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AbstratAbstratIn a semiondutor market dominated by portable onsumer appliations, embedded �ash memorytehnology has experiened a rapid di�usion. It is now onsidered the preferred solid-state memorysolution for its non�volatile harateristis, high read and write speeds and salability properties.As tehnology sales down in the nanometer range, new aurate physial tools should be madeavailable to iruit designers, to support the development and optimization of high�voltage iruitbloks.A surfae potential-based model for the �ash memory ell has been developed with the pur-pose of providing a omprehensive physial understanding of the devie operation, suitable forperformane optimization in memory iruit design. An aurate validation methodology also ta-kes into aount harge balane e�ets on the isolated �oating gate node and parasiti ouplingsinside and between the memory ells. The ompat model supports DC, AC and transient analy-ses, inluding program/erase bias salability, temperature e�ets, proess orners and statistialvariations. The results have been ompared to Tehnology Computer-Aided Design (TCAD) si-mulations demonstrating that short hannel e�ets, overlap apaitanes and veloity saturationdominate over the intrinsi behaviour of the ell in ultrasaled devies. The approah inludesdrain disturb and memory endurane degradation models due to oxide aging. These e�ets arebeoming dominant in ultrasaled devies. The model has been implemented using the Verilog-A language for portability into ommon iruit simulators. Validation has been performed onmeasurement results of test strutures integrated in a 65nm derivative NOR CMOS tehnology.The ompat model development has been based on a rigorous modeling approah ombi-ning onventional TCAD simulation tools with physially-based analyses. A new TCAD toolhas been proposed for the investigation of advaned quantum e�ets, band struture models,quantum tunneling and multiphonon-assisted harge trapping e�ets in dieletris. The e�etsof harge trapping in oxide layers and Si/SiO2 interfaes have been studied, spei�ally fousingon �ash tehnology, where high voltage biases represent a major issue for dieletri degradation.A multiphonon-assisted model has been oupled with a Poisson-Shrödinger quantum solver. Anovel impedane alulation method has been applied to the analysis of DC and AC MOS ha-rateristis. This approah permits the physial modeling of trap �lling, frequeny response anddevie eletrostatis. Transient e�ets of trap �lling and trap-assisted tunneling through the ga-te have also been investigated. The adoption of suh a multilevel approah permits to applythe methodology to �ash memory ells. This enabled the investigation of the role of defets oneletrostatis and program/erase e�ieny redution.The �ash ompat model has been applied in a proess development and IC memory designperspetive. Tehnology development requires a profound understanding of trade-o�s in �ashdevies, whih a�et DC, transient and long�term performanes. The design, integration andharaterization of a 40KB memory setor for smart ard appliations has been performed todemonstrate the apabilities of the ompat model.Keywords: semiondutor devie modeling, ompat modeling, embedded �ash memory,Poisson-Shrödinger modeling, memory endurane, dieletri degradation, interfae & oxide de-fets, multiphonon�assisted harge trapping.
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RésuméRésuméDans un marhé des semi-onduteurs dominé par les appliations portables grand publi, la teh-nologie embarquée de mémoire �ash a onnu une di�usion rapide. Elle est devenue la solution demémoire à état solide préférée pour ses propriétés de non-volatilité, ses temps d'aès et d'éri-ture très réduits et ses avantages en terme d'intégration. Alors que les dimensions des dispositifséletroniques approhent le seuil du nanomètre, des nouveaux outils des simulations doivent êtremis à disposition des onepteurs de iruits pour le développement et l'optimisation de blos àhaute - tension environnants.Un modèle ompat à potentiel de surfae de la ellule de mémoire a été développé a�n depermettre une ompréhension omplète du fontionnement physique du dispositif. Une méthodo-logie de validation préise inlut la prise en ompte des e�ets d'équilibre de harge sur le n÷udisolée, qui onstitue la grille �ottante, et des ouplages parasites à l'intérieur et entre les ellules.Le nouveau modèle ompat supporte les analyses DC, AC et transitoire, et omprent la dépen-dane ave les tensions, la durée et les algorithmes de programmation et d'e�aement, les e�etsde température et ainsi que les variations statistiques. Les résultats du modèle ompat ont étéomparés à des simulations TCAD démontrant que dans les tehnologies avanées, les e�ets deanal ourt, des apaités parasites et de la vitesse de saturation dominent sur le omportementintrinsèque de la ellule. Le modèle o�re également aux onepteurs la possibilité de déterminerdes ompromis importants, par l'inlusion des modèles de perturbation de l'etat de la ellule detype �drain disturb� et de la dégradation de l'endurane de la mémoire due au vieillissement del'oxyde. Le modèle a été implémenté dans le langage portable Verilog-A et a ètè validé au moyende résultats de mesures e�etuées sur des strutures de test intégrées en tehnologie CMOS 65nm.Le développement du modèle ompat a été basé sur une approhe de modélisation rigoureuse,assoiant les outils TCAD onventionnels ave des modèles quantiques avanés. Pour e faire,un nouvel outil a été développée pour l'étude des e�ets quantiques, des modèles de struturede bandes des matériaux, du tunnel quantique en régime diret et des e�ets de piégeage dansles diéletriques. Les e�ets de piégeage de harge dans les ouhes de l'oxyde et aux interfaes
Si/SiO2 ont été étudiés. Se onentrant spéi�quement sur la tehnologie �ash, pour laquelle lessignaux haute tension représent un enjeu majeur pour la dégradation des diéletriques. Un modèlerigoureu en prenant en ompte les transitions multiphonon a été ouplé à un solveur quantiquede type Poisson-Shrödinger. De plus, un modèle de l'impédane du transistor a été élaboré etappliqué à l'analyse des aratéristiques du MOS en regimes DC et AC. Cette approhe permet lamodélisation physique du remplissage des pièges, de la réponse en fréquene et de l'életrostatiquedu omposant. Les e�ets transitoires et l'e�et tunnel assisté par pièges à travers l'oxyde ontégalement été étudiés. L'adoption d'une telle approhe à plusieurs niveaux de modelisation o�rela possibilité d'appliquer la méthodologie aux ellules de mémoire �ash. Le développement d'unmodèle ompat pour la dégradation et l'analyse du r�le des défauts sur l'életrostatique et surl'e�aité de programmation et d'e�aement a été proposé.Le modèle ompat de la ellule �ash a été appliqué à l'optimisation du développement dela tehnologie et à la oneption de iruits intégrés de mémoire. Le développement du proédétehnologique néessite une ompréhension profonde des ompromis, qui peuvent a�eter les fon-tionnements en DC, en transitoire et à long terme de la ellule. La oneption, l'intégration et laquali�ation d'un seteur de mémoire de 40KB destiné à les appliations de arte à pue (SmartCard) ont été e�etuées, a�n de démontrer les apaités du modèle ompat.5



RésuméMots-lés : dispositif semi-onduteur, modélisation ompate, mémoire �ash embarquée,modélisation Poisson-Shrödinger, endurane, dégradation des diéletrique, défauts d'interfae &d'oxyde, piégeage des harges assisté par transition multiphonon.
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SommarioSommarioNel merato dei semionduttori permeato da appliazioni portatili e di tipo onsumer, la tenolo-gia delle memorie �ash inorporate, o�rendo vantaggi in termine di non-volatilità, ridotti tempidi aesso e srittura e salabilità, ha onosiuto una rapida di�usione, divenendo la soluzione dipreferenza per le memorie a stato solido. Con l'addentrarsi della tenologia nel dominio nanome-trio, gli sviluppatori di iruiti analogii rihiedono nuovi strumenti preisi per l'ottimizzazionedei blohi ad alta tensione.In questo ontesto, un modello a potenziale di super�ie per la ella di memoria �ash éstato sviluppato, on l'obiettivo di o�rire una migliore omprensione dei regimi di operazione deldispositivo durante l'ottimizzazione dei iruiti irostanti la matrie di memoria. Una proeduradi validazione aurata rihiede la onsiderazione di e�etti di bilanio di aria sul nodo isolatoe di e�etti di omponenti apaitive parassite nella ella. Il nuovo modello ompatto permettel'analisi DC, AC e regime transitorio, inludendo le dipendenze sulla durata e sulle tensioni diprogrammazione e di anellazione, e�etti della temperatura e variazioni statistihe dovute alproesso di fabbriazione. I risultati del modello sono stati onfrontati on simulazioni numeriheTCAD, dimostrando ome gli e�etti dovuti alla riduzione della lunghezza del anale, alla presenzadi apaità parassite e alla veloità di saturazione delle arihe, dominino sul omportamentointrinseo della ella. Il modello o�re la possibilità di valutare importanti ompromessi spei�i aldesign di memorie �ash, attraverso l'aggiunta di modelli per la simulazione di e�etti di disturbosui terminali dei dispositivi, le omponenti parassite dovute all'interazione on le elle irostantinella matrie di memoria, e la resistenza della memoria al degrado del dispositivo. Il modello éstato implementato in linguaggio Verilog-A per failitare la portabilità sui simulatori iruitaliSPICE di tipo industriale, e validato mediante misure su spei�he strutture di test in tenologiaNOR 65nm CMOS.Lo sviluppo del modello ompatto é stato basato sull'analisi rigorosa del dispositivo on te-nihe numerihe di tipo TCAD onvenzionali e modelli �sii avanzati. Un nuovo software dimodellizzazione é proposto per l'investigazione di e�etti quantistii avanzati, e�etti della strut-tura a bande dei materiali, e�etto tunnel quantistio e intrappolamento di arihe nei dielettriie alle loro interfae attraverso transizioni assistite da fononi. Un modello quantistio per l'in-trappolamento di arihe é stato implementato in un simulatore Poisson-Shrödinger ed un nuovometodo per determinare l'impedenza sulla griglia del transistor é stato elaborato ed appliato perl'analisi di aratteristihe DC e AC. Questo approio permette la modellizzazione �sia del riem-pimento dei difetti, la loro risposta in frequenza e il loro impatto sull'elettrostatia del sistema.Il modello permette l'analisi degli e�etti in transitorio e delle omponenti aggiuntive di tunnelingassistito da difetti. I risultati del modello sono stati appliati alla disriminazione degli e�ettidel degrado dovuti al ambiamento dell'elettrostatia della ella e alla riduzione dell'e�aia diprogrammazione e anellazione.Il modello ompatto della ella �ash ha failitato lo sviluppo del proesso tenologio e ildesign di un hip di test di 40KB di memoria per appliazioni smart ard. Il design, l'integrazionee la aratterizzazione del hip dimostra le potenzialità del modello sviluppato.Parole hiave: modellizzazione di dispositivi elettronii, modellizzazione ompatta, memoria�ash, modellizzazione Poisson-Shrödinger, endurane, degrado di ossidi, difetti in dielettrii e alleinterfae, intrappolamento di arihe. 7
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IntrodutionSemiondutor memory devies and iruits represent key omponents of most of eletronisystems due to the widespread presene of miro�ontrollers and software appliations, tostore fragments of exeutable ode or large amount of data. This large di�usion haspervaded all the setors of the semiondutor industry, experiening a signi�ant suessfollowing the emergene of reent appliations into our day-to-day lives: from the storage oflarge amounts of information into portable eletroni devies to the performane improve-ment in high-speed servers, from the storage of miroontroller's program ode into anyindustrial equipment to simpler instrution sets (the so-alled �rmware) of DSP (DigitalSignal Proessors) iruits or any programmable unit.The development of the semiondutor memory market has rapidly progressed over theyears, as new appliations and memory tehnologies have beome available to industriesand mature to be ommerialized. All the presently available tehnologies an be lassi-�ed into two main ategories: RAMs (Random Aess Memories), whose ontent an behanged within a period onsidered short and omparable to the lok period of the system,and ROMs (Read Only Memories), where the non-volatility aspet, i.e. the apability ofretaining the information virtually for ever, enables storage when the power supply is dison-neted. The predominane of data-entri software appliations over omputation-entriappliations neessitates the development of the an ideal memory tehnology, ombiningboth the high performanes of RAMs with the high density and non-volatility properties ofROMs. However, a more aurate evaluation of new memory tehnologies should nowadaysrely on a wide spetrum of riteria involving di�erent domains and depending on produtappliations and ustomer needs, from low-power requirements to integration apabilities,from tehnology salability to integration ost and omplexity, from basi memory perfor-mane to devie endurane.A partiular lass of NVM (non-volatile memory) devies is represented by �ash me-mory tehnology, whose market has grown to beome a $20 billion/year giant in less than 3deades [1�3℄. Flash memory tehnology is a lass of Eletrially Erasable-ProgrammableROM (EEPROM) originally developed by Masuoka in 1980 [4℄ and 1987 [5℄. In suh a de-vie, the measurable attribute, i.e. the information, is represented by an eletrial hargeand the non-volatility aspet is ahieved storing a given amount of harge on an isolated�oating-gate (FG) node. As a bene�t of its advantages, whih inlude non�volatility pro-perties, endurane and reliability, high aess speed and salability, the EEPROM Flashmemory tehnology is nowadays the preferred storage memory in many portable onsumer17



Introdutionand omputer appliations. Reently, the market demands for inreasingly aggressive per-formanes led to the development of advaned deep-submiron �ash tehnologies, faingnew salability and integration issues.Two mainstream Flash memory tehnologies have been developed to volume prodution:
• NOR �ash is mostly used in embedded appliations; featuring high speed and noiseimmunity, it is ompatible with low-power appliations and driven by the market ofportable appliations, o�ering random aess apabilities;
• NAND �ash are able to ahieve higher paking density and onsequently lower ostthan NOR; this tehnology is suitable for large data storage, but not the ideal an-didate for random aess memory appliations; the NAND arhiteture is indeedrestrited to serial read/write operation.The two tehnologies also di�erentiate in the memory matrix array organization and marketdemands and di�usion. In NOR arhitetures, the ells have ommon soure lines, normallyonneted to the ground terminal of the array. Eah ell an be addressed with its spei�bit-line. Among the appliations of NOR arhitetures one ould mention the storage ofparameters and instrution sets in DSPs' �rmware in eletroni automotive appliations, aswell as ustomer data in banking with Smart Card dediated produts. Ciruitry omplex-ity inreases when the funtionality to address a blok of ells onneted in series betweenthe ground line and single bit line ontats is required. NAND tehnologies are primarydediated to end-user produts. In 2010, this latter tehnology was oupying 21% of thetotal market of semiondutor memories, while NOR �ash arhitetures represented a por-tion equal to 12%. Nevertheless, both markets are in onsiderable inrease with an averageannual revenue growth of 12% [6℄.Generally, CMOS devie performanes an be improved with the introdution of newmaterials, new devie arhitetures and saling paradigms, or new fabriation proesses.As a onsequene, the improvement in CMOS and post-CMOS tehnology has empoweredthe development of advaned models to predit the behavior of the devie. For example,the oxide thikness of new nanosale devies reahes few atomi layers and the in�uene ofinterfae e�ets between the materials dominates over the bulk material properties. More-over, fabriation proesses in industrial CMOS tehnologies presently onsist of more than200 steps. Complex heterostrutures, material staks and tehnology boosters are applied.Advaned modeling tehniques are thus required to predit the eletrial behavior andthe proess variability, and to support the tehnology development and referene modelsformulation for simpler iruit-level approahes. The improvements of TCAD advanedmodels should proeed in parallel with the development of physial ompat models toenable produt development with short design tapeout time durations.Embedded non�volatile RAM (eNVRAM) ompat models that are presented in lite-rature are generally limited to reprodue the behavior of a single �ash ell only in readonditions, without onsidering the numerous physial phenomena that de�ne the �naloverall performane of the devie. While these models are suitable for end users, theyare insu�ient for IP designers implementing harge pumps or support iruits, and to18



physially analyse the long-term properties and related issues (endurane, data retention,reliability, soft programming et.) of the ell.Compat models development should involve validation using physial TCAD simula-tions and hardware test-strutures. From a methodology point of view, a rigorous approahombines onventional TCAD simulation tools with physially-based models. The investi-gation of physial phenomena and the alibration of empirial models implemented inommerial TCAD tools and ompat models an be performed in this view. In responseto the industrial need, new physially-based models have been developed in the aademiworld. However, their appliation to the industrial environment is rarely e�etive due totheir limited versatility, portability, support and user-friendly interfaes.TCAD analysis is spei�ally required in devie reliability study. Spei�ally fousingon �ash devies where high voltage biases represent a major issue for dieletri degradation,the e�ets of harge trapping in oxide layers and Si/SiO2 interfaes require partiular at-tention, as they ause unontrolled devie parameter variations and general devie lifetimeredution. In �ash devies, the highly-energeti arriers in programming by Channel HotEletron Injetion generate interfae and bulk oxide states, a�eting DC and AC perfor-manes, program/erase dynamis, memory endurane and retention.This work develops within the Joint Development Agreement (JDA) between IBM Sys-tems and Tehnology group and ST Miroeletronis in Crolles (Frane) and is supportedby the Laboratoire des Systemes Miroeletroniques at EPF Lausanne. Its main objetiverelies on the development of a 65nm NOR eNVRAM derivative tehnology for automo-tive and smart ard appliations. A new physial, e�ient and portable ompat modelsuitable for SPICE iruit simulations has been developed, implemented in Verilog-A, vali-dated on TCAD simulations and extrated from measurements. The development of suh aphysial model requires the establishment of a fully-omprehensive modeling methodology,investigating physial phenomena, improved onvergene shemes and model appliationsin �ash memory devies. This inludes �rst priniples simulations, TCAD analysis of theeletrostatis of the ell, ompat SPICE model development and extration, and IC me-mory design of a testhip using the extrated model. This approah has been adoptedin this work and a omprehensive desription of its onstituting parts is presented in thisdoument.The ore of the doument inludes 5 hapters:
• In Chapter 1, we desribe the general working priniples of a �ash memory deviein NOR on�guration. An overview of the tehnology aspets, integration hallengesand ell performanes is provided. By reviewing the modelling paradigms and state-of-the-art approahes, the reader is able to identify the advantages and limitationsof modelling solutions presented in literature. Finally, iruit omponents in NVMmemory setors and issues emerging in IC memory design are desribed;
• in Chapter 2, a methodology to develop a surfae potential-based model for the �ashmemory ell based on 2D and 3D TCAD simulations has been developed. Thisenabled the omprehensive physial understanding of the devie operations and ele-19



Introdutiontrostatis e�ets. We investigated the in�uene of short-hannel e�ets, overlap a-paitanes and veloity saturation with respet to the intrinsi behaviour of the ellin ultrasaled devies by means of TCAD simulations. A robust algorithm is imple-mented to solve the harge balane on the isolated �oating gate node, taking intoaount parasiti ouplings in the ells. The new ompat model supports DC, ACand transient analyses, inluding program/erase bias salability, temperature e�ets,proess orners and statistial variations. The model has been implemented usingthe Verilog-A language to guarantee ompatibility with ommon iruit simulatorsand has been validated using 3D TCAD simulations and measurement results ondesigned test strutures;
• in Chapter 3, the e�ets of oxide degradation in CMOS tehnologies have been ana-lysed. A rigorous MultiPhonon-Assisted (MPA) harge trapping model has been ou-pled with a Poisson�Shrödinger solver and a novel impedane alulation methodhas been applied to the analysis of DC and AC MOS harateristis. This approahpermits the physial modeling of trap �lling, frequeny response and devie eletro-statis, as it intrinsially takes into aount self-onsistene in the struture. Thespatial/energy distributions of apture/emission time onstants are modelled. Tran-sient e�ets of trap �lling are also investigated as Charge Pumping (CP) tehniquesan be adopted to extrat interfae trap onentration pro�les. The haraterizationmethods are ompared extrating the energeti and spatial regions ontributing tothe response;
• in Chapter 4, seondary e�ets in �ash memory devies are desribed and integratedin the aforementioned �ash ompat model. Towards a more analytial approahfor the e�ets of defets of Chapter 3, a semi-analytial model for harge trappingand degradation has been implemented and the e�ets of degradation on enduraneharateristis analysed. Compat solutions have been adopted to model disturband ross-ouplings in �ash memory arrays, validating the approah on hardwareand TCAD. Statistial analysis is a valuable funtionality to permit designers toinvestigate the worst-ase onditions of the devie;
• in Chapter 5, the appliations of the ompat model to IC memory design are de-sribed: strategies for program/erase pulse analysis and optimization permit to de-termine the best onditions of operation of the memory ell. Finally, the design,integration and haraterization of a 40KB memory setor for Smart Card (SC) ap-pliations has been performed using the ompat model. Bit Line and Word Lineparametri ells have been developed to simulate a omplete set of devies in thememory setor. Charaterization and funtionality testing of the memory test-hipdemonstrates the diret appliation of the physial SPICE model.The formulation of the ompat model has also onduted to the development of a newustom-made modeling tool, named UTOXPP, whih has been adopted for the investiga-tion of advaned quantum e�ets, band struture models, quantum tunneling and MPA20



harge trapping e�ets in dieletris. The new tool is desribed in Annex C where itsfuntionalities and appliations in CMOS tehnology are presented.
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Chapter 1Flash memory tehnologyThis Chapter exposes the basi working priniples of a �ash memory ell and the state-of-the-art of ompat modeling of the devie, suitable for the appliation to IC memorydesign.1.1 Working priniples and general de�nitionsThe struture of a �ash devie is illustrated in Figure 1-1: a single ell is onstitutedby a �oating gate (FG) metal-oxide semiondutor �eld-e�et transistor (MOSFET), thatis apable of retaining a previously-stored eletrial harge for long periods of time evenwhen power is removed. This type of transistor is a standard MOSFET devie, whosegate is onneted with one or more apaitors and is thus �oating, i.e. ompletely eletri-ally inaessible and isolated from the other nodes. The dieletri between the hanneland the polysilion FG is also alled tunnel oxide and its thikness TOX results from aompromise between high program/erase (P/E) performanes and endurane/retention a-pabilities. The layer between the FG and the ontrol gate is ommonly a trilayer stakformed of a Si3N4 insulator (nitride) sandwihed between two layers of SiO2 and is alsoalled oxide-nitride-oxide (ONO) layer. The apaitors are used to ouple the FG node tothe voltage biases that are applied to aess or ontrol the stored information. By appro-priately biasing the four aessible terminals (drain - D, soure - S, ontrol gate - CG andsubstrate bulk - B), one is able to sense or vary the harge into the FG node. The proessof removing the harge from a FG is alled erase proedure, while the proess of storing itprogram operation. Retrieving the information is performed in read operation. Triple-wellCMOS tehnologies are ommonly adopted to independently bias the isolated substrate ofthe memory devie during read, program or erase operation.Figure 1-2 shows the ommonly-used operating modes of industrial �ash devies, tosense, store and remove the eletrial harge in the FG node. The amount of harge atthe FG node an be sensed by relating it to eletrial parameters, e.g. the drain/soureurrent IDS �owing into the hannel of the MOSFET transistor onstituted by terminalsFG, D, S and B. In READ operation, the harge modi�es the threshold voltage of the23



Chapter 1. Flash memory tehnology
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Figure 1-1 � Transmission Eletron Mi-rosope ross-setion image along thehannel length of a �ash memory deviein NOR on�guration. In the zoom, theterminals of the devie as well as the ox-ide layers an be identi�ed. Courtesy ofP. Guyader.
intrinsi MOSFET devie, so that one an hoose two stable referene amounts of hargeto represent the 1 and 0 memory states. The threshold voltage of the ell Vth is onsequentlymodi�ed. Several de�nitions are present in literature for this parameter [7℄; in this study theonstant-urrent de�nition has been hosen, Vth being the voltage that has to be appliedto the ontrol gate to obtain an arbitrary referene IDS through a memory ell in readoperation. When a negative harge is present on the FG, Vth inreases and the urrent �owis minimal (programmed state - 0); if the harge is removed, the ell MOSFET presentsa low threshold voltage and IDS inreases (erased state - 1). Sine the oxide ompletelysurrounds the FG node, the injeted harge is trapped in the �oating gate and stores theinformation.Among the tehniques used to store or remove harges, Fowler�Nordheim (FN) tun-neling and hannel hot-eletron injetion (CHEI) are the most di�used solutions. Cellprogramming an be ahieved using both the mehanisms. The tunneling of eletrialharges through oxide layers has been applied sine mid 70s on thin oxide layers. Fowler-Nordheim programming regime is ahieved when a positive high voltage di�erene from15V to 20V is applied between the ontrol gate, i.e. the word line in a strutured matrix ar-ray, and the soure or the substrate of the ell1. This represents a more historial approahand is still applied in NAND, AND and DINOR (divided bit line NOR) tehnologies wherehigh throughput is required sari�ing random-aess memory apabilities. Indeed, oneimportant advantage of suh a method relies on the fat that multiple wordlines an beprogrammed in parallel using a very small programming urrent (less than 10nA/ell).The Channel Hot Eletron Injetion (CHEI) operation onsists in applying a lateraleletri �eld along the hannel to inrease the energy of eletrons and fore a transversaleletri �eld between the �oating gate and the hannel to enhane arrier injetion. Con-trary to FN tunneling, this low-e�ieny mehanism requires large amounts of urrent (upto ≈ 500µA/ell) and thus annot be used in high P/E through-put appliations. CHEI isurrently the preferred approah for ell programming in NOR tehnologies where random-1The eletri �eld would give a better indiation of the strong bias onditions and should be onsidereda more preise indiator as high voltage devies have high applied potential drops with low oxide eletri�elds [8℄. 24



1.1. Working priniples and general de�nitionsaess apabilities are available, and narrow threshold voltage distributions are required.Other drawbaks of CHEI inlude devie degradation that redue both memory enduraneand retention.The erase operation is usually ahieved with reverse Fowler-Nordheim tunneling. Inthe onsidered high �eld regime, the ontrol gate is biased at high negative voltage whilea positive bias is applied on the soure line and/or the isolated substrate of the devie.The required erase urrent remains quite low, enabling the possibility to erase in paral-lel vast portions of the memory matrix. The low urrent onsumption also ontributesto relax requirements in embedded appliations and permitting the integration of simpleriruit bloks for the generation of the required high voltage biases diretly on hip. How-ever, due to the exponential dependene of the tunneling urrent with oxide thikness andharateristis, aurate proess ontrol is required to ahieve narrow Vth distributions.
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Figure 1-2 � Operating modes of a �ashmemory devie. On the top of the�gure, the drain urrent is shown asa funtion of the ontrol gate voltage.The devie swithes between two ormore states (program and erase states),represented by a di�erent amount ofeletrial harge stored on the �oat-ing gate. In (a) program mode ope-ration by Channel Hot-Eletron Inje-tion in the Lowly-Doped Drain (LDD)region is shown. Erase mode by Fowler-Nordheim tunneling aross the TunnelOxide and uniformly along the entirehannel is represented in (b).P/E algorithms are able to injet/remove a given amount of harge into the �oatinggate reating a negative eletrial potential, whih then translates into a di�erent thresholdvoltage of the equivalent MOSFET. As previously mentioned, the ommonly adopted P/Emehanisms have several advantages and drawbaks that have to be arefully evaluatedonsidering the total threshold voltage window, the spread of Vth distributions of the me-mory states, the devie power onsumption, the ell degradation and memory retention,and the possibility of exploiting P/E parallelization. Program/Erase e�ienies an beanalysed evaluating the threshold voltage or the read urrent variation as a funtion oftime. The latter approah is of partiular importane in multistate memory arhiteturesor in aged devies where harge leakage a�ets retention.Variability between the ells of the matrix array auses the devies to have variable25



Chapter 1. Flash memory tehnologyharateristis, inluding variations of eletrial properties of the layers omposing the �ash,geometrial asymmetries, di�erent harateristis of material interfaes. The ompositionof all these variation results in a wide distribution of the ell performanes, inludingthe threshold voltage of the devie. For this reason, modelling solutions should be able todisriminate suh variations to o�er designers the possibility to analyse worst ase senariosand analyse potential trade-o�s.Memory retention in a non-volatile memory tehnology is represented by the amount ofelapsed time between data storage and the detetion of a erroneous readout of the data [8℄.Retention in �ash memory tehnology is assoiated to the apability of the devie to haveredued harge leakage from the �oating gate. In modern Flash devies where high �eldsare required to swith the state of the devie, interfae and oxide defets are onsidered themain responsible of Stress-Indued low-�eld Leakage Currents (SILC), whih derease thequantity of stored eletrons and alter the non-volatile information. It has been quanti�edthat in deep-submiron tehnologies where the FG apaitane is approximately 1fF and thenumber of stored eletrons in the FG does not exeed 20000, a loss of �ve eletrons per daypermits to ahieve a ommonly-aepted spei�ation of 10 years in data retention [9℄. Suhrequirements are even more aggressive in partiular appliations, e.g. in the automotivesetor, where the devie should be able to operate in a wide temperature range. Retentionperformanes an also be a�eted by the properties of the materials, devie geometries andarhiteture, P/E algorithms adopted in iruit design.Another parameter altered by devie degradation and eletrial stress is represented bymemory endurane, i.e. the apability of a memory devie to withstand eletrial stressonditions quanti�ed in memory tehnologies by the number of P/E yles [8℄. Indeed, thedevie experienes Vth window losure or shift phenomena after a given amount of P/Eoperations whih represent a serious onern for IP designers developing sense ampli�eriruits for deteting the state of the devie.Word-line (WL) and bit-line (BL) disturbs represent other major issues in ultra-saledtehnologies. Indeed, in NOR array on�gurations programming and erasing an beahieved only by biasing entire WLs and BLs in high voltage onditions. The programmingdisturb present on the unseleted erased devies (attaked ells or vitims) belonging tothe same WLs (WL or gate disturb) may indue tunnelling of eletrons from the hannelto the FG. BL disturbs an generate from both program and read onditions. In suh aase, the vitim ells share the same BL of the devie to be programmed or read. Alsoin this ase the programmed ondition is more sensitive to disturb as it is suspeted thathot hole injetion (HHI) phenomena our from the hannel and redue the amount ofeletrons stored into the devie [10, 11℄.Although all the mehanisms detailed above have been investigated with ompat solu-tions, tehnology saling is faing an inreasing number of issues related to quantum-e�ets,arrier on�nement, reliability and oxide interfaes issues. As a onsequene, more aurateand rigorous quantum models should be developed to at as a referene for ultra-saleddevies (see Chapter 3 and Annex C). 26



1.2. Modelling of �ash memory devies1.2 Modelling of �ash memory deviesAll ompat DC models for �ash devies desribed in literature divide the ore of the deviein two bloks: a apaitane network, mainly represented by the intra-poly apaitane,whih isolates the �oating gate node from the other terminals, and a MOS devie, alsoalled equivalent transistor, whih represents the ative omponent of the struture andwhose gate is onstituted by the �oating node. The struture of the equivalent transistoran be obtained ontating the FG of the ell by shortening it with the ontrol gate. Thispermits the haraterization of the ative region of the devie.1.2.1 Modelling methodology in industryCompat or SPICE models in miroeletronis reprodue the behaviour of eletroni de-vies and �nd appliation in iruit design. They onsist of analytial solutions with whihIC designers an verify the eletrial behaviour into modern iruit SPICE simulators.They provide a mathematial representation of the eletroni devie for the alulationof the terminal harges and urrents depending on bias, geometry, temperature and otheroperating onditions. Compat models elegantly merge physis, simpliity, universality,auray and e�ieny. With devie saling towards deep sub-miron, the development ofompat approahes often requires trading o� model performanes with physials aurayand simpliity. The emergene of extrinsi phenomena requires new e�ets to be intro-dued, inreasing the number of model parameters and thus the extration omplexity. Inthe ase of MOSFET devies, ompat models are usually strutured with an intrinsi oremodel, that de�nes the transistor behaviour for the urrent and harges alulation, and aseries of extrinsi models to simulate the resistive and apaitive omponents in the stru-ture (aess resistanes, juntion and overlap apaitanes, interonnetions, et.) and theparasiti urrents �owing in the struture (gate indued drain leakage - GIDL, juntionand oxide leakage, et.).The state-of the-art of ompat models of MOSFET devies adopted in industry [12℄an be divided into three ategories depending on the method adopted in the developmentof the intrinsi models: threshold voltage-based, harge-based and surfae potential-basedapproahes. Threshold voltage-based models inlude the family of BSIM [13�15℄ developedby the University of Berkeley and MM9 from Philips [16℄, and are regionals models whereurrents and harges are determined analyzing the devie in separate operating regions andusing smoothing funtions for the intermediate transitions. These models fae issues whenreproduing the physial behavior of the devie as empirial parameters are introdued toontrol the smoothing of the transition. Consequently, other approahes are gradually re-plaing regional models. Charge-based approahes rely on the alulation of the inversionharge in the hannel and are derived from the harge sheet approah originally adoptedby Brews in 1978 [17,18℄. One of the most important representatives of this ategory is theEKV model, whih founds important appliations in IC analog design [19�22℄. Althoughthese approahes are presently adopted by a large number of researh groups, the organismfor the standardization of ompat models (Compat Model Counil) reently hose sur-27



Chapter 1. Flash memory tehnologyfae potential-based models as future replaement of regional models. This last ategoryinludes HiSIM [23℄, MM11 [24℄, SP [25, 26℄ and PSP [27�29℄ models, where analytial so-lutions permit an aurate and e�ient determination of the surfae potential in the MOShannel.1.2.2 Modeling of the �oating gate voltage in DC onditionsThe spei�ity of the ompat models for �ash devies relies on the alulation of the�oating gate potential. This setion details the two paradigms that ould be adopted tothis purpose.(i) Capaitive oupling oe�ient models - CCMThe origin of the �rst ompat �oating-gate models is found in the mid 80s with the appli-ation to EEPROM ells. In suh an approah, originally proposed by Bhattaharyya [30℄and further adopted by Kolodny in [31℄, the base equations de�ning the �oating-gate ope-ration in read operation and the �rst onepts of intra-ell oupling are introdued. Theharge QF0 stored inside the FG node in DC onditions an be expressed as a funtion ofapplied biases and oupling apaitanes:
QF0 = CCF (VF − VC) + CFS(VF − VS) + CFD(VF − VD) + CFB(VF − VB), (1.1)where VF is the potential on the FG, while CCF , CFS, CFD and CFB are the apaitanesbetween the Floating Gate and the Control Gate, the Soure, the Drain and the Bulk,respetively.Assuming that one is able to determine the apaitanes in the struture, the �oatinggate potential an be analytially determined using:

VF = αCVC + αDVD + αSVS + αBVB +
QF0

CT
, (1.2)with CT = CCF + CFD + CFB + CFS expressing the total �oating gate apaitane.In this approah, the oupling oe�ients αj , de�ned as the derivatives of the FGvoltage with respet to the bias Vj applied to terminal j or equivalently as the oupling ofthe FG with respet to the eletrode j, an be desribed by:

αj ≡
∂VF
∂Vj

=
Cj
CT

. (1.3)The urrents and harges in the ative region of the devie an be determined applyingany analytial model to the MOSFET formed by the terminals F, D, S and B and replaingthe gate voltage with the alulated �oating gate potential. Several onsiderations may bedone on the results provided by this method:
• the threshold voltage of the devie Vth as determined from the ontrol gate terminal28



1.2. Modelling of �ash memory deviesis linearly dependent on the harge stored in the �oating gate node and the shift ofthe harateristis is given by ∆Vth = −QF0

CCF
; in the same way the hange in �oatinggate voltage is given by ∆VF ≈ αC∆Vth =
−QF0

CT

• the model ompletely relies on the estimation of apaitive ouplings; these anbe onsidered model parameters but their aurate determination normally requiresaessing the �oating gate potential during haraterization, a proedure that isusually impossible to perform with a standard FG ell;
• the ontrol gate oupling αC ontrols the apability of the ontrol gate terminal toindue the �oating gate voltage; the ONO apaitane is thus a ritial strutureparameter for the optimization of the devie performane as an improved ontrol ofFG represents better program/erase performanes; a small gate oupling oe�ientorresponds to a small harge transfer on the FG;
• due to the drain oupling, drain turn-on e�et an our if one onsiders that theMOSFET ative devie an ondut even for ontrol gate voltages VC < Vth [9℄;
• while the information an essentially be interpreted as binary, internally an analoginformation represented by the amount of stored harge an be onsidered; multi-state ells have also been proposed exploiting this property but they fae seriousretention and Vth distribution issues when the devie is saled down;
• the external threshold voltage in the absene of harge on the FG (QF0 = 0) is alsoalled ultraviolet threshold voltage V UV

th
2 and it represents an important variable forompat model extration;

• the hannel oupling ontribution is often negleted in Eq. 1.2 even though the largevoltage dynamis between erase and program onditions an result in undesired ap-proximations in VF alulation during transient regime;
• when the aessible terminals are grounded, VF an be di�erent from zero, dependingon the harge QF0.The main drawbak of the apaitive method is related to the auray of Eq. 1.2: dueto the many extrinsi e�ets whih are dominating at sub-miron sale, the determinationof the oe�ients an be a hallenging task and the tehniques used to experimentallyextrat them are often not aurate enough to be applied to all the regimes of operation.Generally, for the estimation of the αi oe�ients, the ontrol gate oupling oe�ient αC is�rstly determined while the other parameters are extrated by measuring the drain leakageurrents or the di�erene between the erase voltages [32℄ [33℄. The most ommon methodto alulate αC relies on the determination of the ratios between the threshold voltages,transondutanes or subthreshold slopes of �oating-gate ells and equivalent-transistor2In older EEPROM tehnologies, the ell was erased by UV treatment ompletely removing the hargeon the �oating gate of the ell. 29



Chapter 1. Flash memory tehnologydevies. It is evident that, sine all the oe�ients are derived from αC , a minimal erroron the estimation of this parameter a�ets all the other oupling oe�ients.A problem ommon to all the oupling oe�ient extration methods is the intrinsidi�erene between two strutures generated by proess variations, that an introdue ran-dom di�erenes in idential devies on the same array. Additionally, all the ases where aomparison of equivalent-transistors and NVM harateristis is performed su�er from thefat that the two strutures present di�erenes in the morphology of the ONO apaitanedue to the array on�guration. Other issues in omparing equivalent-transistors and FGells depend on the adopted extration tehnique. The main limitation in the transon-dutane method desribed in [31℄ is its sensibility to short hannel e�ets and mobilitydegradation. The subthreshold method [34℄ is the most aurate, but it su�ers from thefat that the oupling oe�ient αC is determined in subthreshold regime of operationand its value annot be onsidered onstant for all the biases [9℄. Bez [35℄ estimated theoupling oe�ient αC in the subthreshold regime of the transistor. In this region thedependene of the oupling with respet to the total apaitane CT an be negleted andthe value of the parameter an be evaluated from the programming harateristis of theell, i.e. the variation of the threshold voltage shift ∆VT as a funtion of time, and fromthe subthreshold urrent. Moison [36℄ onsiders a suession of write and erase operationsvarying the hold time of the pulse and alulates the harge and the threshold voltage shiftat the end of the write operation.The oupling ratios that have been de�ned as onstants, are in reality strongly depen-dent on the biases [37, 38℄. Larher [38℄ proposed a new paradigm for the determinationof the oupling oe�ients dependeny using a ompat approah, showing an abrupt de-rease of αC when the devie swithes in weak inversion onditions. It is thus evidentthat the bias dependeny annot be negleted in an aurate and omplete physial model.
VF alulation errors inrease as the disrepany between the applied biased in the ope-rating onditions and in the regime where the oupling oe�ients have been extratedinreases [9℄. Sine the transient urrents are exponentially dependent on VF , these errorsan ompromise the aurate modeling of the transient dynamis.Despite these limitations, the CCM also found appliation in several models for thesimulation of the P/E transient dynamis of �oating-gate ells. In partiular, the lassialformulation of the Fowler-Norhdeim urrent [39�41℄ was adopted for the alulation ofthe �oating gate voltage variation as a funtion of time by [42, 43℄ in both program anderase onditions. This approah has also been applied to �ash memory devies, adding thedesription of CHE injetion urrents [44℄ and the e�ets of degradation on endurane [45℄.(ii) Charge balane models - CBMFlash ell devie modelling methodology has undergone a revolution during mid 90s wheniruit simulators have been introdued for the optimization and the analysis of produtperformanes. This need stimulated the development of more physial ompat approahes,where the whole devie is modelled. In partiular, the ommon approah adopted nowadaysis based on the harge balane method (CBM), originally proposed by Larher and Pavan30



1.2. Modelling of �ash memory deviesin [9, 46℄. It onsists on simplifying the ell into a MOS transistor, whose gate is the FGof the �ash ell, and a apaitor modeling the interpoly apaitane. This new paradigmhas the advantage of avoiding the use of onstant oupling oe�ients that ompromisethe auray on the alulation of VF .A non�linear equation derived from the balane of harges is iteratively solved at theFG node. The total harge on this node is in fat the sum of the harge stored on thegate of the MOS transistor QG and of the harge stored on the bottom plate of the CCFapaitor.
QG(VF , VS, VD, VB) + CCF (VF − VC) = QF0. (1.4)Sine the �oating node is ompletely isolated from the other terminals, in DC onditions

QF0 is onstant while its value is hanged during an erase or programming operation.All the other parameters present in the equation are known or an be determined fromgeometrial onsiderations, as the harge QG an be alulated using standard ompatmodels for MOS transistor suh as BSIM3 [13℄, EKV [19�22℄, HiSIM or PSP [28℄. Theharge QG depends on all the biases in the intrisi MOSFET of the ell, and thus auratemodels are required for its alulation. The auray of the model is strongly dependent onthe preision of the adopted MOS ompat model. Additionally, to assure model salability,physial models are required for the alulation of the ONO apaitane CCF . Even thoughits value an be estimated by means of haraterization results on large area devies orTCAD simulations, ompat salable approahes are preferred for its alulation.If we summarize the harateristis of the two approahes, we an onlude that theapaitive method based on the oupling oe�ients is simple and e�ient, thus it isommonly used in industry beause the determination of the parameters on fully automatedharaterization benhes is straightforward and fast. It o�ers a good estimation of the�oating gate voltage but su�ers from the extration of the oupling oe�ients in thedevie. Indeed, an aurate analytial alulation or experimental measurement of theseparameters is problemati, and presently there is no omplete ompat model for theirbias voltages dependene. When the oupling oe�ients are onsidered onstant, theauray is ompromised, sine, aording to the onditions in whih the oe�ients aredetermined, an overestimation or underestimation of the FG voltage an our, with aonsequent exponential propagation of the error in the transient regime. In the hargebalane method, the determination of the oupling oe�ients is not required sine thebias dependene of the harge is impliitly and self�onsistently integrated inside the MOSgate harge model. The auray is improved but the omputational time is slightly higherdue to the solution of the non�linear equation on the FG node. Also in this ase, theparameter extration proedure is performed by applying the MOS parameter extrationproedure to the equivalent transistor ell. The potentiality of this paradigm however iseven more signi�ant, onsidering that all the models for salability, mobility, saturationveloity, quantum e�ets, STI stress e�ets, et.. are integrated into the MOS models,whose auraies are highly onsolidated in literature. Additionally, transient variationsof the injeted/extrated harges an be diretly inluded in Eq. 1.4. In this work, weadopted the CBM paradigm in the development of the �ash ompat model.31



Chapter 1. Flash memory tehnology1.2.3 Transient mehanisms modelingThis setion deals with the physial phenomena leading to the variation of QF0 duringprogram/erase operation. The NVM ell being an analog devie onstantly operating intransient onditions, a partiular ritial point relies on the models of transient e�ets whihdetermine the auray of program/erase simulation, disturb analysis and devie ageinginvestigation. The most reent developments have permitted to de�ne �ash ell modelsbased on the alulation of the surfae potential of the devie [47�49℄. This failitatedan aurate alulation of the eletri �elds in the struture and largely improved theauray of the transient urrents alulation. A wide spread of models for the di�erenttransient mehanisms in �ash memory devies an be found in literature, overing bothprogram/erase by Fowler-Nordheim tunneling and program by CHEI. Other models alsoinlude memory retention redution with trap assisted tunneling urrents or degradationmodels for the variation of the marosopi performanes of the ells during yling anddisturb mehanisms.Any urrent alulated with the aforementioned models an be applied to one of thetwo paradigms for the alulation of the FG potential desribed in the previous subsetion.Indeed, the injeted harge alulated by integration of the total urrent Itot from the bulkand the S/D terminals to the �oating gate is given by:
∆QF =

