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Abstract

This dissertation combines materials science and electronics engineering to implement, for the
first time, a 2"-order YA ADC using oxide TFTs. The transistors employ a sputtered 1GZO
semiconductor and an optimized dielectric layer, based on mixtures of sputtered Ta,Os and SiOs.
These dielectrics are studied in multilayer configurations, being the best results achieved for 7 layers:
Ic<10 pA and Eg>7.5 MV/cm, while keeping k>10, yielding a major improvement over Ta»Os single-
layer. After annealing at 200 °C, TFTs with these dielectrics exhibit psar=13 cm?/Vs, On/Off=10" and
S~0.2 V/dec. An a-Si:H TFT RPI model is adapted to simulate these devices with good fitting to
experimental data. Concerning circuits, the > A architecture is naturally selected to deal with device
mismatch. After design optimization, ADC simulations achieve SNDR~57 dB, DR~65 dB and power
dissipation, approximately, of 22 mW (Vpop=10 V), which are above the current state-of-the-art for
competing thin film technologies, such as organics or even LTPS. Mask layouts are currently under
verification to enable successful circuit fabrication in the next months.

This work is a major step towards the design of complex multifunctional electronic systems with
oxide TFT technology, being integrated in ongoing EU-funded and FCT-funded research projects at
CENIMAT and UNINOVA.

Keywords: a-1GZO TFTs; sputtered high-k dielectrics; multicomponent and multilayers
dielectrics; XA Modulator; ADC.
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Resumo

Esta dissertacdo combina Ciéncia dos Materiais e Engenharia Eletrotécnica para implementar,
pela primeira vez, um YA ADC de 22-ordem usando TFTs de 6xido. Os transistores empregam 1GZO
como semicondutor e um dielétrico baseado em misturas de Ta,Os e SiO,, sendo todos 0s materiais
depositados por pulverizagdo-catddica. Os dieléctricos sdo estudados em configuragfes multicamada,
sendo o melhor resultado obtido para 7 camadas: 1c<10 pA e Eg>7.5 MV/cm, mantendo «>10. Depois
de recozidos a 200 °C, os TFTs exibem psar=13 cm? Vs, On/Off=10” e S=0.2 V/dec. O modelo a-Si:H
TFT RPI é adaptado para simular estes dispositivos com bom ajuste aos dados experimentais.
Relativamente aos circuitos, a arquitectura por modulagéo Y A ¢é selecionada para lidar com a variagdo
de desempenho e erros de emparelhamento entre transistores. Apds optimiza¢do do circuito, as
simulagdes do ADC revelaram: SNDR~57 dB, DR~65 dB e dissipacéo de poténcia ~22 mW (Vpp=10
V), valores melhores que os permitidos por outras tecnologias de filme fino, como orgéanicos ou
mesmo LTPS. Actualmente, o desenho das mascaras estd sob verificacGes finais para permitir o
fabrico do circuito nos proximos meses.

Este trabalho contribui fortemente para projetar sistemas eletronicos multifuncionais e
complexos com TFTs de Oxidos, sendo integrado em projetos de investigacdo em curso financiados
pela UE e FCT no CENIMAT e no CTS/ UNINOVA.

Palavras-chave: a-IGZO TFTs; Dielétricos de elevada permitividade depositados por
pulverizacdo-catodica; Dielétricos multicompostos e multicamadas; Modulador XA; ADC.
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A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

1. Motivation, thesis contribution and structure

Transparent electronics is one of the most promising emerging technologies, enabling exciting
concepts such as transparent displays. In fact, materials such as transparent semiconducting oxides
(TSOs) and transparent conducting oxides (TCOs) allow the mass production of circuits with clear
advantages over the ones based on competing thin film technologies, namely in terms of lower
processing temperature and costs and excellent performance, typically far superior to a-Si and organics
and comparable to LTPS.

In this way, some prototypes of fully transparent displays have been shown, by leading display
companies (Samsung, AUO, LG), triggering the concepts of cars and buildings with smart windows or

even wearable electronics when oxides are integrated in flexible substrates (fig. 1.1).

Figure 1.1 - Concepts of transparent displays: smart window (a) [1]. Concepts of flexible displays: watch (b) [2]
and a display developed by HP Lab (c) [3].

The key elements of these displays are transistors and they acquire an important role in the
global electronics world since they amplify and switch electronic signals. Thin-film transistors (TFTs)
are a particular case of field-effect transistors (FETs) and are of great interest for thin film
technologies. Materials used in TFTs naturally determine key device parameters, such as mobility,
nominal operating voltage ranges and leakage current. In the particular field of oxide TFTs, indium
gallium zinc oxide (IGZO) TFTs have achieved an extreme importance due to the brilliant
performance that is obtained at low temperatures (e.g., Ure>10 cm?/Vs with T=150 °C), combined with
excellent large area uniformity. Dielectrics are also crucial defining TFT performance and stability.
High dielectric constant (high «) dielectrics have been integrated in TFTs allowing a thicker film than
with SiO; but maintaining the same capacitance per unit area. This is quite relevant to improve device
performance and reliability, particularly when low processing temperatures are envisaged.

Circuit integration is naturally the major aim when optimizing a specific transistor technology,
with building blocks ranging from inverters to more complex systems as analog-to-digital converters
(ADCs). In fact, ADCs or even digital-to-analog converters (DACs) play a key role in a high variety

of fields such as electronic, medical, telecommunications or other systems that need signal processing,
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because despite all real signals are analog it is always desirable to process them, as much as possible,
in the digital domain.

Successful design, simulation and fabrication of an ADC is thus a very significant demonstration
of the capability of a TFT technology.

1.1Contributions

Based on this background, the main contributions of this work are:

e Optimization of sputtered dielectrics for increased breakdown field and improved IGZO TFT
reliability/performance. This includes the study of single layers (SiOz, Ta;Os and TSiO) and their
integration in multilayer structures;

o Adjust a model based on a-Si:H TFT model developed by Semiconductor Devices Research
Group at RPI, in order to simulate the optimized IGZO TFT behavior;

¢ Design (circuit schematic and mask layout) of a robust second-order sigma-delta (XA) ADC
based in a power-optimized XA modulator (XAM), where a special relevance is given to the most
critical analog active block — the comparator?.

e Produce the circuit prototype and experimentally evaluate it - a future contribution.

1.2Thesis Structure

The structure of this thesis is as follows:

e In Chapter 2 is presented some background related to oxide semiconductors and high-x
dielectrics used in TFTs. The operation mode of TFTs and a brief state of the art in this area are also
reported. Another section comprises operation of ADCs, some architectures and a concise state of the
art about ADCs using TFTs;

e Chapter 3 summarizes the production technique (sputtering) and materials used during this
thesis work. Characterization techniques and EDA tools are also referred,;

e Chapter 4 comprises presentation and discussion of the obtained results during the study of
dielectric films and their application to 1IGZO TFTs. Besides experimental data, device simulation
results are also included. The adapted TFT model is then used to simulate the complete designed
YAM. Finally, some circuit layout considerations are provided,;

e The main conclusions and some future perspectives based on the outputs of this work are

included in Chapter 5.

1 As a standard procedure, it has been assumed that the decimation filter will be implemented in the digital-
signal processor (DSP) usually available at system level.
2
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2. Introduction

This chapter summarizes an introductory background and a concise historical perspective related
to thin-film transistors (TFTs) and analog-to-digital converters (ADCs) using TFTs. Materials used in
the production of TFTs such as transparent semiconducting oxides (TSOs) and high dielectric constant

(high-x) dielectrics will also be briefly explored.

2.1 Thin-Film Transistors

Nowadays, TFTs acquire an important role in electronics world, mainly in active matrix liquid
crystal displays (AMLCDs) where they are used to switch each pixel on or off. But TFTs are also used
with others goals, for instance, to amplify electronic signals.

2.1.1 TFTsstructure and operation

A TFT is a field-effect transistor (FET) comprising three terminals (gate, source and drain), a
semiconductor and a dielectric layer. The semiconductor is placed between source/drain contacts,
while the dielectric is located between the gate electrode and the semiconductor. The main idea in this
device is to control the current between drain and source (lps) by varying the potential between gate
and source (Vgs), inducing free charge accumulation at the dielectric/semiconductor interface [4].

TFTs can be seen as a class of FETs where main emphasis is on large area and low temperature
processing, while MOSFETSs, where crystalline silicon acts as substrate and semiconductor, are
essentially focused in high performance, at the cost of considerably larger processing temperature.

Related with operation mode and considering the n-type TFTs, these can be designated by
enhancement or depletion mode depending if threshold voltage

Saturation Region

(V1) is positive or negative. When Vgs>Vr, a significant

density of electrons is accumulated in dielectric/semiconductor

Linear
" Region
|

|
|
- v

interface and a significant Ips starts flowing, depending on

Ips (mA)

applied drain potential (Vps) — designated by On-state. In this Vos

On-state, there are two regimes depending on value of Vps

(shown in fig. 2.1): if Vps<<Vgs-V1 the TFT is in linear mode Vos (V)

(Ios increases linearity with Vps) while if Vps>>Ves-Vr, the  Figure 2.1 - Ideal output characteristics
L . L. of a n-type TFT (adapted from [5]).

device is in saturation mode (lps is independent of Vps) [5].

2.1.2 From conceptual patents to oxide TFTs

The first works on TFTs were reported in 1930 when Lilienfeld described the basic principle, by
means of a conceptual patent, of what is known today as metal semiconductor field-effect transistor
(MESFET). Some years later, the author introduced the concept of what it nowadays called metal
insulator semiconductor field-effect transistor (MISFET) [6]. In the next two decades, two discoveries

set the pillars for the modern electronics world: the “Point contact transistor” in 1947 by Bardeen and
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Brattain and the junction field-effect transistor (JFET) proposed by Shockley in 1952. These were the
first transistors that were actually fabricated, showing the switching capability of such devices and
how they could be advantageous over the conventional tubes.

In the 60s’, the first TFT was demonstrated and high speed transistors, the MOSFETS, also
emerged in this decade. In 1979, the hydrogenated amorphous silicon (a-Si:H) was introduced as a
semiconductor on TFTs. Despite its low mobility when compared with the (poly)crystalline materials
being studied in that period, the amorphous structure allowed for large area fabrication. Pursuing
greater mobility devices, in the 80’s TFTs based on poly-Si were introduced, allowing for high
performance circuit fabrication. However, poly-Si TFTs required high temperature processes and had
high fabrication cost. Hence, in the 90’s, a low temperature poly-Si (LTPS), around 550 °C, was
suggested but the processing in large area is not trivial. Organic TFTs also appeared in this decade and
have a fantastic advantage, low processing temperature, although their lack of stability and
performance still remains an issue [6]. Hence, there was still space for a new technology, combining
large-area uniformity, low processing temperatures and good electrical performance. The answer to
this emerged in the new millennium, with the so-called oxide TFTs, which besides these properties
also offer the possibility of fully transparent devices.

Transparent conductive oxides (TCOs) and TSOs, whose studies are reported to the beginning of
the 20™ century, are key materials of transparent electronics, exhibiting optical transparency and
tunable conductivities between those of conductors and semiconductors [5]. The idea behind them is
to have intrinsic (structural defects) or extrinsic (substitutional elements) doping during film
deposition. For instance, by varying stoichiometry, it is possible to obtain different free carrier
concentrations — normally in the 102* cm range for TCO and from 10* to 10 cm for TSO [5, 7, 8].

The first work using a TSO as channel layer in a TFT appeared in the 60’s. A work based on
ZnO (zinc oxide) was suggested but with a small Ips modulation by Ves and no Ips saturation were
observed [9]. More recently, research groups proposed fully transparent ZnO TFTs, produced at 450-
600 °C, exhibiting a reasonable performance [10-12]. After that, ZnO was fabricated at room

temperature by sputtering using r.f. magnetron [13] and TFTs exhibited good performance [14].

