a capacitor array design that does have a particularly large
systematic contribution, a blind trim with no folding applied only results in an increase of 2dB in
the SNR, supporting that careful design may be much more effective than post-fabrication

correction techniques.

7.6 Simulated ADC Performance

7.6.1 Linearity

The overall shape of the INL and DNL of the behavioural ADC for a sample array is presented in
Figure 7.7, with simulations performed without thermal noise. Figure 7.7a shows the overall
trend of the INL where errors from the binary weighted section of the DAC are reproduced 16
times across the profile due to the 4-bit segmentation as expected. It is clear that the shuffling is
functioning due to the lack of any large lower order components visible in the INL. The dither can
be seen to be working within this profile, resulting in an interpolation of the smaller DAC errors
below ~9-bit level. The dither primarily results in the improvements in the DNL profile, where no
systematic steps are observable. The thermal noise contribution in these linearity simulations
also adds to the dithering effect, and results in the clear DNL profile seen. Without the thermal
noise present, the DNL would be seen to be overall lower, and the upper and lower 1/16™
sections would be larger than the central portion of the range, due to the lack of shuffling
present. This particular DNL profile indicates that this array achieves 19-bit monotonicity, and
17-bit linearity. For these purposes the monotonicity is defined as commonly |[DNL|<1LSB [31]
and linearity as |INL|<1LSB. The full INL run was not able to be repeated on the foundry
capacitor measured structures due to the period of time required to simulate. Despite efforts to

optimise this the full process totals around 3 weeks.
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Figure 7.7. Full a) INL, and b) DNL profiles from a randomly selected array, with thermal noise present in

the simulation.

The DNL results of the short-code simulations without thermal noise performed on each
available measured array for the geometry described in Table 7.2 are shown in Figure 7.8. The
worst case DNL observed over simulated arrays was 0.27ppm, equating to 0.07 LSBs at 18-bit
level. This indicates that the ADC design if extended might be capable of achieving 21-bit
linearity and that the linearisation techniques work effectively as the variation of the maximum
DNL is very low at only 0.12ppm. The INL distribution in Figure 7.9 of the ADC is also incredibly
promising, averaging approximately 3.67ppm. This equates to 1LSB at 18-bit level. The variation
between measured arrays is also exceptional, giving a maximum INL of 15ppm, which is still
suitable for 16-bit linearity. Overall, all dies were able to achieve maximum non-linearities
below 16-bit level uncalibrated. This level of linearity uncalibrated is typically only achieved in
the literature due to the matching requirements of the DAC which has been greatly improved

here to achieve this.
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Figure 7.8. Maximum DNL of the behavioural ADC using real array measurements for capacitor errors. Data

is accumulated through short-code simulations of 96 measured arrays.
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Figure 7.9. Maximum INL of the behavioural ADC using real array measurements for capacitor errors. Data

is accumulated through short-code simulations of 96 measured arrays.

7.6.2 Dynamic Performance

The SNR gives a good indication of the dynamic performance of an ADC and is used as a point of
comparison between the foundry capacitor structures and the optimised structures of this
thesis. The presence of matching errors in the DAC, even with the use of linearisation
techniques as has been discussed, will degrade the SNR. For these simulations no thermal

noise was considered.

The results for both the optimised capacitor structure as well as the foundry capacitors are

shown in Figure 7.10. The mean achieved SNR of the behavioural ADC, uncalibrated is 16.19 dB
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higher for the optimised capacitors than for the foundry capacitors. The thermal noise of the 6pF
DAC in this simulation would in theory limit the SNR to 96 dB if thermal noise is introduced,
meaning that performance of all foundry capacitor DACs for this architecture are capacitor
mismatch limited. This is not the case of the optimised capacitors, as they easily achieve a
nominal 99.34 dB SNR, with a mere 7% of arrays being mismatch limited, and the rest limited by
thermal noise. This demonstrates that by purely optimising the capacitor structure and
geometry for their matching performance, a 16-bit linear ADC with thermally limited
performance is quite achievable, and that the use of the use of dither and shuffling linearisation

techniques are enhanced through the use of said capacitor arrays.
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Figure 7.10. Comparison of SNR performance using this work’s optimised capacitor geometry, compared

with the foundry capacitor’s matching model.