∫

t

Itotdt, (1.5)and an be added to Eq. 1.4 for the transient evaluation of VF . Consequently, the mostimportant e�ort should rely on the alulation of losed-form expressions of the tunnelingurrents in the di�erent mehanisms.(i) Tsu-Esaki model and ompat approah for Fowler-Nordheim urrentsA large number of ompat models expressions in the di�erent operating regimes derivefrom the Tsu-Esaki model for tunnelling phenomena evaluation through a potential bar-rier [50℄. In suh an approah, Eletron-ondution-band and Holes-valene-band tunnelingmehanisms are onsidered through an energy barrier representing a dieletri material be-tween two semiondutor or metalli regions. Compat expressions have been derived fordiret tunneling onditions (trapezoidal barriers) and Fowler-Norhdeim tunneling (triangu-lar barriers) and have been introdued in most of the industrial ompat models for gateleakage modeling [39℄. The model will be desribed in detail in Chapter 2.(ii) Program by CHEIThe preferred program mehanism in NOR tehnologies is based on Channel Hot-EletronInjetion: the energy of eletrons �owing into the hannel in high drain bias onditionsinreases due to the high lateral eletri �eld. Impat ionization ours as the arrierapproahes the low doped drain (LDD) region, generating holes and eletrons ouples.32



1.2. Modelling of �ash memory deviesWhile majority arriers are olleted in the isolated P-well of the array, generating a weakavalanhe substrate urrent, minority arriers �ow towards the drain. However, due to thehigh energeti tail of the arrier distributions [51�53℄, some of the arriers have su�ientenergy to overome the tunnel oxide barrier and tunnel towards the FG. In ontrast toquantum tunnelling, due to the omplex 2D nature of the Channel Hot-Eletron Injetionphenomenon, only qualitative empirial models have been developed for ompat modellingpurposes. The physial and statistial omplexity of the mehanism require numerial andMonte Carlo solutions to takle this aspet. Certainly the most di�used approah inompat modelling is the luky-eletron model [54, 55℄, where the probabilities of energyinrease, arrier sattering and injetion are onsidered as independent events.More advaned numerial models rely on taking into aount non-loal aspets of sat-tering mehanisms for the alulation of the non-Maxwellian energy distribution of arriersalong the hannel [56�58℄. Suh approahes are not suitable for the onsidered ompatsolutions and require input onditions from Monte Carlo simulations. In partiular thesemodels rely on the physial determination of the eletron energy distribution in the han-nel as a funtion of the lateral �eld, the momentum distribution for the evaluation ofsattering events, and the rossing probabilities. Models that desribe the hot arriers dis-tribution inside the hannel have been studied by numerous authors: heated distributionfuntions and Non-Maxwellian energy distributions have been proposed by Abramo [52℄,Grasser [59�61℄ and Fiegna [62℄. The distributions of old arriers have to be determinedas well to reprodue the transient dynamis in low-�eld onditions and at the end of theprogram pulse.(iii) CHISEL operationCHE injetion fundamentally su�ers from two main drawbaks: the drain voltage hasto be kept high enough so that eletrons aquire enough energy to ross the energetibarrier of the tunnel oxide, making the design of voltage multiplier iruits hallenging inembedded appliations; and the e�ieny of the injetion mehanism is very low with aonsiderable power onsumption that makes ultra-saled tehnologies less suitable for low-power appliations. In the reent years, new mehanisms for ell programming have beeninvestigated, in primis the CHannel Initiated Seondary ELetron (CHISEL) mehanism,where a negative bulk biasing of the �ash array is used to boost impat ionization at thedrain/bulk juntion. In suh a regime, after the reation of primary holes and eletrons inthe LDD region, the holes ionize again at the drain juntion due to the high �eld applied,and generate other e−/h+ ouples. While seondary h+ are olleted on the bulk, e− haveenough energy to ontribute to the injetion urrent as well.Due to the large number of arrier interations and sattering events, the formulationof ompat models faes serious hallenges when reproduing tehnology salability of thephenomenon. The model proposed by Larher in 2002 introdues di�erent interationprobabilities and alulates the distribution of arriers from Monte Carlo results [63℄.33



Chapter 1. Flash memory tehnology(iv) Trap assisted tunnelling, SILC and enduraneA serious onern in deep sub-miron �ash memory tehnologies relies on the gate leakageurrents whih eventually redue the amount of stored harge and ause information loss.After the devie undergoes a ertain amount of yles and eletrial stress aross the oxidelayer, band-to-band and trap assisted tunnelling urrents linked with oxide degradationphenomena emerge. These stress indued leakage urrent (SILC) omponents dominatein high temperature appliations and are also onsidered responsible of inreased disturbe�ets [64℄. SILC is usually observed in highly stressed devies as a arrier �ow presentbelow the onset of diret/FN tunneling regimes and strongly limits the gate oxide thiknesssalability and P/E voltages. Clear orrelation has been found between this parasiti ur-rent and the oxide defet onentration, whih inreases as the devie undergoes additionalstress [65℄. Two omponents have been identi�ed in inelasti trap assisted tunneling at theorigin of SILC: the steady state omponent ontributing to the oxide leakage is aused bythe apture and emission of arriers with multiphonon absorption/emission events [66�69℄;transient SILC is represented by the displaement urrent aused by the dynami �lling oftraps [68, 70, 71℄.While multiple haraterization tehniques based on harge pumping, admittane mea-surements and DCIV analyses have been reently developed for extrating the trap onen-trations in the oxide layers, a large number of empirial or ompat independent models forthe di�erent trapping phenomena have been developed [72�74℄. These ompat solutionsare used to extrat analytial defet distributions in eletrially stressed oxide layers buttheir auray an be strongly limited due to the approximations in the models [75℄.One of the most di�used and omplete model for SILC has been formulated by Ielminiin 2001 where apture/emission events of arriers from gate and hannel reservoirs arealulated using an approah derived from the expressions of Tsu-Esaki tunnelling andtaking into aount the apture ross-setions of the defets. In suh a way, the steady-state SILC urrent density is a funtion of the defet distribution NT and of an e�etiveapture ross-setion, treated as an empirial parameter or extrated from more rigoroussimulations [69℄. The urrent also depends on the arrier oupation at the defet siteand in the substrate. A generalized Tsu-Esaki approah extended to harge trapping anbe adopted [69, 76, 77℄. On the other hand, the alulation of transient SILC omponentsrequires the resolution of the transient rate equation with a numerial �nite di�ereneapproah [68℄.The ritial issue in SILC modelling is represented by the aurate and physial alu-lation of the apture/emission time onstants. Although analytial solutions are usuallyadopted for modelling the apture ross-setions studies performed with advaned physialmodels show that multi-phonon inelasti tunnelling events dominate and thus the barriertransmission and energy dependene should be taken into aount in the alulation.Other models assimilate the entire urrent ontribution to a single defet plaed at asingle energy and in the middle of the oxide stak where the TAT urrent ontribution ismaximum [78,79℄. In suh ases, the total TAT urrent an be expressed as a funtion of thetrap apture ross-setion, the trap onentration NT and a uniform tunnel urrent density34



1.3. IC design for �ash eNVM
JT through an e�etive energeti barrier. More reently statistial TAT urrent modelsthrough multiple trap sites have been applied to the determination of SILC leakage [80�84℄and oxide leakage in novel oxide staks [85�87℄.(v) Disturb modelingThe optimization of P/E onditions for salability plays a ritial role in the tradeo�between tunnel-oxide reliability and devie performane. During asymmetrial programoperation by CHEI, it an be shown that oxide degradation is loalized at the drain over-lap [88℄. Additionally, bitline biasing indues degradation by program disturb mehanismsaused by hot-hole injetion (HHI) at the drain [11℄. Indeed, any ell sharing the samewordline (bitline, respetively) with the ell being programmed, erased or read is subjetto gate (drain, respetively) disturbs. These an enhane harge loss and degradation per-formanes. In suh regimes, the eletrial �elds in the tunnel oxide are smaller than thenominal program ondition, but the average umulative disturb time is onsiderably longerthan a single program pulse [11℄. For this reason, the omplete analysis of ell reliabilityshould take disturb urrents into aount. However, a physial investigation of HHI meh-anisms requires advaned 2D statistial simulations for the alulation of band-to-bandtunneling urrents, impat ionization e�ets and holes injetion [11℄, resulting in an ap-proah not suitable for appliation to ompat models. Nevertheless, ompat solutionsexist and rely on variations from the lassial expressions of FN or CHEI urrents [89℄,where the empirial parameters need to be extrated from haraterization and su�er frombias and tehnology salability.Models desribed in Setions 1.2.3(i) and (ii) are developed in Chapter 2, while Chap-ter 3 disusses the e�ets mentioned in Setion 1.2.3(iv). Chapter 4 inludes the modelingof disturb dynamis.1.3 IC design for �ash eNVMAnalog ICs of embedded �ash memory iruits are omplex arhitetures where the di�erentfuntional bloks not only provide aess and modi�ation of the stored information, butalso testability funtions, repair/orretion iruitry and optimization of P/E algorithms.The arhiteture of a �ash memory hip inludes at least the following bloks:

• the �ash memory array appropriately partitioned in small bloks or setors and or-ganized in NOR or NAND on�guration;
• row/olumn deoding iruits to provide the read/program/erase path from the ana-log high voltage bloks to the �ash ells;
• the analog management system onstituted by a group of high voltage multipliers,regulators and swithes to generate and ontrol the voltage biases during the di�erentoperating modes; 35



Chapter 1. Flash memory tehnology
• a series of sense ampli�ers to read the information with high throughput;
• a ontrol logi to generate the ontrol signals for the memory array and the analogbloks.A peuliarity of the design of �ash memory iruits resides in the organization of the me-mory matrix, whih strongly depends on the produt appliations, the P/E spei�ationsand the addressing sheme. In NOR arhitetures, the array is divided in setors in whihthe ells generally share a ommon soure line and an isolated p-well for the bulk ontat.This on�guration permits to adopt erase algorithms to restore logi �1� over an entire se-tor. Setors are separated and surrounded by dummy �ash devies to redue lithographiproximity e�ets. In large memory arrays, parasiti apaitanes and aess resistanes onthe word and bit lines of the setors an play a role on the aess times and P/E dynamis.For this reason, IC designers employ ompat models of entire WLs and BLs to properlysize the deoding drivers and meet the produt spei�ations. The aurate estimationof the ross-oupling apaitanes between the ells in the array should be realized withphysial aurate models. Historially, memory iruit designers have adopted stati om-pat models for �ash devies, where simple stati orners provide an estimation of theworst-ase ell eletrostatis. These onsist in separate extrated model parameter ardsthat the designer an selet depending on the state under analysis. Suh an approah how-ever does not provide any insight about power onsumption or P/E e�ieny as transienturrents annot be evaluated. Other simpler approahes onsist in modelling entire bitand word lines with distributed RC networks, whose parameters are extrated from TCADsimulations of the omplete matrix interonnetion network. Equivalent iruits are alsoused for estimating the load from the parasiti ross-oupling apaitanes, while the ONOapaitane plays an important role as it represents a large portion of the WL load.Deoding iruits are one of the most ritial bloks to be designed. Indeed, in ultra-saled embedded tehnologies where the high voltage biases are internally generated, a highvoltage ondution path has to be reated from the voltage multiplying iruits to the �ashdevies. For this reason, the derivative NVM tehnology inludes partiular thik-oxideFETs, whih are able to sustain high voltage biases on the oxide stak and drive �ash ellsin a dynami range from -10V up to +10V. The row deoder iruit is usually the �rstblok to be designed as soon as the array setor on�guration is de�ned [90℄. Indeed, thedesign is hallenged by the �nal driver sizing that has to deliver su�ient urrent to drivea long WL or BL, while it also has to �t into the row pith of the matrix. Additionally,the row deoder should be able to drive the devie in di�erent bias onditions, from highpositive voltages in program and read modes, to large negative biases in erase mode. Thisonstitutes a serious issue in low-power tehnologies, where the ontrol stimuli provided bythe logi blok are low voltage signals and generally not su�ient to reah the thresholdvoltage of HV transistors and drive HV bloks [91, 92℄. As a onsequene, one or morestages of level shifting iruits are designed to inrease the dynamis of the ontrol signalsto intermediate values or to the �nal desired voltage [93℄. Hierarhial approahes in36



1.3. IC design for �ash eNVMdeoder design permit to redue the oupied area and partially solve footprinting issues3,due to the fat that HV devies only slightly sale down with tehnology and the overheadimposed by these devies an dominate.Spei� iruits are present in �ash memory tehnology to handle the large variety ofvoltage onditions to drive the devie. In an embedded low-power tehnology where asingle supply bias is available, several DC voltages need to be generated on-hip. More-over, the market requirements driving the tehnologies to low-power operation ontrastswith the high-voltage operation of �ash devies, whih annot be subdued to preserve ellperformane spei�ations. As a onsequene, voltage-level shifting iruits provide an in-terfae between the low-voltage digital signals and the analog memory array. Level-shifterspermit to inrease the dynami range of the low-voltage signal to the required high-voltagesignal. Critial trade-o�s exists between the swithing speed of levels shifters, ontentionmehanisms that slow down and redue the e�ay of the swithing and the dissipatedpower. With the saling down of the digital supply level, new solutions have been pro-posed. Some multi-stage approahes use intermediate voltage to gradually inrease thedynami of the signal [91℄. This approah is relatively straightforward to implement, butspeed and area are negatively a�eted. One of the most di�used approah relies on theontention-redution sheme, where the swithing speed is improved by driving a oupleof low-voltage drivers also on the up-level network [94, 95℄. Other solutions for power op-timization have been developed for spei� appliations operating the iruit in partiularmodes depending on the output voltage required (Bypassing Enabled Level Shifter [96℄).Swithed apaitor iruits, or harge pumps (CP), are used to generate the HV biasesand eliminate the need of integrating transformers and indutors, whih may ause po-tential eletromagneti-interferene onerns and inrease the ost. Additionally, in �ashtehnology high and well ontrolled internal programming/erase voltages are required, re-gardless of the dereasing power supply trend. In general harge pumps are losed loopsystems, where the output is regulated at a determined level [97℄. Periodially hargingand disharging a network of apaitors by reon�guring the iruit topology permits toahieve voltage boosting.Di�erent harge pump arhitetures are used in �ash design to provide the high voltagesneeded both in read, program and erase operation [97�103℄. In read mode simple boostiruits or voltage triplers an be su�ient as the voltage on the ontrol gate voltage needsto be ramped only to values within the range of 4 - 5V to detet the state of the ell bymeasuring its urrent. The drain voltage is maintained signi�antly below the maximum
VDD supply and thus no CP iruit is needed in this phase. The spei�ations of theharge pumps for the program mode strongly vary depending on the adopted programtehnique. In CHE injetion, voltages as high as 9V need to be applied to the ontrolgate (word line) of the devie. Sine no urrent �ows from the ontrol gate to the �oatinggate due to the thik isolation layer, the harge pump spei�ations on the load urrentare relatively relaxed. On the other hand, the bit-line drain voltage in program mode3Footprinting onsists in the issue one faes when designing and mathing the large size of WL/BLdrivers with the redued dimension of the devie at layout level.37



Chapter 1. Flash memory tehnologyneeds to be inreased to 4V-5V and in this ase, due to the low e�ieny of CHE injetion,the load urrent requirements an be quite high. Additionally, designers have to onsiderarefully-estimated loads for both the entire bit lines and word lines. This task an besimpli�ed by the use of omplete models for �ash devies, whih an provide not only theorret estimation of oupling e�ets and the load, but also the maximum injetion urrentwhen programming the devie. Also in erase regime, high voltages are required to fore theFN regime both on the ontrol gate and on the ommon isolated substrate of the devies.In partiular sine high negative voltages need to be applied to the WL, negative voltagemultipliers are needed in this operating mode.In Chapter 5 the importane in the development of an aurate �ash model for someof the iruit bloks will be disussed with a diret appliation to hip design in a 65nmtehnology.1.4 ConlusionIn this hapter, the tehnologial details of semiondutor �ash memory tehnology havebeen presented. This non-volatile memory tehnology relies on stoking the information inan eletrially-isolated �oating terminal integrated in a double-gate struture. The stru-ture of the ell, the operating regimes and the de�nitions that determine nominal andworst-ase performanes have been de�ned in the view of modelling the devie. The twoommon modelling paradigms (CCM and CBM) in use for several deades have been pre-sented, with an overview of supplemental models for the determination of the transienturrents in the devie. Finally, insights into IC design for �ash iruits have been given,introduing the most ommon IP bloks to be optimized and stressing why ompat mo-dels of �ash ells are important in determining tape-out time and optimizing the designe�ieny.
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Chapter 2From TCAD to ompat modeling of�ash devies
2.1 IntrodutionIn this hapter, semi-analytial and ompat modeling approahes applied to �ash NVMdevies are desribed using TCAD models as referene. The �ash struture and modelingmethodology are introdued in Setion 2.2. DC/AC models have been developed arounda surfae potential-based ompat model for the intrinsi MOSFET part of the devie. Anovel salable and physial ONO apaitane model is proposed and applied to simplifyompat model extration and provide geometrial salability. It has been hosen to buildthe model adopting the harge balane paradigm introdued in Chapter 1. 2D and 3DTCAD simulations have been performed to validate the approah. The role of ouplingsand the importane of their bias dependenies is illustrated and modelled.Afterwards, semi-analytial solutions are adopted for program and erase transient meh-anisms with non-loal and ompat approahes for CHEI and quantum tunneling for eraseurrent. Compat solutions are integrated to develop a SPICE model, alled NVM-SPICE,and based on a surfae potential solution for the ore devie. In suh an approah, transienturrents are alulated using losed-form expressions to support e�ient iruit simulation.The omplete validation of the DC and transient model on measurement results per-formed in an embedded 65nm derivative tehnology is illustrated in Setion 2.3. A desrip-tion of the model veri�ation proedure from test strutures de�nition to haraterizationand veri�ation on equivalent transistors and �ash ells is provided.2.2 Struture desription and model methodologyThe referene �ash struture in NOR on�guration that has been modelled in this workis presented in Figure 2-1. 2D TCAD proess simulations have been performed with aommerial simulation pakage [104℄. Calibration on the 65nm node manufaturing proess�ow based on measurements has been performed using the most advaned dopant/defet39



Chapter 2. From TCAD to ompat modeling of �ash deviespair di�usion models. The 3D struture is built extruding the 2D ross-setions along thewidth of the devie. It has been supposed that the doping pro�le is uniform along thewidth of the devie; this �rst order solution is aeptable when assuming that the in�ueneof parasiti transistors in proximity of the Shallow Trenh Isolation (STI) region in thewidth diretion an be negleted. In the left part of Figure 2-1, a 3D ross-setion of theell in the middle of the hannel is presented. The three 2D ross-setions following theplanes AA', BB' and CC' are shown in (a), (b) and (), respetively. The harateristigeometrial dimensions width W , length L and �oating gate wing Wfg are introdued.This latter parameter represents the extension of the inter�poly struture over the hannelregion in the width diretion and is of ritial importane for improving the ontrol of theFG node with the CG.
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Figure 2-1 � Left: 3D ross-setion along the length of the simulated �ash struture. Right: 2Dross-setions, (a) top view along AA' plane, (b) lateral view along the length, () transversal viewalong the width. The doping pro�le of (b) is extruded along this diretion.From the ompat modeling point of view, the struture an be divided into three maindistint parts: (a) a MOS devie, whose gate is onstituted by the �oating gate of the ell;(b) a network of apaitanes, whih eletrially isolate the �oating gate from the otherterminals; () a set of urrent generators for onsidering the transient urrents into thedevie.A suessful modelling of �oating gate devies for iruit simulations requires onsider-ing several key issues whih inlude:
• the e�ient and physial modelling of the intrinsi MOSFET harateristis usingsurfae-potential or harge-sheet models for the analysis of the ative part of thedevie; 40



2.2. Struture desription and model methodology
• the aurate alulation of the �oating gate voltage VFB in DC, AC and transientonditions following the harge balane paradigm;
• the determination of intra and extra-ell ouplings for taking into aount 3D e�etsinto the ell struture;
• the evaluation of transient e�ets, inluding program/erase urrents, ontrolling thenominal transient dynamis, devie degradation and disturbs;
• a physially-based and salable extration methodology to permit the model applia-tion to next-generation tehnology nodes.Figure 2-2 illustrates the features and e�ets taken into aount into the analytialmodel [105℄. The majority of them is investigated in this hapter starting from numerialTCAD simulations for the development of ompat approahes. In Chapter 4, omple-mentary e�ets will be also desribed, inluding an endurane model to reprodue thebehaviour of degraded devies, disturb parasiti urrents, and statistial variations thattogether with stati proess orners permit designers to address random spreading of theeletrial harateristis and worst-ase design onditions.
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Figure 2-2 � Building bloks and phys-ial e�ets onsidered in the proposed�ash model.
2.2.1 DC/AC model(i) Surfae potential alulationIn the present approah, it has been hosen to adopt a surfae potential model for amore aurate estimation of the potential distribution in the MOS devie. Indeed, thesemodels are presently the standard approahes used in industry and reognized by theCMC organism [106℄. Furthermore, these approahes permit the diret determination ofthe potentials in the hannel and aross the oxide for tunneling urrent alulation. Aharge-based or surfae-potential based tehnique is also required for the implementationof harge sharing model for short hannel and overlap e�ets.41



Chapter 2. From TCAD to ompat modeling of �ash deviesA �rst ritial issue relies on the evaluation of the potential distribution aross thehannel of the MOS devie that represents the ative part of the �ash ell. Analytialand ompat models are usually derived from Pao-Sah approximation [18℄, where the sur-fae potential along the hannel ψS(y) at the Si/SiO2 of the MOS is determined. Thedevelopment of the 2D Poisson equation and the appliation of the gradual hannel ap-proximation [17, 107℄ leads to the surfae potential equation (SPE) to be solved at eahposition y along the hannel:
(VFB − Vfb − ψS(y))

2 = γ2ψT

(

e
−ψS(y)

ψT +
ψS(y)

ψT
− 1+

+e
− 2ψF
ψT

(

e
ψS (y)−VC(y)

ψT − ψS(y)

ψT
− 1

))

, (2.1)where VFB denotes the �oating gate voltage, Vfb is the �at band voltage, ψT = kBT/q0 is thethermal voltage alulated from the devie temperature T; ψF = −(EF −EI)/q0 indiatesthe potential di�erene between the semiondutor Fermi level EF and the intrinsi Fermilevel EI . The hannel voltage VC(y) in the hannel varies from the soure at y = 0 to thedrain y = L from VC(0) = 0 to VC(L) = VDS, respetively. The body fator γ is expressedas:
γ =

√
2q0ǫ0ǫSiNchψT

COX
, (2.2)being Nch the hannel doping and COX = ǫ0ǫox/TOX the tunnel-oxide surfae apaitaneand ǫSi/ǫox the Si/SiO2 relative permittivities.Eq. 2.1 is a non-linear expression, whose solution requires an iterative sheme. Ananalytial solution based on Taylor series approximation is ommonly adopted in ompatsurfae potential-based models [28, 108℄ determining ψS in the soure and in the drainand applying the Symmetri Linearisation Method (SLM) for the linearisation of the bulkand inversion harges (see Annex A and [109℄ for further details on the approximationsintrodued). The appliation of the harge sheet approximation introdued by Brews [17℄,permits to derive losed-form expressions for the terminal harges and for the urrent IDSin the hannel.(ii) ONO apaitane modelHaving alulated the eletrostatis of the ative part of the ell, a novel physial modelhas been developed and implemented to aurately determine the apaitane between theontrol gate and the FG, separated by an oxide-nitride-oxide (ONO) dieletri layer. Thismodel has been detailed in [110℄. Most ompat models used in industry onsider fringingor orner apaitanes as �tting parameters. This is not appropriate when tehnologysalability must be taken into aount. The proposed model is based on a struture-deomposition approah and on the priniple of Gauss law integration along eletrial �eldlines between the CG and the FG [111,112℄.42



2.2. Struture desription and model methodologyFigure 2-3 shows the ross-setions along the length and width of the devie where thestruture deomposition priniple is applied. The ONO apaitane CCF determined by:
CCF = Cpt + 2(Cpl + Cfl + Cft + 2Ccrn), (2.3)results from the sum of: (a) two parallel�plate apaitanes (Cpt and Cpl); (b) two para-siti fringing apaitanes (Cft and Cfl) and () the apaitane Ccrn in the edge ornerseparating Cpt from Cpl. The apaitanes Cpt and Cpl represented in Figure 2-3(a-b) arealulated as Cpt = ǫ0ǫono

(Wfg+W )L

TONO
and Cpl = ǫ0ǫono

(TPO1−TONO)L
TONO

, respetively. TPO1 and
TONO indiate the polysilion gate and ONO stak thiknesses, respetively. An e�e-tive ONO permittivity ǫono, estimated from eletrial and physial measurements on largeapaitor strutures, has been adopted1. The orner omponent of CCF represented inFigure 2-3() has been alulated using the Gauss law in polar oordinates Ccrn = πǫ0ǫono
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Figure 2-4 � Sheme illustrating the priniples forthe alulation of the fringe apaitane ompo-nents by integration along the �eld lines.
TCAD eletrial simulations on both the 2D ross�setions (a) and (b) have been performedto justify the approximation of �eld lines in semi�elliptial shape. Using Ramanujan'sapproximation [114℄ their length is given by:

∫

A(l)dl ≈ π

2

[

3(a+ b)−
√

(3a+ b)(a+ 3b)
]

, (2.4)where a and b indiate the semiaxes of the ellipses. Following Figure 2-3 and 2-4, these anbe orrelated by a linear relation. For Cfl, one an assume a = y and b = W+Wfg

2DFS
y+ TONO

2
,while for Cft one has a = y and b = TPO1

DFS
y + TONO

2
.Assuming that the eletri �eld F is onstant along the line A(l) and that the totallength of eah line an be omputed, we an write:

F =
VCF

∫

l
A(l)dl

, (2.5)where VCF is the voltage between the two onsidered terminals. We now alulate theharge on the plates using Gauss law: QCF =
∫

S
S(s)ǫ0ǫoxFds, onsidering a surfae S atthe polysilion/oxide interfae olleting the �eld lines and supposing that the �eld line isperpendiular to the surfae (onstant potential in the terminal). The fringing apaitanes

Cfr = {Cfl, Cft} per unit length are thus given by:
Cfr =

QCF

VCF
= ǫ0ǫox

∫

S

S(s)ds
∫

A(l)dl
. (2.6)Using ds = dxdy and knowing that the �eld lines are parallel in the width diretion, theprevious equation an be rewritten with only the integration along y.After substitution of A(l) in Eq. 2.4, one �nds:

Cfr = ǫ0ǫoxκfr

∫ DFS

0

dy

π(λfry + ηfr −
√

αfry2 + βfry + γfr)
, (2.7)44



2.2. Struture desription and model methodologyin whih the oe�ients are assoiated with geometrial parameters and alulated as inTable 2.1 for the two fringing apaitanes. A more ompat approah onsiders straightlines for modelling the �eld lines:
∫

l

A(l)dl ≈
√
a2 + b2. (2.8)Consequently, one �nds:

Cfr = pfrC
κfrCǫoxǫ0
2
√
αfrC

ln

(

1 +
4αfrCDFS + 2

√

αfrCβfrCDFS

βfrC + 2
√
αfrCγfrC

)

, (2.9)where the prefator pfrC = 1/
√
2 has been introdued to take into aount the urvatureof the �eld lines and attenuate the overestimation of the apaitanes.Parameter Value for Cft Value for Cfl
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ONOTable 2.1 � Model parameters used for the alulation of the fringe apaitane omponents of theONO apaitane. The geometrial variables adopted are indiated in Figure 2-3.To validate the model, 3D TCAD numerial simulations are required as the valueof the ONO apaitane annot be measured due to the morphology of the struture.Indeed, due to the omplete isolation of the FG, the terminal annot be ontated forstandard AC analysis. Measurements on equivalent transistor devies are not useful toextrat the aurate value of CCF due to the mismath between the devie strutures.Consequently, the value of the ONO apaitane has also been extrated from 3D TCADAC simulations and used for validating both the analytial and ompat ONO apaitanemodels, for various lengths L (0.12µm < L < 1.00µm) and widths W (0.08µm < W <

1.00µm). Figure 2-5 shows the role of the di�erent omponents in the alulation of the totalapaitane, as a funtion of both L and W of the ell. Figure 2-6 shows the preditionsof the ONO apaitane model for all the simulated dimensions of the devie, inludingthe FG wing Wfg, varying from 45nm to 115nm. The distane to ontat DFS is less than45



Chapter 2. From TCAD to ompat modeling of �ash devies90nm and TPO1 = TPO0 < 100nm. Good agreement is found, demonstrating the apabilityof the model to aurately estimate the FG�CG oupling apaitane, even when the ellis aggressively saled down to nanosale dimensions, e.g. for embedded and high-densityappliations.

Figure 2-5 � Saling of the omponents of the ONO apaitane as a funtion of length L (left) andwidth W (right) of the devie. 3D TCAD simulations are reported in symbols.
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2.2. Struture desription and model methodologytransient e�ets, the harge balane equation is expressed as:
QG(VFS, VDS, VBS) + CCF (VFS − VCS) = QF0 +

∫

(IFS + IFB + IFD)dt, (2.10)where the CCF apaitane is determined using the aforementioned ONO apaitanemodel, the initial net harge QF0 on the �oating gate remains onstant in DC simula-tions and the MOSFET harge QG is determined at eah iteration from the value of ψS(see Setion A.2 in Annex A). The urrents IFS, IFB and IFD between the �oating gateand the other terminals of the struture are determined with one of the transient modelsdesribed afterwards in Subsetion 2.2.2. Sine an analytial expression of the derivativeof the gate harge with respet to VFB is not available, the equation is solved with a regulafalsi method [115℄, whih guarantees both onvergene and speed (onvergene order≈ 1.6).The model has been implemented in Verilog-A and integrated into an industrial SPICE sim-ulator; this solutions o�ers a good ompromise between portability for SPICE simulators,omputational speed and industrial appliation.Figure 2-7(a) shows the variation of the �oating gate voltage in DC with the ontrolgate voltage VCS and the harge QF0 in the FG node for a long and wide devie. Anuniform doping pro�le with onstant value Nch = 1.45 · 1018m−3, while an oxide thikness
TOX=98Å has been used. The slope of the VFS(VCS) urve shows non-linearities in weakinversion and represents the oupling oe�ient αC . In (), the dependene of αC on Nch,
TOX and Wfg is shown. The value of αC peaks in proximity of the Vth of the equivalenttransistor devie, where inversion ours, to beome relatively �at at higher voltages.Two-dimensional TCAD simulations have been performed on the 2D ross-setion inFigure 2-1(b) for various devie dimensions, avoiding the in�uene of width and STI e�ets.The absolute value of αC is lower ompared to 3D simulations, but the shape of the urveis preserved when varying W or Wfg. Figure 2-8 illustrates the results over a wide rangeof bias voltages, revealing the dependene of the oupling oe�ients αC and αD for a longdevie where extrinsi e�ets are not onsidered. Both the oupling oe�ients presenta strong variation with the ontrol gate and drain bias voltages. An investigation of theimpat of short hannel e�ets on �ash devies using a dynami harge sharing approahis provided in the following setion and in [116℄.(iv) Charge sharing and short hannel e�etsShort-hannel e�ets (SCE) are mostly originated by the limitation imposed on eletrondrift harateristis in the hannel and by the modi�ation of the threshold voltage dueto the shortening of the hannel length [117℄. Additionally advaned devies and �ashmemory ells make use of bak-bias polarization to tune the threshold voltage or improveprogram e�ieny, and thus an aurate modeling of the VBS dependene in short devieshas to be inluded.An adaptation of the stati harge-sharing model originally proposed by Wu [118℄ for
Vth-based models and reprised in [119℄ with a dynami version suitable for a harge-sheetapproah has been developed and integrated in the analytial model to investigate SCE47
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Figure 2-8 � Simulated ontrol gate αC(a,b) and drain αD (,d) oupling oe�ients dependeniesversus VCS and VDS biases, obtained using their de�nition in Eq. 1.3 for long ((a,) L = 1µm) andshort ((b,d) L = 0.14µm) �ash ells.on the �ash eletrostatis. The omplete treatment ould be found in [116℄. The hargesharing e�et is due to a gate voltage-dependent redution of the depletion harge. Thisredution an be estimated onsidering geometrial aspets as in [119℄, where the variation48



2.2. Struture desription and model methodologyof the soure and drain depletion lengths XS and XD in the bulk juntions and the onenear the interfae xS and xD depend on the bias voltages and on ψS. Consequently, onehas:
X{S,D} =

√

2ǫ0ǫSi
q0NLDD

(Vbi + V{S,D}B),

x{S,D} =

√

2ǫ0ǫSi
q0NLDD

(Vbi + V{S,D}B − ψS). (2.11)The geometrial quantities are indiated in the shemati of Figure 2-9. The depletionharge ontribution proportional to ψS in long devies, is orreted using:
qdep(ψS) = γ

√

ψSCOX · F (ψS), (2.12)where F (ψS) is a geometrial harge sharing oe�ient resulting from the trapezoidal andvoltage�dependent shape of the harge distributions in the hannel region:
F (ψS) = 1− xs + xd +Xs +Xd

2L
. (2.13)This fator also represents the perentage of bulk harge ontrolled by the gate. Eq 2.1 anbe thus modi�ed to take into aount SCE and the depletion harge modi�ation aordingto the harge sharing priniples:

(VFB − Vfb − ψS)
2 = γ2ψT

(

e
− ψS
ψT + F 2(ψS)

ψS
ψT

− 1+

+e
− 2ψF
ψT

(

e
ψS−VC
ψT − ψS

ψT
− 1

))

. (2.14)This e�et is equivalent to onsidering a surfae potential�dependent body fator (or equiv-alently doping), whih tradues the redution of the ontrol of the hannel in short devies.Rigorously, Eq. 2.14 should be evaluated at eah position y in the hannel. However, thiswould ompromise the symmetri linearisation assumption and the symmetry of the de-vie. To avoid this issue, we omputed only a single fator F using an avarage of the valueomputed at the drain and at the soure of the devie.In Figure 2-10, the model preditions have been ompared to 2D TCAD simulationresults illustrated in Figure 2-8 for di�erent devie lengths (0.14µm, 0.37µm and 1µm).In this omparison, the surfae potential equation has been solved with the impliit semi-analytial approah as in Eq. 2.1. Exellent agreement between TCAD and model simula-tions has been found on the bias dependeny of αC . This results from the inlusion of boththe dynami harge sharing and overlap apaitane models (see the following Setion).Indeed, the SCE model adopted in the analytial model and based on the dynami hargesharing [116℄, not only aurately reprodues the Vth roll�o�, but has also a strong impaton the harges in short devies altering the role of QG in the harge balane equation.49
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2.2. Struture desription and model methodologynot guaranteed in all bias onditions when adopting suh an approah [120℄.The e�ets of narrow hannel and full geometrial saling of the ell have been studied bymeans of 3D TCAD simulations. Results are reported in Figure 2-11. In (a), the dereaseof the width strongly inreases αC due to the linear redution of the overlap apaitanebetween the �oating gate and the hannel. Additionally, due to the morphology of the ellin the STI region, parasiti transistors presenting di�erent mobility and Vth an alter theshape of the αC(VCS) urve in weak inversion regime. In (b), the ell is saled along thelength from 1µm to 120nm. Charge sharing phenomena and the inrease of the importaneof the overlap apaitanes derease the oupling. In (), two �oating-gate wing dimensionsare simulated. The derease of Wfg redues the ONO apaitane and αC . Two drainvoltage onditions are also shown to highlight the e�ets of DIBL.
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Figure 2-11 � Dependene of the ontrol gate oupling oe�ient αC alulated with 3D TCADsimulations as a funtion of the ontrol gate bias voltage VCS , with the geometrial dimensions of theell (width W (a), length L (b) and �oating gate wing Wfg ()).
(v) Overlap harge and apaitane modelsThe soure and drain di�usions under the transistor gate reate overlap voltage-dependentapaitanes, whih depend on both the gate-drain/soure and gate-bulk voltages VF{D,S}and VFB. A quantitative desription of the overlap regions is obtained treating the low-doped-drain (LDD) regions as n+-gate/oxide/n+-bulk MOS apaitanes, where the drain/ soure at as bulk terminals. In the n+ overlap region, a non-uniform doping pro�le
Nov(y) is assoiated to a body fator γov(y) and a �at band voltage Vfbov(y). An analytialapproah has been introdued to ompute the overlap apaitanes in all the regions ofoperations. A three-terminal harge sheet model based on Klein's approah [121℄ has beenapplied having a double-gaussian doping pro�le in the LDD juntion region. The pro�lehas been modeled using a 1D model along the length of the overlap region, modeling both51



Chapter 2. From TCAD to ompat modeling of �ash deviesthe high-level and the low-level doping pro�les:
Nov(y) = NLDD

[

exp

(

(y − yLDD)
2

2σ2
LDD

)

+ A exp

(

(y − Lov)
2

2σ2
D

)]

, (2.15)with amplitudes NLDD and ANLDD, mean position yLDD and Lov, and varianes σLDDand σD. A numerial integration over a limited amount of spatial points in the LDD isonsidered for the alulation of the total overlap harges. After integration along y, thebulk QBov and inversion QIov harge densities are added to the drain/soure and bulkterminal harges of the intrinsi devie, respetively.The surfae potential in the LDD region is approximated with:
ψSov = ψsubSov

(

1− 1

fsψinvSov ln(1 + exp (fs(ψinvSov − ψsubSov)))

)−1

. (2.16)The smoothing parameter fs is introdued for mathing subthreshold and inversion regimes,where the surfae potentials are determined using ψsubSov = −
(

−γov
2

+
√

γ2ov
4

− (VFD − VFB)

)2and ψinvSov = 2ψFov + VBD − 6ψT , respetively. Being the overlap region n-doped, aumu-lation ours when VFD > Vfbov and the surfae potential is negligible due to harge-sheetlayer of e− at the Si interfae. The majority arrier harge is then omputed with:
QGov = QBov = −COX(VFD − Vfbov),

QIov = 0, (2.17)On the other hand, in depletion or inversion the harges are omputed from the surfaepotential using:
QBov = −γCOX

√

−ψSov,
QIov = −COX(VFD − Vfbov − ψSov + γ

√

−ψSov),
QGov = −COX(VFD − Vfbov − ψSov), (2.18)A general model valid in all the regions of operation an be obtained using a smoothingfuntion around the �at-band voltage [121℄.In more ompat approahes, omplete analytial expressions are adopted. In suh aase, the surfae potential ψSov is omputed only in one point assuming a onstant dopingin the LDD [28℄. The surfae potential in the overlap region ψSov is determined negletingthe minority arrier ontribution to the spae harge. The total harge in the overlapregion is thus expressed by QDov = CFDVOV where the CFD is the oxide apaitane in theoverlap region, that an be alulated from layout and geometrial onsiderations, but isoften treated as a �tting parameter, while VOV = VFD − Vfbov − ψSov is the oxide voltagedrop in the overlap region. 52



2.2. Struture desription and model methodology(vi) Fringing apaitane modelsFringing apaitanes in the overlap region of the MOSFET ative omponent have tobe modeled to ahieve an aurate eletrostatis of the devie. As reported in [38℄, theoupling oe�ients in the �ash devie are strongly a�eted by the overlap apaitanemodels and in partiular by the fringing omponents above the LDD region and in thespaer region. Figure 2-12 indiates the �eld lines in the LDD and spaer regions togetherwith the geometrial quantities required for the alulation.
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)(yl Figure 2-12 � Shemati of fringing apaitanemodels, approximating the eletrial �eld linesfrom the �oating gate to the drain/soure in thespaer and in the LDD region with elliptial arsor straight lines.
Previous approahes tends to underestimate the importane of α{D,S} by onsideringonly the parallel plate omponents in the overlap region. In his work, Larher [38℄ intro-dues a geometrial tehnique for the determination of the fringing omponents onsideringgeometrial parameters and linear �eld lines in the tunnel oxide and in the spaer region.In this study, we propose an approah to take into aount the fringing apaitaneomponents with the distribution of the eletri �eld lines from the �oating gate terminalto the drain ontat and LDD region and added to the overlap apaitane alulated inthe previous subsetion. Similarly to Eq. 2.4, ars of ellipses ould be onsidered for thealulation of the fringing apaitane in the overlap region. This leads to an expressionfor Cfr similar to Eq. 2.7, where the oe�ients are expressed as in Table 2.2 for the twoomponents.The total apaitane is alulated summing the two fringe omponents with the parallelplate ontribution. All extrinsi harges have been added to the harge-balane equationas well.Overlap harges signi�antly impat the total amount of harges in the harge balanefor short devies and thus must be aounted for in the alulation. Simulations have beenperformed progressively enabling the SCE and overlap apaitane models. In Figure 2-13,it an be seen that the intrinsi behavior of αC is masked by SCE and overlap apaitanee�ets when the two models are enabled. When SCE are introdued, the peak is shiftedto lower VC (Vth roll�o�) and its amplitude dereases. Inluding overlap and fringingapaitanes in the alulation, the urve is further �attened and shifted to lower valuesof αC. 53



Chapter 2. From TCAD to ompat modeling of �ash deviesParameter Value for CfrA Value for CfrB
αfr 3 3

T 2
P0

D2
FS

+ 10 TP0

DFS
+ 3

βfr 10 TOX 10TOX + 6TOX
TP0

DFS

γfr 3T 2
OX 3T 2

OX

ηfr 3 TOX 3 TOX
λfr 3 3 (1 + TP0

DFS
)

κfr 4W 4WTable 2.2 � Model parameters used for the alulation of the fringe apaitane omponents in thedrain/soure ontat region.
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(vii) Veloity saturation e�etsTerminal harges and thus apaitive ouplings and harge balane are a�eted by veloitysaturation phenomena. The arriers' drift veloity v in the hannel saturates at highlateral �elds, reahing the value vsat. To model this behavior, semi-empirial models [122℄are introdued, determining v with:
v =

µ · ∂ψS
∂y

√

1 +
(

µ
vsat

· ψS
∂y

)2
, (2.19)where µ is the arrier mobility in the hannel (see Annex A.3 for details of the ompo-nents a�eting mobility degradation in ultrasaled devies). The lateral �eld is given by

Flat = −ψS
∂y
.The approximate linear relationship between the inversion hange and ψS is used tode�ne a virtual inversion harge density QV [123℄, that di�ers from the usual expression54



2.2. Struture desription and model methodologyby a onstant term, obtaining:
QV = QI − nCOXψT +

IDS
Wvsat

, (2.20)where:
n = 1 +

γ

2
√

|ψm + ψT |
, (2.21)and with ψm the surfae potential at midpoint in the hannel.Given the dependene of QV on the urrent IDS, it is evident that an expression of

IDS based on the virtual harge QV is not useful for ompat modeling as it requires anon-linear solution. Eventually, in ompat approahes where veloity saturation e�etson the terminal harges are onsidered, the total inversion harge an be expressed as:
QI =

∫ L−∆L

0

qidy +
∆L

L
qisat. (2.22)In other words, the hannel an be divided in two separate regions (saturated and non-saturated). In the saturated region [L−∆LL], the inversion harge density is assumed tobe onstant at qisat, while in the non-saturated one [0L−∆L] the usual expression holds.Expressing QI as a funtion of the virtual harges in the drain and soure (QV L and QV 0,respetively) [123℄, one has:

QI =
L−∆L

L

(

2

3

Q2
V L +QV LQV 0 +Q2

V 0

QV L +QV 0
+ nCOXψT

)

− IDS
Wvsat

, (2.23)Correted expressions for the bulk and total harges (Setion A.2 of Annex A) hold:
QB = −n− 1

n
QI − sgn(ψm)γCOX

√

ψm + ψT (exp(−ψm/ψT )− 1),

QG = −QB −QI , (2.24)while after partitioning [109, 123, 124℄, one has:
QD =

L−∆L

L

(

6Q3
V 0 + 12QV LQ

2
V 0 + 8Q2

V LQV 0 + 4Q3
V L

15(QV L +QV 0)2
+
n

2
COXψT

)

− IDS
2Wvsat

,

QS = QI −QD. (2.25)Veloity saturation ours in short devies at high VDS and VCS, when the ell is usuallyprogrammed and an aurate model of αC an o�er a better estimation of the injetionurrent. As depited in Figure 2-14, we demonstrated that also this parameter an play arole on αC bias dependeny at the sub-miron sale.In summary, the analytial simulations on sub-miron devies on�rm that extrinsi55
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e�ets (harge sharing, overlaps and veloity saturation) dominate over the intrinsi be-haviour of the ell, eah playing an independent role on the oupling oe�ient αC.2.2.2 Transient mehanismsTransient phenomena have been onsidered by modeling the di�erent urrent ontributionsin program, erase and disturb modes and inluding them in the harge balane.(i) The general Tsu-Esaki tunneling modelThe general Tsu-Esaki model for quantum tunneling in dieletri layers is usually adoptedto derive and validate ompat expression of the P/E transient urrents for tunneling phe-nomena through a generi energy barrier [50℄. In the �ash struture, eletrons tunnelingthrough the two potential barriers of the tunnel oxide and of the ONO layer should be on-sidered. The pro�le of the potential barrier strongly depends on quantum on�nement andmaterial band struture. Consequently an aurate alulation of the harge and voltagedistributions in the devie is often required. To this purpose, a 1D self-onsistent Poisson-Shrödinger (PS) modeling tool has been developed to at as a referene and auratelyalulate the barrier pro�le and the urrent through dieletri layers. Annex C desribesmore in detail the features, appliations and implementation details of the aforementionedmodel. Figure 2-15 depits the band diagram of a �ash devie alulated with the PSsolver, where the harge balane equation has been integrated to take into aount ou-pling e�ets and determine the �oating gate potential of the devie. In these results, theell has been supposed erased, with no harge on the FG. Both the ONO and tunnel oxidebarrier regions are shown in the insets.The energy barrier representing a dieletri material separates two semiondutor ormetalli regions (left eletrode L and right eletrode R). The total eletron net urrent�owing through a barrier from the left eletrode L to the right eletrode R reads:
J = JL→R − JR→L, (2.26)56



2.2. Struture desription and model methodology
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Figure 2-15 � Band diagram of a �oatinggate devie alulated with a self-onsistentPoisson-Shrödinger 1D solver at VCS =
1.9V . The insets present the two barrier re-gions through whih the tunneling urrentbetween two semiondutor regions needsto be evaluated. At high positive voltages,arrier on�nement ours in the hannelwhere harges are distributed on well sepa-rated energy levels. In suh a ase, arrierstunnel from a quasi-bound to a free statein the gate [125℄. For smaller bias voltages,a ontinuum of energeti levels is presentin the substrate.

where JL→R and JR→L are the left to right and right to left ontributions.Eah omponent of the tunneling urrent an be related to the barrier transpareny Tand the distribution funtions in the left and right reservoirs (fL and fR, respetively):
JL→R = q0

∫k T (k)v(k)gL(k)fL(k)(1− fR(k))dk,
JR→L = q0

∫k T (k)v(k)gR(k)fR(k)(1− fL(k))dk, (2.27)where the integration is performed on the wavevetor k = kxi + kyj + kzk, g(k) = 1
4π3denotes the density of states per ubi volume in the momentum spae, and v(k) expressesthe eletron veloity. Assuming that the parallel momentum is onserved and that onlytransitions in the z diretions are onsidered, the parallel wavevetor kρ = kxi + kyj isnot altered by the proess. Moreover the barrier transpareny T is assumed to be onlydependent on the perpendiular momentum (T (k) = T (kx = 0, ky = 0, kz) = T (kz)) Underthese hypotheses one an write:

JL→R = q0

∫k T (kz)v(kz)gL(kz)fL(k)(1− fR(k))dk,
JR→L = q0

∫k T (kz)v(kz)gR(kz)fR(k)(1− fL(k))dk, (2.28)Considering a paraboli single-band struture model under the e�etive mass approxima-57



Chapter 2. From TCAD to ompat modeling of �ash deviestion, the paraboli dispersion relation:
E =

~
2k

2me� ,
v(kz) =

~kz
me� ⇒ v(kz)dkz =

dEz
~
, (2.29)is valid. The arrier e�etive mass in the arrier reservoirs is me�. After separating thetransversal energy levels Ez from the longitudinal one Ep, one �nds:

JL→R =
4πq0me�

~3

∫

Ez
T (Ez)

(

∫

Eρ
fL(Eρ, Ez)(1− fR(Eρ, Ez))dEρ

)

dEz,

JR→L =
4πq0me�

~3

∫

Ez
T (Ez)

(

∫

Eρ
fR(Eρ, Ez)(1− fL(Eρ, Ez))dEρ

)

dEz, (2.30)
J =

4πq0me�
~3

∫

Ez
T (Ez)N(Ez)dEz, (2.31)where N(Ez) =

∫

Eρ (fL(Eρ, Ez)− fR(Eρ, Ez)) dEρ is usually alled supply funtion and onlydepends on the properties of the left and right reservoirs.The alulation ofN(Ez) requires supposing a arrier distribution f(Ez) in the reservoirs.In equilibrium onditions Maxwellian distributions an be applied. In partiular with aFermi-Dira distribution in both the reservoirs one obtains:
N(Ez) = kBT ln





1 + exp
(

−Ez−EFR
kBT

)

1 + exp
(

−Ez−EFL
kBT

)



 , (2.32)where EFL and EFR are the quasi Fermi levels in the left and right ontats.In the determination of the barrier transmission, a rigorous approah would requirethe alulation of the potential pro�le in the struture suh as in Figure 2-15, taking intoaount quantum e�ets and on�nement. In most of the analytial models the barrierpro�les are determined from material and geometrial parameters:
EC(z) = Ec0(z)− Vox(z),

EV (z) = Ev0(z)− Vox(z), (2.33)being Ec0(z) and Ev0(z) the ondution and valene bands at �at band, respetively. Con-sidering a onstant eletri �eld in the dieletri, in a �ash devie, at a given position y inthe hannel length, the potential Vox(z) aross the oxide is linearly varying from the gateto the substrate with a drop VFB − ψS(y).The transmission oe�ient T (Ez) is de�ned as the ratio between the inident and58



2.2. Struture desription and model methodologytransmitted quantum-mehanial urrent densities aross a potential barrier, from left toright. In partiular, onsidering two plane waves in the two arrier reservoirs:
ψL(z) = AL exp(ikLz),

ψR(z) = AR exp(ikRz), (2.34)the de�nition of barrier transmission holds:
T (E) =

mRkR|AR|2
mLkL|AL|2

. (2.35)The determination of the wave funtion amplitudes would normally require the solution ofthe stationary Shrödinger equation in the struture. This alulation an be performednumerially or analytially.Numerial solutions inlude the Wentzel-Kramers-Brillouin (WKB) approximation [126℄,the transfer-matrix method [127℄ or the non-equilibrium Green's funtion (NEGF) ap-proah [128℄. Under the WKB approximation the transmission oe�ient is alulatedas:
TWKB(Ez) = exp

(

−2

~

∫ zN

z0

√

2mox(EC(z)− Ez)dz
)

, (2.36)where mox is the arrier e�etive mass in the tunnel oxide layer. The domain of integrationis inluded between the two lassial turning points z0 and zN , representing the boundariesof the energy barrier where EC(z) ≥ Ez. However one has to remind that the WKBapproximation is only valid when the variation of energy barrier is small. When onsideringabrupt barriers, this model annot be applied in proximity of the lassial turning points [56,129℄. When the integration is performed numerially, any non-abrupt arbitrary barrierpro�le an be used. The main limitations of this model rely on the semilassial WKBapproximation whih does not onsider wave-funtion interferenes and thus it is not ableto reprodue quantum mehanial osillations in the transmission oe�ient.The NEGF approah takes into aount quantum resonanes, arrier on�nement andinterferenes in multi-staked layers [128℄. NEGF �nds extensive appliation for the de-sign of resonant tunneling diode strutures and permits the rigorous determination of thequantum urrent in elasti tunnelling transitions and of the loal density of states (LDOS- Figure 2-16) in the devie. However, although this numerial solution is suitable forany arbitrary potential barrier, it usually relies on omputationally demanding numeri-al solutions, and thus it is not appliable to ompat modelling. A detailed ase studyinvestigating quantum tunneling with the NEGF approah ould be found in Annex C.A omparison between the tunnel oxide barrier transpareny alulated with the WKBand the NEGF approahes is provided in Figure 2-17 for di�erent ontrol gate bias voltagesand for both the arriers. The WKB approah slightly underestimates the transparenyat low arrier energies.The tunneling urrent through the tunnel oxide layer has been alulated using both59
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Figure 2-16 � Loal density of states alulatedwith the NEGF solver in proximity of the tunneloxide of a �ash memory devie at VCS =1.9V.The inset indiates arrier on�nement in disreteenergy levels in proximity of the oxide/substrateinterfae. The energy referene is the Si valeneband. The Si/SiO2 interfae is at 0nm.
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Figure 2-18 � Tunneling urrent density thought thetunnel oxide barrier of a �oating gate devie, alu-lated with both WKB and NEGF transparenies.

Figure 2-19 � (a) Loal density of states and (b) barrier transpareny alulated with a NEGF solver.Osillations due to on�ned states in the nitride layer forming a quantum well are visible in the barriertransmission.as EC(z) = ψB − Fz, with ψB indiating the barrier height and Feff the uniform �eld inthe oxide. Thus:
TWKB(Ez) = exp

(−4
√
2TOX

3~q0Feff

(

(q0ψB − Ez)3/2 − (q0ψ0 − Ez)3/2
)

)

, (2.37)where ψ0 = ψB − FeffTOX . In the ase of a linear barrier (Fowler-Nordheim regime), theintegration is performed only when Ez > q0ψ0 yielding
TWKB(Ez) = exp

(

− 4
√
2mox

3~q0Feff
(q0ψB − EC(z))3/2

)

. (2.38)This expression, together with a Fermi-Dira distribution of arriers in the arrier61



Chapter 2. From TCAD to ompat modeling of �ash deviesreservoirs L and R, leads to the well known Fowler-Nordheim urrent formula:
J = AF 2

eff exp

(

− B

Feff

)

, (2.39)where the two parameters have theoretial values of
A =

q30meff

8πmoxhq0ψB
,

B =
−4
√

2mox(q0ψB)3

3πmoxhq0ψB
. (2.40)This method as been preferred for modeling the erase mehanisms by Fowler-Nordheimin the ompat SPICE model. Indeed, it guarantees simpliity and preserves �exibilityfor parameter extration. Quantization e�ets ould also be added on this approximationapplying orretions as in [56℄. This approah has also been preferred over simpli�edversions of the Tsu-Esaki formula ommonly inluded into surfae potential based ompatmodels [130℄, where the urrent expression is derived diretly from the Taylor expansionof the transmission at midpoint and it is partitioned between the soure/drain overlapregions.(ii) Non-loal and ompat injetion modelsIn CHEI program onditions, the high lateral eletri �eld in the substrate auses arriersto gain energy and experiene sattering events. At high lateral and vertial �elds, Non-Maxellian out-of-equilibrium arrier distributions need to be introdued to model the tailof highly-energeti arriers in the hannel. Analytial expressions of heated Maxwellians,non-Maxwellians [51,131℄, and ompositions of Maxwellian distributions [53,61℄ have beenextensively proposed to model old and hot arrier populations in the substrate in hot-arrier injetion regime.A non-loal semi-analytial model has been introdued in [132,133℄ to aurately alu-late the distribution funtion inside the hannel in non-equilibrium onditions. A 1D-realspae probabilisti approah, inspired by the Luky Eletron Model formulation [134℄, hasbeen applied inluding a non-loal full-band desription of transport. Considering a 2D(total kineti arrier energy, spae) system, the model determines the arrier onentrationin eah energy bin for eah hannel position [132℄. The meshing in spae and energy isalulated by a onstant disretization of the hannel potential pro�le. Two mehanismsare onsidered responsible for transport: the lateral variation of the potential is the mainontributor of the arriers aeleration, while inelasti optial phonons are assumed to beresponsible for energy loss in the hannel. Similar assumptions have been adopted also inother approahes [52, 62, 135℄.Due to the non-loal aspet of the model, the arrier history, i.e. the number of tran-sitions the arrier undergoes when traveling along the hannel, a�ets its energy. Carriers�owing from S to D an either be ballisti or su�er an inelasti ollision by emitting or62



2.2. Struture desription and model methodologyabsorbing an energy quantum. After eah ollision, the arrier an travel either towardsthe D or baksatter towards the S. Therefore eight tunnelling �uxes have to be onsideredfor eah site in the energy-position 2D system [132℄. Eah tunneling event from one siteto an adjaent one is haraterized by a probability that an be expressed as a funtion ofthe hannel position and the energy. Finally, the tunnelling �uxes are obtained for eahsite and used to alulate the arrier distribution in eah energy bin.In order to assess the validity of the approah, the distribution funtion given by themodel has been ompared to full-band Monte Carlo (MC) simulations [133℄ at di�erentross-setions along the hannel (Figure 2-20).

Figure 2-20 � Carrier energy distribution (top) and vertial urrent �ux toward the �oating gate (bot-tom) as a funtion of the eletron energy, for three di�erent positions along the hannel (1 - in proximityof the soure; 2 - in the middle of the hannel; 3 - in the LDD. The non-loal semi-numerial modelhas been validated on Monte Carlo simulations and the energy tail of the distributions in the proximityof the drain juntion has been reprodued. Courtesy of A. Zaka [132℄.In models more suitable to SPICE simulation, an approah similar to [55℄ and subse-quently adopted also by Maure in [49℄ an be onsidered. Indeed, the injetion urrent anbe related to three probabilities of event: (1) eletrons have to gain enough kineti energyin the hannel, (2) high energeti eletrons should undergo elasti sattering events to beredireted towards the gate, (3) the same eletrons should have enough energy to rossthe energeti barrier at the Si/SiO2 interfae and tunnel without su�ering any inelastiollision.The probability P1 for event (1) is expressed as in [136, 137℄ by:
P1 =

FlatλSi
4ψB

exp

(

− ψB
λSiFlat

)

, (2.41)where Flat is the lateral eletri �eld, and λSi is the mean free path of the eletron in silion.63



Chapter 2. From TCAD to ompat modeling of �ash deviesIntegrating the arrier density n(z) over the hannel depth z, one is able to alulatethe probability of eletrons to reah the Si/SiO2 interfae without inelasti ollisions:
P2 =

∫∞
0
n(z) exp

(

−z
λSi

)

dz
∫∞
0
n(z)dz

. (2.42)Finally, the probability of rossing the oxide energy barrier without ollisions an beexpressed in a similar way as a funtion of the equivalent oxide thikness T ′
OX and themean free path in the oxide λOX :

P3 = exp

(

−T
′
OX

λOX

)

. (2.43)The equivalent thikness T ′
OX orresponds to the distane the eletrons have to travel inthe barrier and depends on the oxide eletrial �eld Feffov in the overlap region:

T ′
OX =

√

q0
16πFeffovǫ0ǫox

. (2.44)In suh a ompat approah the injetion urrent is related to the drain-soure urrent
IDS with:

ICHE = IDS

∫ L′

0

P1P2P3

λR
dy, (2.45)where L′ is the distane travelled by the eletrons from the soure to the injetion point inthe LDD and λR an empirial parameter.In ultrasaled tehnologies where high biases are applied, hot eletrons an generate aouple of minority and majority arriers in the pinh-o� LDD region. Given the omplexityof arrier generation and energy exhange that require 2D/3D TCAD or MC numerialanalysis, empirial approahes are adopted. The expression of the total injetion urrenthas been modi�ed following [49, 55℄ and inluding a dependene on the weak-avalanheurrent Iav determined from the drain urrent as in [138℄:

ICHE = ACHEIIav exp

(

−BCHEI

Feffov

)

. (2.46)2.3 Charaterization and model validation2.3.1 Test struture desriptionSeveral test struture on�gurations have been designed and integrated in a 65nm NVMCMOS tehnology. These inlude: 64



2.3. Charaterization and model validation(i) individual ells/equivalent transistor devies where a single transistor is integratedwithout its surrounding matrix environment; these devies are required to extratthe global model of the MOS transistor and they normally inlude long and/or largedevies; sine the ell struture, the ONO apaitane struture and surroundingenvironment are di�erent from real �ash devies, these strutures are only used toextrat initial values of the model parameters;(ii) isolated single equivalent transistor/�ash devies in a matrix environment; a singledevie surrounded by 100 WLs and BLs; these devies are the most suitable for DCand transient haraterization as they better math the layout and environment ofthe devie;(iii) arrays of 80x80 equivalent transistor devies onneted in parallel; in suh a ase 80WLs and 80 BLs are short-iruited; this permits to obtain a large gate-hannel areato measure gate, bulk and juntion diode urrents, whih are usually too small tobe measured on single devies; these devies are in the same environment of memoryells and they are surrounded as well by dummy devies to avoid edge e�ets;(iv) arrays of NxM equivalent transistor ell devies onneted in parallel, with drainand soure short-iruited and where N and M vary from 10 to 2000 depending onthe dimension of the individual ell; suh strutures are haraterized to extratthe AC model of the devie, together with the overlap apaitanes in the stru-ture; de-embedding devies where the ative part is removed, are also integrated andharaterized to determine parasiti ontributions of the interonnetions and of thepads;(v) arrays of fully addressable �ash ells where 8 WLs and 10 BLs an be ontrolledindividually and where the spaing between the �oating gates and the distane be-tween the ells has been varied; these strutures are used to investigate ell-to-ellross-ouplings and Vth distributions (see Chapter 4).All the matries are in NOR on�guration, with soure and isolated substrates in om-mon. Single ells are haraterized in diret memory aess (DMA) on�guration diretlyonneting the pads to the terminals of the devie.2.3.2 ValidationA global parameter extration has been preferred to verify salability limits of the DCmodel. Therefore, all extrations are initially performed on the long and wide integrateddevies, subsequently haraterizing short and narrow devies to extrat length and widthdependenies. A detailed summary of the extration methodology is reported in Annex B.(i) Equivalent-transistor model extrationAC haraterization is performed on the NxM equivalent ell devies to extrat the equiv-alent oxide thikness, the substrate doping and the �at band voltage using an Areteh65
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Figure 2-22 � Same measurement and simulation setup as in Figure 2-21 but in the read onditions ofthe �ash devie at VDS = 0.5V .UF3000 Full-automati prober equipped with a 4076B Agilent Tester and an Agilent 4284ALCR meter. Overlap apaitanes are extrated separating the drain/soure and bulk a-paitane and removing the parasiti omponents of the interonnetions with spei�de-embedding test strutures. DC measurements on the individual and isolated equivalenttransistor devies are performed with a HP 3458A multimeter. DC measurements are per-formed in a partiular sequene, with degrading HV stress onditions applied at the endof the haraterization session. The Vth variation is periodially monitored after eah testto detet the presene of degradation e�ets that ould ompromise extration. As a �rstsreening, ritial parameters suh as the Vth, the maximum transondutane gmMax and66



2.3. Charaterization and model validationthe subthreshold slope are measured on all the 72 dies on the 300mm wafer. Subsequently,statistial data permit to extrat referene values around whih three golden dies are hosento perform the omplete haraterization. Figure 2-21 presents measured and simulated DCharateristis of the hannel urrent IDS versus gate voltage VFS = VCS on the equivalenttransistor devie in linear regime (VDS = 0.1V ). The urrent in (a-b) and gain transon-dutane gm variations in () are reprodued as a funtion of isolated substrate bias VBS. Asimilar extration is performed in saturation regime, e.g. at the read voltage VDS = 0.5Vof the ell (Figure 2-22). Extration of the parameters ontrolling hannel length mod-ulation, saturation voltage and series output resistanes is performed on IDS(VDS, VCS)urves as reported in Figure 2-23(a). The output ondutane gDS in (b-) is also alignedin high voltage onditions to ahieve an aurate weak-avalanhe urrent. Partiular atten-tion is taken to avoid devie degradation and thus short integration time measurements areadopted. Flash measurement onditions annot be ahieved without reahing impat ioniza-tion onditions ausing devie degradation. Subsequently, IDS(VCS, VDS) and IB(VCS, VDS)measurements are performed. The impat ionization ontribution is extrated from IBurves at high positive voltage gate and drain biases (Figure 2-24). GIDL ontributionand DIBL e�ets on Vth are also extrated in aumulation and sub-threshold onditions,respetively on arrays of 80x80 parallel equivalent transistors.
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pendene. A set of parameters to reprodue the temperature e�ets on transfer harater-istis are �tted over a temperature range from −40◦C to 85◦C. In partiular the measuredand simulated IDS(VFS = VCS) harateristis in linear regime (VDS = 0.1V ) are presentedin Figure 2-26.(ii) DC �ash model extrationThe �ash model extration is straightforward one the equivalent transistor harateristisare aligned. Enabling the harge balane equation solver and the ONO apaitane model,the ultraviolet state, i.e. having QF0 = 0, is obtained.An inherent mobility and subthreshold slope mismath is present between the equiva-lent transistor and the memory ell. It is aused by the neessary layout di�erenes betweenthe two devies whih an result in di�erent levels of plasma-indued damage in the stru-tures [139℄ (i.e. di�erent onentration of interfae defets in the �ash devie and di�erent68



2.3. Charaterization and model validation
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Qp
FG = −0.0518 C

m2 and Qe
FG = 0.0147 C

m2 . Measurements performed on 20 di�erent deviesand several dies on the wafer show that the devie and in partiular the stored harge onthe FG is strongly a�eted by proess variations, whih generate a wide Vth distribution.Consequently, the average erase and program threshold voltages (V E
th and V P

th , respetivelymeasured with the onstant urrent riterium at IDScrit = 8µA) are onsidered, whilethe e�ets of statistial variations and the de�nition of proess orners from statistialmeasurements and MC simulations will be disussed in Chapter 4. Similar variations arereported on the gate transondutane and sub-threshold slope.(iii) Transient �ash model extrationP/E algorithms Transient measurements have been performed on single isolated �ashells using an Agilent 81110A pulse generator. The following programming and erasealgorithms illustrated in Figure 2-28 have been adopted:(a) step-like program: single pulses on the drain (bit line) and ontrol gate (word line)terminals are applied. The total duration of the drain pulse plateau, whih also orre-69
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2.3. Charaterization and model validationits erase threshold voltage is required after eah disrete pulse;(d) step-like erase: a single pulse of duration terase is applied on the ontrol gate of theell. The voltage an also be partially distributed on the bulk and/or on the soure ofthe devie. In typial produt-level appliations, a pulse of 8V amplitude is applied onthe isolated p-well of the matrix, while -8V are fored on the word lines for a duration
terase of several ms. The soure is usually shorted with the bulk of the devie whilethe drain is left �oating;(e) progressive erase: similarly to (b), the erase pulse an also be disretized, measuring Vthat eah step; however, given the long duration of the erase pulse, the trade-o� betweenresolution and overhead of rise/fall times is eliminated; given the exponential variationof the erase urrent versus time, the division in erase steps an also be performed inlogarithmi sale;(f) progressive onstant-urrent erase: in this approah the FN erase urrent is maintainedonstant applying a progressive ramp on the ontrol gate voltage of the ell. Thenumber of steps N has to be high enough to avoid disretization e�ets on the voltageramp. This method is ommonly applied in produt-level algorithms where narrow Vthdistributions need to be ahieved and an improved ontrol on the �nal state of the ellis required. Constant-urrent step-like erase algorithms are also adopted.
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Chapter 2. From TCAD to ompat modeling of �ash deviesProgram dynamis In stati models only the two DC states are de�ned, while theprogramming and erasing transition annot be simulated. In this approah, the ompatCHEI and FN models provide a way to investigate the transient regimes with the evolutionof the urrents and power dissipation in the devie versus P/E duration. The injetionmodel has been alibrated over a broad range of programming durations and drain voltages,ahieving a good agreement in most of the onditions. Measurements have been performedover several dies and using the progressive program algorithm of (b), by dividing the pulse in10 steps. In Figure 2-29, simulated and measured programming dynamis are ompared inlinear and logarithm sale in (a) and (b), respetively. The total pulse duration varies from
1µs to 6µs while the drain bias ranges from 4.2V to 3.4V. Simulations have been performedusing a single step-like pulse and the Vth variation is alulated from the injeted hargein the FG and from the initial V E

th ≈ 2.5V . The variation on the initial Vth plays a minorrole on the programming dynamis as it has been veri�ed that a di�erene of less than1V on the initial Vth is not altering the �nal programmed state. At VDS =4.2V, an overexponential behavior is found and the �rst measured points are altered by disretizationand by the in�uene of the 10ns-long rise/fall times of the pulse.
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2.3. Charaterization and model validationand weak avalanhe phenomena our in the hannel. This initially further inreases thedrain urrent, whose overshoot beomes more pronouned for high VDS. Subsequently, thenegative harge injeted to the FG redues the �oating gate voltage of the ell and thedrain urrent exponentially dereases. The redution also dereases the injeted urrentand harge in () and (d), respetively. CHEI programming is a self-limiting proess, aswhen the devie is turned o� by the VFB derease shown in (e), injetion stops. Drainoupling e�ets are also visible on the inrease of the �oating gate voltage with VDS inthe initial part of (e). Instantaneous power onsumption on the drain and on the FG anbe estimated with PD = IDS · VDS and PF = IFD · VFB, respetively. As indiated in(f-g) subplots, CHEI is a very ine�ient proess with only a minimal portion of the drainurrent injeted through the tunnel oxide.
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2.3. Charaterization and model validationBulk polarization is applied to evidene its e�ets on the harateristis. Measurementshave been performed foring a onstant voltage on the isolated p-well of the matrix arrayfrom 0V to -1V during the entire programming sequene. The drain voltage is dereasedto avoid juntion breakdown. Figures 2-31 and 2-32 show the good agreement obtainedbetween measurements and simulations for VDS=3.8V and 3.4V, respetively. Results areillustrated both in linear and logarithmi time sales in (a) and (b), respetively. The blakdashed line orresponds to the (VDS=4.2V,VBS=0V) ondition and has to be ompared withthe dark yan urve at (VDS=3.8V,VBS=-0.5V). High substrate voltages inrease the slopeof the urve in (b) and onsequently lower drain voltages an be applied to ahieve thesame Vth shift after a given programming time.
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2.3. Charaterization and model validation
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2.3. Charaterization and model validationErase dynamis Erase transient harateristis have been measured haraterizing thevariation of Vth versus erase time using the progressive erase algorithm. The 100ms pulseapplied to the word line of the devie is disretized in 10 steps having 10ms durationand 10µs rise/fall time. For the nominal ondition at VCB=-16V the disretization isperformed in 20 pulses in logarithmi spaing to haraterize the Vth variation for veryshort erase times. Three dies are haraterized and a smaller spreading than for programharateristis is found. Three voltage onditions are investigated and reprodued withthe FN urrent model of Eq. 2.39 (Figure 2-36).
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2.4. Conlusionthe oupling oe�ient of the struture, in various bias onditions. A omplete extrationmethodology, relying on spei�ally designed test strutures and onvergene algorithms,has been developed. Charaterization and model extration has been performed on deviesintegrated in a 65nm derivative tehnology, for DC, AC and transient regimes. The resultsindiate that the model o�ers good salability with bias voltages and well reprodues thebehaviour of the ell upon the appliation of various program/erase algorithms.Additional e�ets inlude disturb e�ets, ross�ouplings between the ells in the array,devie aging and endurane/retention redution and statistial proess variation. Theseontributions will be desribed in detail in Chapter 4. The assessment of devie enduraneand the modeling of harge trapping phenomena requires a omplete numerial quantumstudy that has been detailed in the following Chapter.
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Chapter 3Charge trapping e�ets in CMOStehnologies
3.1 IntrodutionThe in�uene of oxide defets in advaned CMOS tehnologies is beoming more prominentas aggressive low power requirements and high endurane performanes are targeted. Thedegradation of both oxide layers and Si/SiO2 interfaes in MOS devies is responsibleof unontrolled threshold voltage Vth shifts [143, 144℄, mobility and gate trasondutane
gm redution [145, 146℄, gate leakage [68℄, Fliker noise [147℄ and general devie lifetimeredution by oxide breakdown [148℄. The e�ets of defets on devie performanes are notlimited to MOS devies, but they also extend to Flash, SONOS, nanorystal and otherharge trapping memories [149,150℄. Indeed, it is ommonly believed that highly-energetiarriers in programming by Channel Hot Eletron Injetion release hydrogen, whih thendi�uses at the Si/SiO2 interfae and generates interfaial states [151, 152℄. Both defetstates and �xed oxide harges a�et DC and AC performanes, program/erase dynamisand memory endurane [68,149,153℄. Moreover, a low-�eld leakage urrent also alled stress-indued leakage urrent aused by oxide traps appears and drastially redues memoryretention [68℄ [69℄. The understanding of the e�ets of traps requires advaned physialmodels to evaluate the mehanisms underlying the Vth window degradation in �ash deviesand the impat of traps on memory retention.In this hapter, we will review and investigate the e�ets of traps using a non-radiativemultiphonon-assisted (MPA) model suitable for DC, AC and transient analysis. The nature,the mehanisms of C/E of arriers and the general e�ets of point defets on the harater-istis of eletrially stressed CMOS dieletris are disussed. Three of the most ommondefet haraterization tehniques, the apaitane/ondutane-voltage (CGV) method,the trap-assisted-tunneling (TAT) haraterization and multifrequeny harge pumping(MFCP) are also introdued. Setion 3.2 deals with the desription of the MPA model. Anovel method for the alulation of the MOSFET gate impedane in presene of traps hasbeen applied to the analysis of AC MOS harateristis and a new CGV extration method-83



Chapter 3. Charge trapping e�ets in CMOS tehnologiesology by reverse modeling is proposed. This approah ensures the physial modeling of trap�lling, frequeny response and devie eletrostatis. In Setion 3.4 trap-assisted-tunnelingin steady state DC onditions is analysed, investigating the role of the oxide regions on-tributing to leakage. Transient e�ets linked to harge trapping and the role of the C/Etime onstants are detailed in Setion 3.5. Charge pumping tehniques have been appliedto the determination of the probed region in the oxide depth and in trap energy using theonsidered MPA model.Using the MPA model as a referene, e�etive trap apture ross-setions and theiroxide depth and energy dependenies ould be extrated. These parameters are ritial forthe formulation of ompat and analytial approahes.3.1.1 Interfae and bulk point defetsTypial point defets at the interfaes are represented by threefold-oordinated unoxidizingSi atoms, whih ontain unsaturated valeny (dangling bonds). This kind of defet isharaterized by an unpaired eletron loalized in a sp3 like silion dangling bond at theinterfae [154℄ and an thus be deteted using Eletron Paramagneti Resonane (EPR)spetrosopy [155�157℄. In these experiments, the soure of the dominating paramagnetisignal (Pb) has been identi�ed as a dangling Si bond at the Si/SiO2 interfae. Its enteris loated at the substrate part of the interfae and its bond is pointing towards the oxidelayer [158℄.Conerning the harge attributed to the defets, Lenahan et al. demonstrated that inthe lower part of the Si bandgap (around 1/3 eV below midgap), Pb enters behave as dia-magneti donor-like interfae defets, positively harged when oupied. As one moves to-wards the bandgap, the defets beome paramagneti and neutral. The states in the upperpart of the bandgap peaking at 1/3 eV above midgap behave like diamagneti aeptor-likeenters, negatively harged when oupied by an eletron. The amphoteri nature of Pbenters drastially alters the eletrial harateristis of CMOS devies. Brower [159℄ andCartier [160℄ [161℄ studied the role of hydrogen in the passivation of Si dangling bonds byannealing [162℄ [163℄. Eletron Spin Resonane (ESR) spetra revealed both the atomistruture, the density and the eletri level of Pb enters [157℄. Sine it is known that thetotal interfae state density extrated from various tehniques (AC measurements, ChargePumping haraterization, DCIV measurements, ...) is in lose relationship with the Pb-enter density [161,164℄, the determination of both their properties and nature has beomeof onsiderable importane in those modern tehnologies where novel oxide staks are in-vestigated.In parallel to experimental investigations, atomi sale modeling (ASM) studies havebeen performed to analyze the mehanisms of generation and passivation of defets, theatomi strutural rearrangement and eletrial harateristis [165℄ [166℄. Ab-initio studiesperformed by [158,167℄ on lusters of Si atoms permitted to investigate the mehanisms ofstrutural relaxation with a fairy good agreement with ESR spetra. Bulk oxide defetsgenerated by oxide vaany VO have also been deteted in amorphous SiO2 [168℄. Thesepoint impurities have been labelled as E ′ enters after EPR analysis on neutron irradi-84



3.1. Introdutionated α-quartz [169℄, revealing the presene of a single unpaired eletron generating theobserved doublet in the hyper�ne spetrum. Four di�erent E ′ enters have been identi�edin amorphous Si [168℄ di�ering in the loal atomi arrangements and harge states. E ′
1on α-quartz and E ′

γ enters on γ-ray irradiated silia glass have the same EPR spetra,nature and origin from the vaany of a O atom in SiO2 [170℄. The presene of negativeg-shifts in ESR spetra revealed that the harging state of these defets is originated byeletron trapping [169, 171℄ but their harge state is still under debate as both ab-initiosimulations [172℄ and CV measurements evidene the reation of a Si ↑ −Si+ pair arounda missing O enter with positive harge when the defet is oupied and spin loalizedaround a single Si atom [173℄.Among the e�ets of point defets on CMOS tehnologies, one of the strongest reliabilityonerns is represented by Negative Bias Temperature Instability (NBTI) [174℄ whih man-ifests as Vth and gm variations in PMOS devies. Defet extration tehniques [175,176℄ oneletrially-stressed devies by high negative applied voltage revealed an inrease of statesat the Si/SiO2 interfae and trapping of bulk harges in the oxide stak. Similar e�ets anbe seen in NMOS devies upon the appliation of eletrial stress due to a high positiveapplied voltage (Positive Bias Temperature Instability - PBTI [177℄).The physial nature of the defets originating NBTI is still under debate: even if thesee�ets are reated after the devie undergoes eletrial stress, reent results on�rmed thepresene of neutral point defets, whih behave as amphoteri harges and whose reoveryphenomena are onsistent with the dynami reovery of NBTI. Indeed, Campbell et al.illustrated the role of (100) Pb0 and the nearly idential (111) Pb1 enters on onventionalEPR and spin dependent reombination (SDR) deteted EPR and orrelate these resultsto DCIV measurements on eletrially stressed devies [162℄. From the modeling point ofview, the orrelation between mirosopi physial e�ets and marosopi NBTI empiriale�ets is also under disussion. Indeed, one of the peuliar aspets of NBTI degradation isthe presene of both a quikly reoverable omponent and a slowly reovering (or perma-nent) omponent [174,178,179℄. Reent studies seemed to reinfore the hypothesis that thereoverable part is due to permanent oxide harge trapping, while the presene of interfaestates originated from Pb enters is ausing the permanent part [180℄. This theory has beenon�rmed by showing the lose relationship between Random Telegraph Noise (RTN) andNBTI reovery, and onsidering interfae and oxide defets having a wide spread distribu-tion of apture/emission (C/E) harge trapping rates. The stohasti nature of the defetsis generally taken into aount in suh approahes [181℄. Sine RTN is onsidered the mainresponsible for the �utuation of individual trap oupanies, its physial explanation hasto be found in the trapping dynamis of single defets [182℄. Moreover, by showing thestrong deorrelation between C/E time onstants, lear experimental evidene has beenprovided that reovery is due to independent defets and that the harateristi swithingbehavior is not due to a di�usive proess. This hypothesis is assumed in the popular andhistorial reation-di�usion (RD) theory [183, 184℄. Evidene is found that the C/E tran-sitions are ontrolled by multiphonon-assisted transitions [185�187℄. Inreasing e�ort hasbeen performed to determine the relationship between the marosopi time onstants andthe mirosopi variables predited by multiphonon theory and assoiated to the tunneling85



Chapter 3. Charge trapping e�ets in CMOS tehnologiesinteration between a arrier reservoir and the point defet position.3.1.2 Trap haraterizationThe eletrial haraterization of the amount of trapping states at the oxide-semiondutorinterfae, an be performed using several tehniques. Various researhers in the �eld usewell-known CGV haraterization methods [72, 73, 188℄ for extrating trap onentrationsat Si/SiO2 interfaes. The energy distribution of interfae defets in the band-gap an beextrated omparing Quasi-Stati (QS) and High Frequeny (HF) CV urves and revealstwo peaks aross the Si bandgap orresponding to interfaial Pb enters defets [160, 161,188℄. However, due to the wide distribution of C/E rates, only small portions of thetrap distribution an be haraterized with ommon CGV measurement equipment [189℄.Indeed, while traps near the substrate band-edges have harateristi frequenies whih aretoo high to be measured, deeper traps in energy and depth are usually way too slow [190℄.Charge pumping (CP) methods are urrently one of the most widely used Si/SiO2interfae trap eletrial haraterization tehniques [191�195℄. Similar haraterizationapproahes have been introdued for the �rst time in 1969 [196℄, applying periodi pulses onthe gate of a MOSFET, while keeping the other terminals grounded. During eah pulse, atthe high level voltage plateau, hannel inversion ours and the oxide and Si/SiO2 interfaedefets apture eletrons from the Si substrate ondution edge band. On the other hand,when the voltage dereases to the low level region, trapped eletrons reombine with holesaptured from the valene band [194, 197, 198℄. The total net urrent, measured on thebulk ontat and integrated on an entire pulse, represents the reombination urrent in thetrap sites, and is maximum when the defets apture both eletrons in inversion and holesin aumulation. The value of the urrent peak gives an indiation of the distribution ofdefets at the Si/SiO2 interfae. Multifrequeny CP tehniques are urrently used to probespei� parts of the spatial and energeti distribution of defets [198, 199℄. Additionally,lateral pro�ling tehniques relying on CP measurements are largely adopted to haraterizethe asymmetrial defet distribution along the hannel of MOSFET devies after stress byhot arrier injetion.While the haraterization of traps having long time onstants annot be performed us-ing CGV or harge pumping tehniques, other tehniques an be adopted to analyze thesedefets; one of the oldest has been found in the Photoluminesene Intensity Charateriza-tion [200℄ (PIC), applied for interfae states present in III-V bulk materials. However thisapproah permits to extrat only the total amount of all interfae states and its relativeinsensitivity of the tehnique represents a strong limitation.For this reason, other solutions have been reently found to haraterize single defetsand apture the mirosopi properties of impurities having long time onstants. Thesemethods, being performed on small-area devies, are not su�ering from the averaging outof the individual defet properties and bene�t from the unambiguous identi�ation of theirproperties [201℄. The Time Dependent Defet Spetrosopy (TDDS) [202, 203℄ analyses ahigh number of stress/reovery experiments where single C/E events an be identi�ed bystep-like traes on marosopi parameters, e.g. Vth and gm degradation. Typial defet86



3.2. Multiphonon-assisted trapping modeltime windows that an be analyzed range from few µs up to minutes or even hours [201℄,while the gate bias dependene an be monitored on a wider range than in RTN [204℄.Single defet haraterization has been performed also by Haider in [205℄ using SanningTunneling Spetrosopy (STS) to image Si dangling bonds in the lattie and study theirreiproal ouplings. Other approahes are adopted to aurately determine mirosopiproperties of multiphonon-assisted transitions [206℄.3.1.3 Charge trapping models - state of the artEven though in the past 30 years CGVmethods have been onsidered reliable approahes [72,74,189,207℄, they had to fae also ritis by a part of the sienti� ommunity due to the lim-itations of their empirial extration models [73, 208℄. Sine the formulation of pioneeringmodels investigating the impat of defet states that reside on the semiondutor surfae inMOS apaitors [72℄, a onsiderable amount of e�ort has been devoted to obtaining a widerunderstanding of the behavior of deeper traps in dieletri layers [209, 210℄. Most of theselatter approahes rely on the extension of the Shokley-Read-Hall (SRH) reombinationtheory [211℄ onsidering elasti tunneling through the oxide barrier. Multi-Frequeny CV(MFCV - [74, 189, 210℄), Deep-Level Transient Spetrosopy (DLTS - [212, 213℄), Trap As-sisted Tunneling (TAT- [68,214℄) and Multi Frequeny Charge Pumping (MFCP - [215�217℄experienes have been analysed to extrat the spatial and energeti distribution of defets.However, the models adopted in the aforementioned extrations an lead to major ap-proximations in the estimation of the total trap density and inorret temperature depen-dene [218℄. Indeed, as reently pointed out, the standard extension of the SRH reombi-nation theory essentially predits a orrelation between the time onstants and depth-wiseposition, whih is not veri�ed experimentally [219℄.Carrier apture/emission by means of non-radiative MultiPhonon-Assisted proesses [220,221℄ have been studied in its appliation to TAT in SiO2 [70,71,83,214,222℄ and HfO2 [86℄dieletris. The appliations of the studies performed by Palma et al. on�rmed that theC/E time onstants observed in RTN experiments, as long as their bias and temperaturedependenies, an be aurately reprodued with this approah [214℄. The exponentialdependene of the trapping rates with the distane from the interfae is in line with thelarge measured spread of the C/E rates. However, an approah onsisting of oupling anaurate MPA model to physial MOS impedane models to reprodue trapping e�ets hasnot been developed yet.3.2 Multiphonon-assisted trapping modelA multiphonon-assisted harge trapping model has been implemented into a self onsis-tent 1D Poisson-Shrödinger solver [153℄ to investigate eletrially-stressed MOSFET oxidestaks. The model building bloks are detailed in Figure 3-1.This setion disusses the hypotheses and the physial priniples of the onsideredtrapping model. In Subsetion 3.2.1, the rate equation ontrolling the exhange �uxes87



Chapter 3. Charge trapping e�ets in CMOS tehnologieswith the substrate and gate reservoirs is realled. The main hypotheses on trap modelingare explained. The solution of the equation requires determining the C/E �uxes of arriers
Φc/Φe from one reservoir into the trap position in the oxide using multiphonon theory.One the �uxes are obtained, the rate equation is solved for the quasi Fermi level in thedieletri and the trapped harge distribution ρT is found and applied to the Poisson solver(Subsetions 3.2.4).