Despite research works developed around binary
compounds as ZnO, the use of an indium gallium zinc oxide
(1GZO0) single crystalline semiconductor layer was also reported,
firstly produced at high temperature and, after that, an

amorphous IGZO using room temperature processing. This last

one produced poorer performance level than the single

crystalline 1GZO TFTs but were still quite encouraging for Figure 2.2 - Schematic for the carries
. . ' . transport path for amorphous oxide
further studies, namely in terms of saturation mobility (psar). [15].  semiconductors, proposed by Nomura

In fact, a-1GZO and others amorphous TSOs exhibit higher field- etal. (adapted from [15]).
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effect mobility (ure) when compared to other materials used as semiconductors due to their amorphous
structure which is responsible for eliminating the effects of grain boundaries. In these materials, the
conduction band is made by spherical isotropic ns orbitals of the metallic cations (fig. 2.2) which
means that if the radii of these orbitals is larger than the distance between cations, a “continuous path”
can be created increasing pre [15, 16]. During years, lots of combinations of cations had been studied
such as zinc tin oxide (ZTO) [17] and oxides including indium, such as 1ZO, GIZO or indium
molybdenum oxide (IMO) [18-23], generally allow for higher pire at lower processing temperatures.

Recently, research groups are studying new approaches in order to optimize processes, enhance
TFT performance and reduce the involved costs. In terms of p-type oxide TFTs, materials as tin and
copper oxide have been produced at room temperature and annealed at temperatures as low as 200 °C,
however the device performance is far from the one achieved with n-type oxide TFTs [24-26].

Proper choice of a dielectric material is crucial to define the performance/stability of any TFT
technology. Alternative dielectrics to SiO, have been studied, mainly the high-x as Al.Os;, HfO; and
Ta20s. The main advantage of high-k dielectrics is the possibility to maintain the capacitance per unit
area of SiO- but with thicker films. This is highly relevant not only for scaling down transistor sizes in
c-Si MOSFETSs, but also when low temperature technologies, such as oxide TFTs, are considered.
Semiconductor films deposited by lower temperature processes are more prone to have higher
densities of defects and reduced compactness, which can be compensated by the larger capacitive
injection of high-k dielectrics. On the other hand, insulators with good capacitance per unit area can
still be achieved even if their thickness is increased, compensating the degraded insulating properties
of dielectrics fabricated at lower temperatures, ensuring that quantum tunnelling effect do not occur.

High-« dielectrics have associated a lower band gap (inversely proportional to k — shown in fig.
2.3), which can be problematic in terms of Ig - direct tunnelling across dielectric layer, by Schottky
emission or Poole-Frenkel effect [27]. Additionally, despite amorphous oxide semiconductors (AQS)
being largely used, their band gap should be lower than dielectric band gap and the band offset
between semiconductor and dielectric should be at least 1 eV, i.e., for n-type device the difference

should be maintained between semiconductor and the

10
minimum of conduction band of dielectric. If a p-type of -Si°5A|203
device is considered, the offset should be analyzed in terms _ ? Mgor
of the maximum of valence band of dielectric material [28]. % 6L sy v,04 irf),jfoz
In this way, not all combinations of semiconductors and % 5[ S;Nd ’ . La?ojBao
dielectrics are desirable. Regarding dielectric structure, an : : 7ol 10, *
amorphous structure is preferable due to better 2 : . . . .

o

10 20 30 40 50 60

dielectric/semiconductor interface and to the suppression of ] K .
Figure 2.3 — Inversely proportional

relation between band gap and x for some
dielectrics studied [27].

grain boundaries that act as preferential paths for carrier’s
flow [9].
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Nonetheless and despite the integration of these dielectrics in TFTs is highly promising to
improve their performance, a trade-off between x and breakdown field (Eg) needs to be done [29].
Instability, off-current and hysteresis are seen as a problem, which can be solved using different
configurations such as multilayer, or even sputtered multicomponent dielectric have been studied, all
of them using SiO, which has brilliant leakage current (lg) characteristics and good stability [30-33].
The main goal of these “techniques” is to improve amorphous structure, obtain low lg and high Esg, but
maintaining a high-k.

Another important topic is the migration of vacuum processing to simpler solution processing,
such as spin-coating or inkjet printing. Although the initial works on solution processed oxide TFTs
were based on high temperature processes and yielded low performance [34-36], nowadays there are
quite interesting reports on these devices processed at temperatures as low as 200 °C, reaching similar
characteristics to their physically-processed counterparts [37-39].

As most of these oxide materials can be processed at very low temperatures, and given the great
environmental concerns these days, research groups are considering new approaches such as
introducing paper in electronics, envisaging a recyclable electronics concept. Flexible substrates and

low power circuits have also been considered [9, 40].

2.2 Analog-to-digital converters

An ADC implements the function of an analog divider (since the analog input is divided by a

constant reference), by converting a continuous-time and continuous-amplitude analog signal (Vin)

into a digital signal (Dow), i.e., discrete in

Sample & Hold Quantizer N bits Dout
both time and amplitude [41]. Vin _rl_,—r Encoder | —Z—»
There are two important steps in i
ADCs - sample-and-hold (S/H) and Figure 2.4 — Generic block diagram of an ADC.

quantization, shown in fig. 2.4. The first one is responsible to sample an analog signal, at a given rate,
and hold it (time discretization). Secondly, in the quantization step, a quantizer circuit determines the
discrete value that represents the amplitude of the input signal. After that, a digital code is provided at
the output by an encoder digital block.

ADCs can be distinguished between Nyquist-rate and oversampling converters depending on
relation between input and output signals. For the first converter, the relation is one-to-one and the
Nyquist theorem is fulfilled. For oversampling converters, the sampling frequency (Fs) is higher than
the necessary by the Nyquist criterion and the oversampling ratio (OSR) is given by F;/(2 - BW),
where BW is the signal bandwidth. Some characteristics of ADCs are intensely relevant to evaluate
their performance. Between them, it is proper to consider Fs, resolution (N), signal-to-noise and
distortion ratio (SNDR) and power dissipation [42]. However, their relative importance is highly

dependent on a given application.
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There are a considerable number of architectures for ADCs such as parallel flash, successive
approximation, sigma-delta (XA), pipelined and among many others. Each of them has advantages and
drawbacks, in terms of conversion-rate (bandwidth), resolution, etc. Again, its implementation
depends on the characteristics needed for a particular application. However, in this work, the main
focus will be put on the single-bit A architecture — not because of the intended application but rather
by its intrinsic robustness due to the use of negative feedback.

2.2.1 XA Modulators

A modulators (XAMs) have been largely studied due to their attractive characteristics in terms
of its insensitivity to components variations, high resolution and of low voltage operation which are
very important for high-quality applications such as audio or biomedical applications [43]. In these
modulators, there are two underlying concepts that are oversampling and noise shaping. The ADCs
that use oversampling do not need to have a rigorous matching tolerance and another advantage is that
simplifies the requirements of the anti-aliasing filters. On the other hand, noise shaping is responsible
to increase signal to noise ratio (SNR) because it alters (“shapes™) the frequency distribution of the

quantization noise — the noise density is higher at o

frequencies where is not so problematic (since the - Fer JJJJ_ Fneoder

noise will be mainly concentrated at higher

frequencies, i.e., out of the band of interest and, DAC ﬂ
Do

therefore, easily filtered by a digital decimation filter)

Figure 2.5 — Schematic of oversampling ADC
[44]. (adapted from [45]).

As it shown in fig. 2.5, this structure is basically built using an analog filter, a quantizer (with N
bits) and a DAC with a certain number of bits. Through the feedback-loop that this architecture
presents, imprecisions are internally adjusted because the quantization error is subtracted from input
signal [45].

The most critical blocks in the entire XAM are the analog filter (integrator(s)) and the quantizer.
In the case of a single-bit quantizer (N=1), it simply relies on a single comparator [41]. Moreover, the
order of the analog filter is defined by the number of integrators in circuit. Comparing with 1% order
>AM, higher orders improve SNR but, orders higher than two can suffer from stability problems —
consequently, the 2" order is widely adopted.

Another important feature of XAM is related to the type of implementation of the analog filter
(the integrator(s)), which defines whether this modulator is operating continuously in time (CT) or in
the discrete in time (DT) domain. In fact, CT ZAM architectures have been largely studied because
they allow achieving a larger BW when compared to their DT ZAM counterparts.

One of the main goals of this dissertation is to implement a 2" order CT *AM using IGZO

TFTs, where a special attention is addressed to the comparator (the main active building-block).
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2.2.2 ADCsusing TFTs

In the 70’s a big investment was made for the research/development in ADCs. Nevertheless, lots
of reports have been suggested in order to improve its performance mainly in terms of N, Fs and power
dissipation [42, 46].

Regarding to TFTs integration in circuits, in 2006, nMOS inverters and a five-stage ring
oscillator based on indium gallium oxide (IGO) TFTs with an oscillation frequency of 2 kHz were
reported [47]. Following this, several digital circuits were shown with oxide TFT technology, such as
shift registers and gate drivers [48, 49], mostly aiming to the integration of those in displays. As a
demonstration of higher integration capability, DACs were reported with 1IGZO TFTs [50].

Some reports related with practical realizations of ADCs using TFTs are summarized in
Appendix A. Although being a small part of all developed work in this area, it contains examples of
ADCs employing a-Si:H, poly-Si, LTPS and organic TFTs. More details such as fabrication conditions
or measurements results can be found in [51-55]. It is extremely relevant to emphasize that, to the best

of our knowledge, and up to date no kind of reference was found regarding the use of oxide
semiconductors TFTs in designing (XA) ADCs.




A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

3. Materials and techniques

In this chapter a brief overview about conditions of production and characterization of thin films
and devices is provided. Furthermore, Electronic design automation (EDA) tool used in modeling and

simulation is also reported.

3.1 Production techniques

All the layers composing the TFTs, fabricated on Corning Eagle glass substrate (2.5x2.5 cm),
were deposited by sputtering and patterned using standard optical lithography tools. The TFTs were
fabricated according to a staggered bottom gate, top-contact wih
structure? (fig. 3.1) and were annealed at 150-200 °C during 1 hon _ - L

Glass

a hot plate (cf. Appendix B for detailed fabrication steps). .
Figure 3.1 — TFT structure:
3.1.1 Sputtering staggered bottom gate, top-contacts.
This physical technique was used to deposit thin films of Molybdenum (Mo) as electrodes,
indium gallium zinc oxide (IGZO) as active layer and Ta,Os/SiO; dielectrics. Deposition conditions
for electrodes and semiconductor are presented in Appendix C, and for dielectric layer, which is the
main focus of this work, are shown in table 3.1. All the depositions, whose base pressure was 107/108

mTorr, were done without intentional heating and with a substrate rotation for improve uniformity.

Table 3.1 - Deposition conditions for dielectric layer. All sputtering targets were performed by SCM.inc.

Dielectric
Material SiO; Ta0s
Equipment AJA ATC-1300F

Deposition pressure (mTorr) 2.3
Target to substrate distance (cm) 18
O, flow (sccm) 1

Ar flow (sccm 14

RF power (W) 150 100
Power of Substrate polarization (W) 0-15
Growth ratio (nm/min) Depends on material and substrate bias (range: 0.6-2.9)

Different studies were performed regarding the dielectric layer. In some of them, co-sputtering
was used with two simultaneous sources— SiOz and Ta20s, denoted TSiO. The study involved:
e Thickness variation of single/multicomponent layers (Ta.0s, SiO; and TSiO), between 150-

250 nm and effect of substrate bias® during deposition on Ta,Os and TSiO films;

2 In this work a staggered bottom gate structure is used, given its simple processing and the positioning of
the dielectric below the semiconductor (sputtering of dielectrics is typically a highly energetic process that can
damage the surface of previously deposited layers).