7.7 Conclusion

This chapter has provided an overview of an 18-bit behavioural SAR ADC, and utilised it to
benchmark the performance of the measured optimised capacitor geometry against the
measured foundry capacitor structures. This was achieved through direct introduction of the in-
silicon measured capacitor array errors from 96 die into the simulated ADC model. The
simulations demonstrated that by use of the improved capacitors, the extracted INL reliably
achieved 16-bit linearity and DNL in-excess of 20-bit monotonicity. This was achieved through

moderate implementations of standard dither and shuffling linearisation techniques already in
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common practice. This work overall demonstrates that the matching improvements are
considerable enough as to result in an SNR not limited by the mismatch of the DAC capacitors,
and an improvement over the foundry cell capacitor more than 16dB. The above-expected
increase in SNR with increased orders of layout interdigitation and folding also demonstrates
the exploitation of correlated errors. This results in superior matching performance of
capacitors at high folding orders. This chapter has also shown that the effectiveness of
conventional matching theories (dummying, shuffling, dithering) are only enhanced by the use
of the optimised capacitor geometry. Without the improvements and understanding presented
in this thesis the gains are only minimal, and leave significant untapped potential within the

process for higher performing circuits.
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Chapter 8 Conclusion and Outlook

This thesis sought to quantify and examine the matching performance of laterally coupling BEOL
capacitors in low geometry nodes, and whether opportunities for optimisation existed within the
constraints of the process. An optimised capacitor geometry has been designed and refined to
enable such characterisation and has resulted in new knowledge about the nature of the
capacitor errors. This has been investigated into how they may be exploited within the
boundaries of a low geometry node utilising the copper damascene process to achieve more
than a 4x matching improvement. This has then been demonstrated to equate to more than

16dB potential improvement in the performance of an 18-bit SAR ADC.

The performance of CDACs in SAR ADCs are frequently limited by the errors developed during
fabrication of the capacitors in the capacitor array. This is particularly true in recent
developments, due to the complexities introduced by use of smaller geometry processes such
as the 40nm node and below. Use of low-k dielectrics and copper interconnects for reduced
parasitics, plus the requirement for the capacitors to be implemented exclusively in the
interconnect metals are largely responsible. This has necessitated this investigation in order to

better understand the and quantify the possible improvements that may be made.

The relationship between the key capacitor geometry and the resulting capacitor values has
been analysed, showing proportionality of capacitance to both finger length and number of
metal layers. The lateral coupling capacitor was determined to derive approximately half of its
capacitance from the fringing fields, leading to a reduced relationship with the finger spacing,
and an increased dependency on the finger width. This allowed identification of the processing
steps, such as the copper dual-damascene process, which are likely to determine the value of

the capacitor and therefore the matching errors of the capacitors.

These effects have been investigated further in the context of the matching statistics. A high-
precision charge-based measurement method was developed for independent extraction of the
systematic and random matching errors for analysis. The random matching components have
been found consistent with a 1/, /ATome relationship and are not directly correlated with the
capacitor value as is usually portrayed by popular literature. Significant periodic and step
components were analysed in the systematic matching errors for capacitors near the minimum
permitted geometry. Providing that the designer avoids the minimum geometry, and the
locations specified on the die that have been noted in this study, these two systematic effects

may be avoided.
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Array-level matching considerations were investigated, with shielding of the array found to have
less impact on matching than initially expected. A requirement of more than 25um of capacitor
dummy structures at each end of the capacitor array has been established to remove large
contributions of both systematic and random errors. The relative matching of capacitors with a
variety of separation distances has been evaluated. This identified a strong presence of
correlated errors that can be exploited in practical DAC designs to reduce the random errors
that would otherwise require calibration to remove. Such errors are subsequently theorised to
link to the copper polishing process resulting in correlated scratches in the metal surface. This
is a key development in the understanding of the nature of the capacitor errors, particularly this
study’s identification of this error to be from what were previously thought to be purely random

errors.