Poisson-Schrödinger  solver

MPA
trapping model

Rate equation

Figure 3-1 � Sheme indiating themodel building bloks: a multi-bandPoisson/Shrödinger solver based ona k.p losed boundary method, amultiphonon-assisted trapping model forthe alulation of the C/E �uxes Φc/Φefrom the arrier wavefuntions Ψj andthe energeti levels Ej , and the rateequation solver for the determination ofthe trapped harge ρT .A novel approah for small signal AC analysis is introdued using a limited developmentof the rate equation and the total impedane of the system is found (Subsetion 3.2.5).3.2.1 Trap modeling and rate equationAb-initio density funtional theory (DFT) simulations indiate that the Si/SiO2 interfaeshould be onsidered as a gradual transition from bulk Si to bulk SiO2 more likely formedof a SixO2(1−x) material [223℄. The extension of this region is expeted to be rangingfrom 2Å to 10Å [223,224℄ and to present a large number of unpassivated dangling bondsafter eletrial stress [225,226℄. Consequently, a lear distintion between Pb and E ′ defetsis di�ult to be established in suh a region. A general approah an be adopted to modela wide variety of Pb, E ′ and other types of defets in the dieletri. However, in the analysisof impedane e�ets, interfaial amphoteri defets generally represented by Si danglingbonds, have been found to dominate the DC streth-out and AC response in the eletrialharateristis. The signature of these defets on ESR spetra revealed that E ′ defets tendto rapidly reover after the removal of the stress ondition [227℄. Furthermore, bulk trapsare unlikely to respond to the AC small-signal omponent due to their C/E frequeniessmaller than the small-signal frequeny [228℄.Defets are distributed in the oxide layer in all spatial diretions and, as highlightedin [229℄, they an have di�erent energy levels. At a given ut aross the oxide stak atposition x, the spatial distribution of traps in the transversal plane an be related to awide energy distribution. In this work, a time-independent spatial and energy distributionof the defets NT (x, ET ) in the oxide layer stak has been adopted. We did not onsiderthe possible hange of the distribution vs. time, as in multi-state models linking the88



3.2. Multiphonon-assisted trapping modelarrier C/E mehanisms with the generation/annealing dynamis within the NBTI andRTN ontexts [179, 181, 182, 201, 230, 231℄. For impedane modeling, it has been veri�edthat no further degradation is added when performing admittane measurements one thedevie has been stressed.The dynamis of trap oupation are ontrolled by the rate equation [70℄:
∂ρT (x, ET , t)

∂t
= Φc(x, t, ET )− Φe(x, t, ET )− Φ̃c(x, t, ET ) + Φ̃e(x, t, ET ), (3.1)relating the variation in time of ρT (x, ET , t) with the eletrons e− (holes h+, respetively)apture and emission �ows Φc(x, ET , t) and Φe(x, ET , t) (Φ̃c(x, ET , t) and Φ̃e(x, ET , t), re-spetively). The trap is assumed to be plaed at position x in the oxide and at energy

ET .As ESR and STS experiments [157, 167℄ extensively demonstrated, Pb enters exhibitan amphoteri harge nature, being neutral when unoupied and having the possibilityto apture a h+ or an e− (+ → 0 → −). In addition, depending on their nature (E ′
γ,

E ′
δ enters, ... [229℄), oxide/border defets an be aeptor -like traps, i.e. neutral defetsbeoming negatively harged (0 → −) when an e− is aptured or a h+ is emitted, or donor -like traps, whih are positively harged defets beoming neutralized (+ → 0) when an e−is aptured or a h+ is emitted.The total trapped harge ρT (x, t) for aeptor and donor, respetively, an be alulatedusing:

ρT (x, t) = −
∫

ET

fT (x, ET , EF , t)NTdET ,

ρT (x, t) =

∫

ET

(1− fT (x, ET , EF , t))NTdET , (3.2)where fT (x, ET , EF (x, t), t) expresses the oupation funtion of the trap, i.e. the probabil-ity a trap plaed at energy ET and position x is oupied by an eletron at time t. Thequasi Fermi level at position x is indiated with EF (x, t, ET ).Rigorous modeling of amphoteri states with doubled oupany would require to a-ount for the Coulombi energy shift between the (0/-) and the (+/0) energy transition.For Si dangling bonds suh energy shift an be quite large (e.g. approximatively 0.75eV fordefets on (111) Si surfaes [232℄) and a rigorous alulation would require to determinetwo oupation funtions f 0
T and f−

T for eah oupany state [233℄. However, in order toextend the formalism developed in this paper to amphoteri-like defets we negleted theCoulombi energy and approximate the total harge with:
ρT (x, t) =

∫

ET

(1− 2fT (x, ET , EF , t))NTdET , (3.3)In steady-state, the defets oupany funtions are at equilibrium with the arrierreservoirs (hannel/gate). Thus, the onept of a quasi Fermi level EF (x) valid in the89



Chapter 3. Charge trapping e�ets in CMOS tehnologiessubstrate an be extended to the trap site at position x. Therefore, summing left andright-hand sides of the set of equations expressed by Eq. 3.1 for eah energy level, the rateequation redues to:
∫

ET

gNT (x, ET )
∂fT
∂t

dET =

∫

ET

[Φc(x, ET , t) + Φ̃e(x, ET , t)

−Φe(x, ET , t)− Φ̃c(x, ET , t)]dET , (3.4)The expression of ρT in the left-hand side of Eq. 3.1 has been replaed by one of theexpressions in Eqs. 3.2 3.3, with a di�erent defet harge fator g = {−1,−2}, resultingfrom the derivative of ρT (aeptor/donor and amphoteri, respetively). The validity ofEq. 3.4 for the DC and AC domains is disussed in Subsetion 3.5.3.2.2 Capture/emission �owsThe C/E �ows Φc/Φe in Eqs. 3.1 and 3.4 and have been obtained using the theory ofnon-radiative trapping of arriers by multiphonon-assisted proesses [185, 187, 234℄.The e− �ows are expressed using:
Φc(x, ET , t) = NT (x, ET ) (1− fT (x, ET , EF , t)) τ

−1
c (x, ET , t),

Φe(x, ET , t) = NT (x, ET )fT (x, ET , EF , t)τ
−1
e (x, ET , t). (3.5)For h+ similar expressions are used:

Φ̃e(x, ET , t) = NT (x, ET )(1− fT (x, ET , EF , t))τ̃
−1
e (x, ET , t),

Φ̃c(x, ET , t) = NT (x, ET )fT (x, ET , EF , t)τ̃
−1
c (x, ET , t), (3.6)where τ−1

c (x, ET , t) (τ̃−1
c (x, ET , t), respetively) is the apture rate for e− (h+, respetively),and τ−1

e (x, ET , t) (τ̃−1
e (x, ET , t), respetively) is the emission rate for e− (h+, respetively).Their evaluation requires onsidering the multiphonon theory for the alulation of C/Earrier tunneling probabilities Wc/We.3.2.3 Multiphonon transitionsFigure 3-2(a) illustrates the multiphonon-assisted tunneling mehanisms involved and theC/E trapping �ows onsidered at one interfae. In the onsidered model, an e− (h+, respe-tively) an be aptured (emitted) from (to) the energy level Ej (Ẽj, respetively) in a arrierreservoir (gate or hannel) to an unoupied trap site at energy ET . This transition is as-sisted by phonon emission/absorption assoiated to a strutural lattie energy relaxation

∆E. As will be shown in the following setions, the apture rate exponentially dependson ∆E. One the arrier is aptured, any further strutural relaxation or defet annealingmodifying the trap wavefuntion, its potential or energy ET , e.g. through meta-stablestates as desribed in [179, 181, 182, 201, 229�231℄, is negleted in our model.90



3.2. Multiphonon-assisted trapping modelThe theory of multiphonon-assisted interation [185, 187, 234℄ predits apture proba-bilities Wc given by:
Wc(x, Ej, ET ) =

2π

~
R(∆E)|V |2 exp

(

F 2

F 2
C

)

×

×



rS

(

1− ∆E

~ωS

)2

+ (1− r)

√

(

∆E

~ωS

)2

+ 4n(n+ 1)



 , (3.7)where ∆E = Ej − ET and n = (exp(~ω/(kBT)) − 1)−1 is the average number of phononsof pulsation ω given by Bose-Einstein statisti, r and the Huang-Rhys fator S are modelparameters [220℄.The term R(∆E) is expressed as:
R(∆E) =

1

~ω
exp

[

−(2n + 1)S +
∆E

2kBT]∑m Im(ξ)δ(m~ω −∆E), (3.8)being Im(ξ) the redued Bessel funtion of order m [235℄, T the devie temperature and
ξ = 2S

√

n(n + 1). The fator exp (F 2/F 2
C) has been inluded to take into aount theexponential dependene of the apture probability with respet to the eletri �eld F inthe oxide. The ritial �eld FC is a model parameter that an be extrated from TDDSand STS measurements [182, 184℄.The alulation of the emission probability We assumes that the trap is in thermalequilibrium with the gate/hannel. From this hypothesis and applying the detailed balanepriniple [211℄, one has:

We(x, Ej, ET ) = e
ET−Ej
kBT Wc(x, Ej, ET ). (3.9)In a omplete MOSFET system, the �uxes at the two oxide interfaes (left - L: gate/oxideinterfae and right - R: oxide/substrate interfae) are indiated in Figures 3-2(b) as ΦL and

ΦR. Both the e− and h+ ontributions have been inluded in Eq. 3.1. In addition to TATtunneling mehanisms, diret quantum tunneling has been onsidered using a onventionalTsu-Esaki model and the WKB approximation for alulating the barrier transmission(Chapter 2).(i) Defet wave funtion modelIn order to alulate the wave funtion overlap |V |2 and the mirosopi model parameters
S and r, a model for the defet wave funtion is needed. The billiard-ball (BB) model atthe trapping enter proposed by Ridley [236℄ is used:

|Ψb(x)〉 =
{

1/
√

x3L, for |x− x0| ≤ x0
2
,

0, for |x− x0| > x0
2
,

(3.10)91



Chapter 3. Charge trapping e�ets in CMOS tehnologies
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E(a)Figure 3-2 � Multiphonon-assisted trapping mehanisms onsidered in the proposed model. (a) An e−(h+, respetively) from the hannel at energy E (Ẽ , respetively) is aptured by an inelasti tunnelingevent through the energy barrier at the Si/SiO2 interfae losing energy ∆E (four C/E �uxes for both

e− Φc / Φe and h+ Φ̃c / Φ̃e are onsidered). In (b), the eletron �uxes ross the oxide with diretand trap assisted tunneling. Similar onsiderations apply to h+.where x0 is the extension of the trap enter, xL is the edge of the ube whih is iso-volumetri to the sphere of the defet [220℄. Thus, xL = aT (
4π
3
)1/3 and aT = ~√

2m∗(Ec(x)−ET )
,onsidering Ec(x) the ondution band level at position x and m∗ arrier mass in the oxide.The in�uene of the trapped harge and state on the trap potential and wavefuntion hasbeen negleted.(ii) Mirosopi parameters alulationThe transition matrix element between states b and j [70℄ has been expressed as:

|V |2 = |〈Ψb|U |Ψj〉|2 = 5πS(~ω2aT )
2

∫ x+xL/2

x−xL/2
|ζ(z, Ej)|2dz, (3.11)where ζ(z, Ej) is the wavefuntion alulated using the Shrödinger solver.The Huang-Rhys fator S in the BB model an be determined using:

S =
27

4(~ω)2(qDxL)3
·

D2
ph

Mrω/~
, (3.12)where Mrω/~ = 1/(ρmω) and the phonon-deformation potential Dph = 6 · 108 eV/m isa �tting parameter whih an be extrated from the measured values of the Huang-Rhysfator. The phonon frequeny ω and the material density ρm are intrinsi properties of thematerial. A single phonon frequeny has been assumed in this work onsidering an averagevalue determined in the studies of Berthe [237℄. The Debye uto� wavevetor qD is de�nedas qD = (6π2/a0)

1/3, with a0 equal to (0.251/3) of the lattie onstant in Zin-Blend lattie.Sanning tunneling spetrosopy studies in [237,238℄ performed on Si substrates estab-92



3.2. Multiphonon-assisted trapping modellish a value of S = 9.6 and ~ω = 32.5meV for Pb enter defets. These onstant valueshave been used in this study, but the dependene of the AC harateristis on the Huang-Rhys fator S has also been investigated varying its value from 0.1 to 50; the alulationand measurement of this parameter and of its �eld dependeny is still under debate; li-terature studies performed on bulk materials reported values ranging from 50 down to1 [185,187,234℄. The in�uene of S and FC on the admittane and transient harateristishas been investigated in [239℄ and in Annex D.(iii) Capture/emission ratesThe C/E rates of e− are de�ned as:
τ−1
c (x, ET ) =

∑

j

Wc(x, Ej , ET , t)g2DD−(Ej),

τ−1
e (x, ET ) =

∑

j

We(x, Ej, ET , t)g2DD0(Ej), (3.13)where g2D =
m∗

Si

π~2
represents the 2D density of states in the semiondutor arrier reservoirand m∗

Si is the e�etive mass of the arriers in Si (0.19m0 and 0.514m0 for e− and h+,respetively, ompared to the free e− mass m0). The quantized energeti levels in thereservoir Ej are determined using the PS solver [153℄. The oe�ients D are expressed as:
D−(Ej) = kBT ln

[

1 + exp

(−(Ej − EF )

kBT

)]

,

D0(Ej) = kBT ln

[

1 + exp

(−(Ej − EF )

kBT

)]

exp

(Ej − EF
kBT

)

, (3.14)Similar onsiderations are applied for the alulation of the C/E rates of holes τ̃−1
c /τ̃−1

e .Considering the system in thermal equilibrium, a Fermi-Dira distribution an be used todesribe the arrier distribution funtion f(x, E , EF , t) in the semiondutor.The model preditions have been ompared to those obtained using a multiphononapture model applied to the study of TAT urrent [70℄. Same struture and model pa-rameters as in [70℄ have been used for the omparison. A good qualitative alignment onmultiphonon C/E frequenies alulated with Eqs. 3.13 is observed (Figure 3-3(a)). Quanti-tative disrepanies have been attributed to some di�erenes between the model in [70℄ andthis work. Indeed, we have onsidered both gate and substrate ontributions in the rateequation, the impat of the eletri �eld on h+ and e− �uxes, inelasti emission towardsboth the gate and hannel reservoirs and self-onsistent simulation of devie eletrostatis.The importane of omputing a self-onsistent devie eletrostatis is shown in the banddiagram of Figure 3-3(b). The harge trapped in the oxide modi�es the potential pro�leof the struture and thus needs to be taken into aount in the Poisson equation. For anaurate analysis in all bias onditions, both gate and substrate �uxes should be taken intoaount onsidering also the h+ trapping urrents towards the valene bands. Inelasti and93



Chapter 3. Charge trapping e�ets in CMOS tehnologiesdiret tunneling towards the gate an also our with important e�ets on the TAT urrentand trap oupation.
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Figure 3-3 � (a) e− apture frequenies
τ−1
c versus the position x in the oxide,alulated with the proposed modeland with the model in [70℄. Strutureparameters are detailed in [70℄. (b)Band diagram of the struture showingthe ondution and valene bands bend-ing indued by the negatively hargedtraps in the oxide layer.
Figure 3-4 � Simulated apture (a) andemission (b) frequenies of eletrons inweak inversion onditions (V=0.9V) asa funtion of the trap energy and depthin the oxide layer. The oxide/substrateinterfae is plaed at position x = 0with the substrate ondution and va-lene band edges at 0eV and 1.2eV.A zoom of the band diagram in Fig-ure 3-3(b) in proximity of the Si/SiO2interfae is shown. Cuts in energy anddepth are shown in Figure 3. Thepreditions of the multiphonon-assistedmodel show a strong derease of theC/E rates in oxide depth and trap en-ergy.A theoretial study on the C/E rates dependene in energy, position and bias has beenonduted and is reported in [218℄. Capture ross-setions have also been extrated toprovide a referenes for ompat degradation models [240℄. Figure 3-4 shows a zoom ofthe oxide region in Figure 3-3(b) in weak inversion onditions (V=0.9V). In (a), the higherprobability of e− of being aptured in the viinity of the Si ondution band edge is shown.The energy dependene is explained onsidering that transition of arriers is less favourablewhen a larger amount of phonons is emitted/absorbed. The emission rates in (b) indiatea stronger energy dependene given by the detailed balane in Eq. 3.9. For the onsideredvoltages, the oxide �eld remains smaller or omparable to the ritial �eld FC and thus thisempirial parameter is assumed to have a redued e�et on the harateristis; in strong94



3.2. Multiphonon-assisted trapping modelinversion, the apture frequeny exponentially inreases with the applied bias voltage. Asimilar exponential derease in energy and position has been observed for holes C/E rates.Figure 3-5 � Capture and emission ratesas a funtion of the oxide depth (e−in (a) and h+ in (b)) and the trapenergy () related to the uts of Fig-ure 3-4 along the dotted lines. The ap-ture/emission frequenies are highernear the Si/SiO2 interfae. The holeapture/emission rates τ̃c/τ̃e are higherin proximity of the Si valene band
ET = ESi

V , while τc/τe peak near theondution band ET = ESi
C = 1.2V .The quantities referred to h+ are illus-trated for V = -1.1V, while those re-lated to e− for weak inversion ondi-tions at V=0.9V.To further quantitatively illustrate the phenomena, the energy and depth dependeniesof τ−1

C /τ−1
E have been illustrated at the Si/SiO2 interfae (x=0nm in Figure 3-4) and at theSi ondution/valene band edges ESi

C /E
Si
V (Figure 3-5). The exponential dependene dueto the wavefuntion penetration in the oxide is stronger than the dependene in energy. The

e− apture rate in weak inversion is of several orders of magnitude smaller than both theemission rate and the apture rate of holes in aumulation, due to the redued inversionharge in the hannel.3.2.4 Steady-state DC regimeIn steady-state onditions, i.e. for ∂ρt(x,t)
∂t

= 0, Eq. 3.4 simpli�es aording to
∫

ET

[

Φc(x, ET , t) + Φ̃e(x, ET , t)− Φe(x, ET , t)− Φ̃c(x, ET , t)
]

dET = 0. (3.15)The solution of this non-linear equation provides the value of the quasi Fermi level at thetrap position. The quasi Fermi level alulated from Eq. 3.15 in equilibrium onditionsremains equal to the quasi Fermi level in the gate/hannel, justifying the ommonly adopteddetailed balane hypothesis. Subsequently, the trap oupation fT and the distribution oftrapped harges ρT an be alulated supposing a Fermi-Dira distribution at the trapposition.Partitioning is required to attribute the trapped harge to its appropriate energy bandand interfae in the alulation of TAT and AC response. The riteria adopted in this work95



Chapter 3. Charge trapping e�ets in CMOS tehnologiesonsider the net tunneling �uxes Φn = Φc −Φe between the di�erent bands and interfaesas weighting fators.The four net �uxes ΦLn , ΦRn , Φ̃Ln , Φ̃Rn with respet to the e− and h+ �ows at the left andright oxide interfaes are determined. The harge partitioning is obtained using:
ρkT = − Φkn

ΦLn − Φ̃Ln − (ΦRn − Φ̃Rn )
ρT ,

ρ̃kT =
Φ̃kn

ΦLn − Φ̃Ln − (ΦRn − Φ̃Rn )
ρT , (3.16)where the index k = {R,L} has been added and refers to the left or right oxide interfaes(L and R in Figure 3-2(b)). A similar approah is applied for weighting the TAT urrents.Steady-state Trap-Assisted-Tunneling urrent alulation requires the �uxes determi-nation to be performed for the two interfaes and for both the gate and the hannel fromwhih tunneling an our.The net urrent density �owing at one interfae is given by:

JkTAT (x) =

∫

ET

[Φkc (x, ET ) + Φ̃ke(x, ET )− Φ̃kc (x, ET )− Φke(x, ET )]dET , (3.17)where index k = {R,L} has been added. The total net steady-state urrent density isexpressed as:
JSSTAT =

∫

x

JRTAT (x)dx = −
∫

x

JLTAT (x)dx. (3.18)For thinner oxides, the diret tunneling urrent omponent JWKB has been onsideredas well using a Tsu-Esaki model and adopting a WKB approximation for the determinationof the barrier transpareny [50, 241℄.3.2.5 Transient and AC analysisThe transient TAT urrent at time t is represented by the left hand side of Eq. 3.4 andde�ned as:
JTTAT (t) =

∫

x

∫

ET

NT (x, ET )g
δfT
δt
dETdx. (3.19)The transient rate equation is solved using a �nite di�erene approah for the trap ou-pation.From a pratial point of view it is possible to obtain the gate impedane of the deviefrom a transient simulation, applying a small sinusoidal signal on the gate. However, suh96



3.2. Multiphonon-assisted trapping modelan approah requires a large omputational e�ort and thus, an alternate small-signal modelis preferred. A novel small-signal approah has been developed and validated, and ould befound in [75,153℄. Equations for suh a model are desribed and reported in the followingsetions.The total system admittanes Y are alulated with:
Y (V, ω) = Y V (V, ω) + Y T (ω), (3.20)where ω is the angular frequeny of the applied sinusoidal signal V (t) = V0 + v(t). The�rst ontribution Y T (ω) represents the intrinsi response of the defets at a given ω dueto loal quasi Fermi level variation. The seond ontribution Y V (V, ω) orresponding tothe in�uene of the defets on the MOS harges should also be taken into aount. In thealulation that follows all referenes to position x have been intentionally omitted.(i) Intrinsi trap AC responseA general frequeny-dependent model suitable for multiphonon C/E is formulated, perform-ing a small-signal analysis of the rate equation in the Fourier domain. Applying a gatevoltage signal V (t), a Taylor expansion is adopted around the DC operating V0, yielding:
fT (x, ET , V (t)) ≈ fT0 + δfT ,

EF (x, V (t)) ≈ EF0 + δEF ,

τ−1(x, ET , V (t)) ≈ τ−1
0 + δτ−1, (3.21)where fT0, EF0 and τ−1

0 are the steady state values of the trap distribution, quasi Fermilevel and apture/emission times.Considering Eq. 3.4, we replae ∂
∂t

with jω = j2πν and the expressions of the ap-ture/emission �uxes in Eq. 3.5 for both holes and eletrons. Adding the �ux ontributionsand removing the steady-state �ux ontributions, it an be seen that after mathematialderivation Eq. 3.4 redues to:
jω

∫

ET

gδfTNT (x, ET )dET =

∫

ET

NT (x, ET )[(1− fT0)(δτ
−1
c − δτ−1

e ) + (3.22)
+fT0(δτ̃

−1
c − δτ̃−1

e )− δfT τ
−1
t ]dET ,In suh an expression, we expressed the sum of all the trapping as a harateristi trapfrequeny τ−1

t :
τ−1
t = τ−1

c0 + δτ−1
c + τ−1

e0 + δτ−1
e − (τ̃−1

c0 + δτ̃−1
c + τ̃−1

e0 + δτ̃−1
e ). (3.23)The importane of this quantity relies on its diret relation with the ut-o� frequeny ofthe MOS admittanes as learly shown in Setion 3.3.1 and [218℄.Expressing fT (x, ET , V (t)) using Taylor series expansion around the DC operating97



Chapter 3. Charge trapping e�ets in CMOS tehnologiespoint, yields to:
δfT = −δEF

(1− fT0)fT0
kBT

, (3.24)and thus:
δEF =

kBT
∫

ET
NT ((1− fT0)(δτ

−1
c − δτ−1

e ) + fT0(δτ̃
−1
c − δτ̃−1

e ))dET
∫

ET
NT (gjω + τ−1

t )(1− fT0)fT0dET
. (3.25)The admittane omponent is alulated using the trapped harge expression in the lefthand side of Eq. 3.4:

yT (x, ω) = jω
∂ρT
∂V

= jωg

∫

ET

NT (x, ET )δfT
vac

dET ,

Y T (ω) =

∫

x

yT (x, ω)dx, (3.26)where vac is the amplitude of the small signal pulse.Eqs. 3.25 and 3.26 are key equations derived to obtain the total intrinsi trap ondu-tane GT = Re(Y T (ω)) and apaitane CT = Im(Y T (ω))/ω. In the derivation of Eq. 3.25and 3.26, we have only onsidered the harge trapping �uxes exhanged with the substrateR. Extending the method inluding the apture/emission with the gate reservoir L andseparating eah ontribution between holes and eletron ontributions, leads to onsider 4admittane omponents yRT (x, ω), yLT (x, ω), ỹRT (x, ω), ỹLT (x, ω).Upon the appliation of a low-frequeny sinusoidal signal to the gate, all traps areexpeted to respond to the bias voltage [73℄. In suh a ase, the transient �uxes areonsidered null, with the traps reahing the equilibrium with the arrier reservoirs wheneverthe bias voltage hanges. Consequently, GT is null and the intrinsi quasi-stati trapapaitane CT an be de�ned as:
CT
DC ≡ CT (ω → 0) =

∂QT

∂V
=
∂
∫ ∫

ρT0dETdx

∂V
. (3.27)As ω inreases, the trap C/E rates beome omparable to the frequeny of the small-signal omponent and �lling of defets and trap response is redued [73℄. When driving thedevie at high frequeny, traps do not follow the small-signal voltage applied to the gateand an be out of equilibrium with the reservoirs. Consequently, for a given DC bias, theharge density due to �lled traps is a distribution of �xed harges and only their in�ueneon devie eletrostatis is onsidered.(ii) Complete MOS admittane modelTrap �lling indues a modi�ation of the eletrostatis of the system, a�eting the MOS-FET bulk and inversion harges QB and QI . This orresponds to two admittane om-98



3.2. Multiphonon-assisted trapping modelponents Y V
GB and Y V

GC, respetively. These quantities do not only depend on the appliedvoltage V but also on the total trapped harge QT = QT0 + δQT (t) and onsequently onthe frequeny. The harges an be linearised using Taylor expansion around the DC point
O (V0, QT0), where the devie and the defets are in equilibrium onditions. For simpliitythe alulation is shown for QB, the same onsiderations applying to QI :

QB(V,QT , t) = QB(V0, QT0) +
∂QB(V,QT )

∂QT

∣

∣

∣

O
δQT (t) +

∂QB(V,QT )

∂V

∣

∣

∣

O
v(t), (3.28)and the related admittanes as:

Y V
GB(V,QT ) = jω

∂QB(V,QT )

∂V
=
∂QB(V,QT )

∂QT

∣

∣

∣

O
Y T (ω) + jω

∂QB(V,QT )

∂V

∣

∣

∣

O
, (3.29)Two ontributions enter in Eq. 3.29. Realling Eq. 3.26, we an notie that the �rstontribution depends on jω ∂QT

∂V
= Y T (ω) with the orretive term ∂QB(V,QT )

∂QT

∣

∣

∣

O
. This anbe determined expressing the harge variation as:

∂QB(V,QT )

∂QT

∣

∣

∣

O
=
QHF
B −QLF

B

QHF
T −QLF

T

=
CGB(ω → ∞)− CGB(ω → 0)

CT (ω → ∞)− CT (ω → 0)
, (3.30)with QHF

B = QB(V, ω → ∞) and QLF
B = QB(V, ω → 0).The gate-to-bulk CGB(ω → ∞) =

QHF
B

−QB0

vac
is alulated from the devie eletrostatissimulated at V = V0+vac with the self-onsistent PS solver, when all the traps are supposednot to respond to the frequeny and are onsidered as �xed harges. In suh a ase theydo not follow the small signal bias voltage and their harge distribution remains the sameas the one alulated in DC onditions (modulated through fT0), as at in�nite frequenythe defets have not the time to respond to a small signal voltage variation applied tothe gate. The apaitane CGB(ω → 0) =

QLF
B

−QB0

vac
on the other hand is obtained froma PS simulation applying the same DC voltage V = V0 + vac, with fT alulated fromthe new bias onditions. Similar onsiderations apply for the gate-to-hannel apaitanes

CGC(ω → ∞) and CGC(ω → 0) using QI .Knowing that the trap response is null at high frequeny (ω → ∞ ⇒ δQT → 0), theseond ontribution in Eq. 3.29 is:
Y V
GB(ω → ∞) = jω

∂QB(V,QT )

∂V

∣

∣

∣

O
= GGB(ω → ∞)− jωCGB(ω → ∞). (3.31)The ondutane GGB = ∆(JWKB+J
SS
TAT )/vac is determined from the steady-state trapassisted JSSTAT and the diret tunneling JWKB urrent omponents.We replae the two ontributions with the expressions obtained in Eqs. 3.30 and 3.31.99



Chapter 3. Charge trapping e�ets in CMOS tehnologiesTherefore Eq. 3.29 an be rewritten as:
Y V
GB(V,QT ) = Y V

GB(ω → ∞)− Y T (ω)
CGB(ω → ∞)− CGB(ω → 0)

CT (ω → 0)
, (3.32)As detailed in Eq. 3.32, the total admittanes an be expressed from the high frequenyterm and a orretion term proportional to the intrinsi total trap admittane.(iii) AC model validationThe proposed AC signal model has been ompared to the transient approah simulatingthe response upon the appliation of a sinusoidal voltage pulse and extrating all thedisplaement urrents in the system. The struture taken into aount is a 50Å-thik

SiO2 NMOS devie where a Gaussian trap distribution in energy and position is plaedat 2Å from the Si/SiO2 interfae. Figure 3-6 ompares the trap response obtained withthe two approahes for an amphoteri-like trap distribution. The displaement urrentsdetermined from transient simulations are used for extrating the admittane omponentsof the system. In partiular, Y V
GB, Y T

GB, Y V
GC and Y T

GC have been extrated from the am-plitudes of the urrent densities JVGB = ∂QB
∂t

, JTGB = ∂Q̃T
∂t

, JVGC = ∂QI
∂t

and JTGC = ∂QT
∂tusing Y = |J |/vac exp(j∆Φ); ∆Φ is the phase shift between J and v(t). In Figure 3-7,the applied AC sinusoidal pulse and the transient urrent �owing towards the ondutionband upon the appliation of a small-signal voltage is plotted as a funtion of time. Theadmittanes are then extrated from the phase shift Φ and amplitude vac of the responsesignal with respet to the applied sinusoidal pulse. The real and imaginary parts of theadmittanes enable the alulation of the ondutanes and apaitanes, respetively.
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3.3. AC analysis
Figure 3-7 � Applied AC pulse (blak solidline), hannel displaement urrent JVGC (red dot-dashed line) and trap displaement urrent JTGC(blue dashed line) as a funtion of time simulatedin transient regime. The alulation of the ad-mittane omponent is performed determining aphase shift ∆Φ and the ratio of the amplitudesbetween the urves and the applied pulse.

3.3 AC analysisAC harateristis (ondutane and apaitane) of multi��ngered NMOS devies inte-grated in a 65nm derivative tehnology have been measured using a HP4284A LCR-meter.The bulk and drain/soure omponents have been separated and the parasiti omponentsof the ontat pads and metal lines appropriately removed from the ontribution of theative devie. The transistors have been subjet to eletrial stress by applying a posi-tive onstant gate voltage stress (PCVS) through the oxide stak, keeping the other nodesgrounded and varying the duration of the pulse tstr or the applied stress voltage Vstr.3.3.1 CV harateristisUpon the appliation of eletrial stress, Pb-enter defets are usually reated in the in-terfaial layer between Si and SiO2 at a distane of a few Å from the interfae with thesubstrate. To study this e�et with the proposed model, an amphoteri distribution oftraps has been plaed from the Si ondution band to the Si valane band as in Figure 3-8.In the extration of the spatial/energeti defet pro�le, we onsidered a simple form forthe energeti and spatial distribution of defets, i.e. two Gaussian distributions in energyand trap depth. The spatial mean value is plaed at 2Å from the Si/SiO2, the energymean is in orrespondene of the Si midgap, the spatial variane σx is 2Å and the energetivariane σE is 0.6eV (almost uniform energeti pro�le in the midgap). The validity of thistrap distribution is further disussed in Subsetion 3.3.3.Figures 3-9 and 3-10 ompare the split CV harateristis CGC and CGB of fresh anddegraded devies, after di�erent stress onditions. In (a), the harateristis of an un-stressed devie having an oxide thikness of TOX = 65 Å have been �tted without trapsin the oxide stak. Di�erent PCVS stress onditions have been applied: (b) tstr = 1000sat Vstr = 6V , () tstr = 100s at Vstr = 6.7V , (d) tstr = 1000s at Vstr = 6.7V . The samepro�le has been adopted for all the ases. Only the total defet onentration is varied:(b) NT = 0.4 · 1012 cm−2, () NT = 0.78 · 1012 cm−2, (d) NT = 1.82 · 1012 cm−2. Inaddition, �xed harges are expeted to be stuk in the oxide during degradation by Fowler-101



Chapter 3. Charge trapping e�ets in CMOS tehnologiesFigure 3-8 � (a) Band diagramof a FET devie where trapsplaed into the oxide stak modelthe distribution of amphoteri de-fets for stressed devies. Thedefets are plaed at the Si/SiO2interfae at 2Å from the inter-fae and with variane 2Å, whilein energy the pro�le is enteredat 0.8eV from the Si valeneband edge and has a variane σE= 0.6eV.

Figure 3-9 � Gate-hannel apaitane CGC asa funtion of the bias voltage for di�erent small-signal frequenies and stress durations. In (a),the harateristi of a fresh MOS devie is shown.From (b-d) the devie has been stressed for di�er-ent onditions using positive CVS. Measured re-sults (symbols) well math apaitane values al-ulated with the multiphonon-assisted AC model(lines).
Figure 3-10 � Idential measurement onditionsas in Figure 3-9(a) through (d), but showingthe gate-bulk apaitane. Also in this ase thee�ets are reprodued, inluding the frequeny-dependene of bulk harges in weak inversion.Zooms are provided in the insets at the bottomof the �gure.Nordheim tunneling [242℄ ausing a rigid voltage shift of the harateristis. The positivevoltage shift varies with the stress ondition and remains relatively small ompared to thethe 600-700mV streth-out Vth shift due to trap �lling: (a) ∆V = 50mV, orrespond-102



3.3. AC analysising to a surfae onentration of 1.56 · 1011 cm−2, (b) ∆V = 100mV, orresponding to
3.12 · 1011 cm−2 and () ∆V = 250mV, with 7.8 · 1011 cm−2. Both the threshold voltageshift and the parasiti apaitive omponent of the traps are reprodued for a frequenyrange from 500Hz to 1MHz. A similar extration has been performed only on CGC inFigure 3-9(e) and (f) on a devie with TOX = 50Å, stressed for 100s and 1000s of PCVSat Vstr = 5.5V . Minimal variations in the defet onentration energy pro�le have beenapplied; the extrated total onentration is 1.3·1012 cm−2 and 2.05 1012 cm−2, respetively.As evidened by all the CV urves, several e�ets attributed to harge trapping meh-anisms emerge in stressed devies:(i) inversion/aumulation are delayed to higher voltages: CGC/CGB are subjet to ashift and a streth-out [73℄);(ii) the CGC apaitane presents a frequeny-dependent inrease in proximity of theweak inversion region whose amplitude depends on tstr and Vstr ;(iii) the CGB apaitane presents a frequeny-dependent inrease in depletion region andnear the �at-band voltage Vfb;(iv) the CGB apaitane presents a frequeny-dependent redution in the weak inversionregion in orrespondene of e�et.The streth-out of the apaitane in both inversion and aumulation is attributed todefet harging [143℄ and is orrelated with the amplitude of the peaks in weak inversion anddepletion. Sine the CV streth-out is only aused by a hange in the eletrostatis of thesystem in equilibrium onditions, e�et (i) is not dependent on the frequeny of the appliedpulse. In equilibrium DC onditions the quasi Fermi level is pinned to the substrate andgate reservoirs, and the trap oupation follows this level. However, it should be pointedout that this is not the ase in transient simulations where traps respond with a wide spreadof C/E rates. In a similar way and due to the amphoteri nature of the defets, as theapplied voltage dereases and the aumulation layer of h+ is formed, apture events fromthe Si valene band beome more probable and traps beome globally positively harged.To explain the frequeny dependene of both CGC and CGB (e�ets (ii) and (iii)), oneshould onsider that at a given frequeny, only traps with C/E rates higher than the mea-surement frequeny are able to follow the AC small-signal voltage. The strong dependeneof the rates with respet to trap position results from the exponential derease of theevanesent arrier wavefuntion in the oxide depth [240℄. Additionally, the dependenewith trap energy is related to the lower probability of absorbing/emitting phonons and tothe derease of the apture trap radius for deeper traps in energy.Given the wide distribution of C/E rates in energy and position, only traps in proxim-ity of the Si ondution band apture/emit eletrons and respond to the AC small-signal.This is highlighted in Figure 3-11, where the harateristi trap frequeny τ−1

t , alulatedwith Eq. 3.23 is illustrated as a funtion of trap energy and position. Similar results anbe obtained for h+ in orresponding bias onditions. The aessible regions in energy103



Chapter 3. Charge trapping e�ets in CMOS tehnologies

Figure 3-11 � Charateristi response τ−1
t of the defets in the oxide layer for �at band (a), depletion(b) and weak inversion regions () indiating the frequeny at whih one trap an ommuniate withthe gate and hannel reservoir at di�erent bias voltage. The interfae with the substrate is at x=0.The energy referene is at the Si valene band. Capture/emission are favorable in proximity of theondution and valene bands of the Si substrate. In proximity of the gate, traps an easily ommuniatewith the gate reservoir, but the AC response is negligible due to their distane from the Si surfae.Cuts in energy and depth are shown in Figure 3-12.and position an be more quantitatively identi�ed in the uts in energy and depth shownin Figure 3-12(a-b). A similar analysis has been performed in depletion (V = −0.1V )and for di�erent devie temperatures (from −40◦C to 100◦C). In Figure 3-12() the de-pendene on oxide depth is shown in proximity of the midgap for h+. In Figure 3-12(d),the ut-o� frequeny exponential variation in trap energy at the Si/SiO2 interfae furtherillustrates the redued response of midgap defets in depletion regime. The exponentialdependene in temperature is given by the multiphonon assisted C/E rates. The wideexponential distribution of C/E rates in energy ould be at the origin of an apparent lakof orrelation between the apture rate and the defet depth, as reported in [219, 243℄.The large exponential derease of τ−1
t in energy and position explains the strong frequenydependene of the intrinsi trap apaitane: in weak/strong inversion, traps near the Siondution band easily exhange arriers with the hannel and their apaitane responseis maximum and saturating. In depletion, both the arrier onentrations and the ut-o�frequeny are redued, with lower frequenies required to san the traps; onsequently, fora given frequeny, the apaitive response dereases. At �at-band and in aumulation,the h+ trapping probability inreases and defets near the Si valene band having a ut-o�frequeny higher than the AC signal frequeny an be haraterized [240℄.(i) Temperature dependeneMultiphonon assisted transitions generally exhibit a strong temperature dependene. Fig-ure 3-13(a) indiates the intrinsi parasiti trap apaitane for di�erent bias onditionsand frequenies, after deomposing the trap response from the system apaitanes. Fortwo voltage onditions, the trap apaitane has been alulated varying the devie tem-104



3.3. AC analysis

Figure 3-12 � Depth (a) and energy (b) dependenies of the trap response frequeny τ−1
t . The utsorrespond to the lines indiated in Figure 3-11 for the three onsidered bias voltages. In (a), τ−1

t istaken at the ondution band level, while in (b) the results are shown at the Si/SiO2 interfae. Indepletion (solid line), the exponential derease of the trap response prevents the haraterization ofmidgap traps, whih respond with very low frequenies. () Trap ut-o� frequeny vs. trap depthin the oxide layer for di�erent temperatures from −40◦C to 100◦C and at gate voltage V = 0.9V .Results in proximity of the midgap are shown. In (d), τ−1
t is shown as a funtion of defet energy andtemperature. The response of traps deeper in the oxide layer and in energy exponentially dereases,while it inreases with temperature.perature over a wide range of values (Figure 3-13(b)) and indiate a large variation of theut-o� frequeny. CV urves of the stressed devie in Figure 3-9(f) have also been mea-sured at lower temperatures (Figure 3-14(a-b)), where multiphonon transitions are slowerdue to the derease of the phonon oupation fator (n in Eq. 3.7). Consequently, the traput-o� frequeny dereases and thus the trap apaitane measured at a given frequenyis redued (Figure 3-12(d)). It should be pointed out that the magnitude of the parasitiapaitane ontribution and the quantity of streth-out remain onstant, whih impliesthat the total defet onentration does not vary for low temperatures.The CV measurement has also been performed at higher temperatures. In suh aase the parasiti trap apaitane is enhaned at intermediate frequenies (i.e. largerspreading of the urves in frequeny). In addition, evidene of trap reovery is foundin the redution of both trap apaitane peaks and streth-out e�ets with temperatureinrease. Reovery has been taken into aount in the model by dereasing the total traponentration to 1.82 · 1012 cm−2. Good agreement with measurements has been foundboth in terms of streth-out and magnitude of parasiti peaks. In addition, the spreadingin frequeny is well aligned with the inrease of C/E rates and of the apaitive response105



Chapter 3. Charge trapping e�ets in CMOS tehnologies

Figure 3-13 � (a) Simulation results showing the intrinsi parasiti trap apaitane of devie in Fig-ure 3-9(f) for di�erent bias onditions and frequenies. The parasiti trap ontribution CT stronglydepends on the frequeny of the applied AC signal (dashed lines). At low frequeny, all the trapsare able to follow the AC omponent and the response saturates. The parasiti trap omponent isadded to the apaitanes of the MOS system (symbols). In quasi-stati onditions (ν → 0) the solidblak line of CGG is obtained. (b) Simulated trap apaitane as a funtion of small-signal frequenyand temperature. Calulations for two voltage onditions are shown. The extrated ut-o� frequenyorresponds to the τ−1
t frequenies in Figure 3-11, determined for the distribution of defets. The expo-nential variation of 3 orders of magnitude with temperature varying from −40◦C to 100◦C orrelateswith the variations of τ−1

t shown in Figure 3-12(d).at lower frequenies.(ii) Oxide thikness and devie on�gurationSimilar CV analysis has been performed on di�erent oxide staks, inluding the tunneloxides of �ash devies. The haraterization results omparing fresh devie harateristiswith those after 1000s of positive onstant urrent stress (PCCS), are shown in Figure 3-15and evidene the presene of similar degradation phenomena.PMOS devies have also been investigated, notiing qualitatively similar e�ets foundon NMOS devies. Figures 3-16(b-d) show CGB and CGC apaitanes of stressed PMOS50Å devies, measured after applying a negative onstant-urrent stress, as a funtionof bias voltage and small-signal frequeny. The apaitanes present the same e�etspreviously illustrated and similar ut-o� frequenies an be notied.3.3.2 GV harateristisFigure 3-17 shows the simulated intrinsi response of traps on the ondutane GT
GG asa funtion of the small-signal frequeny and for di�erent DC voltages. The apaitane106



3.3. AC analysisFigure 3-14 � Measured (sym-bols) and simulated (lines) CGCapaitane in weak inversion asa funtion of applied bias, fordi�erent frequenies and temper-atures. The measurements areperformed in a spei� order.Low temperature measurementsat -40◦C and 0◦C (a-b) show aderease of the trap frequeny re-sponse with a narrowing of theparasiti response. At 75◦C, apart of the defets relaxes due tothe long benh stabilization time(10 minutes) before the measure-ment (). Finally, in (d) theapaitane has been measuredagain after the haraterizationat 75◦C to highlight the reovery.
Figure 3-15 � Measured gate apai-tanes as a funtion of applied volt-age for di�erent devies with oxidethikness ranging from 18Å to 100Å.Both the harateristis of fresh andstressed devies are shown. Forthe stressed devies, three frequenieshave been measured to highlight theparasiti trap response.

derease at high frequeny (inset) orresponds to the exponential inrease of the trapondutane.Figure 3-18 illustrates the measured MOSFET ondutanes under the same stressonditions as in Figure 3-9(d). Parasiti peaks an be seen on both the GGC (in (a) -blue solid shading) and GGB (in (b) - red shading) ondutanes after 1000s of eletrialstress. In addition to the positive parasiti peak near the �at band voltage (solid lines), thebulk ondutane shows a negative parasiti ontribution in orrespondene of the peakon GGC in weak inversion (dashed lines). This indiates the response of the bulk harges107



Chapter 3. Charge trapping e�ets in CMOS tehnologies
Figure 3-16 � Measured CGC (a-b) and
CGC (-d) apaitanes for NFET andPFET with TOX = 50Å, respetively, as afuntion of applied voltage and small signalfrequeny. The harateristi ut-o� polesare indiated in white for both the apa-itanes. Positive CCS stress has been ap-plied in both the ases. The degradationthe PMOS devie undergoes is smaller thanthe NMOS devie.