% In the present case, substrate bias is preferred. It was previously shown that under moderate substrate bias
improved compactness and better insulating properties are achieved, due to re-sputtering of weakly bonded
species from the growing film (naturally, this effect is material dependent) [9].

9
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o Multilayer structures based on TSiO and SiO, with different number of layers — three (S/T/S)
and seven (S/T/SIT/SITIS);

¢ Thickness variation of TSiO film when integrated in a multilayer structure (three layers) based
on TSiO and SiO;,

3.1.2 Patterning

After cleaning the substrate?, it was spin-coated with positive photoresist (AZ6612) in a spinner
(Headway Research PWM32), firstly at 3000 rpm during 10 s and then at 4000 rpm during 20 s. After
that, in order to evaporate some solvents and improve photoresist adhesion, dehydration process (soft
baking) was used — substrate was collocated at 115 °C during 1 min and 15 s on a hot plate. Then, it
was necessary to align the substrate with mask® - mask aligner (Karl Suss MAG) and a UV exposure
process starts in soft-contact mode during 2,5 s. To obtain the desirable pattern, substrate was
introduced in a developer (AZ 726 MIF), controlling the time.

When this process was used in dielectric layer once the photoresist was used as protection in
dry-etching step, the substrate was dipped in acetone, which dissolves the photoresist. A subsequent
cleaning was required.

After thin film deposition, photoresist and thin film deposited on top of it were removed using
acetone, isopropilic alcohol and ultra-pure water (denoted lift-off process). A similar method was used
for resist stripping after dry-etching processes. These were employed solely for the dielectric layers,
using as reactive gas Sulfur hexafluoride (SFs). The used equipment was Alcatel GIR 300, with a base
pressure of 0.05 Pa, gas flow of 10 sccm and an r.f. power of 20 W. The etching rate depends on

material (range: 20-40 nm/min).

3.2Characterization techniques

The most significant characterization techniques are summarized in table D.1 (cf. Appendix D),

mentioning the main reasons to use them and their most relevant experimental aspects.

3.3 Modeling, Simulation and EDA tools

The TFT model was performed adapting an a-Si TFT model developed by Semiconductor
Devices Research Group at RPI. This model was tested in the software used in this study - Cadence
Design Systems. Furthermore, this software allowed the circuit design and its simulation, using
Virtuoso™ Platform and Spectre™ Simulator from CADENCE. After obtaining an optimized circuit
from an electrical point of view, the layout was done and the files for subsequent mask fabrication

were extracted, using design rules based on the existing fabrication processes available at CENIMAT.

4 Cleaning in ultrasonic bath (acetone followed by isopropilic alcohol);
5 In all steps, negative masks were used to do lift-off, except in dry-etching proceeding which required a
positive mask.
10
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4. Results and Discussion

Oxide thin-film transistors (TFTs) optimization is essential in order to simulate and produce
complex circuits with them, for instance an analog-to-digital converter (ADC). In fact, some
parameters such as turn-on voltage® (Von) or even gate leakage current (Ig) can affect dramatically
circuit characteristics. These parameters are greatly affected by the properties of the dielectric layer
and its interface with the semiconductor. Therefore, amorphous high-k dielectrics acquire an important
role, especially in multicomponent and/or multilayer structures, where materials with different
electrical properties (e.g., high-k and high-E¢) are combined to obtain dielectrics with the best possible
performance and reliability [30, 33].

This chapter discusses the results regarding the characterization of dielectric layers, electrical
characterization of TFTs and results concerning the designed sigma delta modulator (XAM) ADC. The
present chapter is divided in three main sections; the first one is dedicated to material characterization
that comprises a detailed analysis about sputtered amorphous multicomponent high-« dielectrics based
on tantalum pentoxide (Ta2Os) and silicon dioxide (SiOy), using single and multilayer structures, and
their integration in indium gallium zinc oxide (IGZO) TFTs; to finalize the first section, an existing
model for a-Si:H TFTs is adapted to 1GZO TFT technology; in the second section, the emphasis is
given to the comparator and the £AM, where their simulation results using 1IGZO TFT model are
described; the third section is dedicated to the complete layout of the ZAM.

4.1 Amorphous multicomponent high-k dielectrics based on TaOs and
SiO2: thin films and integration in 1IGZO TFTs

Ta20s has been widely used in electronics area, not only in capacitors but also in TFTs. In fact,
when compared with other sputtered dielectrics, Ta,Os has the advantage of combining a high-k with
some advantages such as high sputtering rate. As expected, adding SiO,, the co-sputtered material
(Ta20s-Si0-, denoted TSiO) presents an even higher sputtering rate than isolated Ta,Os or SiO; targets.
Indeed, deposition rates for TSiO are 2.5 and 2.9 nm/min, depending if substrate bias is used or not,
while for SiO; the values obtained are 0.6 and 0.8 nm/min. For Ta,Os, the substrate bias has not any
influence in deposition rate which is, approximately, 1.9 nm/min.

4.1.1 Single layer structure using Ta20s and TSiO

Firstly, in this section, two thin films of Ta;Os and TSiO on Si deposited by sputtering using

substrate bias (see production conditions in Chapter 3) are analyzed. After the thin films analysis, the

integration of these materials in TFTs is evaluated.

In TFTs it is usual to use the concept of V,, rather than Vr to have less ambiguity in defining the onset of
drain-to-source electrical conduction. Vo is defined as the Vgs value where Ips starts to increase sharply, as seen
in a transfer characteristic in semi-log scale [12].

11
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Figure 4.1 —Diffractogram for Ta»Os (a) and TSiO (b) thin films, annealed at different temperatures until the
crystallization is evident. The data obtained is compared with the ICSD database and corresponds to
orthorhombic B- Ta;0s (ICSD: 98-004-8854).

For application in TFTs, amorphous structure of the dielectric layer is extremely relevant
because it allows having a good interface with the semiconductor, typically resulting in lower Ig,
lower threshold voltage (V) and higher channel mobility. Although the experimental work on TFTs in
this work is limited to 200 °C (in order to assure compatibility with a large range of plastic substrates),
X-ray Diffraction (XRD) analysis of the fabricated dielectrics annealed at higher temperatures allows
for a better understanding of the studied materials systems, defining for which range of temperatures
they can preserve the amorphous structure.

Both thin films were analyzed between 100 and 900 °C with temperature steps of 100 °C and
doing 3 consecutive scans at each temperature step. In fig. 4.1, the structural data obtained for these
films is shown (curves are presented in steps of 200 °C to simplify the analysis’). As expected for
these dielectrics, only a very broad peak near 20=25 © is visible confirming the amorphous structure of
both materials. For Ta,Os, fig. 4.1a, some peaks start to appear at 700 °C and at 900 °C these peaks are
more pronounced, being attributed to f-Ta2Os. In the inset of this figure, the three consecutives scans
for 700 °C are shown which allow confirming that the crystallization starts at this temperature by
seeing the increase of the intensity of the peaks in each scan. For TSiO, fig. 4.1b, it would be
predictable a higher crystallization temperature due to incorporation of SiO, — mixing these materials a
structural disorder is induced and, in fact, crystallization only occurs at 900 °C. Both crystallization
temperatures are higher than the limitation considered in this work, meaning that amorphous structure
is conserved for all the fabricated TFTs.

The amorphous structure was confirmed using Atomic Force Microscopy (AFM), as shown in
fig. 4.2. It is possible to note that surfaces of both thin films are completely smooth and their
roughness very low (close to detection limit of equipment, above 0.1 nm).

An elemental analysis of TSiO thin film was done using Rutherford Backscattering

Spectrometry (RBS) technique in Nuclear and Technological Institute (ITN), Portugal. The results

" In both dielectrics a peak at 20=46 © is visible and is due to the Pt foil (the heating element) above which

the sample is placed.
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Figure 4.2 - AFM analysis, showing the amorphous structures of Ta,Os and TSiO thin films.

obtained were fitted, fixing the oxides composition and allowing the system to adjust the
stoichiometry (Ta20s)x(SiO2)y. According to the results, the thin film presents a Ta;O0s/SiO, ratio of
2.2 and an areal density of 1.4x10'® at/cm?. The thin film thickness measured by profilometer was 225
nm, which means that considering the thickness obtained by RBS, the co-sputtered material presents a
density near 6.2x10?? at/cm?®. Considering the molar mass (441.9 g/mol), the density of B-Ta.Os (8.2
g/cm?®) and the number of atoms presents in each molecule of Ta,Os (7 atoms), the density of Ta,Os is
7.8x10% at/cm®. The density obtained for the TSiO film shows a good match to the theoretical density
of Ta,Os, suggesting a structure with good compactness.
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Figure 4.3 - Spectroscopic ellipsometry analysis: comparison between Ta,Os and TSiO thin films in terms of
refractive index (a) and extinction coefficient (b) with SiO», as reference.

The spectroscopic ellipsometry technique acquires a high importance in dielectrics study. Thin
films of Ta,Os and TSiO on Si were analyzed using it. The Tauc-Lorentz dispersion formula was used
and the best fitting results were obtained for two oscillators, wherein the range of detection of one of
them was greater than 6 eV. In fig. 4.3, dependences of refractive index (n) and extinction coefficient
(k) on Energy (E) are shown and, in table 4.1, some properties obtained by Tauc-Lorentz dispersion
formula are presented.
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Table 4.1 - Properties of Ta,Os and TSiO films obtained by Tauc-Lorentz dispersion method.

Sample Thickness (nm)  Roughness (nm) Eq (eV)
Taz0s 267.4 1.1 4.20
TSiO 237.7 0.4 4.23

The positioning of the TSiO plots in fig. 4.3 clearly suggests that SiO; is incorporated in TSiO,
although the Ta,Os concentration is considerably higher (TSiO plot closer to Ta,Os in terms of values
and shape). These results are in agreement with RBS analysis, as shown before. It is noteworthy that
due to the usage of substrate bias during thin film deposition, the percentage of SiO- in film is lower
[9]. Furthermore, the broad peak in n-E plot suggests that samples have an amorphous structure, what
is in agreement with previous results of XRD and AFM. In terms of relative density, the refractive
index for TSiO is lower indicating that its density is lower comparing to Ta,Os, which is consistent
with RBS analysis. Regarding values of energy that induce absorption in the beginning of conduction
band, these are shown in fig. 4.3b. Band gap (Eg) is slightly higher for TSiO than for Ta,Os film,
suggesting that SiO is present in film, but in low percentage. On the other hand, the E4 value even for
Ta20s is lower than the typical that is closed to 4.5 eV, which is probably due to sputtering system
(mainly by the usage of substrate bias that induces some differences in film). Other reason found in
literature is related to the model used in simulation which considers the tail-states that are inside the Eq
[9]. In terms of roughness, the values obtained indicate a flat surface in accordance with AFM images.

Given that the main intent of integrating these dielectrics in TFT structures, it is imperative to

analyze several electrical parameters such as «, breakdown field (Eg), capacitance per unit area (Ci)
and current density (J). For this end, metal-insulator-metal (MIM) structures annealed at 150 °C
were analyzed, being the results presented in table 4.28. C-V and C-f plots are shown in fig. E.1
(Appendix E).

Table 4.2 — Electrical properties of Ta;Os and TSiO determined from MIM structures.

Sample Thickness Es K Ci J @ Eg max
(nm) (MV/cm) (nF/cm?) (Alcm?)