The performance increases due to the optimisation of the capacitor structures has been
demonstrated in a test-bed simulation of a behavioural 18-bit SAR ADC utilising a fractional
reference scheme to reduce the requirement for a large sub-DAC. The simulations use the
results of a total of 96 die from experimental capacitor array measurements. Overall, the
optimised ADC achieves more than 16dB SNR improvement compared to an ADC using the
foundry capacitors. The array is also sufficiently linear to achieve the performance required for
an uncalibrated 16-bit SAR ADC. This achievement implies that full implementation of the
optimisation procedures described in this thesis would reduce the capacitor matching error to
below the influence of thermal noise. It will instead leave the latter as the main limitation in
CDAC performance for uncalibrated SAR ADCs required in high-speed and precision

instrumentation applications.

This study has made significant progress towards its goals of understanding of the capacitor
errors. The design of the test chips and the methods of characterisation have enabled capturing
of quality data that has identified several presentations of systematic errors in the capacitors.
These presentations have been linked back to the processing steps that are responsible for their
creation. This allowed demonstration of the potential improvements of the capacitors in the
SAR ADC. The next stages in this study, were time and resources available, would be a more
focused investigation into the BEOL metal formation itself. It is clear from this wider capacitor-
level study, that there are several non-linear mechanisms at play that complicate the resulting
capacitance of the overall capacitor structure. These link back to dependencies of the metal
and dielectric formation on the precise geometry of the capacitor. A more focused study would
investigate the metal geometry and its dependencies using FIB and SEM techniques to identify
correlations between the metal cross-section and the matching performance. Any investigation
into the low-k dielectric would be particularly challenging as the exact nature or material of itis

unknown and is likely to remain a closely guarded secret. Such secrets also affect the other
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interesting avenue for investigation: The interference patterning arising from the lithography
stages. Any analysis here would require more information on the exact setup using for the
process’ lithography, which will certainly unpublished for the lifetime of the process. The more
general copper damascene process is well established and, as such, proves a more fruitful and

applicable avenue for further investigation.

With the removal of the capacitor matching errors as the bottleneck of performance for
uncalibrated SAR-ADCs, other avenues for improvement could also be pursued without the
added burden of the previously dominant mismatch errors. Dielectric absorption is one issue
which would likely become a main error source in high-speed ADCs (>100MSPS), typically
manifesting as a memory type effect in the DAC. They may also be considered as frequency-
dependent mismatch errors which change with sampling frequency, making them challenging
to compensate for. A large portion of the work of this thesis may be applicable to this
endeavour, as the structures and methods used for the measure of the capacitor errors can be
reused for the measure of the dielectric absorption, subject to some optimisation for the higher
switching rate that would be necessary. The level of precision would also not need to be as high
as this study, due to the expected magnitude of the errors due to dielectric absorption in this
process (>1000ppm). This would bring benefit and allow optimisation of the existing calibration
schemes by more specific targeting of the compensation mechanisms. This is as standard DAC
calibration routines are generally unable to handle the memory effect presented by dielectric

absorption, and often 2" order schemes or more are necessary.

Ultimately, the power and area previously spent on addressing mismatch may then allow two-
stage or pipeline architectures with a higher dynamic range per stage, overall increasing the
precision of the ADC, as well as potentially increasing the speed. The ease-of-use of the
optimised structures presented act as near drop-in replacements for existing DACs to remove

the matching performance limitation.
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Appendix A Tables of Capacitor Variations

Table 8.1. Capacitor matching performance figures for pairs of capacitors from the TC2 Tapeout.