Figure 3-17 � Simulated parasiti trap ondu-tane for devie in Figure 3-9(f) as a funtion ofthe small-signal frequeny at four di�erent ap-plied voltages. The total trap onentration is
NT = 2.05 · 1012cm−2. The simulated trap a-paitane is also shown in the inset. The polefrequenies an be identi�ed in both urves.

to the �lling of traps by eletrons and orresponds to the frequeny dependene of CGBin inversion. From a physial point of view, the presene of a ondutane peak an beinterpreted as a urrent omponent that is added to the steady state TAT. The magnitudeof all the peaks inreases at high frequeny. It should be pointed out that the negativepeak on GGB is masked by the rise of GGC in inversion and thus it annot be identi�edwhen only measuring the total ondutane GGG. The negative ondutane implies thatthe trap site behaves like an ative element. Indeed, in the same way as urrent throughpositive resistane implies that energy is being dissipated, the urrent through a negativeresistane implies a soure of energy.Figure 3-19 presents ondutane measurements as a funtion of applied voltage per-108



3.3. AC analysisFigure 3-18 � Measured ondu-tane as a funtion of the ap-plied bias for after 1000s of pos-itive CVS for a devie havinga 50 Å SiO2 oxide stak. In(a), a frequeny dependent peakis present on the GGC ondu-tane in weak inversion ondi-tions. This peak orresponds tothe parasiti trap response onthe apaitane in weak inversiondue to the ommuniation of e−in the substrate ondution band.A similar e�et is present at �atband onditions on GGB ondu-tane. In weak inversion, a neg-ative ondutane peak on GGBis measured as well (dashed linesin (b)). The total MOS ondu-tane is shown in ().formed after 1000s of PCCS at Istr = 10−8A using a devie with Tox = 18Å. Simulationsobtained using NT = 2.8 ·1012cm−2 are also shown in (b), with a distribution similar to theone adopted for Figure 3-9. Both the hannel |GGC| in (a) and bulk |GGB| ondutanes in(b) are mathing well with measurements and show the exponential derease of the peaksin frequeny.Additionally, both the steady-state TAT and the diret tunneling urrents alulatedwith Eq. 3.18 have been taken into aount. This is partiularly evident at higher biasvoltages, where the ondutane inrease due to oxide leakage urrent is present on bothsimulation and measurement results.3.3.3 Disussion(i) Probed regionIn AC analysis, the probed region, i.e. the area of the dieletri in energy and depth on-tributing to the trap apaitane response, an be determined by the defet AC apaitaneresponse normalized with respet to the applied trap onentration NT (x, ET ):
pAC(x, ET , ν) =

∫

V

CT (x, ET , V, ν)

NT (x, ET )
dV, (3.33)109
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Figure 3-19 � Measured (symbols) and simulated (lines) ondutanes as a funtion of applied voltageand frequeny (from 5kHz to 1MHz) for a devie with Tox = 18Å and after 1000s of onstant urrentstress at Istr = 10−8A. Good agreement is found for both |GGC | in (a) and |GGB | in (b). In partiular,the negative peak on GGB in weak inversion is also well reprodued.Sine we are interested in the sanned region, independently from the trap onentration,normalization over NT (x, ET ) is needed. For eah gate voltage V , a spei� region of theenergy band-gap is probed. The regions ontributing to the CV response are indiated inFigure 3-20 as a funtion of the oxide depth and energy for two di�erent frequenies andDC voltages. Figure 3-20 also shows the inrease of the depth of the probed region whenthe small-signal frequeny is lowered. This is in good agreement with previously shownresults on C/E rates.The region probed during a omplete CV measurement an be alulated integratingover all the DC voltages. Due to band bending e�ets, the shape of pAC is deformed tosan higher energeti and deeper defets.Figures 3-21(a-b) show the region probed with an entire voltage sweep, simulated fora frequeny of 20kHz in the dieletri of a CMOS devie having TOX=28Å. The aessibleregion is loalized at the Si/SiO2 interfae, in proximity of the Si ondution ESi
C andvalene bands ESi

V , and presents a strong dependene on ν. Figures 3-21(b-) illustratethe region alulated for frequenies of ν = 20kHz and ν = 1MHz. In Figure 3-21(d), theprobed region has been alulated at ν = 1MHz for a thiker devie having TOX = 50Å.Lower frequenies are able to san deeper traps in the oxide depth and in energy. Asfrequeny dereases, the region extends from the Si ondution and valene band edgestowards midgap energies and deeper traps. Mid-gap defets require low frequenies to besanned, due to the low density of arriers when the devie operates in depletion. Duringthe extration, their response is always present and it annot be disriminated from theontribution of the sanned defets. A frequeny of 1MHz is able to probe 1nm depthdefets and in an energy range of more than 2/3 of the Si band-gap. Comparing () and (d),it an be notied that AC haraterization is able to san deeper defets in thinner oxides.On the other hand, traps near the substrate band-edges have harateristi frequenies too110



3.3. AC analysis
Figure 3-20 � Simulated andnormalized apaitive responseof traps in oxide depth andtrap energy, for two frequen-ies (1Hz and 1kHz) and twoDC voltages in depletion andaumulation on devie in Fig-ure 3-9(f). Lower frequen-ies san deeper in the oxide.Lower apaitane response isobtained in depletion regime.

high and thus their ontribution annot be redued for the frequenies available in ommonLCR meters [218℄. This on�rms that CV measurements are able to san only shallow trapsin energy and at the Si/SiO2 interfae. Inversely, this also means that the derease of traponentrations at Si midgap revealed by empirial models an be attributed to the onstantross-setions approximation whih is adopted in most of these extration tehniques.

Figure 3-21 � (a) Probed region in the entire oxide layer vs. trap energy and depth from the interfae, forthe devie having TOX=28Å. Band bending ours depending on the applied voltage and a trapezoidalshape is found both near the ondution and valene bands of Si. (b-) Zoom from (a) of the regionat the Si/SiO2 interfae. Defets at 1nm from the oxide/hannel interfae are aessible with ACharaterization analysis. (d) Zoom of the probed region at the Si/SiO2 interfae for a 5nm-thikdevie. The same qualitative shape is observed but a shallower region is probed. The referene energyis the Si valene band edge plaed at 0eV. The Si/SiO2 interfae is at depth x=0nm.It is worth noting that the extration of the trap onentrations with AC hara-terization depends on the mirosopi multiphonon trapping parameters S and FC inEqs. 3.7 and 3.8. A omplete modeling study of the dependeny of the probed region111



Chapter 3. Charge trapping e�ets in CMOS tehnologieson model parameters is in Annex D.(ii) Defet distribution extrationA relevant question relates to whether trap parameters, suh as the Huang-Rhys fatorand the spatial/energeti trap distribution, an be determined experimentally. Inversely,ould the presented model be used for the interpretation of measurements, suh as CVvs. frequeny and apture ross setions results assoiated with deep oxide defets? Someauthors laim it is possible and interesting to do so [189,234,244℄, although as pointed outby Stoneham, �tting the defet parameters with a simpli�ed model would ertainly ausea false illusion of auray [245℄. This results from the fat that one tries to desribe aomplex system using models inluding oarse approximations (single phonon frequeny,detailed balane, �eld dependene apture probability, et). The parameters should beregarded as e�etive parameters rather than mirosopi parameters, and the �t may notbe unique.Nevertheless, some interesting qualitative features an be investigated onerning thetrap harging model, as well as their energeti and spatial distribution. In the followingstudy, the devie analysed in Figure 3-9(f) has been used as a referene, maintaining thetotal trap onentration onstant to ahieve a similar impat on the devie eletrostatis.

Figure 3-22 � Colour plots showing the simulated gate apaitane vs. the applied voltage and thesmall-signal frequeny for three di�erent mean positions of the spatial trap distribution, from 1 Åto10 Å. Deeper traps have longer time onstants ausing the ommuniation with the Si ondution andvalene bands of the gate and hannel to derease.In Figure 3-22, the depth of defets in the oxide layer is progressively inreased from1Å to 10Å. Traps loated in the middle of the oxide have a lower frequeny response andthus very low frequenies are needed to haraterize them. As it will be illustrated inthe following setion, deep defets an be haraterized with SILC measurements, as theyommuniate with both the substrate (high arrier apture probability) and gate reservoirs(high arrier emission probability) [70℄. Figure 3-23 shows the impat of the position inenergy of the trap distribution. As the distribution approahes the Si ondution band edge,the trap frequeny response in inversion and on CGC inreases (a). With a distribution112



3.4. Trap-Assisted-Tunneling analysis

Figure 3-23 � Gate apaitane as a funtion of the applied gate voltage and the small signal frequeny,varying the energy position of the defet onentration peak of the spatial Gaussian distribution. Inthis ase the variane in energy has been redued to 0.2eV to evidene the e�et.peaking at the Si valene band edge, the response is larger on CGB, while it dereases on
CGC (). Other parameter variations an be found on [239℄ and in Annex D.3.4 Trap-Assisted-Tunneling analysisAs indiated in the previous Setion, CGV methods fail to san defets plaed deep intothe oxide. Trap-assisted-tunneling methods permit to have a better estimation of thesetraps. Steady-state TAT simulations and measurements have been performed on thin-oxidedevies (TOX = 28Å) with the purpose of investigating the defet onentration in thedieletri and assessing the extration e�ay of this tehnique for defet haraterization.3.4.1 Response of deep defetsThe metri used for evaluating the portion of dieletri region ontributing to TAT is givenby:

pTAT (x, ET ) =

∫

V

JSSTAT (x, ET , V )

NT (x, ET )
dV, (3.34)where the net urrent density JSSTAT (x, ET , V ) is alulated as in Eq. 3.18, taking intoaount both e− and h+ tunneling and all the C/E �uxes from the two interfaes. Theregion probed with TAT analysis results from onsidering all the bias voltages in the sweepand normalizing with respet to the trap distribution.In the analysis of pTAT (x, ET ), two quantities appear relevant: the spatial and ener-geti position of the probed region and the magnitude of the urrent. Both are stronglyvarying with the bias ondition. Figure 3-24(a) shows the normalized probed region forthe 28Å struture for a omplete gate voltage sweep from -2V to 4.5V, while in (b) themaximum urrent peak is shown as a funtion of the bias voltage. In (a), the bright regions113
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Figure 3-24 � (a) Band diagram of the oxide layer for a devie having TOX = 28Å, where the regionsontributing to TAT during a omplete gate voltage sweep from -2V to 4.5V are illustrated in olorand as a funtion of energy and trap position. The Si/SiO2 interfae is loated at depth x=0nmand the valene band edge of Si is at 0eV. Bright regions orrespond to the parts of the oxide mostlyontributing to TAT. The probed region orresponding to the urrent from the substrate to the gateis shown and, for inreasing V , it moves to higher energy levels and towards the gate due to bandbending. The region ontributing to the urrent from the gate to the substrate is also illustrated fornegative bias voltages. More energeti traps plaed loser to the substrate interfae are sanned inaumulation and depletion. (b) Normalization fator of the JSSTAT urrent vs. bias voltage showinga pronouned inrease of the weight of highly energeti defets. () Cut along the trap depth at
ET = 1.5eV showing the exponential redution of the ontribution far away from the enter of theoxide due to the exponential wave funtion overlapping derease. (d) Cut along the energy axis of (a)in proximity of the middle of the oxide; dashed lines indiate the region probed for positive V , solidlines the one for negative biases, indiating the dominant in�uene of highly energeti traps on theprobe urrent.where defets are partiipating to TAT are loalized at a signi�ant distane from the di-eletri/substrate interfae, almost in the middle of the oxide. Indeed, for positive voltagebiases, defets have both large e− apture rates from the substrate, and e− emission ratestowards the gate. When onsidering the individual ontributions for eah V , it is lear that114



3.4. Trap-Assisted-Tunneling analysisthe region moves toward high energy levels, as a result of band bending and of the potentialdistribution in the dieletri. Two uts in the dieletri depth (Figure 3-24()) and energy(Figure 3-24(d)) permit to learly identify the exponential wavefuntion penetration in theoxide layer and the exponential dependene in the oxide gap, respetively. Additionallythe magnitude/weight of the ontribution also inreases due to the higher probability ofC/E at higher voltages. This quantity is shown in Figure 3-24(b) and an be used toevaluate the weight of the urrent in a spei� voltage ondition. Similar onsiderationsapply to the probed region alulated for a voltage sweep towards aumulation. In suha ase, tunneling from the gate to the substrate dominates and a symmetrial region anbe observed near the substrate. Although high V onditions permit to probe traps plaedat higher energies in the dieletri layer, in suh regimes the TAT ontribution is maskedby the diret tunneling omponent and thus trap ontribution annot be assessed frommeasurements.

Figure 3-25 � Dependene of the TAT probed region with the Huang-Rhys fator, plotted as a funtionof trap depth and energy and for a voltage range from 0.1V to 4.6V for three values of S. The Si/SiO2interfae is loated at depth x=0nm and the valene band edge of Si is at 0eV.Sine TAT events are strongly dependent on the value of the transition rates, the trapmodel parameters play a major role in the urrent estimation and thus on the extensionof the probed region. Figure 3-25 illustrates the dependene of the region on the Huang-Rhys fator. For inreasing values of S, the extension of the probed region is redued andits maximum tends to remain loalized in the middle of the oxide layer. The extensionin depth is also orrelated with the transition of the trap quasi Fermi level [75℄ from theequilibrium value in the gate to the one in the substrate (Figure 3-26(b)).Similar onsiderations apply to the dependene of the probed region on the ritial �eld
FC , as presented in Figure 3-27. Small values of FC determine an exponential inrease inhigh �eld onditions. For higher values, the exponential dependene of TAT on V isstrongly redued.Finally, the probed region that is aessible using TAT has been alulated for di�erentdevie temperatures (Figure 3-28). At high temperatures the peak is loalized lose to thesubstrate sine the phonon-assisted transition is favourable. For dereasing temperatures,115
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Figure 3-27 � Dependene of the peak of the TATprobed region with V and FC . The weight ofthe TAT ontribution exponentially inreases for in-reasing FC . The probed region position in spaeand energy is not onsiderably modi�ed by this pa-rameter.
the C/E rates exponentially derease and the maximum region ontributing to the urrentmoves to higher voltages.3.4.2 Extration of oxide defet onentrationsIn Setion 3.3 a distribution of interfae and border defets reated after eletrial stresshas been extrated from CV harateristis and attributed to Pb enter defets, given theamphoteri nature of the streth-out. In this Setion, the extration methodology is appliedto TAT, relying on the depth and energy behavior of the probed regions. This permitsto estimate the distribution of E ′ defets plaed at higher energy levels and deeper in theoxide.In a �rst step, the diret tunneling urrent of the fresh devie is extrated having ob-116



3.4. Trap-Assisted-Tunneling analysis

Figure 3-28 � (a-b) Dependene of the TAT probed region with devie temperature T , plotted as afuntion of trap depth and energy and for a voltage range from 0.1V to 4.6V. The Si/SiO2 interfaeis loated at depth x=0nm and the valene band edge of Si is at 0eV. () Inrease of the TAT urrentvs. temperature from 100K to 400K.tained the orret devie eletrostatis from fresh AC harateristis. The parameters of thetunneling model, e.g. arrier masses in the oxide, extension of the interfae layers [223,228℄and band-o�sets, an be extrated. Subsequently, a Gaussian trap distribution plaed inproximity of the Si ondution band and following Figure 3-8 is de�ned, extending deeperin the oxide layer and presenting a larger spatial variane than amphoteri defets. Thisdistribution an be assoiated to E ′ defets loalized at 7 Å from the interfae and exhibit-ing a donor nature. Good alignment has been found on the spatial pro�les extrated fromCP measurements and showing two Gaussian distributions for Pb and E ′ defet distribu-tions at the border interfae [246℄. For these defets, the model parameters of E ′ defetsare extrated from literature (S = 1.5 and FC=3MV/m [184,247℄).

Figure 3-29 � (a) Gate urrent density as a funtion of applied gate bias on devie with TOX = 28Å,after fabriation and after two stress onditions at onstant voltage bias of 4.2V for 10s and 100s.Measurement results are indiated with symbols. (b) In weak inversion, the diret tunneling omponentand the TAT urrent ould be learly distinguished while for V > 3.1 diret tunneling dominates.Figure 3-29(a) presents the measured and simulated gate urrent for the fresh devie and117



Chapter 3. Charge trapping e�ets in CMOS tehnologiesafter two di�erent stress durations (10s - NT = 0.1 ·1012cm−2; 100s - NT = 0.32 ·1012cm−2).The total trap onentration and the spatial and energeti pro�le are extrated from themost stressed ondition. The same extrated pro�le is also applied for shorter stressesreduing the total onentration. The omponents of the urrent are shown in (b), wherethe diret tunneling urrent oinides with the leakage in the fresh devie in whih TATis negligible. After degradation, a TAT omponent appears in low voltage onditions. Forhigher voltages the diret omponent masks the TAT ontribution, and thus its value annotbe determined for V > 3.1V . Consequently, the trap onentration in the probed regionorresponding to this range of voltages remains unertain, only using TAT haraterization.However, eventual defets in this region would ontribute to TAT with the weight reportedin Figure 3-29(b), generating an exponential inrease of the TAT omponent overomingthe diret tunneling omponent. Measurement results seem to disqualify this hypothesis,sine the TAT omponent is observed to derease at intermediate voltages for higher stressonditions. This tends to indiate that the high energy region is not populated by traps.Seond-order e�ets related to the in�uene of defets on the diret tunneling urrent havealso been notied but appear negligible with respet to the exponential inrease of theTAT urrent for inreasing V . It has also been determined that for longer stresses, softbreakdown ours and perolation strongly inreases the TAT urrent. In suh a ase, adi�erent approah is required to model TAT [248,249℄.3.5 Transient analysisHaving disussed harge trapping phenomena in DC and AC onditions with TAT and ACanalysis, a third trap haraterization method based on MFCP transient measurementshas been analysed. Transient simulations require analyzing the validity of Eq. 3.4 for trapequilibrium approximation (Subsetion 3.5.1). Out-of-equilibrium onditions and transiente�ets in MFCP harateristis have been investigated in Subsetion 3.5.2. This setionalso deals with the dependenies of the CP urrent and of the extension of the probed regionon CP pulse parameters. Subsetion 3.5.4 overs other transient e�ets related to the C/Edynamis of oxide traps and details their role in hysteresis loops on AC harateristis.Finally, reovery dynamis of stressed devies after various degradation onditions are alsoompared in Subsetion 3.5.5.3.5.1 Equilibrium onditions and trapping dynamisIn the previous setions, the DC operating point has been alulated in equilibrium quasi-stati onditions, negleting all the large-signal transient e�ets. Consequently, for eahsimulated voltage, all the border traps have been assumed in equilibrium with the gate orthe hannel, while in measurements this is not always the ase. Indeed, it has been shownthat deeper oxide traps have C/E time onstants muh higher than the measurement timebetween two voltages [218℄. Consequently, it is important to disuss the validity of thisapproximation in detail. 118



3.5. Transient analysisLet us onsider a ross-setion plane in the dieletri at a given oxide depth x. During atransient pulse, we an assume that eah individual trap at depth x exhanges arriers onlywith the hannel and the gate. In the present 1D model, transverse diretions (y, z) arenot expliitly aounted for. The large number and variety of defets that an be presentin the ross setion plane at x have been assoiated to an energy distribution. Moreoverarrier exhange by trap to trap tunneling have been negleted. The rate equation needsto be solved for eah energeti level, alulating the quasi Fermi level EF in the oxidestak for all the possible trap energies ET . The general approah of Eq. 3.1 is required toaurately take into aount the out-of-equilibrium onditions of the system.It should be pointed out that the attribution of a quasi-Fermi level to a single defethas been only performed in the view of better illustrating the equilibrium steady stateondition. Indeed, in the previous setion, the DC operating point for the AC analysis hasbeen alulated in quasi-stati onditions, negleting all the large-signal transient e�ets.After a su�iently long time, the defets establish a ommon equilibrium ondition withthe substrate/gate and their quasi Fermi levels equal the one in the arrier reservoirs.Under this equilibrium ondition, an uniform quasi-Fermi level is eventually establishedfor all the defets loated on an entire devie ross-setion x. In pratie, sine EF (x) isthe same for the totality of defets at depth x, the rate equations desribing the dynamisof the di�erent traps an be summed term-to-term and a single rate equation ontrollingthe trapping dynamis is obtained.Eq. 3.4 di�ers from Eq. 3.1 as it inludes the integration over trap energy ET . In thefollowing, this approah will be referred to as �quasi-equilibrium� (QE) approximation. Insuh an approah, non-equilibrium e�ets on fT are negleted. As pointed out in thissetion, the QE approximation an lead to unphysial interpretations when large signalsare applied. Moreover, sine the approximation still remain appliable to small-signal ACanalysis and this solution is sensibly more e�ient ompared to the general approah, itis important to disuss the range of validity of this solution and its onsequenes on themisleading interpretations of transient results.3.5.2 Multi frequeny harge pumping(i) Calibration methodologyMFCP and AC results have been analysed to investigate the importane of transient out-of-equilibrium e�ets on CP harateristis and the relevane of the methodology appliedfor the extration of trap onentration pro�les.In a �rst step, AC harateristis, measured on eletrially stressed multi��ngeredNMOS devies integrated in a 65nm tehnology, have been ompared to simulations results,by solving Eq. 3.4 in DC equilibrium onditions. The extrated spatial/energeti defetpro�le follows a bivariate Gaussian distribution, whose validity has been disussed in [75℄and in the previous setion.In a seond step, for the same stress onditions, harge pumping measurements havebeen performed applying periodi pulses on the gate of the CMOS devie. Figure 3-30(a)119



Chapter 3. Charge trapping e�ets in CMOS tehnologies
Figure 3-30 � (a) Pulse applied for harge pump-ing analysis. Both the amplitudes Vlow/Vhigh ofthe pulse, the voltage swing Vsw and the fre-queny have been varied. (b) Simulated ur-rent density generated by the apture emissionof holes from the Si valene band of the sub-strate. The same alulation an be performedfor the C/E �ows of eletrons on the ondu-tion band of the substrate in (). Insets indiatethe absolute value of the urrents in logarithmisale during the transition phases; solid red: h+emission, solid blue: e+ apture, dashed red: h+apture, dashed blue: e+ emission.

shows a single simulated CP pulse applied to the devie. The analysis has been performedvarying the low base voltage bias Vlow from -2V to 0.5V, while the amplitude of the appliedpulse, i.e. the swing voltage Vsw = Vhigh − Vlow, ranges from 0.8V to 2.5V. The signalfrequeny ν is varied from 1kHz to 1MHz. Three square pulses have been simulated toavoid the presene of undesired transient e�ets originated from the initial equilibriumondition.The transient trapping urrents are shown in Figure 3-30(b-) and an be expressed bythe net e−/h+ �uxes:
JTV B(t) =

∫

x

∫

ET

[Φ̃C(x, ET , t)− Φ̃E(x, ET , t)]dETdx

JTCB(t) =

∫

x

∫

ET

[ΦC(x, ET , t)− ΦE(x, ET , t)]dETdx, (3.35)Figure 3-30(b) shows that for the CP pulses where the MOS operates both in aumu-lation and inversion (Vsw=2.5V, Vlow = −0.4V ), the Vhigh → Vlow transition generates ahole apture urrent (dashed red urve), whih exponentially dereases when the voltageis maintained at Vlow. Eletron emission an also be notied in this phase. On the otherhand, during the Vlow → Vhigh transition shown in the inset of Figure 3-30(), eletron ap-ture (solid blue) dominates in weak/strong inversion, while hole emission ours when thedevie is in depletion. The urrent ontributions during the transitions must be arefullytaken into aount due to their important role in the estimation of the CP urrent.The total harge pumping urrent Jcp, depited in Figure 3-31(b) as a funtion of Vlow,has been alulated integrating the net transient urrents JTV B(t) and JTCB(t) over an120



3.5. Transient analysisentire square pulse:
Jcp =

∫

T ′

JTV B(t)dt = −
∫

T

JTCB (t)dt. (3.36)where T ′ orresponds to a full period of the CP pulse T ′ = 1/ν.Figure 3-31(a) indiates the AC harateristis of the MOS devie for various small-signal frequenies from 1kHz to 1Mhz. In (b), MFCP measurements and simulationsperformed using the same distribution extrated from AC harateristis following themethodology adopted in [75℄ are reported. For eah Vlow in Figure 3-31(b), a full transientsimulation has been performed with the general transient model of Eq. 3.1 and the CP ur-rent has been alulated. Good orrelation with transient results for di�erent frequenies,and literature has been found [250℄. Figure 3-31 � (a) Gate-hannel (inblue) and bulk (in red) apaitanes asa funtion of the bias voltage for dif-ferent small-signal frequenies and af-ter a positive onstant voltage stress of1000s at 5.5V. Symbols indiate mea-surement results, while simulations areshown in a solid line. Both the thresh-old voltage shift and the parasiti a-paitive omponent of the traps areaurately reprodued for a frequenyrange from 1kHz to 1MHz [75℄. (b)Charge pumping urrent vs. Vlow volt-age for di�erent CP pulse frequenies.The same spatial/energeti trap distri-bution pro�le has been adopted to re-produe all the results.3.5.3 On the validity of QE approximationFigure 3-32 shows the alulated EF and fT as a funtion of energy and position in thedieletri for two timesteps of a CP simulation. At the beginning of the pulse (plots(a-b)), the trap distribution is in equilibrium with one of the reservoirs (DC onditions;
V = Vlow =-1.2V), following the quasi Fermi level in proximity of the Si/SiO2 interfaeregions. In the middle of the oxide, when taking into aount the gate apture/emissionontributions, di�erent equilibrium onditions dependent on the energeti positions of thedefets are reated, and as a onsequene both EF and fT vary with energy. If one onsidersthe QE approximation (Figure 3-32()), a similar equilibrium ondition on fT is found inproximity of the two interfaes, e.g. within 1nm�depth, but di�erenes are found in thetransition region, i.e. for a depth between 1nm and 3nm.121



Chapter 3. Charge trapping e�ets in CMOS tehnologiesOn the rising edge of the voltage pulse, defets in proximity of ESi
C are progressively �lledby e−, while traps near ESi

V are emptied of holes. The equilibrium front propagates fromthe two Si band edges as harge exhange driven by the apture/emission time onstantsontinues [218℄. When dereasing the applied voltage, e− are emitted towards the Siondution band and traps at the midgap apture h+ from the valene band.After an entire CP pulse, deep defets do not reah equilibrium (Figure 3-32(d)) andremain �lled of e− following a spatial and energeti fT distribution (Figure 3-32(e)). Ifone hooses to apply the QE approximation to transient simulations, the apture/emissionfronts only propagate along the diretion of oxide depth while the propagation along thediretion of the energy level is not present. As a onsequene, the harge distribution inout-of-equilibrium onditions after a CP pulse is uniform in energy and forms a peak at agiven depth.

Figure 3-32 � Calulated quasi-Fermi level (a,d) and trap oupation (b,e) distributions in energy andoxide depth for di�erent bias onditions during a CP pulse using the transient model of Eq. 3.1. The
Si/SiO2 interfae is plaed at position x = 0 with the substrate ondution and valene band edges at0eV and 1.2eV. Initial DC equilibrium onditions at Vlow = −1.2V are shown in (a) and (b). Transientonditions after two CP yles are represented in (d) and (e). Drastial di�erenes are notied whenthe QE approximation is onsidered. In transient onditions, only the dependene of C/E rates indepth is onsidered (plots (,f)), ausing border/oxide defets to remain �lled almost independentlyfrom their energeti level.Figure 3-33 shows the di�erenes on the maximum CP urrent obtained with the QEapproximation, illustrating the e�ets of negleting the energy dependene of the trappingtime onstants during the extration and on�rming its importane in a general transient122



3.5. Transient analysisanalysis. In the following, the general transient approah is used without onsidering theQE approximation.
Figure 3-33 � Measured (symbols) andsimulated (lines) harge pumping ur-rent as a funtion of Vlow. Simulationresults for the same trap distributionbut shifted 1nm away from the Si/SiO2are also shown in dot-dashed line.

(i) Pumped and probed CP regionsTwo representative metris are used to assess the limitations of the MFCP tehnique inthe extration of the defets distribution, namely the pumped and e�etively probed oxideregions. The pumped region represents the spatial and energeti portion of the oxide wheretraps are exhanging arriers with the substrate during a single CP pulse. This quantityhas been alulated using an analytial approah similar to the one adopted in [198, 199℄from the maximum eletron oupations and maximum hole oupations, using:
gCP (x, ET ) = (1− fT (x, ET , tA))fT (x, ET , tB), (3.37)where tA and tB represent the timestep whih our after the low level voltage plateau(orresponding to the maximum apture of h+), and after the high level voltage plateau(orresponding to the maximum apture of e−), respetively.Figure 3-34 shows the pumped zone for di�erent Vlow voltages and for a 1kHz CP signal,and indiates the regions exhanging arriers with the substrate during the voltage pulse.Charge exhange is higher (bright olor) in proximity of both the substrate ondution andvalene band edges loated at 0eV and 1.2eV at position x=0. Additionally, midgap trapsare able to apture eletrons and emit holes ontributing as well to the pumped region.The probed region o�ers a better estimation of the degraded oxide regions ontributingto arrier reombination and to the harge pumping urrent alulated with Eq. 3.36. Thisquantity an be interpreted as the impulse response of the CP urrent due to a single trapplaed at (x, ET ) and is determined as:
pCP (x, ET ) =

∫

T ′(Φ̃C(x, ET , t)− Φ̃E(x, ET , t))dt

NT (x, ET )
, (3.38)123
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Figure 3-34 � Pumped region alulated using Eq. 3.37 for various Vlow voltages and using a 1kHzpulse. The Si/SiO2 interfae is plaed at position x=0 while the Si ondution and valene bandsare respetively at 0eV and 1.2eV. The bright regions at the interfae and near ESi
C and ESi

V are ableto ommuniate with the substrate during the CP pulse. The value has been normalized between 0,orresponding to no arrier exhange, and 1, indiating maximum apture/emission.Figure 3-35 shows the alulated pCP (x, ET ) for a signal frequeny of 1kHz and fordi�erent Vlow onditions. Only midgap defets plaed at the Si/SiO2 interfae are probed,as arrier reombination ours in these energeti positions at the Si/SiO2 interfae withthe substrate. This is observed on Figure 3-35 by the presene of a bright area at midgaprepresenting the probed region vs. energy and oxide depth. Defets plaed near theondution and valene bands have too high apture/emission rates to ontribute to theharge pumping urrent: eletrons in the ondution band aptured into the defets duringthe rising edge are immediately emitted towards the same band during the falling edge,and thus do not ontribute to the CP urrent. Deeper defets have large time onstantsand are not probed, as they are not able to exhange arriers with the hannel at theonsidered pulse frequeny. Di�erent Vlow voltage onditions are shown and indiate thatonly spei� midgap regions and at the Si/SiO2 interfae an be probed. Figure 3-33shows CP simulations for the same defet distribution pro�le but shifted 1.2nm away fromthe interfae. Di�erent Vlow voltage onditions are shown and indiate that only spei�midgap regions and at the Si/SiO2 interfae an be probed.Comparing the pumped region gCP and the probed region pCP in Figures 3-34 and 3-35respetively, one evidenes that the pumped zone inludes the probed region. Indeed, gCPinludes two parasiti wings near ESi
C and ESi

V , orresponding to the regions where bothapture and emission of eletrons or holes our, whih should not be taken into aountin the determination of the probed region and Jcp urrent alulation.Major disrepanies are observed on the pumped region when the QE approximation isintrodued (Figure 3-36): the energy dependene of the pumped region on the trap energyis redued and thus a large portion of the energy gap is pumped. However, in this ase,124



3.5. Transient analysis

Figure 3-35 � Probed CP region vs. trap energy and position in the oxide layer, alulated withEq. 3.38 at ν = 1kHz, Vsw = 2.5V and T = 300K. The urrent peak in Figure 3-33 orresponds tothe ondition where the probed region is maximum in extension and the operating regime varies fromaumulation to inversion as in (b). The Si/SiO2 interfae is plaed at position x = 0 while the Siondution and valene bands are at 0eV and 1.2eV, respetively.the probed regions annot be derived from the �uxes ontributions using Eq. 3-34, sinethis would ondut to an inorret interpretation, onluding that �uxes near ESi
C and ESi

Vdominate over the �uxes at midgap [240℄.

Figure 3-36 � Pumped CP region vs. trap depth and energy, alulated using Eq. 3.37 for di�erent
Vlow onditions and using the QE approximation (ν = 1kHz, Vsw = 2.5V and T = 300K). Thereferene energy is the Si valene band, while the Si/SiO2 is at depth x=0nm. A trapezoidal region isfound in (b), whih relates to the Vlow ondition where the peak in Jcp is maximum. This result is inaordane with alulations performed in [198℄. The extension of the region in energy is larger due tothe fat that traps are in equilibrium with the substrate. The extension in depth remains omparableto the results shown in Figure 3-35.The extension of pCP in oxide depth and energy strongly varies with the pulse harater-istis (swing, frequeny, low-base bias, ...). For this reason, MFCP tehniques are adopted125
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Figure 3-37 � Probed CP region vs. trap depth and energy, alulated using CP pulses with Vlow =
−1.4V and di�erent frequenies. Deeper defets having redued time onstants are sanned usinglow-frequeny pulses.to san partiular regions of the oxide layer by omparing the measured CP urrents inresponse to diverse pulse onditions. Figure 3-37 illustrates the simulated pCP for threefrequenies (1kHz, 10kHz, 1MHz) at T = 300K and Vsw = 2.5V . The maximum probedregions ahievable are illustrated at Vlow orresponding to the maximum CP urrent. Thetrap onentration in spei� areas of the oxide (in energy and depth) an be extrated byomparing the urrent ontribution of the additional probed regions sanned with lowerfrequenies signals. Similar onsiderations an be applied onsidering the variation of JCPwith Vsw, shown in Figure 3-38 from Vsw = 1V to 2.5V. 1nm-deep defets at the midgapan be probed at approximately ν =1kHz and using Vsw = 2.5V , while the defets loserto the Si band edges require muh lower frequenies.

Figure 3-38 � Vsw dependene of the probed region at ν = 10kHz, Vlow = −1.2V and T = 300K.The referene energy is the Si valene band, while the Si/SiO2 is at depth x=0nm. Higher Vsw permitsto san deeper in the oxide depth and at energies loser to the Si band edges.Temperature also plays an important role in multiphonon-assisted transitions. Fig-ure 3-39 shows the variation of the probed region extension at (a) T=200K and (b) T=400K,indiating the inrease of the probed region extension when temperature is raised. Therise/fall times and the duty yle of the pulse have been found to play a minor role on theCP urrent and on the simulated probed region.126



3.5. Transient analysis
Figure 3-39 � Temperature depen-dene of the probed CP region at
ν = 1MHz, Vlow = −1.2V and
Vsw = 2.5V . The referene energyis the Si valene band, while the
Si/SiO2 is at depth x=0nm. Highertemperatures san deeper in the ox-ide depth.
Figure 3-40 � Charge pumping urrentas a funtion of the low level Vlow volt-age and for di�erent pulse swings Vsw.Measurement results at ν=10kHz in (a)are in qualitative agreement with simu-lations in (b) and with literature [194,250�252℄.Figure 3-40 shows the dependene of the harge pumping urrent with Vsw for a 10kHzCP signal frequeny. The harge pumping urrent is plotted as a funtion of Vlow and fordi�erent voltage swings Vsw: inreasing the magnitude of the swing allows to san deepertraps and the peak inreases sine arrier apture inreases. A reasonable agreement hasbeen obtained using the same defet distribution than in Figure 3-31.The rise/fall times and the duty yle of the pulse have been found to play a role onthe maximum CP urrent and on the simulated probed region.Finally, Figure 3-41 presents harge pumping urrent results of amplitude-sweep sim-ulations whih have been performed varying the swing amplitude by keeping the same

Vlow voltage (harging mode in (a)) and or by keeping the same Vhigh voltage (dishargingmodel (b)). These extration tehniques are usually adopted to measure the magnitudeof the trapped harge and to extrat the energy dependene of trap distribution pro�les.In (a), for low swing voltages the urrent remains low as the devie always operate in a-umulation/depletion and does not enter in inversion. When this latter regime is reahed,eletrons an reombine with holes at the trap sites and the urrent inreases. In (b), the
Vhigh voltage level of the pulse is higher than Vth and only for very low Vlow voltages a127



Chapter 3. Charge trapping e�ets in CMOS tehnologiesreombination urrent emerges.

Figure 3-41 � (a) Simulated harge pumping urrent vs. Vsw voltage during a harging amplitude-sweep CP tehnique for di�erent Vlow voltages. (b) Simulated harge pumping urrent vs. Vlow for adisharging amplitude-sweep CP for Vhigh voltages.
3.5.4 Hysteresis e�etsHysteresis loops an be notied on measured AC harateristis in both weak inversionand aumulation; the interpretation o�ered by the model indiates that they are due tothe long time onstants of border and oxide traps whih get �lled during the DC voltagesweep. Figure 3-42(a) shows the measured CGG apaitane after 1000s of onstant voltagestress, where AC measurements have been performed ramping up and down the appliedvoltage. As an be seen, an hysteresis loop of magnitude ∆h, is formed in weak inversionand aumulation. The full pulse applied by the AC analyzer and simulated with the modelis shown in Figure 3-42(b). During the voltage ramp-up, deep traps having time onstantsof the order of tens of seonds/minutes (the time elapsed during the ramp up) progressivelyget �lled and the eletrostatis of the system hanges with a positive inreasing streth-out.During ramp-down, the system is in a di�erent ondition with respet to the ramp-up asdeep traps are �lled and require a given amount of time to emit arriers. Consequently, thedynami of harge trapping is slightly altered, ausing the hysteresis loop. The magnitudeof the latter is found to be slightly dependent on the frequeny of the small signal pulse,as an be notied on Figure 3-42(). It should be pointed out that the hysteresis loopsin Figure 3-42(a) ross eah other in depletion, revealing eletron �lling in inversion (Vthinrease) and hole apture in aumulation (Vfb derease).The e�et an be seen with a full transient simulation using the multiphonon modeland onsidering the pulse in Figure 3-42(b). A low frequeny large signal sawtooth pulseis applied and when reahing a given voltage, a small signal sinusoidal pulse permits thedetermination of the transient urrents and admittanes of the system alulated as inSetion 3.2. This operation is performed on both the ramping up and ramping down of thelarge signal pulse, for a limited set of DC voltages and frequenies. The simulated apai-128



3.5. Transient analysistanes shown in Figure 3-42(d) indiate that the hysteresis loops on the CGC apaitaneis in qualitative agreement with measurements in Figure 3-42().This phenomenon further on�rms the presene of a wide spread distribution of C/Erates for deeper traps in energy and depth, in aordane with multiphonon model resultsand reent TDDS measurements of the trap time onstants [184, 201℄. Additionally, thestreth-out shown for all the previously shown CGV urves is a�eted by the total mea-surement time and thus the history of the system ompliates the aurate determinationof the threshold voltage shift.The magnitude of the hysteresis loops strongly depends on the total rise time of theDC pulse (not shown here): with a more rapid inrease of DC voltage, deeper traps haveless time available to stabilize and hysteresis dereases.

Figure 3-42 � (a) Gate apaitane measurements performed after 1000s PCVS, ramping-up andsubsequently ramping down the large signal voltage for two frequenies. (b) Applied voltage vs. timefor the simulation and the analysis of hysteresis e�ets. A slowly varying DC voltages is applied to thedevie, while an AC small signal pulse (inset) is used to alulate the AC response of the devie fromthe trap displaement urrents. The AC small signal pulse is onsidered on both the rise and the fall ofthe DC voltage and is performed only for a limited number of DC voltages. () Detail of the hysteresisloops on CGC apaitane measured in the frequeny range 10kHz-1MHz. The width of the hysteresisloops ∆h inreases due to the fat that at lower frequenies the total measurement time inreases andmore time is let to deep traps to apture/emit arriers, inreasing the magnitude of the phenomenon.(d) Simulated hysteresis loops in the hannel apaitane CGC for di�erent frequenies. The arrowsindiate the versus of the applied DC voltage. 129



Chapter 3. Charge trapping e�ets in CMOS tehnologies3.5.5 Trap reoveryTrap reovery dynamis for NFET and PFET devies have been haraterized using twoapproahes. In the stati approah, the NMOS devie with TOX = 50Å is stressed for1000s foring a onstant urrent I = 10−8A aross the oxide stak; the AC harater-istis reported in Figure 3-43 are measured immediately after stress, after 6 hours andafter 18 days to monitor the annealing time onstants of defets. After short time peri-ods, only the reovery of E ′ defets ours ausing partial streth-out reovery in bothaumulation and inversion; the width of the hysteresis loops dereases but the parasititrap apaitane remains unhanged. On the other hand, only a partial reovery of Pbenters ours after days/months, ausing a derease of both the AC trap response andof the streth-out. The urves have been measured again after 59 days and no further Pbenter reovery was present. In other words, two typologies of defets presenting stronglydi�erent reovery time onstants are present in the oxide layer: Pb enter defets with longreovery times, E ′ traps reover in shorter periods. This further indiates the bivalentpermanent and reoverable nature of trap reovery of NBTI and PBTI [184℄. As evidenedin literature [75, 253℄, Pb enters an be healed annealing the devie at high temperatures.Similar harateristis after negative stress at I = −10−8A, indiate a stronger streth-outreovery in aumulation.

Figure 3-43 � Reovery of traps visible on the CGC and CGB apaitanes vs. applied voltage for theNMOS devie. The apaitanes are measured for frequenies ranging from 1MHz and 50kHz using asawtooth pulse for the DC voltage to show the reovery of hysteresis e�ets after defet onentrationredution. Dashed red urves are measured immediately after 1000s of positive CCS at I = 10−9A.The devie is then measured again after a relaxation time of 6 hours (magenta solid urves). Thestreth-out of the urve is redued and the magnitude of the hysteresis loop slightly dereases, whilethe frequeny peaks remain unhanged. Results after a relaxation time of 18 days is also shown. Inthis ase, in addition to the previously mentioned e�ets, the magnitude of the frequeny bump alsodereases.To further highlight the relatively rapid redution of the e�ets of E ′ defets withrespet to Pb enters, a ontinuous measurement of the AC harateristis at 50kHz has130



3.5. Transient analysisbeen performed on the same devies after stressing them with positive onstant urrentstress. Eah measurement inludes a full DC voltage ramp-up and ramp-down from -3V to3V and lasts approximately 1 minute. In the NFET harateristis showed in Figure 3-44after stress, and after 1, 61 and 121 measurement yles, trap reovery is indiated by aredution of the streth-out. The amplitude of the hysteresis loops is also progressivelyredued. The magnitude of both the ondutane and apaitane peaks orresponding tothe frequeny response are not dereasing, indiating that Pb enters originating them arenot relaxing in this time frame. A similar behavior has been found after negative stress.

Figure 3-44 � Total gate apaitane CGG (a) and ondutane GGG () harateristis measuredin a ontinuous way after the appliation of 1000s of positive CCS at I = 10−8A on devie having
TOX = 50Å oxide thikness. The inset of subplot (a) shows the DC voltage vs. time applied duringthe measurement. The harateristis after 1, 61 and 121 yles illustrate the e�ets of trap reoveryon both the AC harateristis: a zoom in weak inversion is provided in (b) and (d) and learly indiatethe e�et of E′ reovery on the threshold voltage of the devie. Hysteresis loops an be also identi�ed.The variation of ritial eletrial parameters has been monitored for both NFET andPFET devies under di�erent onditions of stress. In partiular Figure 3-45 presents thedefet redution after positive onstant urrent stress on an NMOS devie. Both thethreshold voltage Vth in (a), the �atband voltage Vfb in (b) and the magnitude of thehysteresis loop ∆h () are shown. For positive stress, the biggest variation is found on
Vth, while Vfb is subjet to higher reovery after negative stress. Similar tendenies areevidened for PFET devies.Figure 3-46 illustrates how similar reovery phenomena are visible on the eletrialparameters of PFET devies after negative onstant urrent stress onditions. Both the�at band voltage Vfb (a), the threshold voltage Vth (b) and the magnitude of hysteresis ()are reovered. 131
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Figure 3-45 � Quantitative variation of eletrial parameters as a funtion of the number of AC mea-surement yles (PBTI stress onditions). Eah yle is performed in about 1 minute. As timeprogresses, the threshold voltage Vth in (a) and the �atband voltage in (b), taken in Figure 3-44 when
CGG = 0.4V µF/cm2, are respetively dereasing and inreasing, globally indiating a redution of thestreth-out e�et. The threshold voltage Vth, whih undergoes a stronger variation during stress, is re-laxing more rapidly. In () the derease of the hysteresis loop amplitude taken at CGG = 0.25V µF/cm2is also shown.