Ta,0s 230.0 1.54 22.6 87.0 1.21x10%
TSiO 210.0 2.81 17.0 71.7 8.88x10°

Analyzing the electrical properties of films, it is possible to observe a growth tendency of «k for
dielectrics with higher Ta concentration. In fact, k obtained for Ta,Os is extremely close to the values
reported in literature (approximately 25) [56]. TSiO exhibits a higher Eg than Ta,Os which is highly
relevant to improve TFT and circuit reliability. Reinforcing this, J is considerably lower for the co-

sputtering film even with a higher voltage applied.

8 Results for SiO; films are not presented in this table, given that for the deposition conditions used herein
these films always revealed very large leakage current, inhibiting proper parameter extraction.
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Next step was to integrate these dielectrics in IGZO TFTs. To this end, TFTs with a staggered
bottom gate, top-contact configuration were produced using Ta.Os and TSiO as dielectrics. Several
devices were fabricated varying the dielectric thickness, the usage of substrate bias (with or without
substrate bias denoted SB and NSB, respectively) and the annealing temperature (150 or 200 °C)°
Measurement of output and transfer characteristics (static current-voltage) allows acquiring a
comprehensive characterization of a TFT. Output characteristics mostly provide a qualitative
evaluation, giving information about if saturation is achieved (highly relevant for circuit application)
or if there is a significant contact resistance. Transfer characteristics generally provide a more
quantitative analysis, making possible to extract important parameters such as on-off ratio, Von,
subthreshold swing (S) and saturation mobility (usa) [57].

Fig. 4.4a shows the difference in TFT performance taking into account the two dielectrics
previously analyzed and the influence of using substrate bias during deposition. Fig. 4.4b presents the
influence of dielectric thicknesses on the TFT’s transfer characteristics, considering the amplitude of
gate leakage current (Ig). The electrical properties of devices depicted in fig. 4.4 are summarized in
table 4.3. The psa Was calculated in the saturation regime. An output curve for one representative
device of this batch is shown in Fig. E.2, Appendix E, being observed that the contact resistance does
not have a significant influence in TFT performance considering this channel length (L), the interface

IGZO/ Mo and the annealing temperature.
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Figure 4.4 - Measured |-V characteristics for devices with W/L=160/20um/um and annealed at 200 °C. Effect of
dielectric composition and the usage of substrate bias in devices with approximately the same thickness (a) and
of dielectrics thicknesses considering the same material and the usage of substrate bias(b).

For TFTs with Ta,Os dielectric a large increase of off-current (which also detrimentally affects
S) is verified for lower dielectric thickness and NSB condition, proving the importance of these
parameters to achieve good performance devices. Nevertheless, note that regardless of the processing
conditions, Ta,Os-based transistors always present a large variation of properties over a substrate, as
shown in Appendix E. In general, TFTs with TSiO present enhanced properties, particularly a closer to

0V Von and improved uniformity (in terms of device-to-device variation in the same substrate). Again,

® Influence of annealing temperature will be analyzed in section 4.1.2.
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larger thickness and use of SB are advantageous for transistor performance for TSiO. In fact, when SB
is used during a deposition, the molecules that are linked by weak bonds are re-sputtered, decreasing
the deposition rates, as shown in introduction of section 4.1. As a result, the molecules linked by
strong bonds remain in film turning it denser, providing better insulating properties [9]. This argument
is more evident in terms of S, suggesting that when SB is not used the interface
dielectric/semiconductor presents worst properties.

In terms of Is, lower values are obtained for thicker dielectrics, as expected (fig. 4.4b).
Furthermore, table 4.3 also shows that the multicomponent approach and the use of substrate bias are
able to reduce Ig levels when compared to Ta,Os. This indicates that good device reliability can be

obtained by using thinner TSiO films, provided that substrate bias is used.

Table 4.3 — Summary of electrical properties of devices annealed at 200 °C using different dielectrics in different
conditions, depicted in fig. 4.4.

Sample Condition Thickness Msat On-off Von S lc @ Vomax
(nm) (cm?/Vs) ratio (V) (V/dec) (A)
Tax0s SB 206.7 34.8* 6.62x10°  -0.83 0.106 5.94x1012
Tax0s NSB 168.0 42.5* 1.21x10° -0.83 0.194 1.43x101t
TSiO SB 142.0 30.1* 2.59x10%8 -0.21 0.123 1.55x101?
TSiO SB 225.0 16.9 8.16x10® -0.50 0.128 7.00x1013
TSiO NSB 180.2 20.1 3.80x10% -0.25 0.133 6.92x1012

* - Given the large size of capacitors available in the mask layouts used in this work, Ta20s MIM structures typically
exhibited large leakage currents, inhibiting a correct determination of Ci. Hence, usat for TFTs with Ta20s and TSiO should
be overestimated.

Optimized TSiO devices present S in the range of 0.1-0.2 V/dec, on-off ratios exceeding 10® and
Hsa>15 cm?/Vs. These results are comparable to state of the art IGZO TFTs with the added advantages
of low operating voltage (enabled by the high-k), low temperature processing and having the same
technique to deposit all the transistor layers.

Another significant characterization technique for TFTs is related to their stability evaluation. In
this way, stress measurements using a positive gate bias-stress (Ve = 4 V) were realized in devices
annealed at 200 °C, in order to understand the degradation mechanisms and their magnitude depending
on the dielectric. Transfer curves for stress and recovery at small Vps, close to 0.1 V, of devices with
Ta,Os and TSiO dielectrics, deposited using SB, are presented in Fig. E.6 (cf. Appendix E). Fig. 4.5
summarizes the Vonand S variations during these stress measurements.

According to literature, there are two mechanisms of instability that can occur in these TFT
structures. The first one is related to electron trapping at or near the semiconductor/dielectric interface;
the second is associated to the migration of negative ion within dielectric to gate/dielectric interface
and the movement of positive ion within dielectric to semiconductor/dielectric interface [29].
Furthermore, the direction of Vo, shift is imperative to understand the mechanism that is involved. In
fact, the Von shift is directly related to total charge that migrates to the new centroid location of charge.
On the other hand, this shift is inversely proportional to gate capacitance.
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Some parameters such as light, room temperature, humidity and the air exposition can also
change the mechanism and its intensity. However, the complementarity of these different studies is
important to understand exactly the mechanism involved and how its magnitude varies according to
conditions of measurement.

Fig. 4.5 suggests that the degradation mechanism involved with both dielectrics is associated
with ion migration, as a negative AVon is verified. This is plausible given the low
deposition/annealing temperature of the dielectric layers used here, being the effect more intense for
Ta,0s. On the other hand, fig. E.6 in Appendix E, reveals a clockwise hysteresis which is consistent to
electron trapping phenomena. Moreover, the variations in terms of S (Fig. 4.5) and Ip (Fig. E.6,
Appendix E) are consistent with the theory that these two mechanisms (ion drift and charge trapping)
are concurrent, with the TSiO providing a better equilibrium between both.

In terms of recovery, this “instability” mechanism is reversible — the final Vo, and S values are
close to the last results obtained without supplying additional energy to the system. Hence, it is
plausible to assume that defect creation should not be relevant, as it would typically require a
subsequent annealing treatment to enable full recovery [29]. Still, TSiO restores its initial V' faster

than Ta,Os, reinforcing the idea that it is the best choice between these two dielectrics.
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Figure 4.5 — Vo, and S variations during stress and recovery measurements for TFTs annealed at 200 °C using
Ta20s and TSiO as dielectric layer for TFTs with W/L = 160/20 um/um, applying a gate field of 0.16MV.cm™ in
dark (a). Solid and open circles denote AVonand A4S, respectively. Mechanisms involved in AOS and dielectric
materials, when a positive gate bias stress is applied in a staggered bottom gate, top contacts structure (b)
(adapted from [58]).

In brief, during these studies, it was verified that multicomponent dielectrics, specially using
substrate bias during deposition, provide better properties for dielectric layer. In fact, despite the
relatively large variation of device properties during stress measurements, TSiO SB provides major
advantages over single Ta,Os layers deposited without substrate bias. Furthermore, the smooth surface
and amorphous structure make this material an excellent choice for integration into a multilayer

dielectric configuration, which is the topic explored in the next section.
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4.1.2 Multilayer structures based on TSiO and SiO2

Although the results of one layer are satisfactory, it is suggested in the literature that multilayer
structures can solve instability, off-current and hysteresis problems when this configuration is
integrated in devices [9, 30, 31].

To verify the improvements of multilayer configuration, two multilayers structures were
considered, one with 3 layers (SiO.-TSiO-SiO;) and other using seven layers (SiO2-TSiO-SiO;-
TSiO-Si0,-TSiO-Si0y), considering as reference the single layer TSiO film previously studied. In all
samples, the expected thickness for the extremes of SiO; layers was approximately 20 nm and, for the
intermediate layers of SiO;, 10 nm. These thin films were produced using substrate bias (see
deposition conditions in Chapter 3).

Two multilayer samples were analyzed by RBS, one of them with 3 layers and expected
thickness of 150nm, the other with 5 layers'® and estimated thickness of 250 nm. RBS conditions used
during measurements were the same for TSiO thin film. Data obtained is shown in table F.1 (cf.
Appendix F) and in fig. 4.6.

Despite being a powerful technique, RBS 3
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because these structures include layers with just layers.
SiO, while, in TSiO film, two materials were

mixed in a single layer. Related to the Ta peak, in fig. 4.6 (Multilayer: 5 layers), it presents two
overlapping peaks suggesting two layers with this material which is in accordance with a five layer
sample (SiO2-TSiO-Si0,-TSIO-SiO). In terms of the Ta,Os/SiO; ratio, there is a significant
difference in the values shown in table F.1 (cf. Appendix F) for the TSiO layers, which are indicative

that process conditions were not completely optimized and this ratio changed during the multilayer

107 layer structures were still not available when RBS analysis was performed but the 5 layer sample is
perfectly suitable for the RBS comparisons envisaged here.
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deposition and may influence the TFT performance. A more accurate fitting can also improve results
and these discrepancies.

Multilayers structures with three and seven layers were also analyzed by spectroscopic
ellipsometry in the same conditions used for single layer samples. The Tauc-Lorentz dispersion
formula was used as well.

A comparison between RBS and ellipsometry results must be done mainly using multilayer with
three layers, however, the samples were not produced at the same time and if this direct comparison
was done a large error would be committed. Fig. 4.7 shows the relation n-E and k-E for TSiO layers
included in multilayers structures. The previous results of ellipsometry for single layers films are also
represented in order to simplify the comparison. By fitting it was possible to obtained thicknesses,

roughness and Eg for the different dielectrics, shown in table 4.4.
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Figure 4.7 - Spectroscopic ellipsometry analysis: comparison between single and multilayers dielectrics thin
films in terms of refractive index (a) and extinction coefficient (b) with SiO5, as reference.

Table 4.4 - Properties of single and multilayers films obtained by Tauc-Lorentz dispersion method.

Sample Total Thickness (nm) Roughness (nm) Ey (V)
Taz0s 267.4 11 4.20
TSiO 237.7 0.4 4.23
Multilayer: 3 layers 233.5 3.9 4.31
(17.1/190.2/26.2)
Multilayer: 7 layers 248.5 10.1 4.32

(14.1/63.1/11.8/60.3/10.9/62.4/25.2)

The TSiO layer was produced using similar conditions for single and multilayer configurations,
which means that it is expected that these films have the similar n and k, and specially Ec. The small
variations between referred films, in terms of n, are due to the difference in total thickness of TSiO
film in structure, which influences the density of dielectric. Regarding roughness, the values obtained
for multilayer structures should have some error associated because for the SiO/air interface the
program considered as voids part of SiO, film, which is supposed to have 20 nm and, for 3 and 7

layers structures, the thicknesses obtained are smaller, 17.1 and 14.1 nm, respectively.