S w L Value
DACID | ENID | (nm) (nm) (um) (fF) og(ppm) | og(ppm) or (ppm) Description Dummying Metals
1 N/A 70 70 N/A 40.00 2868 1872 3404 Replica of tc1 DAC (40f caps) 5y dmy M2-M5
3 0 70 70 14.5 10.18 910 733 1186 Spacing Sweep 15-25pdmy ¢ | M2-M5 ¢
4 1 80 70 14.5 9.69 557 696 896 Spacing Sweep
5 4 90 70 14.5 9.46 432 665 799 Spacing Sweep
6 5 100 70 14.5 9.20 666 634 923 Spacing Sweep
7 8 110 70 14.5 8.87 409 604 731 Spacing Sweep
8 2 120 70 14.5 8.59 436 597 752 Spacing Sweep
3 0 70 70 14.5 10.18 910 733 1186 Width Sweep
9 6 70 90 14.5 9.86 515 648 830 Width Sweep
10 3 70 110 14.5 9.40 369 609 715 Width Sweep
6 5 100 70 14.5 9.20 666 634 923 Width Sweep
11 7 100 90 14.5 8.51 416 612 744 Width Sweep
12 9 100 110 14.5 7.87 459 590 764 Width Sweep
23 23 70 70 14.5 9.43 638 659 919 No side Dummying
24 22 90 70 14.5 9.39 435 647 781 AP and Poly shielding
25 21 90 70 14.5 9.38 449 661 800 Poly Shielding
26 20 90 70 14.5 9.42 496 642 817 AP Shielding
31 24 90 70 29.0 18.02 439 505 673 Extended
32 28 70 70 14.5 10.13 872 761 1161 DA Spacing Sweep
33 29 100 70 14.5 9.17 629 631 894 DA Spacing Sweep
34 30 120 70 14.5 8.59 569 605 876 DA Spacing Sweep
35 25 90 70 19.0 12.24 555 593 837 Extended
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36 26 90 70 24.0 15.25 449 534 709 Extended
37 27 90 70 29.0 18.12 629 510 733 Extended (No side dummy)
38 31 90 70 14.5 9.47 689 624 938 Retracted vias
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Table 8.2. Capacitor matching performance figures for pairs of capacitors from the TC3 Tapeout.

S w L Value

DACID | ENID | (nm) (nm) (um) (fF) og(ppm) | og(ppm) or (ppm) Description Dummying Metals
100 4 100 90 43.5 23.05 436 545 687 Default cap 30p dmy ¥ M2-M5 ¥
100 8 100 90 43.5 23.05 252 562 614 Default cap, offset 1 finger
101 10 120 90 43.5 21.15 305 513 596 Finger spacing sweep
102 11 140 90 43.5 19.60 400 474 617 Finger spacing sweep
103 5 90 100 43.5 23.67 456 610 892 Finger width sweep
104 6 90 120 43.5 22.73 265 495 560 Finger width sweep
105 7 90 140 43.5 22.43 450 509 678 Finger width sweep
106 0 100 90 14.5 8.66 437 801 884 Finger length sweep
107 1 100 90 29.0 16.35 681 616 1022 Finger length sweep
108 2 100 90 58.0 28.05 340 511 610 Finger length sweep
109 3 100 90 71.5 31.83 376 438 567 Finger length sweep
110 12 100 90 43.5 23.08 402 559 635 Finger end spacing 80 nm
111 g 100 90 43.5 23.01 728 537 984 Finger end spacing 200 nm
113 13 100 90 43.5 27.63 573 463 796 M2, M3, M4, M5, M6 only M2-Mé
114 14 100 90 43.5 23.39 461 568 742 M3, M4, M5, M6 only M3-M6
115 15 100 90 43.5 12.10 936 978 1200 M4 and M5 only, M3 shielding M4-M5
116 16 100 90 43.5 17.64 726 852 1007 M4, M5 and M6 only, M3 shielding M4-M6
117 17 100 90 43.5 12.53 673 1027 1099 M5 and M6 only, M3 and M4 shielding M5-M6
119 18 100 90 43.5 24.30 649 788 963 Only 5u of top dummying 5y dmy M2-M5 ¥
124 19 100 90 43.5 38.73 882 572 1027 All caps 2 fingered 30p dmy
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