Figure 3-46 � Same extration as in Figure 3-45 but performed on the PFET devie after negativeCCS at I = 10−9A (NBTI stress onditions). In this ase the variation seen on V th, whih stronglydereases during stress, is larger than on Vfb.3.6 Comparison of haraterization tehniquesThe probed regions alulated with multi-frequeny AC, multi-frequeny CP and TATurrent analysis, and their dependene on model parameters have been presented in theprevious Setions. Figure 3-47 indiates the omplete energeti and spatial regions of thedieletri where traps an be probed using the three tehniques. The aessible regioninludes the Si/SiO2 interfae region and the highly energeti traps in the bulk oxide. Thisinformation and the adopted modeling methodology permit a more meaningful ompar-ison of the three haraterization tehniques evaluating their drawbaks and advantages.In [239℄, we review and ompare in detail the three aforementioned haraterization meth-132



3.6. Comparison of haraterization tehniquesods.Multi-frequeny CV haraterization is adopted to san interfae regions in proximityof the Si ondution and valene bands. The main limitation of this tehnique only re-lates to the redued extension in depth and energy of the sanned region. For dereasingfrequenies, deeper defets in energy and spae having lower C/E rates are sanned andthus spei� regions of the interfae an be probed omparing low frequeny with highfrequeny measurements. This omparison is only possible within the range of frequeniesprovided by the AC analyzer. Indeed, the measurement frequeny should be low enoughto san deep defets, and su�iently high to disriminate the ontributions of defets nearthe Si ondution and valene band edges. For high gate biases (strong inversion), thedefets in the lose proximity of the Si ondution and valene bands respond very rapidlyand thus have ut-o� frequenies too high to be distinguished from the ontribution ofdeeper defets. Moreover the analysis of CV results relies in the transient trapping meh-anisms that ould a�et the AC harateristis. These have been investigated in detailin [254℄ and an be aurately represented by hysteresis loops aused by the slow ommu-niation and out-of-equilibrium onditions of deeper defets. Midgap defets annot beprobed due to the redued mobile arrier density in depletion. From the previous analyses,it is also lear that deeper defets require very redued measurement frequenies to beharaterized. The main advantages of multi frequeny CV inlude the simpliity of themeasurement tehnique, the rapid extration of the defet pro�le and the good auray ofthe approah when relying on multiphonon-assisted apture models [75℄. Additionally, theprobed region and the trap response on the apaitanes present a good invariane withrespet to model parameters and a strong temperature dependene whih further on�rmsthe role that multiphonon C/E transitions have in harge trapping.TAT urrent analysis an be adopted to probe the onentration of oxide defets in themiddle of the dieletri layer and at higher energeti levels lose to the Si ondution bandedge. Depending on the DC bias voltage, reverse extration an be applied in the domainwhere the TAT urrent omponent an be e�etively isolated from diret tunneling. Forinreasing voltage onditions, di�erent regions of the oxide bandgap are sanned, extendingfrom the Si ondution band edge to the SiO2 ondution band edge. In suh a ase, bandbending plays an important role on the haraterized region as the probed zone is stronglya�eted by the dieletri band struture and stak on�guration. Higher voltage onditionsalso permit to probe deeper defets and reverse extration at high voltage an be used toevaluate the presene of highly energeti traps. However, the major drawbak of reverseextration based on TAT relates to the strong sensitivity to model parameters (mainly FCand S in the multiphonon-assisted model). For di�erent ategories of defets, (Pb, E ′),empirial values have been determined from ab-initio simulations or measured from singledefet studies, and an be adopted as a referene. Finally, this tehnique is very sensitiveto oxide breakdown e�ets and dieletri perolation. Indeed, higher oxide stresses areresponsible of the reation of perolation paths where the traps at as stepping stones inthe arrier tunneling through the dieletri.MFCP analysis permits to extrat defets plaed at reombination sites in the gate-substrate interfae and in the middle of the energy bandgap. The depth and the energy133



Chapter 3. Charge trapping e�ets in CMOS tehnologiesextension strongly depends on the CP pulse, and 1nm-deep defets are probed for realistipulse parameters. The omparison between the probed CP regions indiates that a similardepth range an be ahieved with CV haraterization. However, using this method, a om-plete transient simulation is needed for whih large omputational resoures are required.Considering the importane of transient e�ets and harge trapping urrents, the extratedregion is strongly dependent on S and on the CP pulse on�guration. For these reasons,the extration of the trap onentration in the midgap should be initially determined byextrapolation of CV results or quasi-stati analysis, and the results veri�ed with CP teh-niques. Simpli�ed models ould also be applied to model the probed region in ompatapproahes [198℄, permitting a more rapid estimation of the total trap onentration at themidgap.

-3 -2 -1 0

-4

-3

-2

-1

0

1

2

3

4

Depth [nm]

E
ne

rg
y 

[e
V

]

MFCP

TAT

AC

Figure 3-47 � Band diagram of the oxide stak show-ing the regions that an be probed using the threeinvestigated tehniques.
The overlapping of the probed regions is of major onern for the e�ay of extration.Defets plaed in multiple probed regions alter the orresponding eletrial harateristisand thus several extration iterations ould be required. Moreover, an extration based onseveral haraterization tehniques permits to improve the level of on�dene on the defetpro�le. The dependene of the probed region with trap �lling has not been investigatedin detail in this study but, onsidering the redued trap onentrations used, seond-ordere�ets on the eletrostatis alulated by the self-onsistent Poisson-Shrödinger solver areexpeted.The extration methodology ould similarly be performed on advaned multilayereddieletris. Figure 3-48 illustrates the alulated probed region by the TAT method for aHighK Metal Gate stak. The substrate/IL interfae is loated at depth x=0nm and thevalene band edge of Si is at 0eV. In aggressively saled staks the penetration of the wavefuntion near the interfae auses a redution of the eletri �eld and an inrease of thetrapping rates. Consequently, the dependene of the probed region on the ritial �eld isnot negligible as in thiker SiO2 dieletris.134



3.7. Conlusion

Figure 3-48 � TAT Probed region versus energy and trap depth in a HKMG oxide stak for two valuesof the ritial �eld. Sine the eletri �eld in the struture is high, the ritial �eld parameter a�etsthe oxide probed region. Higher values than the eletri �eld in the interfae layer (IL) indiate thatthe sanned region inludes both the layers, while lower ritial �elds show that the TAT ontributionis mainly due to IL traps.3.7 ConlusionMultiphonon models are promising approahes for the investigation of harge trapping ef-fets in oxide layers whih have so far not been applied to CGV methods for trap extration.A general model for the alulation of MOS impedanes and supporting multiphonon C/Etheory has been derived. It inludes TAT and diret tunneling e�ets aross the oxide.This model intrinsially aounts for apaitane streth-out, trap frequeny response andtemperature dependene. Additionally, the frequeny-dependent peaks and the e�ets ofdiret tunneling on ondutane urves have been reprodued.The wide spread distribution of C/E times is responsible of the strong frequeny-dependene of the apaitanes and ondutanes of stressed devies. Correlation betweenthe C/E onstants of the system with the AC response in frequeny and the streth-out ofthe urves has been found. This result on�rms the measured trap C/E onstants reentlyreported in literature [182℄, where the apture rates range from nanoseonds to months oryears.Multi-frequeny AC, multi-frequeny CP and TAT urrent haraterization tehniqueshave been investigated by means of multiphonon-assisted harge trapping simulations. Weompared: (a) the extension of the aessible regions in energy and position in CMOSdieletri layers, (b) the methodology of defet onentration extration by reverse model-ing and () the impat of model parameters on the harateristis (Annex D). Correlatingthe three extrated pro�les provides an improvement in the on�dene level of both theextration methodology and the multiphonon-assisted harge trapping models.The proposed model an be used for the analysis of the physis underlying the hargetrapping mehanism, the extration of trap onentrations from eletrial harateristis135



Chapter 3. Charge trapping e�ets in CMOS tehnologiesand to evaluate the quality of oxide layers in modern nanosale tehnologies. This modelhas been used as a referene for the understanding of harge trapping mehanisms ineletrially-stressed oxides, and in partiular for the interpretation of CHEI-indued degra-dation in �ash tunnel oxides [255, 256℄. Additionally, the semi-analytial model presentedin Chapter 4 will be based on a similar multiphonon approah for the analysis of hargetrapping e�ets on the DC and transient harateristis of �ash devies.
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Chapter 4Complementary e�ets in ompat �ashmodeling
4.1 IntrodutionIn Chapter 2 we analysed the e�ets of intra�ell ouplings and geometrial dimensions on�ash eletrostatis in DC and transient regimes. In this Chapter we investigate long-termparasiti e�ets in a ompat design-oriented approah. In partiular in Setion 4.2, weapply the onsiderations on harge trapping in MOS devies detailed in Chapter 3 to theanalysis of tunnel oxide degradation and �ash ell endurane performanes. Furthermore,in Setion 4.3 a ompat model has been developed to reprodue drain disturbs present inNOR on�gurations during program operation. The model has been validated on measure-ments for a broad range of bias voltages. Cross-oupling e�ets are detailed in Setion 4.4,whih also deals with the extration of the apaitanes between the �oating gates of theells in the matrix environment by means of 3D TCAD simulations. Finally, worst aseanalysis adopted by iruit designers requires the model to be ompatible with proessorners and statistial simulations. Therefore, statistial measurements and Monte Carlosimulations have been performed to reprodue the Vth distribution of the states and theire�ets on ell performanes.4.2 Endurane modelingIn this Setion, a methodology to model ell aging e�ets on �ash endurane is desribed.Relying on the onsideration and on the rigorous 1D approah developed in Chapter 3,a semi-analytial version of the multiphonon-assisted harge trapping model is presented.Subsequently, the e�ets of degradation on �ash endurane are desribed fousing on DCand transient performanes altered by harge trapping at the Si/TOX interfae. A om-pat semi-empirial solution is �nally adopted and integrated in the NVM-SPICE modelof Chapter 2 to demonstrate its appliability to memory design. The methodology forendurane investigation is detailed also in [255℄.137



Chapter 4. Complementary e�ets in ompat �ash modeling4.2.1 Multiphonon harge trapping in a 2D approahUsing an analytial version of the multiphonon harge trapping approah similar to theone illustrated in Chapter 3, the e�ets of harge trapping on �ash performane have beenstudied in detail. However, sine a Poisson-Shrödinger solution in 2D would be too muhomputationally expensive, a semi-analytial approah preferred. In partiular, the energylevels Ej of the on�ned arrier in the substrate are approximated with [257℄:
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, (4.1)where j = [1,∞) indiates the index of the level and Feff(y) the vertial �eld at a givenposition y in the hannel length alulated from the surfae potential ψS(y) as in Chapter 2.The evanesent wave Ψox(y, z) in the oxide layer has a wavevetor kj:
kj(y, z) =

1

~

√

2q0mox(Ec(y, z)− Ej(y)), (4.2)where Ec(y, z) is the potential barrier of the oxide at a point in the dieletri with distane
z from the substrate. The barrier is modelled assuming a onstant uniform �eld in thedieletri. The evanesent wave Ψox(y, z) is thus expressed by:

Ψox(y, z) = Ψox(y, z, 0) exp(kj(y, z)z). (4.3)In the semiondutor, Shrödinger's equation evolves into the Airy di�erential equation [257�260℄, whose solutions are the Airy funtions [261℄. Consequently, the wavefuntions in thesemiondutor an be expressed by a linear superposition of Airy funtions Ai:
ΨSi(y, z) = CAi(uAi(y, z)), (4.4)where:

uAi(y, z) =

(

2meff

~2Feff(z)2

)
1
3

q0(Feff (z)z − Ej), (4.5)and C is a fator obtained mathing the wave funtion (ΨSi(y, 0) = Ψox(y, 0)) at the
Si/SiO2 interfae. Having analytially determined the wavefuntion and the energy levelof the arrier, a similar multiphonon-assisted harge trapping approah of Chapter 3 anbe adopted solving the rate equation at eah position in the hannel. The trap oupany
fT (y, z), alulated from the apture/emission �uxes, and the total trapped harge ρT (y, z)are used to determine maromodel parameters applied to the MOSFET model. In parti-ular, sine ompat approahes rely on the symmetrization of the harge in the hannel orlinearization around a point in the hannel, it has been hosen to redue all the trappedharge in the hannel to the mid point. Consequently the total trapped harge in the oxide138



4.2. Endurane modelingis alulated integrating:
QT =

∫

TOX

∫

L

ρT (y, z)dzdy, (4.6)Reall Eq. 2.1 from Chapter 2. In this semi-analytial approah, the surfae potentialequation is modi�ed taking into aount the total trapped harge at eah iteration:
(VFB − Vfb − ψS(z))
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)2

+ γ2ψT

(
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−ψS (z)
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+
ψS(z)

ψT
− 1 + e

− 2ψF
ψT

(

e
ψS (z)−VC(z)

ψT − ψS(z)

ψT
− 1

))

. (4.7)A mobility redution term is also added in Matthiessen's rule to take into aount mobilitydegradation due to surfae sattering at the interfae:
1

µeff
=

1

µtr
+

1

µcs
+

1

µph
+

1

µsr
(4.8)

µtr = kT

(

Q2
T

(QB +QI)2

)where kT is an empirial parameter. The progressive �lling of traps as the gate voltageinreases auses a degradation of the eletrostati through ψS and of the arrier mobility(i.e. gate transondutane) in the hannel. The model has been used for the interpretationof endurane harateristis in �ash devies.4.2.2 Degradation e�ets in �ash ellsWe an now analyse the e�ets of degradation on the �ash ells and the phenomena de-termining endurane performanes. When yling the devie, the tunnel oxide is subjetto FN eletrial stress during erase and CHEI stress during program. Figure 4-1(a) showsthe in�uene of eletrial stress during yling, induing a modi�ation of the Vth window,
W = V P

th − V E
th . Two yling sequenes have been adopted for programming/erasing theell: FN/FN and CHEI/FN operation. In the former ase, the ell is both programmed anderased by FN operation (program: pulse width 10ms; VCB = 18.9V - erase: pulse width10ms - VCB = −17.65V ). The Vth is measured after a given amount of yles. Two e�etsan be identi�ed in this on�guration: (a) both the V E

th and V P
th inrease, (b) the inreaseof V P

th is less pronouned than V E
th (thus W dereases). In the latter ase, the enduraneharaterization has been performed by yling the ell with CHEI for programming andFN for erasing (program: pulse width 4µs; VCB = 8.5V , VCB = 4.2V - erase: pulse width1ms - VCB = −17.65V ). Similarly to the previous ase, two phenomena are identi�ed: (a)

V E
th inreases due to the progressive �lling of interfae traps delaying inversion; (b) V P

thinitially dereases, induing the losure of the window after moderate yling, and theninreases. The threshold voltage window is redued after a onsiderable number of ylesin both the ases, ompromising devie endurane.139



Chapter 4. Complementary e�ets in ompat �ash modelingHereafter, it will be shown that all the previously mentioned e�ets are attributed tothe in�uene of defets on �ash harateristis. A physial interpretation of these e�ets isof ritial importane to improve endurane performanes during tehnology development.This permits to reonstrut the window evolution from DC and transient harateristismeasured after a given amount of yles, where the e�ets of the defets are orretlyseparated and taken into aount (Figure 4-1(b)). In this methodology, trapping e�etsresult in di�erent threshold voltage variation dynamis ∆Vth versus the number of yles
Ncycles, for the two states. The variation ∆Vth an be separated in three parts:

• ∆V R
th : threshold voltage variation diretly related to harge trapping e�ets on theative MOSFET part of the devie (subthreshold slope degradation, �xed hargestrapped in the TOX , gm redution);

• ∆V Eeff
th (Ncycles): threshold voltage variation omponent after Ncycles, attributed tothe redution of erase e�ieny indued by ell ageing;

• ∆V Peff
th (Ncycles): threshold voltage variation omponent after Ncycles due to the re-dution of program e�ieny after yling.
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4.2. Endurane modelinghas been alulated from onsiderations on the ell oupling oe�ients. It should bepointed out that, while the Vth of the equivalent transistor (taken at an arbitrary urrent
IDScrit) inreases, the Vth of the two states of the ell behave di�erently (V E

th inreases, V P
thdereases).The harge trapping model in Setion 4.2.1 has been adopted to identify the reason ofthis disrepany. In Figure 4-2(), the read harateristis of the �ash devie have beensimulated. Dashed urves indiate fresh devies, while solid urves indiate the resultswhen a Gaussian distribution of traps is added in proximity of the TOX/substrate interfae.Both sub-threshold slope, transondutane and Vth are a�eted. In the simulations theprogramming/erase e�ienies are not altered as the harge on the �oating gate QF0 isdiretly varied to restore the DC state of the ell.Consequently one an estimate the e�ets of defets in DC read onditions with the Vthvoltage variation ∆V R

th , in any of the two states. This quantity an be extrated also fromerase transient harateristis as shown in Figure 4-3(a) and with:
∆V R

th (Ncycles, tR) = Vth(Ncycles, tR)− Vth(0, tR) (4.9)where tR = 0.2ms is a time duration hosen long enough suh that the initial state of thedevie does not a�et the dynamis. The apparent disrepany between (a) and (b) ofFigure 4-2 is explained onsidering the e�ieny of the injetion mehanism.
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Chapter 4. Complementary e�ets in ompat �ash modeling(ii) Program/Erase e�ieniesThe in�uene of degradation on erase mehanisms is analyzed in Figure 4-3(a). Due to trap�lling in inversion, ∆V R
th a�ets the Vth versus erase time measurements. This ontributionan be removed by vertially shifting all the urves (inset of Figure 4-3(b)). The erasee�ieny degradation, orresponding to the threshold voltage variation ∆V Eeff

th , an beidenti�ed as the variation of the slope of the urve in the latter plot. A quanti�ableestimation of this degradation is given by:
∆V Eeff

th (Ncycles) = Vth(tE, Ncycles)−∆V R
th (Ncycles)− Vth(tE , 0). (4.10)This represents the portion of Vth shift that annot be restored when erasing the aged ellfor a given erase time tE =1ms. From this result, one an thus onlude that the erasee�ieny degradation is marginal with respet to the e�et of trap �lling ∆V R

th on theeletrostatis. Indeed, the apparent erase performane degradation, i.e. the V E
th inreasein Figure 4-1(a), mostly orresponds to a hange of the devie eletrostatis due to traps�lling, i.e. ∆V R

th on Figure 4-3(b).
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4.2. Endurane modelinglatter plot as the threshold voltage variation ∆V Peff
th that annot be restored after a givenarbitrary program time tP = 4µs:

∆V Peff
th (Ncycles) = Vth(tP , Ncycles)−∆V R

th (Ncycles)− Vth(tP , 0) (4.11)The program e�ieny is thus sensibly a�eted by devie degradation after stress and playsan important role on the window dynamis.
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Chapter 4. Complementary e�ets in ompat �ash modeling
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Figure 4-6 � 3D TCAD simulations to identify the points subjet to high eletrial stress during inaumulation/erase (a) and inversion/program (b). In the former ase the urrent �ows through the�oating gate divot region. In the latter ase, the urrent is onentrated in the LDD region whereeletrial �eld and injetion are higher. Darker areas identify regions with higher urrent densities.Proess development requires identifying whih ritial fabriation parameter an playa role on the areas to be optimized [263℄. Figure 4-7 shows the orrelation between the Vthof the equivalent transistor devie (V TREQ
th ) after 100s stress in both FN and CHEI andthe ell window after 200k yles. When altering the LDD pro�le, the harateristis ofthe injetion region hange and thus the V TREQ

th (blue urve) variation under CHEI stress144



4.2. Endurane modelingonditions is a�eted as well. The variation of the tendeny is in good alignment with thevariation measured on the window W. On the other hand, modifying the proess depositionof the tunnel oxide layer has a higher in�uene on the V TREQ
th measured after FN stress.This modi�ation is re�eted on the �ash window as well.Figures 4-8(a-b) show the large spread in W , obtained grouping the results of pro-ess variations where the LDD implant harateristis are varied (P1,P2,P3), while Fig-ures 4-8(-d) present similar results for devies where the oxide formation proess is varied(P4,P5,P6). The window W variations and the V E

th baseline trends for both the subsetsare presented in Figure 4-8(b-d). Both show the diret orrelation existing between thebaseline and the window.
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thafter FN stress, while LDD proess variations a�et V TREQ
th after CHEI stress. In both ases, thevariation on V TREQ

th is re�eted on the window of the stressed �ash devie.
4.2.3 Compat modeling of �ash enduraneCompat approahes for modeling �ash endurane require two aspets to be taken into a-ount: (a) the physial modeling of the e�ets of the defets on the devie harateristis,(b) the physial degradation model whih generates the defets. Numerial approaheshave been proposed for point (a), although ompat models need to be e�ient and fastenough to permit designers to have optimized results in short simulation times. Conse-quently, a ompat empirial method has been preferred for this ase, to preserve speedand onvergene of the harge balane algorithm, with the defets having three e�ets: arigid variation of the �at band voltage ∆Vfb = − QT

COX
, where QT and trap �lling are modu-lated by the quasi Fermi level in the substrate, an empirial variation of the sub-thresholdslope parameters of the MOSFET model, and a redution of the mobility using a fator asin Eq. 4.9. A single parameter NIT has been used to model the trap onentration at theoxide interfae. 145



Chapter 4. Complementary e�ets in ompat �ash modeling
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NIT (t) =

∫ t

0

(

Adg|IFD(t)|Cdg +Bdg|IFB(t)|Ddg
)

dt′, (4.12)where the empirial parameters Adg, Bdg, Cdg andDdg are extrated from DC measurementsafter degradation. These parameters ould be extrated from empirial analysis using anapproah similar to [264℄ based on subthreshold slope and transondutane variations vs.stress voltages and durations. The parameters Adg and Bdg ould be alibrated evaluatingthe dependene of the equivalent transistor parameters with CHE stress, while Cdg and
Ddg are extrated from Fowler-Nordheim stress.More aurate approahes ould be applied to take into aount di�erent energy-drivendegradation modes as in [264�266℄ where aging oe�ients an be extrated for various146



4.2. Endurane modelingdrain and �oating gate bias oe�ients. This solution requires a large set of degradationmeasurements on both �ash devies and equivalent transistor ells to alibrate the bias andstress time dependene of degradation. With the purpose of illustrating the appliabilityof the ompat model to endurane analysis, the model of Eq. 4.12 has been preferred forthis study. Furthermore, an empirial exponential fator dependent on the total trappedharge has been introdued in Eq. 2.46 to model the redution of program CHEI e�ieny.Conversely, given the onsiderations in the previous Setion, it has been assumed that theerase e�ieny is not a�eted by the inrease of border defets at equivalent eletri �eld.Figure 4-9 illustrates the methodology to simulate endurane degradation in �ash de-vies using the NVM-SPICE ompat model. Eah yle is represented by four onseutiveSPICE simulations, where the alulated FG harge QF0 is applied as instane parameter.After erase and program simulations, two read DC simulations are required to assess the
Vth of the ell with sub�threshold slope e�ets. After a omplete yle, the tunnelling andinjetion urrents are used in the ageing model of Eq. 4.12 that omputes a new value ofe�etive trap onentration for the following yle.
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2/5
cycles.In Figure 4-10(a), the normalized Vth window is shown as a funtion of the number ofsimulated e�etive yles Neffcyc. Measurement results are in symbols. The parameterextration methodology relies on deoupling the e�ets as indiated in the previous se-tion. In partiular, the extration should onsider both DC and transient e�ets, where147



Chapter 4. Complementary e�ets in ompat �ash modelingthe degradation of the gate transondutane and of the sub�threshold slope shown in (b)and (), respetively, should be taken into aount. The simulated relative variation of theP/E e�ienies is shown in the inset of Figure 4-11 and indiates the signi�ant redutionof CHE injetion.This extration methodology an be applied to di�erent types of pulses, and statimodels of NIT vs Ncycles an be elaborated for several operating onditions (Figure 4-11).This permits the designer to diretly set the worst ondition state of the aged ell andanalyse the impliations on the produt spei�ations without yling the devie 105 times.The main limitations of this approah rely on the fat that a set of NIT vs Ncycles modelsneed to be extrated, orresponding to eah pulse ondition under investigation. Thereforethis solution annot o�er the �exibility of the model in Eq. 4.12.
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2/5 to avoid exessively long SPICE simulations.
4.3 Disturb mehanismsIn aggressive tehnologies, disturb dynamis monitor the Vth variation in a given state,during program or read operation of adjaent ells. In these onditions, high voltage biasesare applied on the terminals of the �ash devie for long time durations. These e�etsshould be arefully onsidered in the tradeo� balane.Disturb e�ets an be divided in bit line (or drain) disturbs and word line (or gate)disturbs, depending on whih node the high voltage ondition in applied. Dynamis alsostrongly depend on the state of the disturbed ell.Let us onsider a single bit line of �ash devies organized in NOR on�guration. All thedevies have been programmed and share the same bit line. When a given ell is yled,high negative voltages are applied on the drain of all the ells during the programming phase148
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and, after a high number of yles, the threshold voltage of the programmed aggressed ellstends to derease. This stress ondition an be reprodued applying a high voltage DCbias on the BL of a programmed devie and assessing the Vth derease.Even though the injetion e�ay is onsiderably smaller than for CHEI, the totalumulative disturb stress time an indue large Vth variations. Disturb dynamis havebeen haraterized using progressive algorithms (see Figure 2-28 in Chapter 2), dividingthe disturb stress time in small pulses, after whih the Vth of the devie is measured. Allthe measurements have been performed on three dies to illustrate statistial variability.In a �rst ase, the ell is initially programmed at Vth ≈7.7V and subsequently stressedby only applying a high bias voltage on the drain terminal of the devie. The WL ofthe stressed ell remains grounded. Figure 4-12 reports these BL disturb measurementsperformed on programmed devies, showing the V P
th derease as a funtion of the umulativedisturb time for several VDS and VBS stress onditions. For voltages lower than VDS=3.4Vdisturbs have not been haraterized as they would have required too long measurementsand programming at suh small VDS voltages is rarely applied. In Figure 4-12(b), thedependene on the bulk voltage is also illustrated.Sine a negative voltage is present on the FG of the ell when the devie is in the pro-grammed state, disturb e�ets are suspeted to be aused by band-to-band tunneling andeletron-hole generation in the spae harge region of the drain-bulk juntion [11℄. Dueto the high drain-bulk voltage, holes an be aelerated towards the isolated substrate ofthe devie (hot-holes). If the energy of the arriers is high enough, ionization an ourgenerating highly energeti tertiary e−/h+ ouples. While e− are olleted at the drain,the energy of h+ an be high enough to permit the arriers to surmount the energy barrierof the tunnel oxide [11℄. The ionization proess an also our multiple times, generatingadditional arrier pairs. It has been shown that tertiary holes injetion is greatly respon-149



Chapter 4. Complementary e�ets in ompat �ash modelingsible of threshold voltage derease [11℄. These approahes require high omputationallydemanding numerial simulations and usually rely on full band MC analysis to analysesattering and arrier distribution in the LDD.BL disturb has been modeled adding a urrent ontribution from the drain to the�oating gate of the devie [105℄. An empirial expression has been proposed to take intoaount the dependene on the stress time duration and on the �eld aross the tunneloxide, using:
Idist = AdistIGIDL exp

(−FFD
Bdist

+ CdistVDB

)

, (4.13)where the dependene on the �oating gate voltage is taken into aount in both the gateindued drain leakage (GIDL) urrent IGIDL and the exponential fator on the �eld FFDaross the TOX in proximity of the LDD juntion. The urrent ontribution IGIDL hasbeen alibrated on measurements performed on equivalent transistor test strutures andis modeled with the usual band-to-band urrent approximation in [267℄. The dependeneon the �oating gate voltage is obtained evaluating the CBE at eah timestep. The modelparameters Adist, Bdist and Cdist have been adjusted to reprodue BL disturb measurementsat the di�erent drain and bulk bias voltages.
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Chapter 4. Complementary e�ets in ompat �ash modelingbetween the �oating gates in the array. The simulated 3D strutures inlude 4 �ash me-mory devies and are reported in Figure 4-15, with 2D ross-setions along the hannellength and width. The values of the apaitive omponents are reported in Table 4.1 forboth the on�gurations. A large oupling, higher than the apaitane CFD between the�oating gate and the drain of a ell, is observed between the bit lines. The apaitanesbetween the �oating gates of the ells remain onsiderably smaller due to the shielding ofthe soure metal lines. The two on�gurations present similar values of the apaitanewhih implies that the bak end stak asymmetry is only marginally in�uening the apa-itane values. Furthermore, the analysis of the omplete bak-end stak permits to extratthe ontributions of the parasiti omponents and estimate the load of BLs and WLs iniruit simulations for IC design (Setion 5.3.1(i)).
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4.4. Cross-ouplingsComponent Con�guration A [aF/ell℄ Con�guration B [aF/ell℄
CFFxx 1.752 1.772
CFFxy 0.049 0.049
CFFyy 0.177 0.173
CWLWL 1.010 1.008
CBLBL 46.67 46.67
CFD 37.8 37.5Table 4.1 � Values of the extrated ross-oupling apaitanes for the two on�gurations indiatedFigure 4-15 normalized on the ell dimension.
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VFSi,j dereases and the ouplings in the devie are negatively a�eted. The derease of thegate oupling αC inreases the threshold voltage of the ell and redues P/E performanes.Threshold voltage variations of the order of 140mV have been found. Three dies havebeen haraterized: on eah of them, three on�gurations of mini-arrays are investigated,inreasing the distane DX between two �oating gates in the bit-line diretion from 80nm153



Chapter 4. Complementary e�ets in ompat �ash modelingto 130nm. As the distane separating the BLs and WLs gets smaller, the ross-ouplingapaitanes CFFi,j linearly inrease. The distane between the drain/soure ontats andthe �oating gate of the ells dereases as well, resulting in higher parasiti drain/soureoupling. The inrease of the D/S oupling has e�ets on both the aggressor and the targetdevies. On the target devie, Vth slightly raises as a onsequene of the higher CFFi,joupling, but the programming dynamis are exponentially a�eted by the αD ouplingdegradation. Consequently, in the harge balane equation the redution of (VFS − VFSi,j)appears more pronouned than the inrease of CFFi,j ouplings. This implies that ross-oupling e�ets are slightly lower in arrays where the distane between two �oating gatesis higher.In the programmed state, minimal e�ets are found. The measured Vth variation of thetarget ell is reported in Figure 4-16(a). A variation of Vth lower than 40mV is extratedwhen surrounding ells are programmed. This is attributed to the redued (VFS − VFSi,j)fator when the aggressor adjaent ells are programmed.
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QG(VFS, VDS, VBS) +CCF (VFS − VCS) +

∑

j=−1,0,1

∑

i=−1,0,1

CFFi,j(VFS − VFSi,j) = QF0 = onst.(4.14)The nodes VFSi,j ould be fored to �xed voltage values or simulated onneting themto the FGs of the neighbouring aggressor ells.154



4.5. Statistial variations4.5 Statistial variationsWorst-ase analysis is usually performed by IC designers to assess iruit performanes inharsh environment onditions. This requires the de�nition of statistial proess orners indevie models. Industrial design kits de�ne proess orners by a set of statistial variationsof partiular proess parameters around nominal values. For example, inertitude in theresolution of lithographi patterns orresponds to the de�nition of statistial distributionsfor the physial dimensions of the devie.In �ash devies, adopting a similar approah to the one on MOSFET models, proessorners for both erased and programmed states ould be de�ned. Figure 4-18 illustratesthe variation of the drain urrent and gate transondutane with VCS in read onditions(VDS = 0.5V) for the di�erent proess orners. Red and blue solid urves indiate thespread of DC harateristis of the devie in programmed and erased states simulated withMonte Carlo analysis. Gaussian distributions are adopted to reprodue variability on thephysial dimensions, tunnel oxide thikness, substrate doping, arrier mobility and �atband voltage. In DC regime, the initial stored harge is also assumed to be distributedwith an uniform distribution around the nominal onditions of both the states. Statistialparameter variations determine osillations on the devie threshold voltage, subthresholdslope and maximum gain transondutane.Other spei� stati proess orners ould be de�ned, to simulate the �ash ell in par-tiular onditions. For example, embedded devies usually adopt P/E-verify algorithms tohek the e�ay of the writing proess and redue the spread of Vth distributions [141℄.Consequently, it is useful to de�ne P/E-verify orners from �nal produt spei�ations(dashed and dashed-dotted lines in Figure 4-18), whih an be used to assess devie perfor-manes under soft-program/erase operation [268℄. These stati orners are de�ned varyingthe stored harge in the �oating gate of the devie from the nominal P/E state values.Additionally, in appliations where setor-erase funtionality is exploited, a wide set ofdevies an undergo several onseutive erase sequenes, induing parasiti tails in Vth dis-tributions due to leakage (see Chapter 5). A depletion-verify orner is also de�ned andindiated with a dotted line. It is used to de�ne a state of over-erased depleted ells whose
Vth needs to be raised to reah the nominal erased state.The statistial variation of eletrial parameters is extrated from the program anderased state harateristis measured on all the fully addressable mini-arrays integrated onthe wafer. During the measurement, for eah word line, all the devies on the di�erentbit lines are haraterized. The IDS(VCB) harateristi of eah ell is measured threetimes: at the initial state, after a program sequene and after applying an erase pulse.The program step-like pulse has VCS = 8.5V, VDS = 4.2V, VBS = 0V for a duration of 1µs,while the step-like erase pulse reahes VCB = −16V for 100ms. The varianes of Vth and
gmMax distributions for both the P/E states have been extrated from results presentedin Figure 4-19(a-b). Assuming a Gaussian distribution of Vth, a variane of σV E

th
= 0.15Vand σV P

th
= 0.13V has been extrated for erased and program states, respetively. An155
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= 0.11S an be assumed. A slightdisrepany between the programmed and erased states is notied and has been attributedto di�erent ontrol gate-drain ouplings under DC measurement onditions. Figure 4-19(-e) illustrates the spread of the Vth, gmmax and subthreshold slope distributions obtainedfrom MC simulations on 400 samples. The subthreshold slope has been extrated from
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th
after a single erase.156



4.6. Conlusion

2 4 6 8
0

200

400

600

800

V
th

 [V]

C
ou

nt

1.2 1.4 1.6 1.8 2
x 10

−5

0

100

200

300

g
mmax

 [S]

Programmed
Window

Overerased

Virgin

Erased

(a) (b)

2 4 6 8
0

20

40

60

80

100

V
th

 [V]

C
ou

nt

1.1 1.5 1.9

x 10
−5g

mmax
 [S]

200 220 240
0

20

40

60

80

100

ss
slp

 [mV/decade]

(d) (e)(c)
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Chapter 5
From ompat modeling to IC design
5.1 Introdution
In this hapter, the previously desribed ompat model has been applied in a proessdevelopment and design perspetive. On one hand, tehnology development requires a pro-found understanding of trade-o�s in �ash devies, whih a�et DC, transient and long termperformanes. In Setion 5.2 the main metris adopted by proess integration engineersand NVM designers for the evaluation of the ell �gure of merits are desribed [105℄. Para-metri analysis is applied in transient regimes, studying the e�ets of program/erase pulseson relevant quantities involved during the swithing (threshold voltage Vth shift, maximumdrain urrent peak during programming, power onsumption, ell disturb, degradation,et.). The shape of the voltage pulses applied to both word lines (WLs) and bit lines (BLs)largely impat the �nal state, the short term and long term performanes of the devie.Consequently, one of the main tasks of IC designers onsists in de�ning the pulses to beapplied in order to optimize the ell and satisfy produt spei�ations. Additionally, someell spei�ations strongly a�et the requirements of other building bloks surrounding thememory setor. In this view, an optimization methodology using the NVM-SPICE modelis proposed. Setion 5.3 disusses the design, integration and haraterization of a 40KBmemory setor for smart ard appliations. The integrated building bloks are highlighted,with partiular fous on the diret use of the �ash ompat model for their optimization.This setion also inludes a desription of BL and WL parametri ells oneived to sim-ulate a omplete line of devies in the memory setor. Layout onsiderations involvingthe design tehniques for high-voltage �ash tehnologies are explained. Charaterizationresults and funtionality testing of the memory test-hip onlude the hapter.159



Chapter 5. From ompat modeling to IC design5.2 NVM-SPICE model appliations5.2.1 Performane metris and parametri analysisThe disussion of trade-o�s and pulse optimization requires a lear de�nition of the di�erentmetris to assess devie performane. In partiular, in this study the following metris anbe onsidered:
• program/erase time
• power onsumption
• maximum program/erase urrent
• WL/BL disturb
• injetion e�ieny
• interfae and oxide degradation
• width of Vth distributionIt has been hosen to detail here only the analysis of the programming pulses appliedto BLs and WLs are pulsed as more trade-o�s are involved. Nevertheless, the methodol-ogy is also appliable to the erase operation. The evaluation an be performed varying alimited set of pulse parameters or disretizing the applied voltage pulse in a given numberof timesteps. However, we simpli�ed the problem investigating only a family of trape-zoidal WL and BL pulses, haraterized by two parameters for eah pulse as indiated inFigure 5-1. This hoie has been made also onsidering that linear regulation is usuallyadopted in swithed apaitor regulation bloks and its importane will be justi�ed in thenext Setion. Eah WL/BL pulse is omposed of a ramp-up step and a plateau part. Thetotal duration of the ramping phase is tCrise (tDrise for the BL pulse, respetively), while itsinitial voltage is V C

min (V D
min, respetively). In this example, the maximum voltages on theplateaux V C

max = 8.5V (V D
max = 4.2V , respetively) have been maintained for a onstanttotal pulse duration of 1µs. Furthermore, the impat of the isolated p-well bulk bias analso be ontrolled. In the following examples, VB has been kept onstant at 0V.As a result, Figure 5-2 shows the simulated programming time tprg variation with thepulse parameter. The programming time orresponds to the instant where the Vth of theell reahes 7.5V. This quantity is of major importane as it disriminates the two set/resetstates and determines the threshold voltage window. A linear variation of tprg with tCriseand tDrise is found.Low-power appliations require optimization of the program/erase e�ieny. The totalpower onsumption during a single programming pulse is shown in Figure 5-3 peakingat intermediate V C

min and V D
min voltages, and inreasing for slower ramps, as the programe�ieny is redued. The dependene of the programming time on VDS pulse parametersis higher than the dependene on VCS variations. As a onsequene, it is more e�ient160
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to vary the BL pulse in order to optimize the power onsumption. Square-box pulsesobtained for trise=0s or Vmin = Vmax ahieve the largest Vth variation with the lowestpower onsumption. The trend is also orrelated with the average injetion e�ieny.
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5.2. NVM-SPICE model appliationsAnother metri is assoiated with drain disturb in program onditions, whih representsa major issue in NOR �ash tehnologies. Disturb e�ets an be evaluated applying a pulseon the BL and alulating the variation of the Vth of an aggressed programmed ell sharingthe same BL. However, due to the large time onstant, a more relevant approah onsidersthe integral of the disturb injetion urrent IFD from drain to gate alulated with Eq. 4.13.Simulation results for this metri are shown in Figure 5-5 for a BL pulse with V D
max = 4.2Vand a onstant voltage V C

max = 0V on the ontrol gate. As expeted, an exponential inreaseis observed for higher values of V D
min, while the dependene on the ramp time tDrise leads toa linear tendeny on the disturb metri. Also in this ase, higher disturb is ahieved forsquare box pulses with larger VFD voltage drop.Other metris or a omposition of them ould be de�ned by the designer who alsohas to evaluate the impat of pulse and ell optimization on the surrounding iruitry.Indeed, reliability onerns should be onsidered on the degradation of the HV deodingand regulation iruitry. Several bias onditions an be assessed, also onsidering the bulksubstrate bias voltage VB used to improve program e�ieny.
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5.2.2 The quest for the best program pulseIn industry, ramped algorithms are applied to the ells in program operation to limit theprogram urrent and relax harge pump iruit omplexity, and enable better ontrollingthe Vth variation or ell aging e�ets. Various program algorithms have been reentlyproposed, one of the most di�used being a ramped pulse on the WL, while maintainingthe BL at a given program voltage [142℄. Indeed, as shown in the following, suh anapproah permits to avoid the drain urrent peak. The �oating gate voltage is linearlyinreasing with the ontrol gate voltage and the urrent an be maintained onstant forthe entire ramp up of the WL pulse. The maximum urrent is set by the designer dependingon the desired harge pump spei�ations. Figure 5-6 shows simulation results after the163



Chapter 5. From ompat modeling to IC designappliation of two pulse on�gurations ahieving the same spei�ations on the thresholdvoltage variation and on the programming time. A given maximum program urrent hasbeen imposed; with this onstraint, the ontrol gate voltage at eah time step is omputed.As shown in (b) and (), the injetion and drain urrents remain onstant for the entireramp up preventing overshoots. This avoids ine�ient programming in presene of highinitial urrent peaks followed by lower urrents. This method also permits to prevent theabrupt exponential variation of Vth that is observed using square-box pulses. Indeed, inpresene of suh a rapid variation, the �nal state of the ell beomes strongly dependenton variability, resulting in larger Vth distributions of the �nal programmed state. Whilein [142℄ the alulation of the equilibrium ondition on VFS needed to ahieve best e�ienyis determined using approximated models where empirial and not-measurable parametersare onsidered, NVM-SPICE permits to aurately perform this assessment. Two pulseon�gurations are shown for two di�erent V D
max onstraints.A third pulse an also be applied on the isolated p-well of the array, biasing the om-mon substrate at a negative voltage. This has the purpose on one hand of reduing thedrain urrent during writing and on the other hand of improving the injetion urrent byinreasing the voltage drop on the juntion.A general optimization methodology has been developed for the extration of pulseon�guration parameters depending on a given set of spei�ations and onstraints (apatent dislosure has been submitted and is urrently under evaluation on this subjet).Finally, Monte Carlo statistial and proess orner simulations an be adopted foranalysing the impat of pulse on�gurations on Vth distributions narrowing. The designeris able to apply a program�verify sequene [141℄ to investigate its e�ets on the distributionsof states. Statistial models inluded in NVM-SPICE permit to elaborate a iruit strutureand a methodology to remove statistial variability (another patent dislosure is underevaluation on this aspet).
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5.3. 40KB eNVM setor design
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• the memory setor, whih surrounds the WL deoder iruit and has been divided intwo bloks to enable reuse for future improvements;
• the WL deoder, whih provides the ondutive path from the HV swithes to theloal WLs of the setor;
• the BL deoder, whih reates the onnetions between the loal BLs and the externalIO terminals;
• the HV management system, inluding a set of HV swithes, to reate the ondutivepath from the external HV pads to the deoders for the HV signals, and high/lowlevel shifters to inrease the dynami range of digital LV ontrol signals ontrollingthe swithes;
• the ombinatory logi blok that provides the ontrol signals required by all thebuilding bloks in the di�erent operating modes.165