19



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

Proceeding in the same manner as for the single layer study, MIM structures annealed at 150 °C
were analyzed in order to extracted electrical parameters for these multilayer films. The obtained

results are summarized in table 4.5.

Table 4.5 - Electrical properties of dielectrics determined from MIM structures.

Sample Thickness Es K Ci J @ Eg max
(nm) (MV/cm) (nF/cm) (A/cm)
Ta0s 230.0 1.54 22.6 87.0 1.21x107
TSiO 210.0 2.81 17.0 71.7 8.88x10°
Multilayer: 3 layers 210.0 7.24 11.7 49.5 4.90x10°
Multilayer: 7 layers 240.0 >7.50™ 10.7 39.3 --

*1 - Electrical breakdown did not observe with the maximum voltage allowed with the Keithley 4200SCS.

Regarding «, the values are in accordance with previous analysis, wherein it is evidently a
decrease in value for films with a poor Ta concentration. The smallest result for « is close to 10, which
is still acceptable and considered as a good characteristic for dielectric layer. Simultaneously, the Eg
and J verified for structure with 7 layers is also excellent, clearly showing that the multilayer approach
is effect to significantly improve the insulating performance of the layer.

IGZO TFTs were then fabricated using the multilayer dielectrics (3 and 7 layers). A cross
section SEM analysis of a device with 7 layers dielectric is shown in Appendix G (fig. G.2). For most
of the devices annealed at 200 °C fabricated during this work, a hump is verified in the transfer
characteristics, presumably related with the activation of some contamination arising from processing
and/or oxygen ion migration during annealing, increasing trap density. Still, the nature of these traps is
not entirely clear so far [59]. After a stabilization period, i.e., air exposure (due to their staggered
bottom gate configuration, the semiconductor is directly in contact with environment), a “rebalancing”
of these molecules occurs and the hump is considerably attenuated (fig. 4.8a). Nevertheless, after this
stabilization period it is found that the annealing temperature does not induce a significant variation in

TFT performance. As consequence, the lowest temperature is preferable in order to maintain the

10° : : : : : : 10° - ; :
Multilayer: 3 layers a) —— Integration Time: medium b)
. F V. =15V ] , [ — Integration Time: Short 1
10°F "'DS” 1 10°F i
r WIL=160/20 ymfj.ll'l'l ’ 1 r 1
107 1 107k i
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@B L0 —— 150 <C, initial @B L0
10 ' 10 =
Lo R | —150C, 70 days of shelf ife § = = F Vps =10V :
F at room temperature F WIL=160/20 ym/ym 7§
107" —— 200 -C, initial 10" T e = 200 <C
4 —200-C, 70 days of shelf life | r annealing !
3 = y at room temperature 1 3 1
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Figure 4.8 - Measured |-V characteristics for devices annealed at different temperature and evaluated in
different times, using a medium integration time (a). Effect of integration time in 1-V characteristics (b).
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compatibility with the new approaches such as

flexible and paper electronics. Another — Muttilayer: 3 tayers (VDS=15V)
10 [ — Multilayer: 7 layers (Vpg=10V)

interesting result is found when comparing WIL=160/20 um/ym

transfer characteristics taken with medium and 10°¥ Tanneaiing = 200 1o*
short integration times (essentially, changing the @w Ly 10° %
time taken by the semiconductor analyzer to < 10 - 10"
collect each datapoint), as presented in fig. 4.8b. 10" . \ 10"
Even if equipment resolution is naturally oM é\ﬂué ~ "\‘9“6 <0
degraded when short integration time is used, VgsV)

Figure 4.9 - Measured I-V characteristics for

lower I (hence, off-current) is recorded and less multilayer structures wherein it is shown the I,

non-idealities are found in the transfer curve,
providing hints that fast states should be the main causes for such non-idealities (although the nature
of these states is not known at this stage and certainly deserves further investigation in the future).

Fig. 4.9 shows the Ips and I for both multilayer structures using a medium integration time.
Multilayer with 7 layers presents a smaller I, which is a relevant result in this work. In the fig. 4.8b,
the measurement for this 7 layer device was performed using a short integration time, being again
notorious the effect of short/medium integration times during measurement. A summary of electrical
properties is presented in table G.1 in Appendix G.

In terms of stress, for both multilayer structures, a negative and then a positive Voo shift is
verified, indicating that two instability mechanisms are involved (fig. 4.10). Firstly, for multilayer with
3 layers, a negative shift occurs and then after 30 min stress time, it still shows the slight negative
shift. However, during stress measurement, Vo, will shift to positive voltages. For multilayer with 7
layers, after 5 min, Vo, will shift to positive values. This variation between negative and positive shifts
is indicative that the ion migration is the first mechanism activated but, after that, it is suppressed and

the electron trapping starts to be the dominant

2.0 T T T T T
. . . [
mechanism. These shifts are accompanied 1.5
5| Stress Recovery
. - o Tl Lo 0.25
without a significant variation in terms of Ip and 101 —e—se—e
S, showing that new defects were not created. In s 05 /y o
i
. . . . =~ 0.0~ > 0.00 3
this way, the multilayer with 7 layers is S5 '/ . 3
05} |¢ =
. . . . < w
preferable to include in complex circuits, but ~ _ <
-10- ¢ » —e— Multilayer: 3 layers | i
results for 3 layers are also attractive. One st / —*— Multilayer: 7 layers ’
striking result is the large stability improvement T

of TFTs with multilayer dielectrics when _ Time (min) )
Figure 4.10 - Voo and S variations during stress and

compared with single layer ones, proving once recovery measurements for TFTs annealed at 200 °C
using multilayers structures (W/L = 160/20 pum/um),
applying a gate field of 0.16MV.cm™. Solid and open
this work to enhance device reliability, highly circles denote AVon and AS, respectively.

again the success of the methodology followed in
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relevant when complex circuit design is envisaged.

In brief, taking into account all results obtained, it is clear to conclude that the multilayer
structures greatly improve the TFT performance and stability and are preferable to include in circuits
with a high level of complexity. In fact, and specially for dielectric using 7 layers they exhibit a large
Eg and low Ig, while maintaining a reasonably high-« that allows to induce large charge densities in

the semiconductor and allow for low voltage operation.

4.1.3 1GZO TFT Modeling

In order to simulate basic or complex circuits, a satisfactory model is required. In this case,
IGZO TFT modeling was performed adapting an a-Si TFT model developed by Semiconductor
Devices Research Group at RPI. This model considers the dependence between pre and Ves, highly
important in the framework of oxide TFTs, where it is well known that as Vgs increases Fermi level
can penetrate into the conduction band and greatly enhance carrier transport. Despite being a simple
model that does not take into account all the physical aspects of IGZO TFTs, measured data is fitted
quite satisfactory with it. Fig. 4.11 shows the measured |-V characteristics superimposed with
simulated data provided by CADENCE’s Spectre™. Capacitance per unit area was naturally included
in the model (based on measurements in MIM structures), but further characterization of Cg, Cqq and
Cyqy should be performed in the future to build an accurate AC model.

By the time the model was adjusted for IGZO TFTs the only available multilayer dielectrics
were composed by 3 layers. Hence, the model is based on these devices. At a later stage of the
experimental work, 7 layers dielectrics were developed, providing enhanced device performance, as
shown before. The model also fits quite well the experimental data from these devices without

significant changes on the model parameters.
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Figure 4.11 - Measured and simulated 1-V characteristics for a multilayer device (3 layers) with
W/L=160/20 um/um: transfer curve (a) and output curve (b).
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4.2 A Modulator: circuit and simulation results

In this section, the main focus is given to the XAM circuit and the corresponding electrical
simulation results, with a particular attention to the comparator, the active block in circuit.

Due to the lack of a reproducible and stable p-type oxide TFT, blocks were designed using only
n-type devices (IGZO TFTs). Passive elements were not also considered due to the higher device
mismatch when these are fabricated in clean room. Moreover, targeting an improved fabrication yield,
a minimum multiplicity of 2 has been used for the circuit design and optimization. Furthermore, the
initial thought was to just consider two fixed sizes for TFTs (160/20 and 40/20 um/pm) in order to
simplify layout. However, at the end of this project, due to speed and gain reasons, the sizing has been
changed and, consequently, a wider multiplicity of possible sizes has been used.

Concerning design and simulation, the inverter, considered as a simple circuit, was firstly
studied using 1IGZO TFTs model. In this case, the circuit was designed to have a load device (n-type
diode-connected) and a driver TFT. In order to adjust the output voltages for high and low levels (Von
and Vo.) to the maximum and the minimum, respectively and taking into account the Vpp=10 V, the
sizing ratio between driver and load was 4:1. This ratio was the reasonable in terms of sizing and
number of devices and it provided a satisfactory result for Von and Vo.. The schematic of inverter
circuit is shown in fig. 4.12c¢ and its simulation result can be found in Fig. H.1 (cf. Appendix H).

4.2.1 Comparator

Being a relevant block of £AM, the comparator was investigated in order to obtain the best
performance. In this section, this circuit is firstly analyzed as an individual block, and as consequence,
simulation and Monte Carlo results are presented. After that, some relevant considerations are done in
order to integrate it in the complete ZAM circuit.

It is noteworthy that the sizing of circuit was done taking into account the simulation results (i.e.,
by trial-and-error) since, although feasible, to derive a complete set of analytical equations is not an
easy task (mainly for the positive-feedback analog latch circuit due to its intrinsic positive-feedback
nature).

The architecture of the used comparator is shown in fig. 4.12. It uses a cascade of three pre-
amplification (pre-amp) stages followed by a positive-feedback analog latch (PFBL) stage and then
followed by four logic inverters implementing a fully-dynamic digital latch (for output regeneration
and memory), respectively depicted in fig. 4.12a, b and c. Each pre-amp stage comprises a differential
pair (M2ap) driving n-type diode-connected loads (Miap). For improved comparison speed, the PFBL
uses two n-type analog inverters (devices Mzap and Msap) cascaded with two analog latches (cross-
coupled transistor-pairs, Masap and Meap) [55]. In order to increase the regeneration-speed, devices Maa
and Mgy, are cross-coupled to the inputs of the n-type analog inverters.

The circuit operates as follows. When the clock signal (clk) is disabled, the differential input is

amplified by the cascade of the three pre-amp stages, with enough DC gain to overcome a possible
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Figure 4.12 — Schematic of the proposed comparator: pre-amplifier (pre-amp) (;1); positive-feedback latch
(PFBL) (b); logic inverter (c) and complete comparator (d).

large offset in the PFBL stage. The supply current in the PFBL is cut off and the outputs (before the

digital output inverters) hold the memory of the previous state. If a seed signal is applied differentially

to devices Myap and the clk pulse goes high, the output of the stronger side of Ms, and Msy, is pulled

down more strongly than the other side. This will cause the PFBL made of devices Maap and Meap to

flip to one of the two stable states. N-type capacitors Msap help adjusting the correct time-constant

associated with the regenerative poles for proper operation. On the other hand, n-type capacitors Miz,

provide dynamic memory to the output digital latch.
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Table H.1 (cf. Appendix H) shows the final transistors’ dimensions used in the comparator. If
higher accuracy is envisaged, the number of cascaded pre-amp stages can be increased as well as the
multiplicity of devices M2ap. However, die area will increase and speed will be reduced.

The simulation setup was based on two major tests. Firstly, a fully-differential input triangular
signal with 100 mV amplitude (as shown in fig. 4.13a) has been applied to the comparator inputs (fig.
4.12d). Neglecting mismatch effects, it is possible to observe that comparator changes its state with
nearly-zero systematic offset (and it does not suffer from any visible residual hysteresis). As a second
test, and in order to validate both, speed and functionality, a differential signal with a sequence of
eight possible worst-case inputs, shown in fig. 4.13b (mid.), has been applied.

As it can be observed, the proposed comparator always decides correctly, within a worst-case
regeneration—time below 10 ps. A total comparison-time of 20 ps (corresponding to fcx=50 kHz) has
been used targeting an accuracy better than 10 mV. Notice that the digital output (Q and NQ) are valid
in the falling-edge of clk (after half clock cycle delay).

Table 4.6 summarizes the simulated key performance parameters of the proposed comparator,

assuming a nominal Vo, close to 0 V.

Table 4.6 — Simulated key performance parameters.

Characteristic Value
Nominal supply voltage 10V
Total Pre-amp DC gain 18 dB
Simulated Accuracy 10 mVpp-diff.
Comparison time 20 ps
Comparator’s nominal bias current 50 uUA
Static and dynamic current consumption (average value) 380 UA
20 20007 \umber = 969 b
:umbe';flﬁfsz 1 Mean = 4.50487m (b)
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Figure 4.14 - Simulated 1-¢ random offset voltage (a(Von) = 50 mV) for Von=0 V @
1=50 pA (a) and Von=0.5V @ 15=30 pA (b). 25



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

To double-check robustness against Vo, variations verified previously for TFTs, the proposed
comparator has been also simulated using different TFT models varying Vo, between -1 and 1 V.

Random variations of the differences in the Vo, produce device mismatches, which limit the
accuracy of this type of comparators. To simulate its behavior, a 6(Von) = 50 mV has been used in
1000-cases Monte-Carlo simulations. Fig. 4.14 shows the simulated 1-c random offset voltage 6(Vos)
for different Vo, values and in the positive slope of the triangular signal.

As it can be observed in fig. 4.14 and table 4.7, the proposed comparator achieves a 6(Vos)
smaller than 42 mV. Employing the conventional auto-zeroing techniques this value can be reduced to
less than 10 mV (by nulling the offset of the three pre-amps).

In briefly, this comparator presents low offset and the simulation results shows that it is able to
work at several tens of kHz, with an accuracy of the order of 10 mV. Furthermore, it supports Von
variations and some mismatch, which are excellent properties taking into account the TFT technology

involved and the variations previously studied.

Table 4.7 — Simulated comparator’s offset with different Von.

Von =0V @ Iz=50 pA Von =05V @ 15=30 pA
mV % of full-scale mV % of full-scale
1- 6 random offset voltage, Vos <42 <0.42 <41 <0.41
1- 6 random offset voltage, Vos <11 <0.11 <9 <0.09

(with auto-zeroing)

Despite suitable results obtained, when this comparator was integrated in £AM, some
adjustments were done:

e The channel length of digital blocks was decreased to 10 um (considered a safe limit for
production) to improve the speed;

e The sizing of devices M1ap and multiplicity of Mza, Were also increased in order to obtain a
higher pre-amp DC gain. Table H.2 (cf. Appendix H) shows the final sizing and multiplicity of all
devices;

e The number of cascaded inverters at the end of the comparator was also increased for eight to

properly regenerate the output and, simultaneously, increase (smoothly) the output driving capability.

4.2.2 XA Modulator
The modulator was performed taking into account the differential 2" order CT AM proposed
for biomedical applications and currently being experimentally evaluated at CTS/UNINOVA [60] in
the scope of a PhD work and in deep nanoscale CMOS. As a standard procedure and as stated before,
it will be assumed that the digital decimation filter will be implemented in the digital-signal processor
(DSP) available in the targeted application.
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Fig. 4.15b shows the differential 2" order CT ZAM used in this work. The analog loop filter is
composed by a cascade connection of two fully passive RC-type integrators, which are responsible to
implement the 2" order noise shaping transfer function (after closing the loop). In fact, it has two
poles and, for the maximum attenuation of noise quantization, they should be close to zero.
Furthermore, a zero is also added by the insertion of Rs, to stabilize the loop. Some considerations
about the transfer function of the circuit are described in [43].

The sizing of passive elements, presented in Table H.3 (cf. Appendix H), was optimized through
a genetic algorithm tool using SIMULINK® in order to improve the modulator’s overall dynamic
performance [61]. This algorithm takes into account all characteristics such as the stability required for
circuit and the comparator’s delay, which affects directly the modulator. The exact transfer function
was also analyzed by tool to evaluate the circuit behavior.

The final comparator design relies on the previously described topology (fig. 4.14d) after some
additional fine sizing adjustments, by adding an extra D-type flip-flop (fig. 4.15a) and two output
digital buffers (able to drive the output PADs). Regarding the flip-flop, the inverters sizing is the same
than for inverters used in the final comparator block and the rest of the devices are 40/10 (um/um)
using a multiplicity of 2. The buffer presents the same architecture than inverter but using a different
sizing — the load and driver devices have an aspect ratio 160/10 (um/um) using a multiplicity of 4 and
8, respectively. The main goal of flip-flop and buffer blocks is to reduce the influence of jitter noise.

In fact, they guarantee a constant delay which means that the logic value is always sampling at the
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Figure 4.15 - Schematic differential 2" order CT XAM with feedforward structure: transmission gate D-type
fli- flop (a) and the modulator (b).
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same instant. The usage of buffers is also related to the transformation of electrical impedance

between sub-circuits (and proper driving capability).
The main characteristics of ZAM previously defined and obtained by SIMULINK® tool and by

Cadence are shown in Table 4.8.

Table 4.8 — Main characteristics of ZAM.

Characteristic Value
Sampling Frequency (Fs) 128 kHz
Input Signal Amplitude (Ain) 5 Vit
Input Signal Frequency (Fin) 101.5625 Hz
Oversampling ratio (OSR) 128
Number of points 214
Bandwidth (BW) 500 Hz
Signal-to-noise distortion ratio (SNDR) 62 (estimated) | 57 (obtained) dB
Dynamic Range (DR) 65 dB
Power supply (Vob) 10V
Power dissipation 22 mW

A fast Fourier transform (FFT) has been
obtained through an electrical simulation and it
is shown in fig. 4.16. It exhibits the slope of 40
dB/dec, a typical value for a 2" noise shaping
The
been

order  system. complete electrical

simulation has performed using a
transient-noise option and some results are
summarized in fig. 4.17 (for different input
signal amplitudes). A peak SNDR close to 57
dB has been obtained. A small difference is
verified when compared to the estimated SNDR
by GA tool, probably, due to the jitter noise
influence (generated internally by the digital
clock buffering circuitry). A peak DR of 65 dB
was also verified by electrical simulation. In
terms of effective number of bits (ENOB), the
peak SNDR and the peak DR are compatible
with 9 and 10.5 bits, respectively.

Regarding the usage of IGZO TFTs in
complex circuits, it is clearly that the operation
frequency and intrinsic gain of these devices

limit the performance of ADC, being necessary
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the usage of high quantity of devices, increasing the probability of device mismatch — which can be
extremely crucial in other ADCs architectures. These topics are directly related to TFT devices’
performance suggesting that a continuous optimization of devices is mandatory, improving not only
the materials used as also the configurations and production techniques. However, when compared the
results with deep nanoscale CMOS technologies, at relatively low frequencies, the performance is
compatible, except mainly in terms of power dissipation and, of course, in terms of active (die) area
(since TFTs fit into the category of “large area electronics”) being an excellent evidence that
improving devices, better results can further achieved.

Taking into account all simulation results, and when compared to the results for ADCs using
different thin film technologies (cf. Appendix A), it is clearly observable that, in some cases, they are
above the current state-of-the-art for organics or even LTPS (either in terms of power dissipation or in
reachable dynamic linearity, i.e., SNDR, DR and ENOB). However, it is relevant to understand that
the previous ‘“comparison” is between different technologies that have associated other device
performances and mechanisms. Despite the ADCs’ results shown in Appendix A were obtained after
fabrication, the simulation results achieved in this work are encouraging and give an excellent

perspective to produce one of the first 2" order XA ADC using oxide TFTs.

4.3Circuit Layout

After schematic-level simulations, the circuit layout is considered a paramount step in integrated
circuits. Basically, the main intention is draw the lithographic masks which will be used in fabrication
process. Given that for these specific devices produced in clean room there is no process-design-kit
(PDK) it was suggested the creation of a parameterized cell (PCELL) in order to simplify the future
layout. This PCELL was constructed taking into account the staggered bottom gate, top contact
structure, previously used to fabricate individual devices. The layers and overlapping dimensions are
discussed in Appendix I, where this cell is also shown.

Since the circuit presents passive and active elements and considering that the project is at an
early stage, it was decided that the passive elements would be realized using SMD devices (surface
mounted devices) and they will be either glued in the glass substrate or placed in testing PCB (printed
circuit board), in order to have more degrees of freedom to optimize the production process. After that,
the main idea is to produce the complete circuit in a glass substrate, adding the (two) extra masks for
resistors and capacitors fabrication. However, the sputtering process for these components needs to be
optimized essentially in terms of mismatch. The connection between glass and PCB will be done using
a commercial connector (PCI connector), where an edge of the glass has to be abraded to insert it in
the connector (cf. Fig. 1.2 of Appendix I). This method to link all circuit is a simple way to avoid wire
bonding process and, at the same time, the direct contact with sample, preventing some possible

electrostatic discharges (ESD).
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Even considering just the active elements of the circuit, its complexity is particularly high. In
this sense, it was extremely relevant to think in different aspects that can restrict (limit) the operation
of the circuit. For instance, parasitic capacitances effects were prevented due to the inclusion of a
dielectric layer of parylene between metal layers. This dielectric was chosen by virtue of its low k and
of the possibility to produce a thick film (=1 um). The overlap and length of lines was also considered
in order to avoid antenna effects.

As a consequence, 7 masks were considered relevant to the project which include two metals
(one bottom and one top metals), one parylene deposition related to the creation of vias between
metals, a passivation layer using SU-8, top contacts and connections to external, semiconductor
deposition and one for etching of dielectric used in devices to conclude vias. A sequence of this
production and the design rules used can be found in Appendix I.

Some individual transistors were also included around the substrate as test structures, allowing
to understand how materials are varying depending on position in substrate, which will be relevant to
understand the experimental results of the complete circuit.

Fig. 13.3 shows the layout of circuit which has a die area close to 10 mm?, including dummy
structures (for both, devices and metal lines). Given the absence of PDK, automatic design rule check
(DRC) and layout versus schematic (LVS) cannot be performed using EDA (electronic design
automation) tools. As a consequence, the layout of the entire circuit still to be checked manually — this
is the current stage of the project.

(Digital)

Figure 4.18 - Layout of the X4M.
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5. Conclusions and Future Perspectives

This dissertation work was focused in three main topics: study and optimization of
multicomponent and multilayers dielectrics and their integration in IGZO TFTs; XAM designing and
simulation using a model specially adapted for IGZO TFTs; layout of circuit for future production. In

this section, the most relevant conclusions and future perspectives about these areas will be addressed.

5.1Conclusions

The main goal of this work was related to the usage of the IGZO TFTs with multilayer dielectric
in a 2"-order XA ADC, which was successfully achieved, from material optimization to circuit layout.