Chapter 5. From ompat modeling to IC designA global system �oorplan of the test-hip, showing the onnetions between the mainbuilding bloks is illustrated in Figure 5-7, while a photograph of the integrated testhipis provided in Figure 5-8, also showing the test strutures integrated for reliability investi-gations. The main signals are summarized in Table 5.1, di�erentiating the signals betweenexternal biases and internal ontrols. The �rst ategory inludes logi ontrol signals, e.g.MODE_LV<0:1> whih determine the operating mode or SCTERA_LV to enable setorerase funtionality, and HV signals, whih are used to supply WL and BL deoding iruitsand the �ash devie under program/erase operation. The derivative eNVM tehnology sup-ports HV devies with thik oxide layers and robust juntions, to sustain voltages up to11V. Additionally, triple-well HV devies have been adopted to integrate low-level shifteriruits and provide negative WL bias voltages in erase and read modes. Charge pumpsand sense ampli�ers have not been integrated in the implemented testhip. As a onse-quene, HV pulses required to program/erase the devies are provided externally duringtesting (signals VX, VNEG, VY and VBULK). Signals VX and VY are also used to supplythe HV management system and the deoders. Given the absene of sense ampli�ers tomeasure the Vth of the devie, a diret memory aess (DMA) mode has been hosen. Insuh a way the BLs of the memory array ould be diretly ontated and drain voltagesapplied in read/program operation. Suh an approah provides a more attentive and au-rate haraterization, sine one an diretly aess the urrent �owing in the ell; howeveraess time strongly inreases. The IO bus provides aess to 10 bits in parallel.The internal signals onneting the di�erent building bloks of the test-hip are indi-ated in the bottom part of Table 5.1. All the bloks require logi signals to enable di�erentfuntionalities aording to the operating mode. The role of pre-deoded and HV biasesin deoders is illustrated in the following subsetions.5.3.1 Building bloks(i) Memory matrix and WL/BL parametri modelsSeveral fators should be onsidered in establishing the array organization. In EEPROMs,aess time onstraints impose limitations on row and olumn lengths implying the inte-gration of several di�erent WL and BL deoders in a single memory array. The impat ofeletrial stress and disturbs also needs to be onsidered.A memory array is usually organized in suh a way that it an be read and programmedusing a parallelism for the output data either by 8 (byte) or by 16 (word). In our ase,given the lak of internal bloks for testability and built-in self test funtionalities, weextended the dimension of the IO data bu�er to 10 signals, 1 byte + 2 bits to support errordetetion and orretion ode (ECC) funtionality in future implementations. The arrayhas been divided in 2 subsetors having 320 BLs and 512 WLs eah, forming an array of327680 ells (32KB + 8KB for ECC funtionality). The IOs are divided in two sets andonnet the BLs of the two sub-setors. Eah IO an address 64 BLs. The number of ellsonneted to one WL should be hosen depending on spei�ations on the aess time, WLdeoder area and WL disturb. On the other hand, inreasing the number of WLs inreases166



5.3. 40KB eNVM setor design
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Chapter 5. From ompat modeling to IC design

Figure 5-8 � Photograph of the designed testhip. (a) The 40KB setor is plaed on the right and alarge portion of the area is oupied by test strutures to individually haraterize the HV iruit bloks.(b) Zoom of the region inluding the 40KB testhip, where the di�erent building bloks are indiated.Pin name Desription Voltage rangeVDD Logi supply 1.2VGND Ground referene 0VADD_LV<0:14> Address bus 0/1.2 VMODE_LV<0:1> Operating mode seletion 0/1.2 VSCTERA_LV Setor erase ontrol signal 0/1.2 VDECODENABLE_LV Address enable ontrol signal 0/1.2 VGATENEG_LV Negative WL ontrol signal 0/1.2 VVX WL deoder supplyWL voltage in P/R modes 0/10 VVY BL deoder supply 0/10 VVNEG WL deoder supply for E mode 0/10 VVBULK Isolated P-Well voltage in E mode 0/10 VIO<0:9> IO bus (DMA mode) 0/5 VREAD_LV, PROGR_LV,ERASE_LV, IDLE_LV Operating mode signals 0/1.2 VLS_LV Setor-enable signal 0/1.2 VLX_LV<0:7>, LY_LV<0:3>,P_LV<0:15> Predeoded signals for WL deoder 0/1.2 VYO_LV<0:7>,YM_LV<0:7> Predeoded signals forloal/global BL deoders 0/1.2 VDISCHARGE_LV Disharge ontrol signal 0/1.2 VYO_HV<0:7>,YM_HV<0:7> HV signals for loal/global BL deoders 0/10 VWL<0:511> WL signals 0/5 VLBL<0:639> Loal BL signals 0/5 VVXS Seleted WL bias in P/R modes 0/10 VVXSA Bias for WL deoder 0/10 VDECS Seleted WL bias in E mode -10/0 VVSL Soure and P-Well bias 0/10 VTable 5.1 � Desription and voltage range of signals in the 40KB setor.
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5.3. 40KB eNVM setor designoperating onditions and states. To this purpose, the model of Chapters 2 and 4 an beemployed for iruit simulation and for the development of parametri distributed modelsrepresenting entire WLs or BLs. Parasiti resistanes and apaitanes on the transmissionline an be extrated from 3D TCAD simulations, from the layout of the memory setorusing parasiti extration tools or with geometrial approximation based on proess har-ateristis. Transient simulations an be performed with the parametri ells proposed inFigures 5-9 and 5-10, representing distributed models for one entire WL or BL. A bettertrade-o� between simulation time and auray is reahed when dividing the set of address-able ells in three parts: the ells physially loated ahead the addressed target devie, theaddressed seleted ell and the set of devies physially loated downstream the seletedell. An additional part an be added in presene of dummy unonneted devies at layoutlevel. For example, in a WL that addresses 64 ells, only one devie is seleted in readoperation. The propagation delay of the voltage pulse on the gate of the ell depends onthe index of the seleted devie. In our testhip, onsidering 5 IOs, i.e. 320 total BLs,several WL models have been asaded to simulate the voltage propagation delay on thelast ell of the WL. At proess level, ell aess resistanes an be redued with siliidationor with metal line strapping. This permits to strongly relax the tradeo� between aesstime and row/olumn length.
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5.3. 40KB eNVM setor designdevie reliability and reusability onerns impose layout design with relaxed rules. Finally,a large mismath between the minimum size of HV devies and �ash ell dimensions alsoexists whih further hallenges integration.WL voltage R P ESeleted 0/10 V 0/10 V -10/-5 VUnseleted -2/0 V 0 V 0 V Table 5.2 � Summary of the WL voltagerange DC spei�ations during read (R),program (P) and erase (E) operations. Un-seleted WLs an be biased at negativevoltages in read mode, to redue ontribu-tions of over-erased ells sharing the BLwith the seleted devie.Hierarhial approahes are generally preferred to redue area oupation and layoutomplexity. Figure 5-11 indiates the deoding sheme and the distribution of the signalsfrom the addresses to the WLs. The 9 LV address bits are deoded independently inthree groups. Three predeoded buses (LX_LV<0:7>, LY_LV<0:3>, P_LV<0:15>) areobtained with onventional n-to-2n logi pre-deoders. The dynamis of the logi signals areraised to the desired HV bias in a seond stage (seletor - bloks NAND and P). The logiAND operation is performed between eah LX_LV and LY_LV ouple. Therefore, the512WLs are divided in 32 groups of 16 rows eah. The seletion of eah group is performedwith the predeoded signals LX_LV<0:7> and LY_LV<0:3> in NAND-blok iruits,while signals P_LV<0:15> selet one of the WLs in the group in P-blok iruits. Thehierarhial solution simpli�es layout omplexity and signal routing as only the predeodedsignal buses have to be routed aross the memory array. The last blok is represented bythe �nal driver, whih selets and transfers the analog voltage to one of the 512 WLs.Figure 5-12 shows the hierarhial view of the WL deoder divided in global (a) and loal(b) bloks.WL driver The single WL driver iruit that biases the line must be designed onsideringthe voltage requirements depited in Table 5.2. Read and program modes share the samelines, as the HV deoding path that needs to be reated is the same for both, varying onlythe applied voltages and timings. The WL is only seleted when both the NAND-blokand P-blok are seleted, while deseletion of the WL ours when the predeoding signalsidentifying the group of 16 or the single WL in the group are lowered. The WL driveriruit is supplied by the HV signals VXS and DECS provided by the HV managementsystem. The amplitude of both varies depending on the operating mode: in read/programVXS ranges from 0V to 10V, while it is grounded in erase. The DECS signal has a dynamirange from -2V to GND in read/program while it dereases to VNEG in erase mode. Thelogi of HV swithes will be desribed in Setion (iv). The WL driver fores a stable voltageon the WL disregarding the seletion or operating mode. Indeed, it is not only importantthat a WL is seleted but also that all the rows that are not addressed are fored to ade�ned voltage, to avoid �oating nodes and unwanted leakages. Consequently, the seleted171
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5.3. 40KB eNVM setor designeah NAND blok, and the signal P_HV provided by eah P-blok (see the next setionfor an explanation of the generation of these signals). The two outputs LWL and RWLorrespond to the WL onnetions of the left and right subsetors and are driven by HVbu�ers. Sizing the two output bu�ers an be performed using the previously desribed WLmodels, evaluating the tradeo� between aess time, reliability and oupied area. Thenode FN is fored to VXS or DECS in all the operating modes. When the NAND blok isseleted, both transistors M1n and M1p are disabled and the inverter with P_HV as inputis enabled. A signal path is thus reated for P_HV, whih also determines the �nal WLvoltage. When the NAND blok is disabled, the WL is fored to a stable state by M1nand M1p, independently from the P_HV voltage, to avoid the presene of �oating gatenodes and stability issues. For example, in erase mode M1n is enabled applying VXS onits gate and foring FN to DECS. WL drivers should �t in the WL pith of the array andthus full ustom design of devies of HV minimal dimensions is usually onsidered. Thebloks should also be highly modular to preserve symmetry and permit reusability. Thetruth table of this iruit is shown in Table 5.3.
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NAND and P bloks In the deoding �ow, the dynami of low voltage signals needsto be inreased from [0 VDD℄ to the voltage range [DECS VXS℄ required to program/erasethe ell. Level shifting iruits are adopted to this purpose in both the NAND bloks andthe P bloks forming the seletor. In NVM design, both high level and down level shiftersneed to be designed. The high-level shifter onverts a LV logi level in the range of [0VDD℄ to a high voltage signal [0 VXS℄. On the other hand, low level shifters extend thedynami range of the signal toward negative HV values [DECS VDD℄.A ommon arhiteture is illustrated in Figure 5-14. These onventional levels shiftersare not suitable for deep-submiron LV appliations, where the supply voltage is reduedbelow 1.2V and the NMOS drivers are not able to swith the two branhes of the iruit.Furthermore, reliability issues beome prominent when HV biases are onsidered. Due to173



Chapter 5. From ompat modeling to IC designMode The WL is: ANDCTRL ANDCTRLN CTRLU CTRLD FN P_HV LWL=RWLR/P Seleted VXS DECS VXS DECS DECS VXS VXSR/P Unseleted viaP blok VXS DECS VXS DECS VXS DECS DECSR/P Unseleted viaNAND blok DECS VXS DECS DECS VXS VXS DECSR/P Unseleted viaboth DECS VXS DECS DECS VXS DECS DECSE Seleted VXS DECS VXS DECS VXS DECS DECSE Unseleted viaP blok VXS DECS VXS DECS DECS VXS VXSE Unseleted viaNAND blok DECS VXS VXS VXS DECS DECS VXSE Unseleted viaboth DECS VXS VXS VXS DECS VXS VXSTable 5.3 � Summary of the voltage values for the signals in the �nal WL driver depending on themode of operation or the addressing state of the devie.
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M5 M6 Figure 5-14 � Traditional high levelshifter arhiteture. Complemen-tary low voltage signals SEL_LV andSELN_LV are applied on the twobranhes on the gates of M1 and M2.The HV devies M3 and M4 are usedto redue devie degradation of M1 andM2. M5 and M6 onstitute the lathto maintain the signal stable at the HVbias VXS on the output of the levelshifter. Finally, the two bu�ers are usedto satisfy output load requirements.
the too rapid VDD saling, tradeo�s in level shifters beome more tight and new arhite-tures need to be introdued. This is due to the fat that while VDD sales down, the Vthof HV and IO MOSFETs remains too high to allow these devies to be turned on [91,269℄.Consequently, new solutions have been introdued to redue the gap between VDD andthe Vth of HV devies. Some solutions use ore NMOS devies to get a lower Vth but su�erfrom reliability and breakdown issues. Other approahes pump-up the supply signal tointermediate voltages, e.g. 2VDD [270℄, but they require extra iruits and power for thegeneration of the intermediate bias. High level shifter iruits have been designed using anapproah similar to [96℄. Figure 5-15 shows the iruit shemati of the adopted high level174



5.3. 40KB eNVM setor designshifting arhiteture. The omplementary logi signals SEL_LV/SELN_LV drive both theLV toggling devies Mn1/Mn2 and Mp1/Mp2. The presene of the PMOS devies in thepull-up network improves the swithing speed, reduing the ontention between the twobranhes [96℄. The zero-Vth Mn3 and Mn4 HV devies are used to protet the togglingNMOS devies whih su�er from reliability issues, without altering the toggling apability.All the devies have been sized trading o� swithing speed with drive apabilities.
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5.3. 40KB eNVM setor designsize inreases sine the output load varies.
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Chapter 5. From ompat modeling to IC designAll the BLs an be addressed in group of 10 bits using the address bits ADD_LV<9:14>.The address signals are divided in two groups and predeoded to obtain signals YM_LV<0:7>and YO_LV<0:7>. Subsequently, the dynami range of the deoding signals is inreasedfrom [0 VDD℄ to [0 VY℄, where VY is an external voltage varying from 3V to 7V depend-ing on the operating mode. The signals YM_HV<0:7> and YO_HV<0:7> are used tobias the HV pass-gates of the global and loal BL deoders, respetively. During readoperation, the ell is deoded enabling the pass-gates orresponding to its address and aread voltage is applied on the IO. The urrent �owing into the devie is measured on theIOs. Similarly, in program mode, the HV bias is fored on the IO. In erase mode, the BLdeoder is disabled and all the LBLs have high impedane.At layout level, the design of the olumn deoders is often problemati as the pass-gates,one for eah olumn, must �t in the ell pith. This annot be ahieved as the pith ofthe ell is normally muh smaller than the minimum size of an HV devie. To relax thisissue, the loal deoder is divided in two parts that are laid out above and below the NVMmemory bank, allowing the design of the transistor in the pith of two or more ells.
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Figure 5-18 � Hierarhial arhiteture of the BL deoder onneting the 640 LBLs to the 10 IOs.(iv) HV swithesThe HV management system is onstituted by �ve HV swithes, realizing the HV pathfrom the external pads to the WL and BL deoders. The set of swithes is ontrolled byLV signals from the ombinatory logi blok and is designed to be reusable into memoryarrays inluding multiple setors. Thus, eah swith is also ontrolled by the setor enablesignal LS_LV. The set of swithes inludes:
• the VXS swith whih onnets the externally available VX voltage to the WL de-oder, providing the HV signal VXS to the WL deoder. This signal is only gener-ated in read/program modes and applied to the seleted WLs. In erase mode, VXSis grounded and applied to the unseleted WLs;178



5.3. 40KB eNVM setor design
• the VXSA swith whih onnets the VX voltage to the WL deoder, providing itssupply voltage VXSA; the HV bias VX is always transferred to VXSA when thesetor is seleted;
• the ERASEN_HV swith whih inreases the dynami range of the logi signalERASE_LV to [DECS VXS℄, as required in the NAND bloks of the WL deoder(see Figure 5-17);
• the SL/IPW swith, whih is enabled in erase mode only, to provide a ondutivepath from the VBULK external signal to the soure and isolated p-well of the matrixarray;
• the DECS swith, transferring the negative voltage provided on the VNEG node tothe signal DECS to be applied to the unseleted WLs in read mode and to seletedWLs in erase operation.The design hallenges are not high for the �rst four swithes whih require simple levelshifter shemes similar to those in Figures 5-15 and 5-16. Conversely, the integration ofthe DECS swith requires more attention as, in suh a ase, the dynami range of theontrol voltage needs to be shifted from [0 VDD℄ to [VNEG GND℄ avoiding reliabilityissues. Furthermore, the FETs onstituting the low level shifter need to be integrated inindividual isolated substrates.The W/L ratio of the output drivers for all the swithes should be high enough toguarantee urrent drive apabilities. In partiular the SL swith should be able to de-liver a urrent that is su�ient to program 10 ells in parallel. Additionally, minimal Ldimensions are generally avoided to inrease immunity to reliability. Indeed, the iruitsonstituting the HV management system should be robust to sustain long periods of HVbiasing, orresponding to the total umulative period of �ash programming and erasing.(v) Logi blokThe logi ombinatory blok inludes minimal funtionality to enable address pre-deoding,operating mode swithing and ontrol over the LV signals enabling the di�erent HV bloks.The operating mode is ontrolled using the signals MODE_LV<0:1> determining whetherthe array is in idle, read, program or erase operation. Setor erase funtionality is enabledraising the SCTERA_LV signal. The set of address pre-deoders is enabled when the usersignals the orretness of the address using the external signal DECODENABLE_LV. Thedisharge of the HV nodes after an erase is a very important issue due to the high parasitiapaitanes assoiated with the soure and drain nodes. A fast disharge is undesirableas it ould result in destrutive lath-up issues. Consequently, a funtionality has beenadded to slowly ground the LBLs and the soure of the array after an erase operation.179



Chapter 5. From ompat modeling to IC design5.3.2 Charaterization(i) Testing methodologyA Verigy 93000 single density P1000 SOC ATE tester model has been used to haraterizeand test the hip funtionality. The read proess is the most ritial, as in absene of sense-ampli�ers, the IO voltage has to be fored and the read urrent measured. The erase modeonsists of a high�level digital pattern that performs a setor erase operation. The programmode adopts a high level digital pattern to interfae with a pattern generator. A low�levelalgorithmi memory pattern yles through the addresses and array topology. A lokyle with 1MHz base rate has been used during all the testing. In order to generate thehigh voltage biases beyond the range of the tester, simple ampli�ation logi on the probeard has been adopted for all the appropriate signals. This iruitry has been designed tobe quikly powered up and powered down and simply multiplies the inoming signal by aprede�ned fator.(ii) DC and transient resultsStati DC testing is performed to verify the absene of urrent leakage in all operatingmodes. Subsequently, the HV voltage management system and the basi funtionality ofthe deoding iruits is tested. The devie is plaed in READ mode by ontrolling theMODE_LV<0:1> signals and a single address is haraterized varying the HV biases VXand VY and measuring the ell urrent in the ell. A BL read voltage of 0.7V is used. Inread mode, the ell aess time is redued by �rstly applying the HV biases to supply thedeoding iruitry and subsequently deoding the address of the ell (hot swith). Sinethe HV biases are relatively low in this operating regime, the signal an be maintainedhigh for the entire read operation without ausing degradation of the state of the ell.The ell urrents for the di�erent signals of the IO<0:9> bus measured as a funtion ofthe HV voltage bias VX applied on the deoded WLs, are illustrated in Figure 5-19(a).An average threshold voltage of approximately 2.5V is found with a large spreading inthe stored harge due to proess variability as previously shown in Chapter 2. A similarmeasurement has been performed in Figure 5-19(b), assessing the ell urrent as a funtionof the deoder supply voltage VY. For dereasing VY, the pass gates of the BL deoderlose and the urrent dereases. A VY of 3V is su�ient to bias the BL deoder. Similarharaterization has been performed for another address obtaining di�erent level of urrentsdue to variability (-d). In (a) and (), VY is 5V, while in (b) and (d) VX is 5V.Transient haraterization has been performed for a limited range of addresses to anal-yse the urrent variation with respet to program/erase time, and to verify the funtionalityof the HV swithes. The ells are initially programmed using a progressive program algo-rithm (Figure 5-1 in Chapter 3) and measuring the IO urrent after eah program pulse.The program pulse is applied entering in PROGRAM mode using the MODE_LV ontrolsignals. Subsequently, the address is deoded and the DECODENABLE_LV signal raised,while keeping the HV biases grounded. In this way, the path from the HV external bi-ases to the WLs and BLs of the �ash ells is reated before biasing the HV pins to redue180



5.3. 40KB eNVM setor designdegradation and better ontrol the applied pulses on the terminals of the ell (old swith).The exponential derease of the urrent with time reported in is in good agreementwith previously shown programming dynamis. Only 5 bits are programmed in parallel,using a 1010101010 mask on the IO bus. Erase dynamis is also shown in Figure 5-20(b).
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Chapter 5. From ompat modeling to IC design(iii) Complete memory array testingHaving assessed the basi funtionality of the memory in all the operating modes (read,programming, erase, setor erase), di�erent program and erase patterns have been de�nedand applied to the entire range of addresses to verify the funtionality of the deodingsheme and analyse statistial Vth distributions. A pattern is represented by a map de�ningwhih ells need to be programmed/erased. The tester san all the WLs and BLs of thearray programming/erasing the memory following this sheme. After the appliation ofthe pattern, all the ells are read and the orretness of the deoding sheme is veri�ed.A setor erase operation is initially applied on a fresh devie to erase all the entirematrix. Subsequently, a diagonal program pattern is used to program the ells on themain diagonal of the memory setor (BL index equal to the WL index). The remainingells are left in the erased state. Figure 5-22 shows in olour the IO urrents of all the ellsread after the diagonal program pattern appliation. Eah point in the image orrespondsto a spei� ell, with olour amplitude oding. Higher urrents are indiated in white andorrespond to erased ells. Programmed devies show no urrent �ow and are representedin blak. The left Figure is divided in two parts representing the two memory sub-setors.The main diagonal is shown starting from the middle of the plot, due to the logial orderingof the BLs. The right image shows a zoom of the �rst 64x64 ells, where the ells in thediagonal have been orretly programmed.

Figure 5-22 � Measured urrent versus BL and WL indexes for all the �ash ells in the 40KB memorysetor after the appliation of a diagonal pattern. Erased devies show high drain urrents and areindiated in yellow. Good uniformity is obtained. On the right, a limited range of 64x64 devies isrepresented.The good uniformity in the measured urrent of erased devies is also on�rmed forother patterns. In Figure 5-23 the entire setor has been erased and programmed witha heker-board pattern. The read urrent is then measured for all the devies. In (a),184



5.3. 40KB eNVM setor designan address range of 64x64 ells is indiated while in (b) a random position is taken in theaddress range, and 128x128 ells are shown. In () the distribution of the measured urrentsis shown. The Gaussian distribution indiates higher mean with respet to Figure 5-19.This is due to the fat that the ondutive ells have undergone two erase proedures andare onsequently over-erased. During read operation, the unseleted WLs have been biasedat -2V to avoid leakage e�ets on the read urrents.

Figure 5-23 � Measured urrent versus BL and WL indexes for a 64x64 portion (a) and 128x128 portion(b) of the memory setor after the appliation of a hekerboard pattern. In (), the distribution ofthe measured read urrent for the erased devies is presented.Subsequently, after a new setor erase sequene, the setor is programmed with the IOstripe pattern; results are presented in Figure 5-24. Only IOs with odd index have beenprogrammed. Sine the BL range is divided in 10 bloks of 64 ells per IO, blak stripesorresponding to the programmed devies are identi�ed. The urrent of over-erased deviesis further inreased.Figure 5-25 illustrates the two di�erent urrent distributions that are found for theerased state. The distribution inside the blue box indiates the ells whih have undergonea reent program sequene and only a single erase after it. The ells of this distributionare represented by the yellow/red ells in (a) and orrespond to the programmed devies inFigure 5-23(a). The ells that belong to the distribution inside the red box are overerasedand highlighted in () in yellow/red. They orrespond to the bright spots in Figure 5-23(a)and have high read urrents.Word stripe and inverse word stripe patterns have also been tested by programmingalternated WLs. Results in Figure 5-26 still indiate the presene of both the IO stripepattern and hekerboard patterns. The double Gaussian distribution appears less pro-nouned as less ells are in an over-erased state. After this sequene, the inverse WL stripepattern preeded by a setor-erase is applied. The WL stripe patterns onseutively ap-plied yle all the ells of the memory array and restore the Gaussian distribution of erasedells (Figure 5-27). 185



Chapter 5. From ompat modeling to IC design

Figure 5-24 � Same setup as Figure 5-22 but after the appliation of the IO stripe pattern.

Figure 5-25 � Detail of the ell urrent for the �rst 85x85 devies after the appliation of the IO stripepattern. In (b), the urrent distribution over the entire setor indiates the presene of two erasedstates. Some ells, in partiular those whih have not been programmed with the heker-board anddiagonal patterns, have been erased several times in the previous testing sequenes and present muhhigher urrents (red ells in ()). On the other hand, the devies orresponding to (a) and in blue havebeen erased only one after the last programming sequene. This e�et is on�rmed by the fat thatboth the distributions follow a omplementary heker-board pattern.5.4 ConlusionIn this hapter, the appliations of the NVM-SPICE model to IC memory design havebeen desribed fousing on the evaluation of the program/erase performane metris andon pulse analysis. In partiular, several �gure of merits have been evaluated as a funtionof the applied pulse on�guration to show the model apabilities in assessing performane186



5.4. Conlusion

Figure 5-26 � Same setup as Figure 5-22, but after the appliation of the WL stripe pattern program-ming one entire WL over two. In (b) a limited set of ells in the matrix is shown. The IO stripe patternis still reognizable in the over-erased devies and is highlighted in the double Gaussian distribution in().

Figure 5-27 � Same setup as Figure 5-22 but programming with the inverse WL stripe pattern. Thedistribution in () is minimally skewed due to residual history e�ets.tradeo�s for NVM design. Additionally, a methodology for pulse on�guration extration isestablished to improve ell performane depending on the applied biases. A 40KB memorysetor has been designed, integrated and haraterized. Compat parametri models forthe BLs and WLs have been de�ned and an be used together with NVM-SPICE fordeoder load and performane evaluation. HV iruit bloks inluding HV swithes, levelshifters and deoder have been desribed. The modes of operation are detailed, fousingon the read, program and erase sequenes for address deoding and pulse appliation.Finally, haraterization and testing results are reported to illustrate the funtionality ofthe memory setor in the di�erent operating regimes and for several test patterns.
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Conlusion and outlook
Summary of the workIn this thesis, a omplete and e�ient design-oriented modelling methodology for �ashmemory devies has been presented. It inludes an investigation of devie eletrostatisand harge trapping e�ets using numerial approahes, the formulation of a ompatmodel for the �ash devie inluding key elements to simulate DC, transient and parasitie�ets, and its appliation to IC memory design.The �ash memory devie has been analysed by the means of TCAD modelling and therole of intra ell ouplings investigated in detail. The dependene of the oupling oe�ientson bias voltages and geometrial dimensions of the ell has been extrated with 2D and 3Dsimulations. Short-hannel e�ets and the impat of veloity saturation on the harateris-tis of ultra-saled devies have been highlighted. Furthermore, 3D AC analysis permittedthe formulation and validation of an analytial model for the ontrol gate-�oating gateONO apaitane, whih is salable along all the physial dimensions of the devie. Usingthe harge balane paradigm, a omplete surfae potential-based ompat model for the�ash memory ell has been developed. The model takes into aount the bias dependeniesof the oupling oe�ients to aurately ompute the �oating gate potential voltage in theell and to reprodue the eletrostatis of the devie. Compat transient models validatedon a general TCAD approah are used to reprodue the threshold voltage variation as afuntion of time during program and erase operation. The design and integration of �ashtest-strutures in 65nm NOR tehnology and their omplete haraterization permittedthe extration of the model parameters in all operating onditions and demonstrated theexellent orrelation between measurements and model simulation results.The investigation of parasiti e�ets linked with devie degradation and enduranerequired more attentive physial investigations. In partiular, the e�ets of interfae andoxide defets in CMOS oxides have been analysed with a multiphonon-assisted hargetrapping approah, in AC, DC and transient regimes. The auray of the approahrelies using a rigorous self-onsistent alulation of the devie eletrostatis and permittedto extrat trap onentration pro�les for di�erent stress onditions. A novel impedanemodel taking into aount harge trapping e�ets in CMOS dieletris permits to analysethe frequeny response of the defets with respet to apaitane and ondutane urves.The impat of streth-out e�ets on the harateristis and oxide leakage by trap assistedtunneling are also investigated. Transient e�ets have been analysed ritiizing the trap189



Conlusion and outlookequilibrium model adopted in AC. Charge pumping simulations are used to validate theapproah in transient.Parasiti e�ets have been subsequently added in the ompat model of the �ash devie.The e�ets of devie degradation have been deoupled separating the ontribution on theeletrostatis in DC read mode, and the redution of program e�ieny in transient regime.This permitted to develop an empirial approah for the simulation of devie aging anddegradation. Furthermore, omplementary e�ets, suh as BL disturb, devie ross-talkand proess variability, have been added to the ompat model.From a memory design perspetive, the SPICE model has been integrated in a 65nmdesign kit for embedded low power CMOS. The model has been used to analyze ell perfor-manes in read and program/erase operations. In partiular, parametri analysis has beenused to evaluate the performanes of the ell in program operation, taking into aountseveral �gures of merit. Parametri ells for entire BLs and WLs have been developed andan be used to evaluate the load of the deoder drivers. Finally, a 40KB memory testhipfor Smart Card appliations has been designed, integrated and funtionally tested in allthe regimes of operations.Sienti� ontributionThe adopted numerial and ompat modeling methodology addresses several points ofsigni�ant sienti� interest mainly foused in the �rst part of this work. In this work, thepoint of highest theoretial interest relies on the numerial Poisson-Shrödinger solver de-veloped for the investigation of advaned CMOS tehnologies and fully detailed in Annex C.The model an be applied to evaluate the performanes of a broad range of CMOS devies(from MOSFET strutures to HKMG FD-SOI devies). The e�ets of heterostrutureomposition, interfaial layers, material band strutures and strain on devie eletrostatisand tunneling urrents an be analyzed. A key element of the solver onsists of the multi-phonon harge trapping model whih has been applied to the analysis of the properties andthe e�ets of the defets on MOSFET oxide staks. Based on an aurate determinationof the harge apture/emittion time onstants in the oxide depth and as a funtion of thetrap energy, the multiphonon-assisted harge trapping phenomena in DC, AC and transientregimes have been investigated. The novel impedane model rigorously takes into aountthe frequeny, bias and temperature dependenies of the harateristis after a wide rangeof stress onditions. The interest in this ase is also reinfored by the apability to investi-gate the regions of the dieletris that ould be haraterized in the CGV analysis, hargepumping haraterization and trap-assisted tunneling.Conerning �ash modeling, 3D TCAD analysis permitted the formulation of a noveland highly salable model for the ONO apaitor, ontrolling the oupling of the elland performanes for all onditions of operation. The role of harge sharing, aurateoverlap and fringing apaitane alulation and veloity saturation e�ets on the ouplingoe�ients permitted to investigate their bias and saling dependenies. Finally, highauray has been ahieved in DC and transient regimes over a large range of biases for all190



standard operating regimes. A rigorous model based on NEGF has been used to analysethe barrier transpareny and provides an exellent referene for other numerial or ompatapproahes.The simulation of parasiti and long-term e�ets exploits empirial models built ononsiderations from numerial simulations. For devie ageing, a novel methodology toseparate the e�ets of degradation and distinguish the impat on the eletrostatis and theprogram/erase e�ieny variations, has been formulated and established. The approahreinfores the understanding of the harge trapping phenomena in �ash devies. Correlationhas been found between post-stress parameter measurements of the equivalent transistordevie and of the �oating gate ell. A novel empirial solution has been formulated, whih isable to reprodue disturb e�ets on the ells in a wide range of stresses and bias onditions.Industrial value and appliationsThe importane of this work in industry extends to various �elds of tehnology developmentand IC design. The PS modelling tool has been adopted by STMiroeletronis to evaluatethe performanes of advaned CMOS tehnologies below the 32nm node. The tool permitsto e�iently investigate new devie strutures, the impat of tehnology boosters on rit-ial parameters (inversion apaitane, mobility, e�etive thikness, et.) that determinestrategial tehnology development. Spei�ally, within the STMiroeletronis-IBM jointprojet on eNVM 65nm tehnologies, proess integration and TCAD teams adopted themodel to understand physial mehanisms underlying degradation and proess/strutureoptimization to redue devie ageing. Several features of the modeling tool ould be alsoapplied to the validation of numerial models inluded in standard ommerial TCADtools. The ommuniation and ollaboration between reliability, haraterization, proessintegration and TCAD teams have been strongly improved, with a radially novel andphysial perspetive on defet understanding and haraterization methodology.TCAD modeling of �ash devies and the analysis of oupling e�ets led to the devel-opment of simulation deks presently adopted by the modeling teams to support proessintegration. The isolation of saling e�ets on ell ouplings an be used to de�ne a physialmodeling and optimization methodology.The major ahievement in terms of industrial value onsists of the Verilog-A imple-mentation of the ompat model NVM-SPICE for the fully omprehensive simulation of�oating-gate devies. The model has been integrated in a 65nm design kit and delivered toIC designers in IBM and STMiroeletronis. The Verilog-A solution permits the ode tobe portable and ompatible with di�erent SPICE simulators. Appliations of this modelare quite relevant, as the designers not only an evaluate the ell harateristis in stati DCregime (read onditions), but an also analyse the devie performanes in program/eraseoperation. This grants the possibility to resolve trade-o�s in all the regimes of operationsand apply programming/erasing algorithms to aurately ontrol the �nal Vth distributionof the devie. Two patent dislosures have been submitted using the ompat model to�nd solutions for Vth distribution narrowing and program/erase performane optimization.191



Conlusion and outlookStatistial distributions and proess orner simulations an be adopted for variability andsimulation of the ell in worst�ase onditions. Although the solutions to model disturb andageing e�ets are presently empirial approahes, they an be adopted for the assessmentof ritial trade-o�s in appliations in harsh environments.The design, integration and testing of the 40KB memory testhip for Smart Card ap-pliations allowed to demonstrate the diret appliation of the model in IC memory design.BL and WL models are valuable to avoid handling long SPICE simulations and permittingthe sizing of deoder last stage drivers. Considerations on the power onsumption of theell in CHEI regime permit a more attentive optimization of the devie in program. Thetesthip is presently used to evaluate the ell performanes in the matrix environment andthe degradation of the surrounding HV iruitry.Outlook and perspetivesThis work opens several perspetives and future outlooks over a wide range of modelingdomains. Conerning numerial modeling, the developed PS solver ould be extended tosupport 2D and 3D simulations of omplete devies. The 1D slies indeed inlude idealtransport onditions aross the dieletri, taking into aount both TAT and diret tun-neling omponents. A pseudo-2D Shrödinger approah ould be adopted, simulating thedevie in transversal slies and omputing the harge distribution. A �nite di�erene solveran be used for the solution of the Poisson equation in 2D. Using full-band struture mo-dels, e�ort is urrently undergoing to evaluate the arrier mobility with a rigorous physialKubo-Greenwood approah. Surfae sattering, optial/aoustial phonon sattering andCoulomb sattering ontributions ould be taken into aount to analyze the mobility de-pendene with respet to the eletrial �eld. Another feature that makes use of the hargetrapping model onsists of remote Coulomb e�ets to analyse mobility redution due to de-fets at the interfaes. The multiphonon-assisted harge trapping model an be extendedintroduing metastate defet transitions or strutural relaxation after apture events orduring reovery. The reation of the defets ould be modeled as well introduing defetreations models. From an appliation perspetives, investigations are undergoing relatedto omplex dieletri staks in sub 45nm tehnologies and onsidering new devie arhite-tures. The model is also being validated on single defet analysis experiments to assessprobed regions with this tehnique and evaluate the trap apture/emission rates by reversemodeling.Conerning the NVM-SPICE model, although Verilog-A implementation is portable onmost of ommerial SPICE simulators, a general C-based solution should be developed tofurther improve omputational e�ieny. This proess and the model integration in thesimulation engine is normally performed by EDA software vendors and requires the modelode to be shared to the ommunity. Furthermore, a request to the Compat ModelingCounil for its adoption as industrial standard for the �ash memory ell ould be proposed.Non-loal approahes for CHEI ould be investigated using more omputationally intensiveMC simulations. While disturb, CHEI and endurane models ould be improved in terms of192



voltage and dimension salability, it is expeted that new features will be also introdued infuture �ash tehnologies. For instane, devie and tehnology saling requires the redutionof the thikness of the oxide tunneling layers that auses both retention and enduraneissues. Therefore, models for these two aspets need to be revised in future tehnologynodes. The ONO dieletri stak ould also be replaed by HighK materials to improve theoupling; gate disturb e�ets and TAT leakage through the ONO stak represent seriousissues for retention. Therefore, with the ontinuous salability of �ash devies down to32nm and 22nm tehnology nodes, new model solutions should be taken into aount,aounting for quantum e�ets and devie reliability.The market of NVM and spei�ally �ash memory appears inreasing and novel on-sumer eletroni devies emerge regularly. Following the market demands as well as Moore'slaw, industry develops �ash memory in ultra deep submiron nodes in a short amount oftime. Advaned modeling methodologies must be developed to respond to the onsumerand manufaturers needs for performant �ash memory devies in terms of integration den-sity, tehnology and design e�ieny, data safety, reliability, et. They should be able toreprodue physial e�ets and their impat at design level in a ompat and simulation-e�ient manner. This thesis aims at ontributing towards this ambitious and importantgoal.
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Appendix ASurfae-potential based models forMOSFETs
A.1 Surfae potential analytial alulationWe reall from Chapter 2 the surfae potential equation at position y along the hannel:

(VFB − Vfb − ψS(y))
2 = γ2ψT

(
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− 1+
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− 2ψF
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, (A.1)The harge sheet model approximation introdued by Brews [17℄ and reprised by Tsi-vidis [272℄ is applied, alulating the surfae potential only at the soure and at the drainloations. The drain urrent is thus given by:
IDS = µ

W

L
COX [F (L)− F (0)], (A.2)where µ indiates the arrier mobility in the hannel and F (y) is a funtion of the surfaepotential [272℄ expressed as:
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2 , (A.3)Closed form expressions of the surfae potential have also been derived and are in usein most of ompat surfae potential-based models [28,108,273,274℄. In partiular, Eq. 2.1an be redued to:

(VFB − Vfb − uψT )
2 = γ2ψTH(u), (A.4)195



Appendix A. Surfae-potential based models for MOSFETswhere u = ψS/ψT , and taking H(u) as:
H(u) = e−u + u− 1, (A.5)While this approximation is well suitable in the majority of operating onditions, ompatapproahes require that ontinuity is preserved for all the bias onditions. Industrial surfaepotential ompat models integrate a di�erent expression for the funtion H(u) valid alsoat �at-band onditions [109,275℄ (ψS = 0), where the traditional approahes fae di�ultiesand the equation is ill-onditioned. In this view, the funtion takes the form of:

H(u) = e−u + u− 1 + 2∆n(sinh(u)− u), (A.6)where ∆n = e−(2ψF+VC)/ψT . Indeed, this form does not a�et the numerial alulationof ψS and permits the alulation also at �at band where the onditioning is valid, i.e.
(∂ψS/∂VFB)VFB=Vfb = 0. Analytial solutions based on Taylor series approximation areommonly adopted to solve this equation in losed form [28, 109℄.
A.2 Intrinsi harges alulationIn semi-analytial approahes where ψS(y) is solved at eah position in the hannel, thegate qg(y), bulk qb(y) and inversion qi(y) harge densities at position y in the hannel areobtained using:
qg(y) = sgn(ψS)γCOX
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qb(y) = −sgn(ψS)γCOX
√

ψS + ψT (e−ψSψT − 1),

qi(y) = −qg(y)− qb(y), (A.7)where numerial integration over the hannel length is performed to obtain the total ter-minal harge. Notie that the determination of the total gate harge QG is of ritialimportane as it is used in the harge balane equation for the impliit alulation of VFB.In a harge-sheet model, losed-form expressions for the terminal harges an be ob-tained, alulating the harges diretly with [123℄:
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QI = (−QB −QG), (A.8)196



A.2. Intrinsi harges alulationin whih the oe�ients:
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2), (A.9)are expressed in losed form from the surfae potentials at the soure ψS(0) and the drain

ψS(L).In ompat surfae potential-based approahes simpler expressions are found. A om-mon solution adopts the Symmetri Linearization Method (SLM) for the linearization ofthe bulk harge as a funtion of the voltage drop in the hannel or as a funtion of ψS [276℄.The bulk harge an thus be written as:
qb(y) = −γCOX
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, (A.10)where ψ0 is the referene surfae potential at a spei� point in the hannel and αb repre-sents the linearization oe�ient. While several hoies ould be made for ψ0 and αb, thesheme adopted in surfae potential based ompat models [109℄ imposes:
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, (A.11)A linearized expression an be found also for the inversion harge qi(y) assuming:

qi(y) = COX(qim + αm(ψS(y)− ψm)), (A.12)and having αm = 1 + γ
2
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ψm−ψT . The midpoint inversion harge normalized over COX isobtained with:

qim = − γψT∆(ψm, VCm)
√

ψm − ψT + ψT∆(ψm, VCm) +
√
ψm − ψT

, (A.13)where VCm denotes the imref splitting at midpoint and:
∆(ψS , VC) = exp

[

ψS − 2ψF − VC
ψT

]

. (A.14)197



Appendix A. Surfae-potential based models for MOSFETsThis latter quantity an be determined analytially solving Eq. A.1:
∆(ψm, VCm) =

1

2
[∆(ψS(0), VC(0))] + ∆(ψS(L), VC(L))]−

ψ

4γ2ψT
, (A.15)being ψ = ψS(L) − ψS(0). Applying the Ward-Dutton partitioning sheme [277℄ andintegrating along the length, the losed-form expressions of the terminal harges as afuntion of the inversion harge at the midpoint are obtained:
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QI = QS +QD, (A.16)onsidering H = ψT − qim
αm

. The expression of the drain-soure urrent IDS beomes:
IDS =
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µCOX(qim − αmψT ) (A.17)A.3 Mobility e�etsThe inrease of eletri �eld in advaned devies auses arrier sattering to beome moreand more probable at the Si/SiO2 interfae. Carrier mobility in the inversion layer isnegatively a�eted by this phenomenon. Two e�ets are usually onsidered when modelingthe mobility degradation, separating the dependene on normal �elds (mobility redution)and the dependene on lateral �elds (veloity saturation) [122℄.With the saling down of MOSFET dimensions, quantum on�nement strongly in-reases. Quantum-mehanial self-onsistent approahes identi�ed the inrease of spaingbetween the sub-bands in band valleys as the main responsible of mobility redution withthe inrease of the vertial �eld [278,279℄. However, suh models require a large omputa-tional e�ort and therefore semi-empirial solutions should be investigated for adaptabilityin SPICE simulators.Having alulated the harge density in the spae-harge region qbm and the inversionharge qim in the middle of the hannel, the vertial eletrial �eld responsible of mobilityredution is determined with:
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, (A.18)198