Regarding study and optimization of dielectric layer, it was verified that multicomponent and

multilayer structure provides better dielectric properties, having a direct impact in 1GZO TFT
performance:

e In terms of single layer dielectrics, the co-sputtered TSiO presents a high-k and reasonable Eg,
despite its Eg being too low for fabricating reliable devices. This mostly arises from the low band
offset between conduction bands of IGZO and Ta;Os. The TFTs produced using this dielectric present
a considerable improvement, mainly in terms of S and Ig, when compared to the devices employing a
Ta,0s layer. However, stress measurements revealed a quite significant negative AV shift after 3h
stress (=-20 V, compared to ~-40 V of Ta;Os), suggesting a large ionic movement inside the dielectric
layer. Nonetheless, this co-sputtered layer revealed a smooth surface and an amorphous structure,
which are crucial properties for integration into multilayer configuration.

e Concerning the multilayer structures, both configurations (3 and 7 layers) presented good
properties, with the structure using 7 layers providing a very large Eg (>7.5 MV/cm), while
maintaining a reasonable k (>10). When integrated in TFTs, they exhibit very low operating voltage,
low Ig (<10 pA) and the magnitude of stress mechanisms is considerably reduced when compared to
TFTs with single layer dielectrics (AVo=1 V). As consequence, the performance of TFTs using this
layer was considered appropriate for future usage in complex circuits (after annealing at 200 °C:
Hsat~13 cm?/Vs, On/Off=107 and S~0.2 V/dec).

About IGZO TFT modeling, the a-Si TFT model developed by Semiconductor Devices Research

Group at RPI was adjusted and the I-V characteristics were superimposed with good accuracy. The
model only focused static characteristics but transients should also be included in future versions. Still,
the degree of accuracy of the present model was perfectly suitable to enable circuit design/simulation.

Concerning the design and the electrical simulations of the complete XAM ADC, quite attractive

and encouraging results have been obtained.
e The comparator circuit works at several tens of kHz with an accuracy of 10 mV. This circuit

presents a current consumption as small as 380 pA drawn from a 10 V positive power supply.

31



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

Furthermore, in order to guarantee the robustness of comparator against Von, it was also simulated
using different Von between -1 and 1 V.

e Due to IGZO TFTs performance, the XAM comprises a large quantity of devices. However,
simulation results show a peak SNDR of 57 dB and a DR of 65 dB (BW=500 Hz) with a power
dissipation of about 22 mW. These are considered very interesting results, going beyond the state-of-
the-art when comparing with other ADC circuit implementations based on other transistor’s
technologies, either using organic devices or even LTPS.

In terms of circuit layout, due to the fact that there was not a PDK available and it is the first
time that such a complex circuit is produced in CENIMAT, lots of details have been considered and
studied. A die area close to 10 mm? was estimated, but this layout is, in this moment, under manually
verification.

Taking into account all work involved, the fabrication of XAM will be the next stage. In fact, and

considering that there is no reference about an ADC produced using oxide TFTs, the dedication

increases and certainly a successful “prototype” will be produced in the next months — a glad

consequence of an advanced research in micro and nanoelectronics developed by CENIMAT and
CTS/UNINOVA groups.

5.2Future Perspectives

Despite all work involved and the future production in clean room environment of the XAM

ADC — which is the main future perspective - some questions and ideas remain unanswered:

e Regarding TFTs, a continuous optimization is crucial to increase the complexity and
performance of circuits where they are integrated. In this sense, the influence of Ta,Os/SiO, ratio
during dielectric deposition should be analyzed. Furthermore, the performance variation of TFTs
depending on their placement in substrate should be studied in order to understand whether there is a
gradient associated or even if deposition conditions can be improved. The significant variations
verified during stress measurements need a particular attention and investigation in order to
understand exactly the mechanisms involved and how they can be suppressed to not limit the TFT
devices’ performance.

¢ In terms of modeling, new approaches are now being studied by group, expanding the current
static model to also consider transients, improving the accuracy of the simulation results.

o After a successful fabrication of the XAM ADC, a complete “integrated” AM ADC will be
investigated, being necessary to fabricate resistors and capacitors with acceptable passive device’s
mismatch — the conditions of fabrication should also be improved.

e Taking into account all process, a XAM using a flexible and/ or paper substrate is also a goal
for future, reinforcing the concept of flexible and recyclable electronics. The feasibility of other ADC

architectures (e.g. Nyquit rate ADCs) should also be further investigated.
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Appendix A - ADCs using TFTs
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Table A.1 summarizes practical realizations of ADCs using Thin Film Technologies. More details, especially about design and production, can be found

in the references (provided in the table).

Table A.1- ADCs using Thin Film Technologies.

Technology Architecture Year Authors DNL INL TFT characteristics ADC characteristics
(LSB) (LSB)
a-Si:H (n-type) Flash 2012 Dey et al. 1 +1.8 Bottom-gate inverted staggered 5 bits;
(2kS/s) [51] structure; Without calibration;
Low temperature: 180 °C; Vop=10V;
V=12V, Power consumption: 13.6 mW,
Usar=0.8 cm?V-1s1;
On/Off=107;
poly-Si TFTs Flash 2010  Jamshidi- <0.25 <0.25 Hn-type= 281 cm?V-1s?; 3 bits;
(laser (3 MSJs) Roudbari Mp-type= 98 cm?V-1st; Stainless steel foil substrate;
crystallized) et al. Process: PECVD + sequential lateral
[52] solidification (SLS);
LTPS TFTs 2" order XA 2009 Linetal. - - - Vpp=11.2V
[53] DR=69 dB;
SNDR=65.63 dB;
Power consumption: 63.3 mW;
Complementary SAR 2010  Weietal. -0.6 0.6 Hn-type= 0.02 cm?V-1s; 6 Bits;
Organic TFTs (Fs=10 Hz) [54] Up-type= 0.5 cm?V-1sL; Power consumption: 3.6 pW;
Organic TFTs 1% order XA 2011 Marienetal. -- -- Pentacene-based dual-gate organic Flexible plastic foil;
OSR=16 [55] TFTs; SNR=26.5 dB;
Vpp=15V;

Power consumption: 1.5 mW;

37



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

38



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

Appendix B - TFT production by steps

Fig. B.1 shows the process workflow used to fabricate the IGZO TFTs in this work.
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Figure B.1 - Sequence of steps during a sputtered TFT production. The microscope image was obtained using Olympus BX51 (100x).
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Appendix C - Deposition conditions for Mo and 1GZ0O

In table C.1, the deposition conditions for electrodes and semiconductor layers are shown.
Molybdenum (Mo) was used for electrodes, while 1GZO was used as semiconductor. All the
depositions, whose base pressure was 107/10® mTorr, were done without intentional heating and with

a substrate rotation for improve uniformity.

Table C.1 - Deposition conditions for contacts (Mo) and semiconductor layers (IGZO) by sputtering. All
sputtering targets were performed by SCM.inc.

Material Molybdenum (Mo) 1GZO (2:1:2)
Equipment AJA ATC-1800F AJA ATC-1300F

Deposition pressure (mTorr) 1.8 2.3
Target to substrate distance (cm) 35 18
O flow (sccm) - 2

Ar flow (sccm) 50 14

RF power (W) 175 100

Growth ratio (nm'min?) 6.00 3.13
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Appendix D - Characterization techniques

In table D.1, the main characterization techniques used in this work are identified. For each, the

main goal and the most relevant experimental details are provided.

Table D.1 - Main goals and experimental details of characterization techniques used during this work.

Characterization technique Main goal Most relevant experimental

(equipment used) details
Spectroscopic Ellipsometry ~ Compactness and band gap of the Modulation software:
(Jobin Yvon UVISEL DH-10) Taz0s and TSIO (multi)layers. DELTAPSI;

X-Ray diffraction
(PANalytical’s X’Pert PRO
MRD; MRI temperature
Chamber)
Electrical Characterization
(Agilent 4155C semiconductor
parameter analyzer; Cascade
Microtech M150;
Keithley 4200SCS; Janis ST-
500)

Scanning Electron
Microscopy
(Zeiss Auriga CrossBeam
Workstation)
Atomic Force Microscopy
(Asylum MFP-3D system)

Profilometry
(Ambios profilometer)
Rutherford Backscattering
Spectrometry
(Van de Graff accelerator
(2,5MV) 2 MeV alpha particle
He+ beam)

The onset of crystallization of
dielectric films.

Transfer and Output
characteristics; Stress
measurements; CV and CF plots;
Parasitic capacitances.

Atomic ratio of the
multicomponent films and
eventual contaminations.

Topography of the dielectric
surface; surface roughness.

Thickness of the dielectric thin
films;
Ta,0s/SiO; ratio and relative
density of TSiO film and
multilayer structures.

Energy range: 1-6 eV
Temperature range: 100-900
°C; Temperature step: 100 °C
(3 scans at each temperature).

Stress with gate field of
0.16MV/cm

EHT: 15.00 kV,
Aperture size: 60 um

Area: 2x2 um?
Mode: Tapping

Force (tip): 1.0 mg
Speed: 0.10 mm/sec
Si barrier detector: at 165°
Incident angle of beam in
sample: 10%; Current 2-3 nA;
Cumulative charge: 3 pC.
Simulated annealing
algorithm: WiNDF [62].
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Appendix E - Electrical Characterization of devices
using Ta>Os and TSIO

Capacitance versus frequency and voltage

The C-f and C-V are presented in fig. E.1 for metal-insulator-metal (MIM) structures with Ta>Os
and TSiO dielectrics with similar thickness (=220 nm). It is possible to observe that TSiO results in a
lower C (given its lower k) and that there is no significant variation when capacitance is measured

using higher frequencies.

180 ; ; - : 180
170M - "m"whee—e—e—e————
160 - | 160 - Ta:O5 (100 kHz)
<+ -+ Ta,0, (1 MHz)
oy —Tay05 [y —— TSiO (100 kHz)
150 - 150 |-
< —TSi0 < -+ -+ TSIO (1 MHz)
(&) (&)
1408 . 140 | .
130 E 130
120 1 1 1 1 120 1 1 1 1 1 1 1
0 200 400 600 800 1000 8 6 -4 2 0 2 4 6 8
f (kHz) V (V)

Figure E.1- C-fand C-V characteristics of MIM structures that integrated Ta,Os and TSiO layers.

Output characteristic and contact resistance influence

The output curve for a TFT using TSiO as dielectric layer, 200 nm thick, deposited by sputtering
applying substrate bias, is shown in fig. E.2. It allows a qualitative analysis in terms of channel

depletion due to the flatness of curve in saturation regime, of mobility degradation depending on the

separation of curves for different gate voltages 0.30 , . ,
(Ves) and of contact resistance. Concerning the oasl | P s el
fig. shown, it is clearly that the regimes are well- i
0.20
defined, wherein for a drain voltage (Vps) close < Vgg=T7.00V
to 8 V, the TFT is undoubtedly in a saturation “oé |
mode. Moreover, in this regime, the curves ©otot Vgg=525V 1
present a good flatness indicating that the channel 0.05F Vgg =350V 1
is totally depleted and the separation between vl Yas= 173V
0 2 4 6 8 10 12 14 16
curves at different Vgs suggesting that there is no Vps V)
degradation of mobility as Vs increases. Figure E.2 - Output characteristics of IGZO TFTs with
Mo electrodes, using TSiO as dielectric layer (=200
In all produced TFTs, the Molybdenum nm), annealed at 200 °C.
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(Mo) material was used for the electrode layers. In this way, the evaluation of contact resistance is
imperative, as this has to be taken into account when designing the circuits. As it is possible to observe
in the inset of Fig. E.2, there are no crowding effects at low Vps and the amplitude of the drain current
(Ios) is considerably high. In fact, taking into account the work functions of Mo and indium gallium
zinc oxide (IGZ0O), 4.7 and 4.5 eV, respectively, the Schottky barrier can be negligible, which means
that this contact has a high efficiency of injection and, as consequence, good electrical properties are
obtained [63].

Even considering a temperature of annealing of 150 °C, there are no relevant effects.
Unfortunately, TFTs with different length were not measured, which means that the TLM method
(Transmission Line Method) will not be applied to understand the magnification of total resistance of

contacts.

Q Lee

EHT = 500%V Mog= 1000KX SignalA=Inlens Date 29 Jul 2014 Fct
Aperture Size » 3000 pm WD » 57 mm Zeiss Auriga Time (155646 CINMAT O
R IR T SRR :

Figure E. - E me . Modielectric
interface, where the “bubbles” effect is visible.

It is noteworthy that after the substitution of Mo target in sputtering system, some “bubbles”
appear in interface Mo/ dielectric when the substrate is annealed at 200 °C (fig. E.3). Certainly that
this effect affects the TFT performance and should be related with the humps verified in transfer
characteristics (see section 4.1.2). No contamination was found within the resolution limits of Energy
Dispersive X-ray Spectroscopy (EDS), but a comprehensive study should be done, mainly comparing

the composition of Mo targets and the influence of the dielectric etching in this new Mo target.

TFTs performance depending on position in substrate

For the same thicknesses and deposition conditions, several devices using Ta,Os and TSiO as
dielectric layer were measured in order to analyze if there are significant variation in terms of TFT
performance depending on their position in a 2.5x2.5 cm? substrate. Fig. E.4 shows transfer curves for
several devices distributed over the substrate area. A small variation of turn-on voltage (Von) is
verified for TSiO, which is critical to enable complex circuit design, and no relation is found between

Von and substrate position. Devices with Ta-Os present a large variation regarding off-current, which is

46



A Second-Order XA ADC using sputtered 1GZO TFTs with multilayer dielectric

directly related with the large fluctuation of I across the substrate. In fact, for this dielectric most of

the devices were not possible to characterize due to shorted gates.
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Figure E.4 - Transfer curves for different devices (from right to left) in the same substrate, using Ta20s
(a) and TSiO (b) with a thickness close to 200 nm and annealed at 200 °C. Both dielectrics were
deposited by sputtering with substrate bias.

Hysteresis
Another important consideration about TFTs performance is related to hysteresis. Fig. E.5 shows

this effect for Ta,Os and TSiO and it is possible to conclude that hysteresis magnitude is smaller for
TSiO which reinforces the choice to integrate this layer in multilayer configuration. Nevertheless, for
both cases, counter-clockwise direction of the hysteresis is verified, suggesting ionic drift inside the

dielectric layers, in agreement with the AV, shifts found during stress measurements.
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Figure E.5 - Transfer curves in double sweep mode using Ta.Os (a) and TSiO (b) with a thickness close to 200
nm and annealed at 200 °C. Both dielectrics were deposited by sputtering with substrate bias

Stress measurements

The evolution of 1-V characteristics during stress and recovery measurements are shown in Fig.
E.6. These TFTs integrate single layers of Ta;Os and TSiO as dielectric. Positive bias stress was

performed in air, dark, with a gate field of 0.16 MV/cm.
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Figure E.6 - Transfer characteristics evolution for stress and recovery for Ta;Os, (a) and (b), and for TSiO (c)

and (d).
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Appendix F - RBS results

Dielectrics
Table F.1 shows the thicknesses and Ta,Os/SiO, ratios for different samples analyzed by
Rutherford Backscattering Spectroscopy (RBS).

Table F.1 - Parameters obtained for dielectrics after fitting for RBS results.

Sample Layer Thickness Taz0s/SiO;
(10 at-cm™) ratio

TSIiO 1400 2.2
SiO; 140 --

Multilayer: TSiO 607 3.0
3 layers SiO; 123 -
SiO; 91 --

Multilayer: TSiO 368 3.0
5 layers SiO2 97 -
TSiO 432 2.7

SiO; 117 --

Semiconductor (IGZ0O)

Compositional analysis of indium gallium zinc oxide (IGZO) used as active layer was also done.

The analysis conditions were the same used for dielectrics, previously described in Chapter 3.
Fig. F.1 shows the elements present in sample. As expected, peaks of indium, gallium, zinc and
oxygen were found. It is relevant to note that gallium and zinc are in overlapping peaks because they

have an atomic number very close to each other.

1,0 & T g T 12 T g T % T y T

0.8

e Si (substrate)

04+

Zn
Ga

\J l T
00 1 1 1 A xA_J 1
250 500 750 1000 1250 1500 1750 2000

Energy (keV)
Figure F.1- Composition analysis obtained by RBS for IGZO film.

02+

Normalized Yield (103counts / uC)
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However, according to the percentages of elements determined, an atomic ratio of 4:2:1
(indium:gallium:zinc) was found which is equivalent to 2:1:1 in terms of molecular ratio
(In203:Ga203:Zn0).

Table F.2 - RBS results obtained after fitting of IGZO data.

Sample Thickness In Ga Zn @) Ar X2
(10® at-em?) (at. %) (at. %) (at.%) (at.%) (at. %)
1GZO 202 21.7 9.6 4.5 63.6 0.5 6.42
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Appendix G - Electrical Characterization of devices

using Multilayer structures

Electrical Properties — summary

Electrical properties of TFTs integrating multilayer structures were analyzed and they are
presented in table G.1. For 3 layers configuration, three different thicknesses were evaluated, ranging
from 100 to 250 nm. Taking into account that the TFT with 200 nm of dielectric layer provided the
best performance, the 7 layers structures were produced considering, approximately the same

thickness.

Table G.1 - Electrical properties for TFT devices that used multilayers structures (W/L = 160/20 pm/pm).
Devices were measured using a short integration time to prevent hump effects (see chapter 4), which increases
the measured I values over more conventional medium integration times.

Multilayer Temperature Thickness Msat On-off  Von S le @ Vemax
(nm) (cm>Vv1sl)  ratio (V)  (Vedec (A)

1

)
3 layers 150 250.0 14.5 4.21x10% -0.75 0.176 1.51x101°
3 layers 150 200.0 14.6 8.36x10® -2.00 0.177 6.80x1013
3 layers 150 100.0 24.9 6.31x10° -0.25 0.182 1.78x101°
7 layers 200 240.0 12.7 3.23x107 -1.50 0.213 1.26x101°

Stress measurements

The evolution of transfer characteristics during stress and recovery measurements are shown in
fig. G.1. These TFTs integrate multilayer structure as dielectric. A large improvement is verified when

comparing these plots with the ones of TFTs having single layer dielectrics (fig. E.6).
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Figure G.1 - Transfer characteristics evolution for stress and recovery for multilayer (3 layers), (a) and (b),

and for multilayer (7 layers) (c) and (d).

SEM image
Using Scanning Electron Microscopy (SEM), it was possible to do a cross section near

the

channel in order to identify all layers present in device (fig. G.2). In fact, it is possible to distinguish

all layers. Starting from the bottom upwards:
o Substrate (large layer);
e Molybdenum (Mo) layer — gate material ( =60 nm);

o Multilayer dielectric:

o SiO; (=20 nm);
o TSiO (=60 nm);
o SiO2 (=10 nm);
o TSiO (=60 nm);
o SiO; (=10 nm);
o TSiO (=60 nm);
o Si02 (=20 nm);

¢ Indium gallium zinc oxide (IGZO) — semiconductor material ( =30 nm);
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o Molybdenum (Mo) layer — electrodes material ( =60 nm);

EHT = 200 kV Mag= 50.00KX SignalA=SE2  Date :29 Jul 2014 ct
Aperture Size =30.00 ym WD = 5.1 mm Zeiss Auriga Time :16:24:54  cenmat.on

Figure G.2 - Cross section of TFT near the channel (SEM image).
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Appendix H - XA Modulator

Inverter

The simulation result for inverter circuit is shown in fig. H.1. Despite the length of these devices
was 10 pum, it is possible to observe that the output voltage needs some s in order to stabilize, which
limits the operation frequency of circuits. The difference between the output voltages for high and low
levels is related to the sizing ratio between driver and load that was 4:1. These output voltages was

considered satisfactory even to maintain the initial thought about two different sizing of transistors.

10

(e e

S et
[
&
= 4+ —In
> — Out

2

0k
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Time (us)

Figure H.1 - Simulation result for inverter considering the
load n-type TFT (40/10 um/um) and driver (160/10 pm/um).

Comparator
In table H.1 shows the final transistor dimensions used in the initial comparator for the different

devices shown in fig. 4.12 (see Chapter 4).

Table H.1 - Transistor dimensions used in the initial sizing of the comparator.

| Characteristics

Transistor Width (um) Length (um) Multiplicity
Ml ab 40 20 2
Mz ap 160 20 4
MS a,b 40 20 2
Maap 160 20 2
Ms ap 40 20 4
M ap 40 20 8
M7 a,b 40 20 8
Ms ap 160 20 2

Mo 40 20 2
Mio 160 20 2
Mi1ap 40 20 2
M12ap 40 20 2

After integration of comparator in ZAM, some adjustments in TFTs were done mainly in terms

of length and multiplicity. The final sizing of devices is presented in Table H.2.
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Table H.2 - Transistor dimensions used in the final sizing of the comparator.

Characteristics

Transistor Width (um) Length (um) Multiplicity
M1 ap 40 40 2
M2 a 160 20 12
Mzap 40 10 2
Maap 160 10 2
Ms ap 40 10 4
Méapb 40 10 8
M7 ap 40 10 8
Ms ap 160 10 2

Mg 40 10 2

Mo 160 10 2

Mi1ap 40 10 2

M12ap 40 10 2
Modulator

According to SIMULINK® results, the values of passive components illustrated in fig. 4.15b,

are presented in Table H.3.

Table H.3 - Sizing of passive elements obtained by SIMULINK®.

Component Value
Riab 111.0 kQ
R2ap 64.4 kQ
R3ap 116.3 kQ
Raab 271.6 kQ
Rsap 25.05 kQ

Ci 2.2nF
Cx 2.2nF
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Appendix | - Circuit Layout

The parameterized cell (PCELL) used in the circuit
layout was constructed taking into account the staggered
bottom gate and top contacts structure. The PCELL is shown
in fig. 1.1, where blue metal is the gate material, yellow is the
semiconductor and gray is the electrode area and red denotes
low-k insulator etching between metal layers. In terms of
device dielectric, it will cover all area (except the test

structures). Some rules related to PCELL such as overlapping

distances are present in table 1.1. These rules take into account

the limitation of equipments and processes established in ! :
Figure 1.1 - Structure of PCELL used

CENIMAT, being a worst-case scenario considering relevant for a 160/10 (um/um).
misalignment and a safety factor to prevent undesirable
effects.
Table 1.1 - Rules used during circuit layout.
Description
Minimum space between metals 20 pm
Minimum width of metals 20 pum (except in channel)
Minimum area of vias 20x20 pm?
Minimum space between vias 20 pm
Overlap gate - contacts 2 um
Overlap semiconductor - contacts 4 um
Gate extension 5um
Contacts extension 2.5 um

The glass substrate will be connected to a PCB using a commercial connector (PCI connector).
However, the insertion of the glass Corning eagle is not so easy and it is necessary to filing an edge of
the glass. An experimental test was already done using a thin film (= 60 nm) of Molybdenum (Mo)
and by inserting the substrate in connector it was possible to verify that the film was not significantly
degraded (fig. 1.2). However, to take into account possible degradation of films, a specific mask for

top contacts will be used in order to produce them thicker.

Figure 1.2 - Glass substrate, covered with a Mo thin film,
inserted in a PCI connector for testing.
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In terms of production, a 7 mask process is planned, being the sequence as follows:
o Metal 1 deposition (gates) and lift-off (mask 1);

o Dielectric deposition (multilayer structure);

¢ Semiconductor deposition and lift-off (mask 2);

o Parylen deposition and etching to open vias (mask 3);

o Etching of multilayer dielectric to access to metal 1 in opened vias (mask 4);

o Metal 2 deposition and lift-off (mask 5);

¢ Deposition of contact pads and lift-off (mask 6);

e Passivation and etching (mask 7).
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