A.3. Mobility e�etswhere η = 1/2 for eletrons [280℄. Three mehanisms should be onsidered in analyzing therole of sattering at the Si/SiO2 interfae. Coulomb sattering mehanism is dominant insubthreshold regime and is due to Coulomb repulsion with harged sites at the oxide inter-fae. The mobility redution fator by Coulomb sattering µcs is thus proportional to theinversion harge and inversely proportional to the substrate doping sine arrier sreeningin high doped surfaes prevents mobility degradation. Phonon sattering results from thee�ets of quantum vibrations of the rystal lattie and, experimentally, it an be seen thatit implies a mobility fator µph ∝ F
−1/3
eff . Finally, sattering due to surfae roughness isa dominant phenomena in strong inversion onditions where the arrier distane from theinterfae determines the mobility variation. In suh a ase, for eletrons one has µsr ∝ F−2

eff .The three ontributions are ommonly taken into aount using Matthiessen's rule [280℄,with the e�etive mobility µ alulated as:
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More ompat approahes exist [280℄, where semi-empirial parameters are introduedto model the dependenies on the vertial �eld and provide parameter extration �exibility:
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2
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, (A.20)being µ0 the low-�eld mobility and the parameters Meu and The empirial fators for themobility degradation aused by surfae roughness and phonon sattering of the e�etivevertial �eld. The fator CS is introdued to model Coulomb sattering mehanisms. Thefator µx desribes non-universality e�ets and also empirially aounts for nonuniformdoping. The term GR = µ0 · (W/L) · qim · RS aounts for the series resistane RS.The arriers' drift veloity v in the hannel saturates at high lateral �elds reahing thevalue vsat. To model this behavior, semi-empirial models are introdued, determining vwith:
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, (A.21)where the lateral �eld is given by Flat = −ψS
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. The expression of the drain-soure urrentin Eq. A.17 is thus modi�ed with:

IDS =
W

L

µ

Gvsat
COX(qim − αmψT ). (A.22)199



Appendix A. Surfae-potential based models for MOSFETsThe fator Gvsat is numerially expressed with:
Gvsat =

Gmob

L

∫ L

0

√

1 +

(

µ

vsat
· ψS
∂y

)2

dy (A.23)or analytially, assuming that the lateral eletri �eld inreases linearly along the hanneland obtaining:
Gvsat =

Gmob

2

[

√
1 + Γ2 +

ln(Γ +
√
1 + Γ2)

Γ

]

,

Γ =
2Θsatψ√
Gmob

, (A.24)where Φsat = µ0/(vsatL).
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Appendix BNVM�SPICE model extrationThe parameter extration methodology follows a series of AC, DC and transient measure-ments where the devie is fully haraterized. In partiular, the approah requires:(i) alibration of the model of the equivalent transistor devie in AC based on CGB and
CGC apaitane measurements;(ii) alibration of the model of the equivalent transistor devie in DC onditions, basedon IDS(VCS = VFS, VBS) urves in linear and saturation regimes;(iii) alibration of the model of the equivalent transistor devie in DC onditions, basedon IDS(VDS, VCS = VFS) urves and on IDS(VCS = VFS, VDS) urves in saturation;(iv) alibration of the model of extrinsi e�ets in the equivalent transistor devie, inlud-ing gate leakage IGB(VCS = VFS), diode apaitane and leakage, gate-indued-drain-leakage (GIDL) on IDS(VDB) and weak-avalanhe urrent on IB(VDS);(v) alibration of the DC model for the �ash devie, enabling the ONO apaitane modeland CBM, and extrating from IDS(VCS = VFS) urves in read onditions, for erasedand programmed states;(vi) alibration of the transient erase model for the �ash devie, using transient Vth(t, VCS =
VFS) dynamis starting from the programmed state;(vii) alibration of the transient program model for the �ash devie, using transient
Vth(t, VCS = VFS, VDS) dynamis starting from the erased state;(viii) alibration of the disturb model for the �ash devie, using transient Vth(t, VCB, VDB)dynamis;(ix ) alibration of the endurane model for the �ash devie under worst ase onditions;(x ) de�nition of proess orner and statistial variations from tehnology targets or sta-tistial analysis. 201
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Appendix CAdvaned physis inultrasaled devies with UTOXPPsolver
C.1 IntrodutionThe downsaling of MOSFET dimensions has been a very suessful proess in improvingthe performanes of CMOS devies as more and more aggressive ITRS requirements aretargeted. Conventional saling down of MOSFET dimensions faes physial and eonomiallimits. The performanes of novel solutions suh as high-K dieletris, mehanial strainand substrate orientation, or alternative devie strutures, suh as fully depleted SOIdevies, should be evaluated within the perspetive of an industrial integration. The e�etsof these tehnologial boosters on hannel mobility and gate leakage have to be learlyquanti�ed.Tehnology Computer-Aided Design (TCAD) refers to the use of omputer simulationsto develop and optimize semiondutor devies. In state-of-the-art ommerial TCADdevie simulators [104℄, quantum e�ets are aounted for using the Density Gradientapproximation, that well applies to traditional bulk devies, but risk of being inauratefor advaned devies suh as SOI strutures. Moreover, emerging materials signi�antlyhallenge the onventional TCAD tools due to the lak of appropriate empirial modelparameters alibration.Among the new tehnologial boosters of advaned devies, it is now well establishedthat applied mehanial strain and hannel orientation in substrate engineering an signif-iantly improve arrier mobility. Moreover, alternative arhitetures, suh as multi-gateMOSFETs and Fully-Depleted Silion-On-Insulator (FD-SOI) devies are emerging. Inaddition, new materials and proess steps need to be added to the manufaturing proess�ow at every new tehnologial node, to be able to ahieve the objetives of the ITRSroadmap.A suessful modeling approah should ombine onventional TCAD simulation tools203



Appendix C. Advaned physis inultrasaled devies with UTOXPP solverwith physially-based models. The investigation of physial phenomena and the alibrationof empirial models implemented in ommerial TCAD tools an be performed in this view.In response to the industrial need, new physially-based models have been developed in theaademi world. However, their appliation to industrial environment is rarely e�etivedue to their limited versatility, portability, support and user-friendly interfaes.In this work, a new TCAD modeling tool is proposed for the investigation of advanedquantum e�ets, band struture models, quantum tunneling and multiphonon-assistedharge trapping (Setion C.2). In Setion C.3 ase studies and model appliations areprovided. The model is presented also in [228, 281℄.
C.2 Model overviewState-of-the-art physially-based models featuring advaned tunneling models, band stru-ture e�ets, and mobility alulation have been implemented into a 1D full band Poisson -Shrödinger solver named UTOXPP.In Figure C-1, the features of the modeling tool are presented. The ore of the modelis represented by a 1D Poisson-Shrödinger solver. Full-band k.p and multi-band EMAmodels are used to alulate the material bandstruture of up to six di�erent materials [282,283℄. This makes possible the investigation of heterostruture and strain e�ets present inmodern devies and nanosale tehnologies. The user has the possibility of alibrating thematerial parameters on more rigorous simulations, and a spei� set of eletrial and bandstruture parameters has been extrated from ab-initio studies for the ommon materialsadopted in CMOS. In the full band models, the oxides have been treated as pseudo zin-blende materials, adjusting the model parameters to math the band struture obtainedfrom �rst priniples [153, 284℄.Semilassial WKB and quantum tunneling models have been integrated for the al-ulation of the tunneling urrent through oxide staks. An aurate determination of thebarrier transmission in omplex staks requires the use of inelasti Non Equilibrium GreenFuntion (NEGF) tehniques [128℄, while a semi-analytial approah based on the WKBapproximation an be adopted for simpler barriers [285℄. A multiphonon-assisted nonradiative trapping model has also been inluded and permits to aurately alulate the re-sponse of interfae and oxide defets after eletrial stress and extrat the trap distributionin oxide layers [228℄.The tool is used for DC, AC and transient analysis on CMOS devies. Additional opti-mization features inlude harge prediation tehniques to improve numerial onvergeneand redue the simulation time on multiore CPU lusters. Multi-threading apabilitiesand job sheduling have also been inluded. For �ash memory devies, UTOXPP inludesa Newthon-Raphson approah to solve the harge balane equation on the �oating gatenode [9℄. 204
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Figure C-1 � Building bloks of UTOXPP.C.3 Case studiesC.3.1 Eletrostatis in strained High-K Metal gate tehnologyThe ontinuous tehnology improvements implying the redution of devie size to nanosaledimensions requires a deep understanding and modeling of nano-sale proesses. Whenomplex hetero�strutures inluding strained layers are introdued in the devie, under-standing nanosale physial mehanisms and providing aurate preditions beomes rit-ial for reduing tehnology development osts and improving produt yield. All theseproperties are ombined in modern devies, where the presene of atomi layers at the in-terfaes between di�erent materials is beoming more and more important for ontrollingtunneling leakage urrents and dissipated devie power.The models required for the investigations of suh omplex devies are based on �rstpriniples alulations and they are apable of reproduing band struture e�ets without�tting parameters. However, they are known to be limited to maro-ells with few (∼ 100)atoms and thus they are not suitable for reproduing the eletrostatis of the nanodevie.On the other hand, simpler and faster models based on e�etive mass approximations(EMA) an lak of auray or salability, if a orret alibration methodology is notperformed. The aggressive oxide saling, the introdution of High-K oxide�staks andmehanial strain have further inreased the interest of models taking into aount the roleand the impat of material band struture and interfaial layers (IL) e�ets formed at the
SiO2/Si interfae on eletrial harateristis [223℄.In this setion, the impat of band struture and interfaial layers on eletrial hara-teristis have been studied using self�onsistent 1D Poisson�k.p�Shrödinger (PS) simula-tions. The importane of having aurately alibrated EMA models has been demonstrated,205



Appendix C. Advaned physis inultrasaled devies with UTOXPP solvertaking into aount quantum and band struture e�ets for the simulation of omplex het-erostrutures. The test strutures and the model validation methodology are desribed; inSetion (i), band struture e�ets and the impat of strain in the strutures are disussed,omparing model results with �rst priniples simulations for extrating ritial simulationparameters. In addition, the preditions of UTOXPP have been ompared to 2D TCADsimulations. This study is reported in [228℄.Both Metal/HK/P-Well and Metal/HK/N-Well devies have been integrated and har-aterized using a HP4284A LCR-meter for oxide apaitane measurements. The staksare omposed by TiN, HfO2 and SiO2 oxide over Si. Two di�erent sets of oxide staks havebeen studied varying the thikness of the SiO2 layer (physial thiknesses tSiO2 measuredwith ellipsometry ranging from 20Å to 35Å). The model has also been validated in the pres-ene of a highly�strained layer (SL) using Si as a bu�er in HighK/N-Well devies. Typialomparisons with exellent mathing between measurements and simulations are shown inFigures C-2 and C-3 for di�erent oxide staks. In both the ases, a 5Å-thik IL has beenmodeled at the Si/SiO2 interfae, with a gradual linear variation of all the eletrial andphysial properties of the material. Figure C-2 also shows the omparison with 2D TCADsimulations, where quantum, band struture and IL e�ets are taken into aount using asemi-empirial model (density gradient alibration).
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Figure C-2 � C-V urveson HighK/P-well (a) andHighK/N-well (b) strutureswith oxide stak having
tSiO2 > 35 Å(symbols: fullband k.p model, dashed line:TCAD simulation using den-sity gradient model, ontin-uous line: measurements).The 5Å-thik interfaial layerhas been modelled at theinterfae between SiO2 andthe substrate for both the de-vies.(i) Band struture e�etsAmong the e�ets governing the eletrostatis of the devies, the impat of band struturemodels of both the oxide and the semiondutor have been studied. The investigation ofthese e�ets has been arried out using the CV harateristi of the HighK/Nwell devieshown in Figure C-3(b) as a referene.Two advaned full band (FB) models (sp3d5s* tight binding (TB) model of [286℄ and30-bands k.p model from [283℄) are ompared to simpler tehniques based on multi band206
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Figure C-3 � C-V urveson HighK/Pwell (a) andHighK/Nwel (b) strutureswith oxide stak having
tSiO2 < 20 Å(symbols: fullband k.p model, line: mea-surements). The 5Å-thik in-terfaial layer has been mod-eled at the interfae between
SiO2 and the substrate.models (MBM) based on EMA. Figure C-4 shows the good mathing ahieved on the banddiagram of SiO2 between the ab-initio, FB and EMA simulations. In the FB models, theoxides have been treated as pseudo zin-blende materials, adjusting the model parametersto math the band struture obtained from �rst priniples [284℄, while for EMA an isotropie�etive mass of mox = 0.57 for eletrons has been used. The importane of havingaurately alibrated EMA models relies in the redued omputational time of EMAmodelswith respet to FB models.
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Figure C-4 � (a) Ab-initio band diagram of the SiO2 material modelled with a β-ristobalite struture,FB k.p model results using a pseudo zin-blende struture and EMA model omparison. (b) Therelation between Si thikness and energy gap for k.p and alibrated EMA for a Si layer embedded in a
SiO2 bu�er.Typial outputs of UTOXPP are presented in the following. Figures C-5(a-) showthe alulated silion band struture for h+ using a 6-band k.p model for di�erent lattie207



Appendix C. Advaned physis inultrasaled devies with UTOXPP solverorientations in a QW of 5nm surrounded by oxide layers. A 15-band k.p model has beenadopted for the alulation of the band struture of e− (Figure C-5(d)). These resultsan be used for the extration of simpler band struture models suitable for ompatapproahes. EMA models have been alibrated in proximity of the on�nement valleys Γand ∆ on the previously shown results. They are ommonly adopted for eletrial deviesimulations to redue the omputation e�ort (Figures C-5(e-f)). Additionally, strain e�etson the bands an be taken into aount and modeled in EMA and k.p using the Bir-Pikusapproah [283℄. The band strutures of unstrained/strained germanium alulated withthe 6-band k.p model are also shown in Figure C-6.
(c) h+ Si <111>(a) h+ Si <100> (b) h+ Si <110>

(e) EMA (ΓHH, ΓLH, ΓSO) (f) EMA (∆X, ∆Z)(d) e- Si <100>Figure C-5 � (a-) Calulated silion band strutures for h+ for di�erent lattie orientations using thefull band k.p model. In (d), silion band struture alulated for e− taking into aount 30 bandswith the full band k.p model. In (e-f), band strutures of the ∆ and Γ valleys in the e�etive massapproximation. All the strutures have been alulated onsidering a 5nm SiO2/Si/SiO2 quantum wellThe results on the devie eletrostatis of the two advaned models are ompared tosimpler 6-band k.p and 3-band EMA models (aounting for HH, SO, LH Γ-bands or ∆X ,
∆Y and ∆Z bands for eletrons and holes respetively). Figure C-7(a) shows a omparisonbetween C-V urves simulated in aumulation with a 15-band k.p and a 3-band EMAmodel for eletrons, aounting for strain, heterostruture e�ets and mass variations [153℄.A gradual 5Å-thik interfaial layer is modeled at the SiO2/Si interfae. The importaneof modeling band deformation due to strain e�ets has been justi�ed showing the largedi�erenes indued on the CV urve when the strain ontribution is removed. Indeed, dueto the presene of strain, heterostruture and interfae properties, ∆X and ∆Y eletronsexhibit a large band o�set, with respet to the arriers in the ∆Z valley whih remain208



C.3. Case studies
(a) h+ Ge (b) h+ strained Ge

Figure C-6 � Germanium band strutures alulated using the 6 bands k.p model for h+ for unstrained(a) and biaxially-strained (b) material.on�ned in the bu�er. Figure C-7(b) shows the impat of FB models and strain on theaumulation harge and on the potential. Also in this ase, a good alignment of the threemodels has been obtained.
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Appendix C. Advaned physis inultrasaled devies with UTOXPP solverauray of the approah.
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(c)Figure C-11 � (a) TCAD simulation results on devie shown in Figure C-2(a) using the density gradientmodel both in aumulation and inversion regions. (b) 3-bands EMA simulation results on devie (a),showing the apaitane variation in inversion when the IL thikness is hanged. () The physialreason of the apaitane inrease with IL is due to the higher penetration of the wavefuntions in theIL and in the oxide, onsequently inreasing the total inversion harge. The same e�et an be seen inaumulation. The inset shows how the band diagram is modi�ed after the inlusion of a 5Å-thik IL.C.3.2 The Non-Equilibrium Green Funtion Method applied toIII-V ompound strutures(i) FormalismOne of the most general and rigorous devie modeling framework has been developed byKeldysh in 1965 and is provided by the so alled non-equilibrium Green's funtion theory(NEGF). The introdution of quantum devies that require a fully quantum mehanialtreatment, together with the reently available high omputational apabilities, representedkey fators in the reognition and di�usion of the method for quantitative and preditiveanalysis [128, 289, 290℄.Aurate modeling of quantum nanodevies should inlude the apability to reprodue:interferene e�ets, quantum mehanial tunneling, disrete energy levels due to quantumon�nement and sattering mehanisms (mainly eletron-phonon and eletron-eletron).In this setion, the general approah and the features inluded in the UTOXPP PSsolver are detailed. Furthermore, the following setions present few test�ases ondutedon strutures based on III-V semiondutor ompounds, providing insight on the highs andlows of the NEGF method.A 1D system formed by grid/lattie points separated by a spaing ∆x and oupled withtheir nearest neighbors only, is haraterized by a tri-diagonal Hamiltonian:
(E −Ψ)H = 0 ⇒212
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In this expression E is the arrier energy, Ψq is its wavefuntion at the grid point q, whilethe diagonal and o�-diagonal terms ǫq and tq,q+1 indiate the potential and the interationwith the nearest neighbour points. In a uniform grid and for Hermitian Hamiltonians, onehas:
t = tq,q+1 = tq+1,q = − ~

2

2mq∆x2

ǫq = Vq +
~
2

mq∆x2
(C.1)with Vq potential and mq on�nement e�etive mass at point q. The approah an beextended to any multi band EMA or k.p model. In ase of full band approahes eahelement in the Hamiltonian is represented by a blok matrix.Any nanodevie an be divided in three regions: the ative devie region with a variablepotential pro�le and the right/left semi-in�nite leads/ontats having onstant potential

ǫR/ǫL applied, respetively. To solve the in�nite-dimensional matrix representing the totalHamiltonian of the system, the in�uene of the right and left semi-in�nite leads an befolded into the �rst and last points of the devie region [290℄. It an be demonstrated thatafter this modi�ation the in�nite system redues to a �nite n-dimensional system in theform:
AΨ

(L)
D = iL, (C.2)where the wave funtion Ψ

(L)
D in the devie due to waves inident from the left lead beobtained. In Eq. C.2, matrix A is:

A = EI −H − Σlead, (C.3)where Σlead is the self-energy matrix representing the in�uene of left and right leads onthe devie. Due to lead folding on the �rst and last point, only the �rst and last elementsof the matrix are non zero:
Σlead1,1 = td,le

ikl∆xt−1
l tl,d = ΣL(E),

Σleadn,n = td,re
ikr∆xt−1

r tr,d = ΣR(E), (C.4)(C.5)213



Appendix C. Advaned physis inultrasaled devies with UTOXPP solverwhere kl/kr and td,l/td,r are the wavevetors and the interations with the devie points inthe left/right ontats, respetively. The vetor iL in Eq. C.2 has only the �rst elementnon zero and equal to −2itd,l sin(kl∆x). Similar onsiderations ould be applied for thewaves inident from the right lead leading to:
AΨ

(R)
D = iR. (C.6)Sine the Green's funtion G of the onsidered devie an be written as:

AG = I, (C.7)one �nds:
Ψ

(L)
D = GiL,

Ψ
(R)
D = GiR. (C.8)The system of Eq. C.7 an be solved by inverting the matrix A or by using a reursivealgorithm that only omputes for the terms on the three diagonals of elements of G [290℄.In partiular, with the latter numerial tehnique suitable for inverting blok-tridiagonalmatrixes, we extended the EMA approah to full band struture models.Additionally, in a ballisti system where sattering elements are not inluded, the de-termination of the wave funtion an be performed only knowing the �rst and last olumnsof G. The loal density of states due to waves inident from left and right leads an bethus alulated for eah grid and energy point having:

LDOSL(q, E) =
Gq,lΓL(E)(G

†)l,q
π

,

LDOSR(q, E) =
Gq,rΓR(E)(G

†)r,q
π

, (C.9)with G† the Hermitian onjugate of the Green's funtion and:
ΓL(E) = −2Im [ΣL(E)] ,

ΓR(E) = −2Im [ΣR(E)] . (C.10)For inelasti systems, eletron-phonon interation should be onsidered to take intoaount sattering events. This leads to a matrix of in-sattering self-energies, whoseelement at point q and energy E an be expressed by:
Σinphq,q = Dq

[

nB(~ωph)G
n
q,q(E − ~ωph) + (nB(~ωph) + 1)Gn

q,q(E + ~ωph)
]

, (C.11)with nB the Bose-Einstein oupation fator, ~ωph the phonon energy, Dq the deformationpotential for eletron-phonon sattering, and Gn
q,q the eletron orrelation funtion at point214
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q. The latter quantity is orrelated to the eletron density in q with:

Gn(E) = G(E)Σin(E)G†(E),

nq(E) = 2
Gn
q,q(E)

2π
, (C.12)Similarly out-sattering self energies Σoutphq,q, where the hole orrelation funtion Gp isonsidered, an be alulated. Introduing the sattering omponents in Eq. C.7, theGreen's funtion G in the devie is �nally alulated solving:

[EI −H − Σlead − ΣPhonon(E)]G = I, (C.13)It an be seen that due to the dependene of Eq. C.11 on the density, one needs toiteratively solve for the Green's funtion and self-energies. Subsequently, the arrier densityalulated from Eq. C.12 is injeted in Poisson's equation to determine the new potentialpro�le. The proess is iterated until onvergene is ahieved. The addition of phononsattering in the Green's funtion equation presently remains a ontroversial subjet dueto the approximations introdued on determining ωph and Dq.The urrent density �ow from the left lead into the devie is omputed with:
JL =

q

~

∫

dE

2π
Tr[i(G1,1(E)−G†

1,1(E))Σ
in
L (E)−Gn

1,1ΓL(E)]. (C.14)In the phase oherent limit (absene of sattering) the onventional Landauer-Buttikerformula is valid and the transmission an be omputed using:
T (E) = J(E)/(fL(E)− fR(E)), (C.15)where fL(E) and fR(E) are the Fermi-Diraq distributions in the left and right leads of thestruture.(ii) Quantum transmission of a potential barrierIn Chapter 2, we applied the NEGF method to the alulation of the barrier transmissionof tunnel oxides and ONO staks in �ash strutures. In this setion, we highlight the�exibility of the tool to deal with III-V ompounds and di�erent quantum strutures suhas resonant tunneling diodes, quantum wells and potential barriers.The trasmission of several potential barrier on�gurations and the dependenies on thebarrier thikness and height has been omputed using the NEGF solver. As a title ofexample, we onsider a 50nm GaAs struture, with a 10nm Al0.3Ga0.7As barrier in themiddle. The multi-band struture of the three materials has been inluded in the materialparameters de�nition. In partiular, for eletrons both the materials are haraterized bythe three valleys Γ, ∆ and L whih have been treated independently with an EMA forthe analysis of the transmission and the LDOS ontributions. Figure C-12(a) shows the215



Appendix C. Advaned physis inultrasaled devies with UTOXPP solverbarrier pro�le for Γ for the simulated struture. The alulated ondution band o�set isaround 0.36eV. In Figure C-12, the alulated LDOS is also shown as a funtion of theposition and energy for the three valleys. Resonane states, where the LDOS peaks, arestrongly a�eted by the on�nement masses and by the barrier height. Figure C-13(a)reports the transmission of the barrier where the three valleys at as independent hannelsin the ondution. In (b) the dependene on the barrier height for eletrons in Γ is shown.Semi�lassial alulations, suh as the WKB approah, would lead to T (E) = 1 whenthe energy is higher than the potential step. In the alulated transmission, quantumresonanes ause osillations in the transmission for energies higher than the barrier height.It an be shown [241℄ that the exat analytial solution, valid for ideal square barriers whenno potential is applied, exellently mathes the numerial results.

Figure C-12 � (a) In line, ondution barrier pro�le for eletrons in Γ versus the position in the struture.Colour plot of the alulated loal density of states in logarithmi sale for Γ (a), ∆ (b) and L ()eletrons at room temperature in a struture having a 10nm-thik Al0.3Ga0.7As barrier separating twoGaAs regions. In (a) the barrier pro�le is also shown.
(iii) Quantum well on�nementQuantum on�nement e�ets an be analysed as well in quantum well strutures. In thisview, SiO2/Si/SiO2 strutures are simulated with the NEGF solver varying the width ofthe quantum well D from 1nm to 5nm. Figure C-14 shows the LDOS in the strutureas a funtion of energy and depth in the devie; quantum on�nement of the eletronsindiates the inrease of the level separation when the width dereases. All the levels areharaterized by the presene of a harateristi penetration of the wavefuntion in theoxide whih inreases as energy raises. 216
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Figure C-13 � (a) Barrier transmission as a funtion of arrier energies for eletrons in Γ, ∆ and L ele-trons at room temperature. (b) Barrier height ΨAl and thikness TAl dependene of the transmissionfor eletrons in Γ.

Figure C-14 � LDOS vs. depth and energy in logarithmi sale for three quantum well struturessimulated with the NEGF solver for ∆Z eletrons and varying the width of the devie.(iv) Quantum resonanes in Resonant tunnelling diodesResonant Tunnelling Diode (RTD) strutures are investigated simulating a 30nm / 40nm/ 30nm Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As struture for Γ eletrons at di�erent voltage biasonditions. The double barrier struture is the ative intrinsi area of the devie andis surrounded by two lightly n-doped GaAs regions forming the leads. The band o�setis around 0.3eV for Al0.3Ga0.7As/GaAs strutures. Quantum on�nement ours in theGaAs layer. Tunnelling an our only when the Fermi level of one of the leads is alignedwith the quantized level in the GaAs layer. Strong quantum resonanes are notieable in217



Appendix C. Advaned physis inultrasaled devies with UTOXPP solverthe barrier transmission at several voltage biases (Figure C-16(a)). This phenomenon isre�eted on the tunneling urrent density in (b) where a peak is notied at 0.2V when theFermi level is aligned with the lowest quantum well resonane [291℄. The urrent densityis also dependent on the density of states of the right ontat.

Figure C-15 � LDOS vs. depth and energy in a RTD struture simulated for two bias onditions withthe ballisti NEGF model.
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(a) (b)Figure C-16 � (a) Double-barrier transmission of eletrons as a funtion of their energy for di�erentbias voltage onditions. The two resonant states an be notied. The tunneling urrent density in (b)peaks when the lowest quantum resonane is aligned with the Fermi level in the right ontat. Ballistielasti transport has been onsidered in this study. Similar onsiderations apply to inelasti trasporttaking into aount sattering e�ets. 218



C.4. Graphial User InterfaeC.4 Graphial User InterfaeGiven the omplexity of the inluded physial models, where often the de�nition of a largenumber of parameters is required, a graphial user interfae has been implemented toimprove the user-friendliness of the tool. The interfae, based on Qt C++ and OpenGLlibraries [292℄, also makes possible the generation of high de�nition plots for reportingpurposes. Some sreenshots of the interfae have been illustrated in the following.
Figure C-17 � Sreen-shot illustrating themain window of the UTOXPP graphialuser interfae whih has been implementedto improve the user-friendliness of the tool.Portability is for both Win32 and X11Linux/Unix systems.

C.5 ConlusionA new TCAD modeling tool inluding advaned models for band struture and deviesimulation has been presented. It permits the investigation of the e�ets of tehnologialboosters ommonly used in advaned nanosale CMOS tehnologies, the evaluation ofquantum on�nement and tunneling in omplex heterostrutures, the investigation of bandstruture deformation and devie eletrostatis in strained alloys and of impat of defetsin oxide layers with a rigorous multiphonon approah. Inluding both a DC, AC andtransient model, it permits to perform devie simulations in most of the devie operatingonditions and an be used for validating or extrating simpler empirial models based onompat approahes. The graphial user interfae strongly improves the user-friendlinessand portability of the tool, while e�ient tehniques have been adopted for multithreadingand parallel alulation.
219



Appendix C. Advaned physis inultrasaled devies with UTOXPP solver

Figure C-18 � The user follows the modeling �ow progressively de�ning the di�erent parameters required.The �rst step requires seleting a struture on�guration and de�ning the geometrial and eletrialproperties of the same. The prede�ned on�gurations inlude a wide range of devies, from MOSapaitors to HKMG FD-SOI or �ash devies. A ustom on�guration an be de�ned by the user.

Figure C-19 � Physial dimensions, meshing, material properties, doping, �xed harges or strain anbe de�ned for eah layer. 220



C.5. Conlusion

Figure C-20 � The user an review the struture properties and parameters by plotting the di�erentquantities before launhing a simulation. Material and strain properties in heterostrutures an also beveri�ed.

Figure C-21 � Spatial and energy distributions of defets an be de�ned and simulated with the MPAharge trapping model. In this example two Gaussian distributions have been represented. Surfaeolour plots as well as 2D uts, help the user in the de�nition and alibration proedure.221
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Figure C-22 � Having de�ned a devie struture, the user desribes the regions where the Shrödingersolver (k.p or NEGF) should ompute the harge. Commonly regions where highly quantization oursare delared, but the user might also be interested in alulating the quantum harge in the gatelayer or aross an entire energy barrier, for example when assessing the QBS tunneling urrent. Bandstrutures models are also hosen, from EMA approahes to full-band k.p models.

Figure C-23 � The tab Tunneling barriers is used to desribe the potential barriers for quantum tun-nelling urrent alulation. In this view, the user de�nes the geometry of the region and the meshingin spae. A WKB or a NEGF model for the transmission of the barrier an be hosen. The modelsfor the arrier distribution of the two reservoirs are hosen indiating if the QBS omponent should beonsidered in the alulation. 222



C.5. Conlusion

Figure C-24 � The tab run is used to review the parameters and launh the simulation. Multithreadingalulation is supported on the bias points. In partiular, in this example, the RTD struture is simulatedfor a voltage sweep from -1V to +1V with voltage step of 0.1V, and dividing the overall simulationin 4 subintervals whih are handled by separate proesses. Sine a NEGF solution is needed for thisstruture, multithreading on the energy levels has been enabled at eah voltage point. Two threadsper window are running in parallel.

Figure C-25 � Data postproessing is performed in tab Postproessing where results for eah simulatedpoint an be plotted. Data that an be plotted inlude: harge and voltage distribution in the devie,band diagram, eletrial �eld, barrier transmission, arrier wavefuntions, quantization energy levels,et. 223
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Figure C-26 � Output results ould be postproessed in a 2D form or in olour surfae plots. In thisgraph, the LDOS alulated for e− and h+ on the tunneling oxide barrier are shown. Furthermore,the entire evolution of the band diagram and harge distribution ould be shown for di�erent biasonditions.

Figure C-27 � The GUI inludes also a spei� tool for de�ning voltage pulses and handling transientsimulations. Both sinusoidal and square box pulses ould be applied, ontrolling all the parameters,number of points and linear/logarithm repartitions on the voltage plateaux. Parameter sweeps ouldbe also de�ned for harge pumping simulations. 224



C.5. Conlusion

Figure C-28 � Open-GL libraries ould be used to plot ontour surfae plots or visualize the bandstruture of the material in 3D.
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Appendix DCharge trapping e�ets: a modelingstudy
D.1 IntrodutionIn this Annex, a modeling study has been performed to investigate the e�ets of modeland trap distribution parameters on the eletrial harateristis of a degraded devie.The methodology based on the non-radiative multiphonon-assisted harge trapping modelof Chapter 3 and from [75℄ is adopted to ompare the parameter sensitivity of three widelydi�used haraterization methods: impedane analysis (Setion D.2), TAT haraterization(Setion D.3) and MFCP extration (Setion D.4). This permits a simpler and e�etiveextration of trap onentrations in aged devies and a ritial omparison of the methods.D.2 AC analysisThe extension of the probed region determined from AC harateristis is �rstly analysedto determine the impat of the trap model parameters, suh as the Huang Rhys fator Sand the ritial �eld FC in Eq. 3.7. In the following simulations, the TOX = 50Å NMOSdevie of Figure 3-9(f) has been used as a referene. Figure D-1 indiates that the probedregion in AC is strongly redued towards the Si ondution and valene band edges forhigh values of the Huang-Rhys fator S of Eq. 3.8, while for values around 10 the regionextension is maximum. The energy dependene is not hanged for smaller values of S.Similar onsiderations ould be applied to the dependene on the ritial �eld FC . Theinrease of the ritial �eld FC auses a slight redution of the maximum oxide depth atwhih defets an be sanned. This e�et is highlighted in Figure D-2. The relevane ofusing a non-zero FC for Pb enters an be questionable. Indeed, the exponential dependeneof the rates on the �eld has been assoiated to deeper E ′ border defets [184℄. However, dueto self-onsistene, the trapped harge and the wavefuntion penetration in the oxide reduethe eletri �eld at the interfae and the prefator in Eq. 3.7 tends to 1. Consequently,the in�uene of FC on the CV probed region extension an be onsidered negligible for227



Appendix D. Charge trapping e�ets: a modeling studyinterfae defets in thik oxides.
Figure D-1 � Probed region alulated using Eq. 3.33 at 1kHz and varying the value of the Huang-Rhysfator S from 5 to 50. While for S around the deade, only variations in depth are identi�able anddefets plaed in energy near the Si midgap an be sanned, higher values of this parameter drastiallyredue the probed region and onsequently the trap apaitive response. Arrows indiate the shrinkingof the probed region for inreasing values of S.

Figure D-2 � Probed region with AC tehnique as a funtion of oxide depth and trap energy, alulatedusing Eq. 3.33 at 1kHz and for di�erent values of ritial �eld FC . Marginal variations in depth arevisible. The Si/SiO2 interfae is plaed at depth x=0nm, while the ondution and valene band edgesof Si orrespond to 0eV and 1.2eV, respetively. Arrows indiate the depth dependene of the probedregion with FC .The region that an be probed using an AC pulse has also been alulated for threetemperatures at ν = 1kHz, and evidened how at high temperatures almost all midgapdefets an be sanned (Figure D-3). Only the energy-dependene of the probed regiondistribution hanges, while in oxide depth the inrease is less pronouned.Model parameters dependenies have also been investigated studying the e�ets of theritial �eld FC and Huang-Rhys fator S in Eq. 3.7 on the hannel and bulk trap apa-itane omponents CT
GC and CT

GB. Marginal variations are notied when FC is redued,while an inrease of S redues the frequeny pole. This e�et is assoiated to the redu-tion of the probed region towards the ondution/valene band edges previously shown inFigure D-1. 228



D.2. AC analysis

Figure D-3 � Temperature dependene of the probed region, simulated using a small-signal at 1kHzand plotted as a funtion of trap energy and trap position in the oxide. The Si/SiO2 interfae is plaedat depth x=0nm, while the ondution and valene band edges of Si orrespond to 0eV and 1.2eV,respetively. Arrows indiate the energy dependene of the probed region with temperature.

Figure D-4 � Simulated trap apaitanes CT
GB and CT

GC on the devie having TOX = 50Åversusapplied gate voltage and small-signal frequenies, alulated for di�erent values of the ritial �eld
FC (left) and Huang-Rhys fator S (right). In both the ases trap apaitive response inreases fromhigh (1MHz) to lower frequenies (1kHz). Arrows indiate the derease of the response for inreasingfrequenies.The dependene of the gate apaitanes on trap distribution pro�les and modelingparameters has been investigated adopting a bivariate Gaussian distribution to model thespatial and energeti trap distributions in the oxide layer:
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]) (D.1)Eah distribution parameter has been independently varied around the extrated refer-ene values in Chapter 3. Considering the amphoteri nature of Pb enter interfae defets,for inreasing values of NT , the threshold voltage Vth and �at-band simulated Vfb voltagestreth-outs are subjet to an inrease. Simulations of the gate apaitane for three traponentrations (Figure D-5) also show the inrease of the parasiti frequeny peaks on the229



Appendix D. Charge trapping e�ets: a modeling studytotal gate apaitane CGG for higher NT .

Figure D-5 � Simulated gate apaitane for the 50Å devie plotted in olor as a funtion of the appliedgate voltage and the small signal frequeny for di�erent total trap onentrations. The inrease of thedefet onentration indues an inrease of the streth-out in both inversion and aumulation and aninrease of the parasiti trap apaitanes in depletion.Defets loated far away from the Si/SiO2 interfae having smaller C/E rates do notfollow the small-signal omponent of the applied AC voltage and thus their response isvisible only at low frequenies. In Figure D-6, the mean depth of the distribution xT hasbeen inreased from 1Å up to 10Å from the Si/SiO2 interfae. Consequently, the trapparasiti omponent strongly dereases, i.e. lower frequenies are required to ahieve thesame frequeny response of deeper poles. Sine a total onstant onentration of defetsis maintained and onsidering the probed region minimally a�eted by the di�erent defetharging in the dieletri, the trap onentration in the sanned region and their responsederease. Similar e�ets are also visible when the spatial variane σx of the distribution isinreased from 1Å to 10Å. In this ase, a larger spreading of the parasiti pole and of itsfrequeny-dependene also ours (Figure D-7). Indeed, when inreasing the trap variane,the defets are more spread in the dieletri depth, resulting in the onvolution in the trapresponse of a wide range of ut-o� frequenies.The mean position in energy ET0 a�ets both the position of the AC peak and itsvoltage dependene. Due to the energy dependene of the C/E rates [218℄, traps plaednear the Si valene band in�uene the bulk apaitane in aumulation, while, for defetsplaed near the Si ondution band, a parasiti apaitane is added in weak inversion onthe CGC apaitane. Please notie that the pole frequeny in this ase is not a�eted.E�ets similar to Figure D-7 are found when modifying the variane in energy, whihspreads the frequeny poles as previously shown for σX .D.3 TAT analysisThe trap model parameters have a onsiderable impat on the TAT harateristis, dueto their exponential e�ets on the apture/emission trapping rates. Given the variation of230



D.3. TAT analysis

Figure D-6 � Simulated gate apaitane as a funtion of the applied gate voltage and the small signalfrequeny, varying the depth xT of the trap onentration. Deeper defets respond to lower frequeniesand onsequently when the defet depth is inreased the apaitane response is redued.

Figure D-7 � Same simulation setup as for Figure D-6, but inreasing the variane of the spatial Gaussiandistribution. In addition to the derease of the trap apaitive response, the ut-o� frequenies aremore spread and the identi�ation of a single pole is more di�ult.the probed region extension in the dieletri, the in�uene of the model parameters is alsostrongly dependent on the trap distribution pro�le.Also in this ase, the spatial/energeti pro�le is maintained onstant and the impat ofmodel parameters is analysed. Figure D-9 depits the gate urrent omponents versus theapplied gate voltage for di�erent values of the ritial �eld FC (left) and the Huang-Rhysfator S (right). The ritial �eld indues a variation of the voltage dependene of the TATomponent: for high ritial �elds, and at high oxide �elds, the apture/emission rates areexponentially redued, lowering the total urrent ontribution. For inreasing values of S,the urrent exponentially inreases due to the inrease of the peak of the probed regionwith VG.The e�ets of the distribution pro�le variations are studied. The total trap onentra-tion is maintained onstant to ahieve similar devie eletrostatis to all the variations. Forthe onsidered distribution pro�le of E ′ defets, the urrent is shown to inrease when ET0231
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Figure D-8 � Same simulation setup as for Figure D-6, but varying the mean position ET0 of thedistribution in energy. When defets are in proximity of the Si valene band the hole ontribution inaumulation and depletion is dominant. Defets near the Si ondution band mostly ontribute tothe inrease of the hannel apaitane omponent in weak inversion.

Figure D-9 � Simulated TAT urrent density vs. applied bias for di�erent values of the ritial �eld FC(left) and Huang-Rhys fator (right).
is varied from 1.5eV to 0.9eV, as the distribution enters towards the probed region and alarger amount of defets partiipate to TAT (Figure D-10(left)). The defet depth inreaseindiated in the bottom plot also results in an inrease of the TAT urrent, on�rmingthat defets in the middle of the oxide have a major role in ontributing to TAT. This lastdependene is more pronouned for distributions having small spatial varianes. The plotspresented in Figures D-9 and D-10, where the in�uene of the parameters remains di�ultto be interpreted, indiate how an aurate defet extration should mostly rely on thedetermination of the probed region. 232



D.4. Charge pumping analysis

Figure D-10 � TAT urrent density vs. applied bias varying the mean energy and spatial position (left- ET0; right - xT of the defet distribution).D.4 Charge pumping analysisA development similar to the one presented in Setions D.2 and D.3 has also been performedonsidering multi-frequeny harge pumping haraterization. Also in this ase, a deviehaving 5nm of oxide thikness has been adopted as a referene for evaluating both theprobed region and the harge pumping urrent in di�erent bias on�gurations.The CP probed region depends on the ritial �eld FC and on the Huang-Rhys fator
S. An inrease of FC auses midgap C/E rates to derease, with a orresponding redutionof the sanned area (Figure D-11). The in�uene of FC on the probed region inreases fordeeper defets, due to the non-uniform �eld distribution in the oxide layer when traps areintrodued. This is only taken into aount when self-onsistene in the devie eletrostatisis onsidered. The probed region variation that is represented in Figure D-12 for di�erentvalues of S is assoiated to the inrease of the C/E frequenies as well.

Figure D-11 � Dependene of the probedregion in CP analysis with the ritial �eld
FC plotted at Vlow = −1V , ν=10kHz and
Vsw = 2.5V . The Si/SiO2 interfae isplaed at depth x=0nm, while the ondu-tion and valene band edges of Si orre-spond to 0eV and 1.2eV, respetively.
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Figure D-12 � Dependene of the probed region in CP analysis with the Huang-Rhys fator S plottedat Vlow = −1V , ν=10kHz and Vsw = 2.5V . The Si/SiO2 interfae is plaed at depth x=0nm, whilethe ondution and valene band edges of Si orrespond to 0eV and 1.2eV, respetively.
Figure D-13 shows the dependene of the harge pumping urrent with the trap spatialpro�le parameters: in the left plot, the inrease of the spatial variane auses the smoothingof the trap pole frequeny sine deeper traps have lower C/E rates, while on the right theurrent variation with trap depth xT is indiated. Consequently traps that are not inludedin the probed region do not ontribute to the CP urrent, whih strongly dereases. InFigure D-14 the position of the trap distribution pro�le in energy is varied from the edgeof the Si ondution band to the edge of the Si valene band. The maximum response isahieved when the defet distribution is entered in the midgap. This is in aordane withthe previously shown symmetry of the probed region in energy. Figure D-14 also shows thedependene on the total defet onentration. At higher onentrations the peak is morepronouned due to harging e�ets and self-onsisteny.Large variations have been notied on the harge pumping urrent simulated over abroad range of temperatures, and presented in Figure D-15. This dependene has beenattributed to the strong variations of the sanned region extension versus temperature.Indeed for low and moderate voltages, the region is enlarged for inreasing temperatures,while it tends to saturate at higher temperatures, due to the inreased probability of C/Eof arriers of the same type in proximity of ESi

C and ESi
V .234



D.4. Charge pumping analysis

Figure D-13 � CP urrent vs. Vlow varying the variane (left) and the mean position of the spatialdistribution of defets (right). For these simulations Vsw = 2.5V and ν =1kHz.

Figure D-14 � CP urrent vs. Vlow varying the variane of the average energeti position of the pro�le(left) and the total defet onentration (right). For these simulations Vsw = 2.5V and ν =1kHz.
Figure D-15 � Charge pumping urrent vs.
Vlow as a funtion of temperature. Saturationours for some voltage biases when temper-ature inreases, due to the extension of theprobed region in the oxide layer whih satu-rates at higher temperatures.
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Figure D-16 � Dependene of the CP urrent vs. Vlow voltage on the ritial �eld FC in (left, in linearsale) and Huang-Rhys fator S in (right, in logarithmi sale).D.5 ConlusionThe analysis of the sensitivity to parameters represents an important aspet of a new model,in partiular when their extration is relatively omplex, e.g. for the Huang Rhys fator
S, or when they are derived from empirial phenomena, e.g. for the ritial �eld FC . Forborder defets, we have been able to onlude that the dependene on FC is quite weak inthik oxides. Considering the empirial nature of this parameter, this result is enouraging,as the auray of the extrated defet pro�le would not signi�antly depend on the valueof FC . On the other hand, TAT urrent shows a large variation with both FC and S andthus additional extration of these two parameters need to be performed with alternativetehniques. The relative importane of these parameters is expeted to inrease in futuretehnologies exploiting novel oxide staks.
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